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Abstract

51CrV4 is a spring steel commonly used for the production of trailing arms in the suspension assembly
of trucks. It is essential for these products to be predictable and reliable. The presence of carbide
banding in 51CrV4 steel can be detrimental to this predictable and reliable behavior. Therefore, in this
research, the formation of carbide-banded microstructure in 51CrV4 steel will be investigated. The
bending stresses undergone by trailing arms make it crucial to understand the relationship between
surface depth and carbide band formation. Therefore, the goal of this research is to understand the
relation between the surface depth and band formation in 51CrV4 steel and how banding differs among
51CrV4 steel from different manufacturers. This was done using a variety of testing methods which
include microscopy, hardness, XRD, SEM, EDS and EPMA. These testing methods were used to un-
derstand the formation of carbide bands in 51CrV4 as well as the underlying physical properties that
lead to the carbide band formation. Overall, a significant difference could be seen in the formation
of carbide bands across the steel from different manufacturers. These differences in carbide banding
properties could be clearly linked to the difference in the physical properties of the steels. The depth
at which carbide band formation tends to start could be most clearly related to the micro-segregation
peak concentration. Furthermore, the manner in which the carbide bands are built up along the sur-
face depth could be most clearly related to the chromium concentration in the carbide banded regions.
Finally, it was found that chromium is expected to be the primary carbide former in this steel as the
formation of carbide bands is closely and consistently related to an increased presence of chromium.
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Introduction

VDL Weweler is a company that specializes in the manufacturing of automotive trailing arms. The trail-
ing arms developed by VDL Weweler are often built with the use of 51CrV4 steel. Which is commonly
used in the automotive industry as a spring steel. Recently, the presence of banded regions in many of
the products developed using 51Crv4 steel has been discovered. The presence of this banding behav-
ior can be detrimental to the product as it can lead to premature failure of the trailing arm. Therefore,
it is crucial to research the degree of banding that occurs in these trailing arms.

Microstructural banding in steel is defined as a manifestation of alternating layers of different microstruc-
tures aligned parallel to the rolling direction [1]. The formation of this banded microstructure results
in the mechanical properties of the steel having directional inhomogeneity which is referred to as
anisotropy. Typically, it is therefore desirable to avoid steel banding. However, this is not always
possible.

Steel banding has been present in steel since the early days of steelmaking before much was under-
stood about the mechanics of steel. In many of these early steels, banding provided positive mechanical
properties that early blacksmiths were able to exploit, due to its anisotropic behavior.

Steel banding is a microstructural phenomenon that has long been found in steels but has not been fully
understood. In the 1960s and 1970s, much effort was put into understanding how banding originates in
steels and to understand how it can be avoided. Nowadays steel banding is much better understood.
Where steel banding originates from and how many parameters of the steel-making process affect the
formation and size of steel bands are well understood. Itis now understood that steel banding originates
from the occurrence of segregation of alloying elements in steel. This is partially dependent on whether
alloying elements are austenite stabilizers or ferrite stabilizers. In regions where austenite stabilizing
elements (Ni, Co, Mn, Cu, C, and N) are in abundance, austenite and microstructures that will form at
lower temperatures such as martensite, pearlite, and bainite are more likely to be present. Whilst in
regions where ferrite stabilizing elements (Si, Cr, W, Mo, P, Al, Sn, Sb, Al, Zr, Nb, B, S, and Ce) are
prevalent, ferrite is most likely to form [25]. The segregation of these alloying elements typically occurs
during continuous cooling of slabs or other forms of large steel components. During this process, the
steel solidifies from the surface inwards and sections of the microstructure solidify in a dendritic manner.
The dendritic solidification results in the alloying elements segregating to the interdendritic regions as
well as towards the center of the slab [28].

Micro-segregation is not the only prerequisite for banding to occur, however. The material still has to be
processed further in order to elongate the material. This is most commonly done by the hot rolling of the
material. The reason why this processing step is a prerequisite for banding to occur is that elongation
of the grains in the rolling direction still has to occur. This elongation of the grains is what transforms
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2 1. Introduction

the microstructure into one with alternating bands of different phases [16].

For this research 51CrV4 steel will be the focus. 51CrV4 is classified as a quench and tempered steel
type. Itis primarily used in applications where components undergo high stresses and require excellent
elongation [2]. Therefore, high strength and fracture toughness are prioritized. One such application is
automotive spring steel. 51CrV4 is a medium carbon spring steel with substantial amounts of Silicon,
Manganese, Phosphorous, Chromium, and Vanadium. Silicon, Manganese, and Chromium are of
particular importance as segregation of these elements typically have the most significant impact on
banding [14].

In this report, we will first discuss the background information and what is already known about mi-
crostructural banding and how that is related to 51CrV4 steel. From this, we will analyze the steel
samples provided using several characterization techniques. These techniques include microscopy,
hardness testing, EPMA, SEM, XRD and EDS. This will help us understand the banding characteristics
in the steel samples and how it is impacted by the underlying microstructural properties.

The primary goal of the research is to understand the relation between the surface depth and band
formation in 51CrV4 steel and how banding differs for 51CrV4 steel from different manufacturers. In
order to achieve this, sub-research goals were set up, namely, to correlate the impact of surface depth to
band formation, investigate the underlying micro-segregation and its impact on band formation, identify
the predominate banding microstructure found in 51CrV4 steel and determine the depth at which band
formation starts.



Background

2.1. Material Properties 51CrV4 Steel

Steel is found in many different compositions of alloys. These different alloying elements are present in
steel for a variety of reasons such as to stabilize particular microstructures as well as improve specific
mechanical properties and many more. The alloying elements found in the 51CrV4 steel, which will
be the focus of this research, can be found in table 2.1. The addition of carbon is essential to what
makes an iron alloy steel. What makes carbon so important is its impact on the strength, hardness,
ductility, and other aspects of the mechanical properties of steel. Furthermore, carbon is essential
to the microstructural development of steel as it is much more diffusive throughout the material than
other alloying elements. Chromium and Manganese are the most significant alloying elements present
as both typically have a weight % around 1%. There is also a smaller, yet still relevant, fraction of
vanadium present in the material. Manganese is primarily added to improve the strength, hardenability,
and machineability of steel. The addition of chromium as a steel alloy is primarily in order to improve
the corrosion resistance of the steel. Chromium and Manganese are both strong austenite stabilizers
mostly due to their affinity with carbon. The primary carbide formers in 51CrV4 steel are Chromium
and Vanadium.

Table 2.1: Chemical composition of 51CrV4 steel

Alloying Elements: C Mn | Si P S Cr \%
Max (wt.%) 0.55 | 1.1 | 0.40 | 0.025 | 0.025 | 1.2 | 0.25
Min (wt.%) 047 | 0.7 0 0 0 0.9 | 0.10

2.2. Band Formation and the Impact of Processing

Steel production goes through a rigorous process in order to achieve the selected shape and microstruc-
ture. Modern-day steels typically go through primary and secondary steelmaking steps in order to ob-
tain the required amounts of alloying elements as well as improve the steel quality by removing any
undesired remnants. These steps are critical for determining the contents of the alloying elements.
As certain alloying elements are essential for banding to take place. The micro-segregation of these
alloying elements does not occur until a later stage, namely, during the casting phase of steelmaking
is where micro-segregation primarily occurs. The nature of how this micro-segregation occurs during
casting will be discussed later in this section. Micro-segregation of alloying elements alone is not the
only requirement for band formation to occur. Subsequent forming steps are also crucial to consider
for band formation. For band formation to occur the hot-rolling process is necessary. This is because

3



4 2. Background

the elongation of grains is required for a microstructure to be considered banded. Furthermore, post-
processing treatments are also important to consider as these processes can play an important role in
the type of banding which is present as well as banding severity.

2.2.1. Casting
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Figure 2.1: Schematic overview of solidification and segregation during a continuous casting process [13].

During casting processes, liquid steel is initially cooled and partially solidified in a water-cooled copper
mold. Subsequently, the surface is rapidly cooled with a water spray increasing the shell thickness
from the outside towards the center of the slab. This leads to a steep temperature gradient within the
slab. A schematic overview of the solidification and segregation process during continuous casting
can be seen in figure 2.1. The steep temperature gradient present results in differing grain formation
mechanisms at different depths in the material. At the surface, high cooling rates are achieved leading
to the formation of fine grains. These grains grow into the liquid phase as the solid/liquid interface
shifts towards the center of the slab. Eventually, the solid/liquid inter-phase becomes unstable and
dendrites begin to grow ahead of the solid/liquid inter-phase which leads to the formation of a columnar
structure [11]. The dendritic growth leads to the segregation of elements across the slab thickness. It
also leads to the concentration of solute elements, with a partition coefficient less than unity, ahead
of the dendrites increasing as they are rejected. This results in inter-dendritic regions with high solute
content. Towards the center of the slab, the thermal gradient is reduced which results in the reduction
in the dendritic growth rate. In this region dendrite tips that grow ahead of the solid/liquid interface
fracture and float in the liquid phase. The remains of the dendrite tips act as nucleation sites for further
solidification in the slab. This results in the formation of an equiaxed structure in the center of the slab.
The resulting cross-section of the slab can be seen in figure 2.2a. Three distinct regions can be seen in
this figure, namely, the fine grains formed at the surface formed from the high cooling rate experienced
in this region; The columnar structure formed due to the growth of dendrites ahead of the solid/liquid
interphase; As well as the equiaxed grains formed in the center of the slab. [11]

An illustration of the dendritic growth into the liquid phase can be found in figure 2.2b. The dendritic
growth consists of the formation of both primary and secondary dendrite arms. This dendrite formation
is one of the driving forces of band formation as it results in the micro and macro-segregation of alloying
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Figure 2.2: a) Schematic diagram of zones of crystal morphologies in an as solidified section of steel [11]. b) Sketch of Solidifi-
cation in mold showing liquid, solid and dendrites [7].

elements in the steel.

2.2.2. Hot-rolling Process

The rolling process is important to discuss when considering the formation of bands. This process
involves elongating the slab in the rolling direction whilst reducing the cross-sectional area. This is
done by compressing the slab between two rotating rolls several times until the slab is in the desired
shape. This process can be schematically visualized in figure 2.3

upper roll

’

sheet or slab

lower roll

(a)

deformed zone

T —

(b) ©)

Figure 2.3: Schematic overview of the rolling process. [19]

This process can be done in two ways, hot-rolling or cold-rolling. Hot-rolling is done at an elevated
above the austenite/ferrite transition temperature, typically above 900 °C. This is done to reduce work
hardening during the deformation process as well as the residual stresses. Cold-rolling is done at room
temperature and results in work hardening and residual stresses. These effects can be considered
useful in some cases. For this research, primarily hot-rolling will be considered as it is more commonly
used. Hot-rolling can be a strenuous process that requires many rolling cycles to achieve the desired
shape as well as occasional re-heating processes in order to maintain the desired temperature range.
During the rolling process, the slab is significantly deformed in the rolling direction. This results in the
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elongation of grains along the deformed plane. This deformation of grains along the rolling direction
has a significant impact on the mechanical properties of the materials in the rolling, transverse and
longitudinal directions.

Hot-rolling having such a significant impact on the mechanical properties can make it difficult to under-
stand the effects of band formation on the mechanical properties. As hot-rolling has been found to be
one of the primary drivers of band formation, due to the elongation of grains in the rolling direction that
occurs [1].

Hot rolling in the austenitic phase results in the formation of high and low solute content layers. These
variations in solute content can lead to an inhomogeneous distribution of carbon in subsequent heat
treatments. This effect is dependent on the content of the alloying elements. Certain elements, such
as manganese, attract carbon whilst other elements, such as silicon, reject carbon. Carbon has a
relatively high diffusion rate meaning thermodynamic equilibrium is typically achieved in the material.
The other alloying elements have much lower diffusion rates such as the previously mentioned silicon
and manganese. Therefore these elements are the primary cause of an inhomogeneous distribution of
carbon throughout the microstructure. Furthermore, the increased presence of silicon will increase the
transition temperature, A5, whilst the presence of manganese will reduce the A; temperature. This has
been found to be the cause of the formation of altering layers of ferrite and pearlite known as ferrite-
pearlite banding. The relationship between microstructural banding and micro-chemical banding of
manganese and silicon is clearly highlighted by Offerman et al. [14]. The results of their research can
be seen in figure 2.4, in this figure the influence of micro-chemical segregation on the transformation
temperatures and resulting band formation can be seen.
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Figure 2.4: EPMA analysis of Mn, Si, and Cr and their effects on the local A5, AT and AT temperatures. [14]

Prelilinger researched the formation of bands during casting and hot-rolling of steel slabs. During his
research, it was found that the primary dendrites grew parallel to the direction of heat flow. This results
in the dendrites growing from the shell of the slab inwards during the casting process as shown in figure
2.2. As mentioned earlier, this results in the alloying elements being segregated to the inter-dendrite
regions as well as towards the center of the slab. This is confirmed using by PrefRlinger with the use
of EPMA as seen in figure 2.5. In this figure, it can be seen that the minimum concentration of the
alloying elements stays constant throughout the slab. However, the maximum concentration increases
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with increased slab depth with a significant increase at the center of the slab.
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Figure 2.5: Segregation intensities as a function of the slab depth.[16]

Prellinger also researched the development of the micro-chemical banding during the hot rolling pro-
cess [16]. He did this using EPMA concentration mapping of the alloying elements present, namely,
silicon, manganese, phosphorus, and chromium. In figure 2.6 The development of segregation of these
different alloying elements can be seen.

EREREEEE

__.....\.#JNV.V“
YHBRBIHETER
e
EEEERE B B
PESEREEREER

3

3
3
{
)\
{

imm

L
cm
o N .
= | A,
m - -
E > p imm B
(=] - Rt ]
- Fa e >
(5} for T -
° ¥ — -
. -~ . -
2 S - w
> ~ -
} B s
et N ’—-1
= -~ -

Figure 2.6: Overview of segregation for different alloying elements during hot-rolling.[16]

In the 0% deformation figures, the presence of regions with high and low fractions of alloying elements
can be seen. These regions have a clear structure as a result of dendritic growth. Furthermore, the
formation and elongation of bands can be seen with increasing deformation. Pref3linger concluded
that banded microstructure was present at 70% elongation. He also researched the development of
segregation during hot-rolling. As seen in figure 2.7 there was no significant change in the micro-
segregation during hot-rolling.

2.2.3. Cooling Rate

The impact of the cooling rates has been briefly mentioned in previous sections but should be discussed
further. The cooling rate plays an important role in the formation of banded microstructure. This is
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Figure 2.7: Segregation intensities as a function of the degree of deformation. [16]

primarily due to the importance of carbon diffusion in band formation. This is particularly the case for
one of the most common types of band formation, namely ferrite-pearlite banding. This is because
for clear band formation to occur carbon has to diffuse out of the ferrite phase in order for the pearlite
microstructure to form. Carbide banding is another form of banding where the cooling rate can play a
crucial role. As carbon diffusion is critical to the formation of carbides in steel.

One important factor to consider when looking at the effects of the cooling rate is that the cooling rates
tend to be much lower towards the center of slabs. This means that whilst at the surface of a slab the
cooling rate could be too high for banding to occur it can still form more towards the center of the slab.
Finally, whilst the use of higher cooling rates is effective in limiting the diffusion of carbon during the
initial heat treatments, micro-segregation still tends to be present and can still result in the formation of
bands during subsequent heat treatments.

Turkdogan and Grange [26] found that the band width decreases with increasing cooling rate. Wu et
al. researched the effects of cooling rate on carbide banding for high chromium content steels [29].
It was found that carbide banding decreases with an increasing cooling rate. Overall, they concluded
that with increasing cooling rates the carbide band fraction was reduced and the carbide size in the
banding region was also reduced.

Farhani et al. found that band formation can be suppressed even at lower cooling rates with cyclic partial
phase transformation (CPPT) heat treatments [5]. It was concluded that controlled local enrichment of
manganese occurs at the ferrite-pearlite interface due to the reverse transformation occurring as a
result of the CPPT treatment.

Different heat treatments are also an effective way to achieve less conventional banding microstruc-
tures. One such example is the ferrite-martensite banded microstructure. This microstructure can
be achieved when the material is held in the austenite-ferrite dual-phase region and is subsequently
quenched. A similar heat treatment done by Tomita [24] found a ferrite-bainite microstructure. These
treatments are however difficult to implement for larger components as the heat treatment would be
inconsistent throughout the cross-section.

2.2.4. Grain Size

Grain size has been found to be of significance to the band formation in steels. Thompson and Howell
[23] discussed the significance of the austenite grain size. Ferrite typically nucleates at the austenite
grain boundary. Therefore, if the grain size is relatively small relative to the wavelength of micro-
segregation, a sufficient nucleation site will be present. Because of this, ferrite will nucleate in regions
where this is more favorable due to the alloying element’'s concentration or other factors. The fer-
rite grains will therefore continue to grow along the iso-concentration line, a region of similar alloying
concentration until they impinge. This is followed by growth in the perpendicular direction. The remain-
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ing austenite microstructure transforms into pearlite. This process is illustrated in figure 2.8. When
the austenite grains are significantly larger than the micro-segregation wavelength, then the possible
nucleation sites are limited and banding does not occur.

Figure 2.8: lllustration of the growth of ferrite grains during band formation. a) Fully austenite grain structure. b) Nucleation of
ferrite grains in manganese lean regions. c) Growth of ferrite grains along the austenite grain boundary. d) Formation of ferrite
‘slabs’ in manganese lean regions. e) Completion of ferrite slab formation. f) Final microstructure with pearlite band formation in
the former austenite region. [23]

2.2.5. Impact of Micro-segregation on Band Formation

The dependence of microstructural band formation on chemical segregation has been made clear,
however, the origin of the segregation has been found to originate from different mechanisms. Early
research into the formation of banded microstructures by Kirkaldy et al. found that there are two mech-
anisms for micro-chemical segregation, namely, pre-segregation and trans-segregation [9].

The theory of pre-segregation focuses on the uneven distribution of carbon before phase transformation
occurs. This mechanism relies on the segregation of alloying elements which affect the activity of
carbon. Due to the high diffusion rates of carbon in steel, the segregation of these alloying elements is
the primary factor that determines the segregation of carbon. In regions with low carbon concentration
ferrite is more likely to form [8].

The theory of trans-segregation focuses on the presence of alloying elements which impact the local
transition temperature. The theory of trans-segregation assumes no pre-segregation takes place as
it would otherwise be the dominant mechanism. Trans-segregation, therefore, assumes a consistent
carbon concentration throughout the microstructure. The differences in local microstructure are deter-
mined by the presence of ferrite and austenite stabilizing elements. Ferrite stabilizing elements include
phosphorus and silicon whilst manganese, nickel and chromium are austenite stabilizing elements.
These elements are either ferrite or austenite stabilizing depending on their effects on the local transi-
tion temperature. Phosphorus and silicon have been found to increase the local transition temperature
whilst manganese and chromium have been found to reduce the local transition temperature.

Further research has also found a third mechanism for band formation. This mechanism applies to
steels with significant sulfur content. When both manganese and sulfur are present in steel MnS in-
clusions may form in the regions with high concentrations of manganese. The presence of these MnS
inclusions attracts nearby manganese and therefore creates low-manganese areas around the inclu-
sions. Because of this ferrite forms primarily in the areas surrounding the MnS inclusions.
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2.2.6. Micro-segregation

Microstructural banding in steels is primarily a result of micro-segregation. Micro-segregation is a result
of the composition of the phase during nucleation differing from the overall composition of the material.
As the grain grows, the composition at the solid/liquid interface begins to shift towards the composition
of the liquid phase due to the increasing alloying composition in the liquid phase and the subsequent
shift in equilibrium as well as the lower temperatures present. This results in a gradient in the material
composition throughout the grain which has been found to often occur in a dendritic manner. This
process combined with subsequent hot rolling and heat treatment leads to banded microstructures in
varying levels [27]. The micro-segregation in steels is dendritic in its nature. However, in deformed
steels the formed bands are in line with the deformation plane and their alignment in the transverse
and longitudinal directions are identical. The dendritic nature of the grains results in the grain branching
outwards in a tree-branch-like manner. As the solid phase grows, carbon and other alloying elements
are typically rejected and become concentrated in the inter-dendritic regions. The dendritic growth of
the microstructure can be visualized in figure 2.9.

Interdendritic regions
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Figure 2.9: Schematic overview of dendritic grain growth [28]

Currently, research on micro-segregation has been focused on pearlite/ferrite (f/p) banded microstruc-
tures. This is due to the banded microstructure being present after a single cooling cycle when slower
cooling rates are applied. However, studies have found that with subsequent heat cycles the banded
structures also appear in steels that are initially quenched.

There is still debate about which aspect of dendritic growth has the greatest effect on micro-segregation.
Verhoeven argues that the distance between the primary dendritic arms is the most important factor
when determining the band size [27]. However, Krauss argues that secondary dendritic arm spacing is
the most important factor for micro-segregation. The primary and secondary dendrite arm spacing can
be schematically visualized in figure 2.10. Both of these factors are to a differing extent dependent on
the cooling rate [12]. These parameters will be discussed in more detail in section 2.2.9.

2.2.7. Band Orientation

Itis important to understand the orientation of band formation in order to analyze it and fully characterize
its effects. As previously mentioned band formation tends to form along the rolling (RD) and transverse
direction (TD), this behavior can be clearly seen in figure 2.11 (RD is indicated as LD in the figure).
Furthermore the banded areas a typically very thin along the normal direction (ND). This difference in
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longitudinal section

Figure 1. Definition of primary (4;) and secondary (1)
dendrite arm spacing.

Figure 2.10: Schematic overview of primary (1,) and secondary (4,) arm spacing. [21]

band shape along different directions is the basis of the anisotropic behavior which can make band
formation so detrimental.

Figure 2.11: Schematic overview of how band formation typically occurs. Indicated in this figure are the transverse (TD), normal
(ND) and longitudinal (LD) directions. The longitudinal direction is also often referred to as the rolling direction. [10]

2.2.8. Modeling Micro-segregation

The cooling rates experienced in steels where banding occurs are typically too high for complete solid-
state solidification to take place. Because of this, the lever rule does not hold up and alternate models
must be considered [8].

Over the years many models have been developed to help predict micro-segregation. Scheil developed
an early model to help predict the behavior of micro-segregation during casting. However, this model
neglected the presence of solid-state diffusion and reduced the model to one dimension by assuming
a plate-like structure for the grains. Furthermore, this model makes certain assumptions like infinite
diffusion in liquid, no undercooling, and a constant equilibrium partition coefficient. The equilibrium
partition coefficient being constant results from the solidus and liquidus lines being assumed to be
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constant as seen by equation 2.1. The Sheil equation helps determine the equilibrium concentration at
the solid/liquid phase boundary as shown in equation 2.2 [20].

C
k===

=& 2.1)

5 =kCo(1— f)* 1 (2.2)

In this equation c; is the equilibrium alloy concentration at the phase boundary, C, is the average
concentration of the alloy, k is the equilibrium partition coefficient, and f; is the solid fraction. The
equilibrium partition coefficient can be determined using equation 2.1. Scheil’'s model simplifies the
problem to one dimension and the volume element growth is considered perpendicular to the growth
direction as seen in figure 2.12. Scheil’s equation is a simplified model and therefore does not provide
an accurate image of the degree of micro-segregation. However, it can provide an upper limit of seg-
regation profiles. Therefore, the Scheil model along with the lever rule provides an approximation of
the possible segregation profiles. An example of these profiles can be seen in figure 2.13 b.
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Figure 2.12: Schematic representation of the growing dendrites in the models considered. [3]

Brody and Flemming took Scheil’'s model further by accounting for solid-state diffusion. Their model
uses the same geometry and many of the same approximations as Scheil’'s model. Diffusion is de-
termined using Fick’s second law. Furthermore, two interface velocity dependencies are assumed,
namely, constant velocity and parabolic growth. This model assumes that solid-state diffusion does
not affect the interface concentration gradient. Therefore, the interface concentration as a function of
the fraction solid can be determined. In this model the ratio of the solid-state diffusion coefficient is
defined as in equation 2.3 [3].

Dt
w=—=L
LZ

(2.3)
In this equation, D is the diffusion coefficient, t; is the local settling time, and L is half of the dendritic
arm spacing. The local settling time is considered the time between the onset of solidification until all
of the material is solid. It is therefore inversely proportional to the cooling rate. Brody and Flemming’s
model assumes a constant solidification velocity. This results in the Brody and Flemming equation as
found in equation 2.4 [3].
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In this equation, the micro-segregation is primarily dependent on the ratio of ¢; and L?. Whilst this
model made further progress on Scheil’'s model there are still factors that haven’t been factored in yet.
One major flaw of the Brody and Flemming model is that it is unable to determine the influence of the
cooling rate on the dendrite spacing.
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Figure 2.13: a) partial phase diagram showing the difference between solidus and liquidus lines. b) Overview of the solid to
average concentration ratio, C/C, the solid fraction, Fg for the different models. [18]

In figure 2.13 an example of how the solidus and liquidus coefficients are determined is shown. In
figure 2.13b a comparison of how the different models compare during the solidification process. The
Scheil model and the lever rule typically determine the range of possibilities.

Many new models have since been proposed to make improvements on the limitations of these mod-
els [8]. The updated models were able to make further improvements in regards to the: dendrite
geometry, solidification with moving phase boundaries, finite diffusion, the difference in density among
interphases, undercooling at the dendrite tip, non-constant partition coefficient, and account for varying
cooling conditions.

2.2.9. Dendrite Arm Spacing

As mentioned in the previous section one of the most important factors not considered by the early
models is the dendrite arm spacing. The dendrites form as a result of constitutional undercooling
and destabilization of the solid-liquid interface. The dendrite arm spacing is considered one of the
most important factors which determine the degree of micro-segregation which in turn is critical to
determining the amount of banding. The exact link between the amount of banding and dendrite arm
spacing is still limited. Verhoeven [27] found that there is a relationship between the band width and the
primary dendrite arm spacing. However, it was argued by Krauss [11] that the secondary arm spacing
is the most important factor when determining the degree of inter-dendritic segregation. Primary and
secondary dendrite spacing are both to different extents dependent on the cooling rate. It was shown
by Jagle [8] that the secondary dendrite arm spacing is exponentially related to the local solidification
by equation 2.5 [1].
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A = Kt} (2.5)

In this equation A, is the secondary dendrite arm spacing, t is the local solidification time, K is an
empirical parameter and h has a value ranging from 0.3 to 0.6.

The dendrite arm spacing is dependent on many factors which make modeling and predicting it more
complicated. Dendrite arm spacing is highly dependent on the cooling rate as seen in figure 2.14. As
mentioned in section 2.2 the cooling rate can be drastically different depending on the surface depth.
Because of this, the secondary dendrite arm spacing becomes much larger as seen in figure 2.15.
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Figure 2.14: Secondary dendrite arm spacing as a function of cooling rate for commercial steels containing 0.1-0.9 wt.% C. [22]

Kattamis et al. found that the final dendrite spacing is primarily dependent on the coarsening kinetics.
The reduction in the solid-liquid interphase area is the driving force behind coarsening. During this
process, smaller dendrite arms remelt and the larger dendrite arms grow further. Simple models were
developed in which the driving force for coarsening is inversely proportional to the dendrite arm spacing.
This resulted in different models to account for coarsening, Feurer and Wunderlin developed equations
2.6 and 2.7 [6]. In these equations, t is the time and p; are empirical parameters.

A(t) = p T3 (2.6)

A(t) = p2In(1 + p3t) (2.7)

Pierer and Bernhard experimentally investigated the effect of carbon on the secondary dendrite arm
spacing. They conducted these experiments using steel with 0.28 wt.% Si, 1.32 wt.% Mn, 0.007 wt.%
P and 0.007 wt.% S. For steels with a carbon range between 0.08 and 0.7 wt.% C, the empirical relation
between the secondary dendrite arm spacing, carbon content and the solidification time can be seen
in equation 2.8. This relationship can also be seen further in figure 2.16 [15].

1

() = (23.7 — 131« (WE%C)3)E? 2.8)

PreBlinger researched the relationship with surface depth of secondary dendrite arm spacing. His mea-
surements also accounted for the manganese concentration at varying surface depths. His experiments
resulted in the relationship found in figure 2.17 [17]. His results show a clear increase in secondary den-
drite arm spacing further away from the surface of steel slabs. This can be best explained by differing
cooling rates experienced throughout the slab as a result of thermal gradients experienced.
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Figure 2.15: Secondary dendrite arm spacing as a function of distance from the surface of steel for various low-carbon and
stainless steels. [4]
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Figure 2.16: The relationship between secondary dendrite arm spacing and local solidification times for steels with different
carbon content. [15]

2.2.10. Nucleation and Growth Model

Offerman et al. used their research into the micro-segregation of micro-chemical banding and its influ-
ence on local transition temperature and band formation to derive a nucleation and growth model for
band formation. They derived nucleation and growth criteria for the formation of microstructural bands
using the classical nucleation theory for the rate of ferrite nucleation seen in equation 2.9.

AN _ KT AG*u 04 -

In equation 2.9, N is the number of nuclei, N,, is the number of potential nucleation sites, k) is the
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Figure 2.17: Calculated and measured Mn concentration across a steel slab. [17]

Boltzmann constant, h is Planck’s constant, u = 10™* is a scaling factor and Qj, is the activation energy
for self-diffusion. This parameter is important to consider as the formation of microstructural bands is
dependent on sufficient nucleation sites being present. Offerman et al. consider AG* by approximating
the austenite grains as tetrakaidecahedrons, resulting in the energy barrier, AG*, found in figure 2.10.

_ 4(Zzyay - Zzy)/y)3
2775AG2

AG* (2.10)

In this equation, y,, = 0.6/M~2 is the surface free energy of the austenite/ferrite interface, Yoy =
0.85/M~2 is the surface energy of an austenite grain boundary and z,, z,, and z; are geometrical pa-
rameters that are dependent on the nucleation site for the austenite grain (boundary, edge, or corner).
For a tetrakaidecahedron this can be approximated to z; = 0.72,z, = 1.3 and z; = 0.096. AG, was
approximated using Scientific Group Thermodata Europe (SGTE).

dN dN
_ (E)Amnax - (E)A3min
(AN/dt) a,0n

l'l * *
=1- exp[ﬁ(AGAm‘lx — Gyl (2.11)

Equation 2.11 can be used to determine the relative difference, r, between ferrite nucleation where the,
As, transition temperature, is maximum and minimum. Offerman et al. then compared r for two EPMA
results and concluded that as seen in figure 2.18 that the critical undercooling for band formation to
occur is between 953 K and 961 K for the samples analyzed.

In their model Offerman et al. also considered the importance of carbon diffusion in austenite as even if
the relative difference in ferrite nucleation between regions is great enough for band formation, bands
may still not completely form if carbon can not diffuse over the necessary distance. Therefore they
used equation 2.12 to estimate the distance at which carbon can diffuse in the austenite phase.

d ~ (Dft)'/? (2.12)

In equation 2.12, d is the distance carbon can diffuse, D} is the carbon diffusion coefficient in austen-
ite and t is the time elapsed before pearlite formation starts. Offerman et al. used equation 2.13 to
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Figure 2.18: Relative difference of ferrite nucleation rate, r, as a function of isothermal transformation temperature, T. The dotted
line represents the critical undercooling for band formation to occur. [14]

estimate the diffusion coefficient of carbon in austenite nominal carbon concentration and temperature
they considered. Where they used equation 2.14 to estimate site fraction of carbon in the interstitial
sublattice, Y, (X = 0.016704).

DY(m?/s) = 453%1077(1+y:(1—y,) *8339.9x T~ 1) xexp[—(T "1 —2.221 x 10~*) (17767 — 26436 * Y,)]
(2.13)

Finally, they considered that the width of regions with high A; temperatures which are required for band
formation can be estimated by the parameter w, which refers to the wavelength of chemical bands.
Therefore the maximum distance carbon is required to diffuse can be estimated by equation 2.15.

de = w2 (2.15)






Experimental

3.1. Sample

In order to ensure that the results found during this research are accurate and reliable, it is essential
to extract and process the samples in a way that limits the effect of any external variables. The steps
are taken to ensure this, will be explained further in this section.

3.1.1. Processing

The trailing arms for this investigation were supplied by VDL Weweler. The processing steps undergone
for the different trailing arms differed somewhat. However, all trailing arms used had been processed
up to the final heat treatment stage, after which the further processing steps (shot-peening, painting,
etc.) are not relevant for this research. Furthermore, these processing steps would only have an impact
on the surface of the microstructure. There are also slight variations in the processing steps which are
more relevant for the microstructure of the steel (hot-rolling, heating temperatures, etc.). However,
trailing arms were used where this was as similar as possible and samples were extracted to diminish
the effects of these differences.

Table 3.1: Chemical composition of 51CrV4 steel from different manufacturers (wt.%).

C Si Mn P S Cr Mo Ni Al Cu Sn \

SL: | 0.51 ] 0.26 | 1.07 | 0.012 | 0.008 | 1.15 | 0.03 | 0.13 | 0.002 | 0.15 | 0.008 | 0.110
SC: | 051 0.31|1.02 | 0.017 | 0.002 | 1.13 - 0.19 | 0.008 | 0.24 | 0.014 | 0.131
SK: | 0.54 | 0.30 | 0.98 | 0.011 | 0.012 | 1.15 | 0.03 | 0.10 | 0.007 | 0.19 | 0.012 | 0.110
KG: | 0.52 | 0.34 | 0.99 | 0.007 | 0.001 | 1.13 | 0.003 | 0.08 | 0.016 | 0.09 | 0.011 | 0.137

3.1.2. Sample Preparation

Sample Extraction

Sample extraction was done from individual trailing arms provided by VDL Weweler. The samples were
extracted from trailing arms similar to the one seen in figure 3.1b. These trailing arms are part of the
suspension assembly for trucks, which VDL Weweler specializes in building. The suspension assembly
system can be seen in figure 3.1a. These trailing arms were each constructed with steel from different
steel manufacturers. These steels undergo further manufacturing by VDL Weweler. This manufacturing

19
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(b) VDL Trailing Arm

(a) VDL Suspension Assembly

Figure 3.1: Schematic overview of the a) Suspension assembly and b) Trailing arm found in the suspension assembly.

process is slightly different for the individual trailing arms in terms of the heat treatments, hot rolling
processes and further steps undergone. Therefore, the samples used for this research needed to be
as similar as possible. This resulted in the samples being extracted from the region of the trailing
arm where the thickness was greatest. This was done to maximize the area where samples could
be extracted whilst having a similar thickness. Furthermore, this helps to determine the effects of the
different steel suppliers on the final microstructure of the trailing arm as the manufacturing process
done by VDL is not as significant due to the steel not being heated beyond the melting temperature,
which would be necessary to achieve significant alloying element diffusion. Sample extraction was
done to view the transverse face of the microstructure. The transverse surface was selected as the
microstructural bands tend to be elongated in the rolling direction. Furthermore, the normal direction is
important to view as it should provide the clearest indication of how the microstructural bands develop at
different surface depths. A schematic overview of how the samples were extracted from the overview,
as well as their orientation, can be found in figure 3.2. The different steel manufactured is referenced
as KG, SC, SK and SL. For each steel manufacturer, three samples were extracted, referenced as A,
B and C. These samples were further subdivided into upper (U), middle (M) and lower (L) sections.

In order to analyze the microstructural bands present in the 51CrV/4 steel, many steps are required to
prepare the sample for microscopy analysis, mechanical analysis and EPMA. The samples were cut
from suspension arms and therefore have fully gone through the production process prior to analysis.
Samples were cut from the suspension arm by making two large cuts along the normal direction in the
regions where the lowest amount of additional deformation has occurred during processing by VDL as
seen in figure 3.2a. Subsequently, the main samples are removed, previously referred to as samples
A, B and C. This is done make four cuts along the normal direction as seen in figure 3.2b and 3.2c.
The material is then cut further along the rolling direction to create sub-samples U, M and L as seen in
figure 3.2d.

Table 3.2: Overview of the sample thickness of the different samples used. The difference is a function of the varying thicknesses
of the trailing arms.

KG | SC | SK | SL
Sample thickness (mm) | 44.0 | 48.3 | 48.2 | 54.1

The samples used were extracted from trailing arms provided by VDL Weweler. The trailing arms used
were selected as the heat treatment and manufacturing process were as similar as possible across
the samples. The dimensions of the trailing arms tended to differ somewhat, however. The samples
were extracted from regions that were as similar as possible. However, the sample dimensions did still
differ somewhat for the different manufacturers. The most important difference between these samples
which must be accounted for is the sample thickness. This is the smallest dimension for the trailing
arms and therefore is most critical to the difference in cooling rates at the surface compared to the
center. This would subsequently have an impact on the microstructures which form at the center of the
samples. The thicknesses of the samples used can be seen in table 3.2. The KG samples are slightly
smaller compared to the other samples while the SL samples are slightly larger. The impact this has
on the microstructure and mechanical properties of the samples will be considered when discussing
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Figure 3.2: Overview of samples Extraction: a) Initial samples removed from the trailing arm. b) and c) Locations of where
samples A, B and C were taken from each sample. d) How each sample was further subdivided into an upper (U), middle (M),
and lower (L) section.

the results of this analysis.

Sanding, Polishing and Etching

In order to prepare the samples for the experimental steps of the research, sanding, polishing and
etching steps are required to ensure high-quality results.

Table 3.3: Overview of the sanding process used for the 51Crv4 samples throughout this research.

Grit Rotation Speed (rpm) | Time (s)

P80 250 120
P180 250 120
P320 250 120
P800 250 120
P1200 250 120
P2000 250 180

The initial stage of sample preparation for testing is sanding. Due to the sample size requirements of
the EPMA and SEM machines, the majority of samples were prepared without the use of mounting
resin. Sanding was done using the n Struers LaboPol-25. The sanding process was done as seen
in table 3.3. Each sanding step was done until no scratches from the previous step remained. This
results in the approximate time seen in the table. Typically the final stages took longer due to the
smaller scratches being more difficult to remove.

Following the sanding steps, the samples were polished using 3um and 1um polishing agents. Both
polishing steps were done using a Struers polishing machine. The 3um polishing step was done using
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a MD-nap polishing cloth whilst the 1um step was done using a MD-mol polishing cloth. Both steps
were done using a rotation speed of 300 rpm for approximately 5 minutes. This time is an estimate and
the samples were checked for scratches using an optical microscope throughout.

For certain steps of the research, a clear view of the microstructure is required. Therefore an etching
stage is required. Etching was done using Nital 2% and requires an application time of 15 seconds.
This was consistent across the sample from the different manufacturers. Due to the high oxidation rate
of the 51CrV4 steel, the samples often required re-etching. This requires the removal of the oxidized
layer which can be achieved through the final sanding step at grit P2000. All subsequent steps of the
sample preparation process are therefore also required before re-etching.

3.2. Microscopy

Figure 3.3: Keyence VHX-5000 digital microscope used during microscope analysis.

Microscope analysis was done using a Keyence VHX-500 microscope. In order to properly view the
bands, which run parallel to the rolling direction, the samples were orientated in such a way to view
the transverse direction face (ND-RD plane). This orientation can most clearly be seen in figure 2.11
in the background section. Microscopy was done using the U, M and L sub-samples for samples A, B
and C for all four of the steel products. Microscopy is used to confirm the presence of carbide band
formation in the trailing arms and to confirm that the manufacturing steps undergone by the trailing
arms result in roughly the same microstructures. Furthermore, microscopy is necessary to get an initial
understanding of how the carbide band formation develops throughout the depth of the samples. As
well as which other microstructural constituents form and how they develop as a function of surface
depth.

3.3. Segregation

3.3.1. Micro-Segregation

Electron Probe Micro-Analysis (EPMA) is done to characterize the underlying chemical banding present
in the material. This is done by determining the local concentration of alloying elements throughout the
surface of the sample. This chemical banding is one of the primary causes of microstructural banding
and will help us to understand the nature of the banding present in the material. EPMA was done on
samples from both the upper (U) and middle (M) parts of the suspension arm in sample A from all four
of the steel products. Measurements were taken at three different depths, namely, at the surface, 25%
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from the surface and at the center of the sample. At each depth, measurements were taken across a
depth of 1 mm with a measurement step size of 10um. From this, the level of micro-segregation can be
determined at the different depths as well as the average micro-segregation spacing. This will provide
insight into the underlying causes of the carbide band formation.

3.3.2. Macro-Segregation

Macro-segregation was measured using the energy dispersive X-ray spectroscopy (EDS) function from
the JEOL JSM-IT100 seen in figure 3.4. Area measurements were made on images with a magnifi-
cation between 50-200x. Magnification ranged slightly due to these measurements often being made
in conjunction with other EDS and scanning electron microscope (SEM) experimental data. Measure-
ments were made over the entire area of the SEM images being analyzed in order to avoid inaccurate
data due to local micro-segregation peaks. Furthermore, measurement spacing and depth differed
somewhat across the different steel products due to measurements being time-limited and overlapping
in analysis where the SEM was used. However, for all samples measurements were taken from the
surface to the center of the samples with a maximum measurement spacing of 11%.

Figure 3.4: Jeol JSM-IT100 scanning electron microscope (SEM) used during analysis. This machine was also used for energy
dispersive X-ray spectroscopy (EDS) results.

3.4. Hardness

Hardness testing was done using Vicker’s hardness measuring method. The hardness testing was
done using a Struers Emco-Test DuraScan automatic hardness tester similar to the one seen in figure
3.5. Hardness tests were done in two manners. The first hardness tests were done to determine
the effect of surface depth on the local hardness. These tests were done using samples that were fully
sanded and polished but not etched. This was done to improve the accuracy of the measurements. The
measurements were done at ten depths from the surface, ranging from near the surface to the center of
the sample. The measurement depth was equally spaced and for each depth 10 measurements were
made. These measurements will therefore give a good indication of how the hardness is affected by
the depth, as well as the expected hardness range at each depth. These measurements were made
using the HV 2 method in order to achieve a larger indent and have a better understanding of the overall
hardness in the region of the sample.
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Figure 3.5: Struers Emco-Test DuraScan automatic hardness tester used during hardness analysis.

Further hardness tests were done extensively on the microstructural bands present in the sample. This
is done to create a clear statistical analysis of the band properties and helps us understand the nature of
the banding. Individual properties of microstructural bands help give an indication of the different forms
of banding present in the microstructure. Hardness tests were done on samples from both the upper
(U) and middle (M) parts of the suspension arm. For each location hardness tests were conducted
for all three individual samples A, B and C across all the steel products. This testing was done using
the same hardness testing machine as the previous testing which can be seen in figure 3.5. Vicker’s
testing method for the band hardness testing was smaller than the previous hardness testing method.
A smaller indent force was used to ensure indents were smaller than the band width and therefore the
HV 0.2 method was used.

3.5. Phase Fraction

Phase fraction was determined using X-ray diffraction (XRD). The XRD used was a Bruker D8 Advance
diffractometer BraggBrentano geometry with graphite monochromator and Vantec position sensitive de-
tector with the use of cobalt radiation (1 = 1.79 A). The XRD analysis will help us understand the phase
fraction of carbides present in the material as well as the other phases present in the material. This will
help to give a baseline in the level of carbide band formation which could occur in the microstructure.

3.6. Band Area

Band area analysis was done using a scanning electron microscope (SEM), namely the EOL JSM-
IT100 seen in figure 3.4. Previously this device was also used for the macro-segregation analysis.
This analysis was done by determining the grey scale of the SEM images of the different samples at
differing depths in the microstructure. With the use of the grey scale figure, it is possible to separate the
area fraction of the carbide banded region from the other regions in the microstructure. This process
can be seen in figure A.9 in the appendix. By determining the peak caused by the non-carbide banded
microstructural constituents and removing this from the overall curve, the peak caused by the carbide
bands can be determined. From this, the area fraction can be determined. This process was done
using the upper (U) and middle (M) sample B from all the different steel products. The maximum
measurement spacing was 7% of the sample thickness or approximately 2.5mm. A minimum of three
measurements were made at each depth to ensure reliability of the results.
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3.7. Band Composition

Band composition was analyzed using EDS analysis similar to what was done for the macro-segregation
analysis. Therefore this analysis was also done using the JSSM-IT100 seen in figure 3.4. To determine
the band composition, the EDS analysis was focused on the carbide banded regions rather than large
areas of the microstructure. From this, the concentration of alloying elements can be determined for
individual bands. This will help determine which elements are predominately present in these regions
and how the concentration of alloying elements in the carbide region develops in relation to the surface
depth. This analysis was done in 4 or 5 different locations of sample B for each steel product, with
5-8 measurements being made at each location across many carbide bands. The measurements were
taken at varying depths where there was clear carbide band formation. This will help us understand
how the carbide band composition tends to differ across the carbide banded regions as well as how
this may differ as a function of depth.






Results

4.1. Previous Results

Previous research was done by Lie Zhao at VDL Weweler to understand the types of carbides which
form in 51CrV4 Steel. This was done by simulating the heat treatments using Thermocalc software.
The results can be seen in table 4.1. From this, it would be expected that the M3C carbide will be most
predominantly present in the microstructure with a smaller fraction of M7C3 and MC carbides.

Table 4.1: Overview of the Carbides which form in 51CrV4 steel, the composition, crystal structure, and the maximum fraction
which can be found in the steel according to Thermocalc simulations.

Carbide Type | Composition | Crystal Structure | Max. Fraction
M3C Fe, Cr, V, Mn Orthorhombic 6.58%
M7C3 Fe, Cr, Mn Orthorhombic 2.61%

MC Fe, Cr, Mn, V FCC 1.94%

4.2. Microscopy

In order to understand the carbide band formation in the 51CrV4 and how this differs across steel
from different manufacturers, it is important to have an understanding of the microstructure and how it
develops across the surface depth. Additionally, this analysis will help give an initial indication of how
the carbide band behavior differs across the different steel samples. The trailing arms underwent a final
quench and temper heat treatment to achieve a primarily martensitic microstructure. Due to the heat
transfer process of the trailing arms, the region near the surface experiences a much higher cooling
rate compared to the region near the center. This should result in a much higher fraction of martensite
near the surface.

The microstructural analysis revealed that there are three main microstructural regions, a tempered
martensitic region, a banded carbide region and a region of several softer microstructural constituents.
These regions can be seen in figure 4.1.

The main microstructural regions found across the four steel samples can be seen in figure 4.1. The
most predominant microstructure is the tempered martensitic microstructure seen in figure 4.1a. The
carbide band microstructure which is the focus of this research can be seen as the lighter phase in
figure 4.1b. Finally, the third microstructural region which can be seen in the 51CrV4 samples is a mi-
crostructure that consists of ferrite, pearlite as well as other softer microstructural constituents seen in

27
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(a) Tempered Martensitic Microstructure (b) Carbide Band Microstructure (c) softer microstructural constituents

Figure 4.1: Overview of the different microstructural regions found in the 51CrV4 steel samples. Three main microstructural
regions can be found. In figure 4.1a the primarily martensitic microstructure can be seen. In figure 4.1b the carbide banded
microstructure can be seen. In figure 4.1c a microstructure of ferrite, pearlite and other microstructures can be seen.

figure 4.1c. Towards the surface, the microstructure consists of a nearly fully tempered martensitic mi-
crostructure. Towards the center, the fraction of the softer microstructural region gradually increases as
a function of the surface depth. Furthermore, the carbide banding phase tends to initially form around
20% from the surface and gradually increases towards the center. The carbide banding microstruc-
ture becomes more distinct towards the center which would indicate that the carbide fraction in these
regions is likely higher. The softer microstructural constituents tend to form between regions where
hard carbide bands are predominantly present. The formation of the softer microstructural constituents
occurs more closely to the surface than the carbide bands and is thus not directly related to the carbide
band formation. The manner in which the microstructure develops as a function of surface depth is
quite similar across the four samples from different manufacturers. The aforementioned microstruc-
tural regions can be found in all four samples, with no other significant microstructural regions being
found. The fraction of each microstructural region as well as the manner in which it develops across the
surface depth does differ somewhat across the samples. This research focuses on the carbide band-
ing microstructure. Therefore, how the tempered martensite and softer microstructural constituents
develop across the sample will not be analyzed. How the banding microstructure develops will be an-
alyzed in two ways; The carbide start depth will be analyzed using the microscope images and can be
seen in table 4.2; How the carbide band area develops will also be analyzed using SEM images and
has been introduced in subsection 3.6.

Figure 4.2: Example of heavily carbide banded regions found in sample SK-B. The carbide banded regions are indicated by the
red rectangle. The area between the carbide bands is much larger than what is found in other parts of the sample. Moreover, it
contains significantly fewer carbide bands.

One important note on the formation of carbide banded microstructure that was noticed during micro-
scope analysis is that the development of the carbide banding regions is not always consistent and that
often regions of very dense carbide formation can occur surrounded by a larger region with little carbide
formation. One clear example of this is in the sample SK-B which can be seen in figure 4.2. These
regions are expected to have a significant impact on the mechanical properties and will be discussed
further in the 4.3.

In table 4.2 the depth at which carbide band formation starts can be seen. Overall, very clear differences
can be seen across the samples. Even across samples from the same manufacturers there is a slight
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Table 4.2: The depth from the surface at which carbide band formation begins for all the samples. The depth is given as a
percentage of the total thickness of the sample.

KG SC SK SC
Sample A: 18.1% 25.4% 22.9% 16.3%
Sample B: 17.0% 24.2% 21.8% 15.4%
Sample C: 18.6% 25.9% 20.2% 17.9%
Average: | 18.2% (+/- 0.9) | 25.2% (+/- 0.9) | 21.7% (+/- 1.4) | 16.6% (+/- 1.3)

difference in carbide band start depth. This is due to a variety of reasons, the most notable of which is
that band formation is usually limited at the depth at which it starts. This means carbide bands are not
as clearly seen in the microstructure which leads to inconsistencies in where the first bands are seen.
The SL samples have the earliest band formation across all samples with an average band start depth
of 16.6%. Band formation in the KG and SK samples occurs at a slightly greater depth compared to the
SL sample at 18.2% and 21.7%. Band formation occurs deepest in the SC sample at 25.2%. These
results would indicate that the SC sample has the best carbide banding behavior for trailing arms. This
is because trailing arms are loaded with bending stresses which leads to the greatest stresses occurring
near the surface of the trailing arm. Therefore, the SL and to a lesser extent KG samples would be
most impacted by the carbide band formation in the microstructure.

4.3. Hardness

The micro-hardness testing has been used to understand the impact of the carbide band formation and
the other microstructures present. This has been done in different manners in order best understand
the effect of carbide bands. The first type of hardness tests done were to analyze how the hardness
develops as a function of the surface depth. As mentioned in section 4.2, the surface consists pri-
marily of tempered martensite with the carbide microstructure, as well as other softer microstructures,
becoming more gradually present towards the center. The carbide microstructure is expected to have
a higher hardness than the other microstructures present, and therefore its impact should be clearly
seen in the hardness tests. This test will therefore help in understanding how the carbide bands and
other microstructures develop with the surface depth.
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Figure 4.3: Overview of how the Vickers hardness develops as a function of the surface depth. Results are shown for steel from

all four manufacturers. Results are based on the average hardness across the three samples from each manufacturer. The
results for each individual sample can be seen in figure A.2 in the appendix.
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In figure 4.3 the hardness vs. depth relation can be seen for the steel from each manufacturer. These
measurements were done using each sample (A, B, C) and done using the U and M sub-samples.
This figure is based on the average of the three samples for all the manufacturers. Therefore the
measurements were taken from the upper half of the trailing arms. There are two main trends to note
from these figures.

Firstly, the hardness relationship for all of the steel samples is higher at the surface and subsequently
lower in the middle. There are several factors influencing these relations. Most notably as discussed
earlier, is the lower cooling rates that occur towards the center of the trailing arms due to being cooled
from the surface. This results in a somewhat different microstructure at the center compared to the
surface. At the surface, the samples are expected to be fully martensitic. This corresponds well with our
measurements as the mean hardness is in the range of what would typically be expected for martensitic
steel. Closer to the surface the microstructure is expected to be a combination of ferrite and martensite.
This helps explain the reduced hardness in the center of the samples.

The second trend that can be seen in the figure is the increased standard deviation that occurs towards
the center of the sample. This factor is in large part due to the aforementioned presence of a dual-
phased microstructure in the center of the sample compared to the single-phase microstructure at the
surface. The peaks in hardness, however, can often be seen to be higher at the center than at the
surface. This is best explained by the presence of significant carbide regions in the microstructure,
as carbides are even harder than martensite. A significant carbide presence would be enough to
counteract the softer ferrite and lead to higher hardness measurement.

The presence of banded microstructure would also help explain why the reduction in hardness is not
always a smooth relation and why there are noticeable differences for samples from the same manu-
facturer. Banding typically follows the rolling direction and as such, measurements taken at a similar
depth are expected to experience a similar amount of banding. Therefore if a hardness measure-
ment coincides with a carbide banded region, then the other measurements taken at that depth are
expected to coincide with the carbide banded region. The same can be said for measurements taken
in the ferrite-banded regions. One clear example of this is in figure A.2b where sample B has a much
higher hardness at the center of the sample compared to samples A and C. As mentioned in section
4.2 sample SK-B has a significantly carbide banded region in the center of the sample, this banded
region is likely the cause of the increased hardness at the center of this sample.
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Figure 4.4: Overview of the average hardness (Over samples A, B and C) for the samples from all the manufacturers. The
standard deviation for each sample is also indicated in the figure. These results are based on the hardness measured for each
individual sample which can be seen in figure A.1 in the appendix.
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The hardness tests used in figure 4.3 can also be used to understand how the overall hardness of the
samples compares. These results can be seen in figure 4.4. It can be seen that the KG samples have
the highest overall hardness and the SK samples have the lowest overall hardness. As mentioned
earlier it is unclear if this is due to the carbide band fraction or the presence of softer microstructural
constituents.

Next to the hardness tests done to analyze the hardness vs. surface depth relation, hardness testing
on the carbide bands was also done. This was done to analyze the range of hardness in these carbide
bands as well as how this differs across samples from different manufacturers. This will also help
indicate the density of carbides present in the carbide banded regions, as a greater hardness in these
regions indicates a greater presence of the harder carbides. The results of this analysis can be seen
in figure 4.5. These measurements were based on the measurements of all three samples for each
manufacturer, the measurements for each individual sample can be seen in the appendix in figure A.3.
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Figure 4.5: Overview of the average hardness in the carbide banded region for the samples from all the manufacturers. The
standard deviation for each sample is also indicated in the figure. These results are based on the hardness measured for each
individual sample which can be seen in figure A.3 in the appendix.

In figure 4.5 the average hardness for the carbide banded region for the samples from each manu-
facturer can be seen. The SL samples have the greatest average hardness, this indicates that the
carbide in the SL sample has a higher density in the carbide banded region. Furthermore, the other
samples have a very similar average carbide band hardness, indicating that the carbide density is likely
very similar in these samples. It is important to note that the standard deviation in the SK samples is
somewhat higher compared to the other samples. As can be seen in figure A.3 this is primarily due to a
significant difference in carbide band hardness across the three samples and primarily in sample SK-B.
As mentioned in subsection 4.2 the SK-B sample has regions where carbide bands are more abundant
than what is seen in other parts of the microstructure and the other samples. These regions are likely
the reason that carbide band hardness is higher in sample SK-B and why the standard deviation is
greater across the SK samples.

4.4. X-Ray Diffraction

X-Ray Diffraction (XRD) analysis was done to understand the concentration of phases present in the
51CrV4 steel samples. The XRD analysis can be seen in the appendix in figure A.4. The resulting
phase fractions can be seen in figure 4.3. Due to significant overlap in XRD peaks expected for the
different M3C carbide microstructures (which include cementite), they were all referenced into the same
phase concentration, namely, that of cementite. The M7C3 carbides have a similar orthorhombic crystal
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structure as the M3C, because of this M73C carbides are likely incorporated in the cementite phase
fraction. It can be seen that the remaining microstructure is almost entirely Alpha or BCC, this fraction
includes the tempered martensite present in the material. A small concentration of 1% FCC is also
present within the material. As seen in table 4.1, a small fraction of MC carbides are expected to be
present in the microstructure. These carbides have the FCC microstructure, this would help explain
the small fraction of FCC found, however, a fraction of retained austenite could also cause this small
fraction. The 7% phase fraction of FCC and Cementite phase in table 4.3 would therefore likely indicate
the upper limit on the carbide fraction present in the material. This corresponds well with what was found
in table 4.1. The final phase fraction of carbides is expected to be lower than this 7% upper limit as
other microstructures such as cementite and retained austenite are likely present.

Table 4.3: Overview of the phase fractions present in the 51CrV4 steel samples from XRD analysis.

Phase Fraction (+/- error)
BCC 0.93 +/- 0.001
FCC 0.01 +/- 0.0003

Cementite 0.06 +/- 0.001

4.5. Band Area

As mentioned previously, the mechanical effects of carbide band formation on the trailing arms is highly
dependent on the location of the carbide bands in the material. Trailing arms experience bending stress
and therefore the mechanical properties of the material at the surface are most critical to the perfor-
mance of the trailing arm. It is therefore important to analyze how the carbide banding differs as a
function of the surface depth. This was done using the SEM. Measurements were taken at differing
depths for each material. The first measurements were taken at 0.5mm from the surface and subse-
quent measurement spacing was 2.5mm per measurement. At each depth between 3-5 measurements
were taken for each material. The carbide band area was measured using the SEM. Further process-
ing was done using Image J software. The SEM images were taken at 200x zoom, this was done to
maximize the image area to improve analysis whilst not dealing with coloration issues that come at
lower magnification levels. The carbide band area was determined using the grey-scale analysis in the
Image J software from which the carbide band peaks could be extracted from the background peak to
determine the carbide band area. This process is explained in more detail in the appendix in figure 3.4.
The results of this research can be seen in figure 4.6.

As observed before, from the microstructural characterization using light optical microscopy the carbide
band formation tends to start at differing depths for the samples. This can also be clearly seen in figure
4.6. The carbide band fraction is around 0% for the first 20% of the surface depth. After which the SL
sample shows the earliest increase in carbide band fraction towards the center at just over 20%. The
other samples seem to show the carbide band fraction increased most significantly at approximately
30%. There is also a clear difference in the way the carbide fraction is built up across the surface depth
for the different samples. The SL and SC samples show a more abrupt increase and subsequent
plateau towards the center, this behavior is most prevalent in the SC sample. Whilst, the SK and
KG samples have a more gradual increase in carbide fraction with the ultimate peak occurring more
towards the center. Overall, SL and SK samples have the highest carbide band fraction towards the
center. Itis important to note that the SL samples carbide band fraction is highest between 30-40% and
subsequently decreases towards the center. This is more likely due to the limited sample size of the
results rather than any underlying microstructural characteristic. Figure 4.6 is useful in determining how
the carbide band fraction is built up across the 4 samples, however, it does not give the best indication
of the overall level of banding occurring in the samples. Therefore, it is also important to see what
the overall band fraction in the samples is. This can be done using the same raw data. The resulting
average carbide band fraction can be seen in table 4.4.

As seen in table 4.4 the overall band fraction is highest in the SL sample and lowest in the KG sample.
The higher carbide band fraction in the SL sample is a result of the carbide band formation occurring
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Figure 4.6: Overview of how the carbide band area differs relative to the surface depth. The carbide band area was measured
at differing depths for all the samples. The carbide area increases towards the center of the sample. This increase is built up
and to what extent this happens differs significantly across the samples. Band area measurments have an uncertainty of +/- 2%

Table 4.4: Average Carbide Band Area Fraction based on the SEM results from figure 4.6.

Manufacturer | Carbide Band Area Fraction (%)
KG: 2.47
SC: 2.96
SK: 2.97
SL: 3.57

closer to the surface compared to the other samples as seen in figure 4.6. The carbide band formation
occurs much later and is more gradual in the KG sample compared to the other samples this explains
why it has a lower average band area fraction. The overall band area fraction of the SC and SK samples
are very similar, however, the build-up of the carbide fraction differs slightly between these samples.
As seen in figure 4.6 the SK sample has a more gradual increase of band area towards the center,
however, achieves a greater carbide band fraction towards the center. Whilst the SC sample has a
steep increase of carbide band fraction at approximately 30% followed by a subsequent plateau.

The differences in band formation can be clearly seen in these results as well as the results from
previous sections. Itis however also important to understand the underlying microstructural parameters
which lead to carbide band formation and how they differ. This will help us understand what causes
the differences in carbide band formation and which steel grade has the best properties.

4.6. Segregation

As mentioned in chapter 2 segregation is the occurrence in which the local chemical composition in
steel differs at different locations in the steel. The level of segregation can be best defined by the
local alloy concentration over the average alloy concentration in the material. This difference in chem-
ical composition can significantly impact the steel in terms of microstructural characteristics as well as
mechanical properties. Segregation is typically characterized in two ways, namely, micro-segregation
and macro-segregation. Micro-segregation is very local chemical concentration peaks within the steel
which cause favorable conditions for microstructures to nucleate. The microstructures that form in these
regions are dependent on whether the local elements are more predominately ferrite or austenite sta-
bilizing. Macro-segregation is more global in terms of the steel component. This can have a significant
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impact on the microstructures that form throughout the material. It has little effect on the local banding
behavior of the steel compared to micro-segregation, however. Both types of segregation were investi-
gated during this research. The micro-segregation was researched using electron probe micro-analysis
(EPMA) results and the macro-segregation was researched using EPMA and EDS results.

4.6.1. Micro-Segregation

As mentioned in chapter 2, band formation is typically correlated to the micro-segregation present in
the material. Micro-segregation is typically characterized using two parameters, namely, the micro-
segregation spacing and micro-segregation peak value. Micro-segregation spacing is important to
consider as when the spacing is too large the carbon atoms in the lattice are not able to diffuse the
distance necessary to create the favorable nucleation sites which leads to band formation. Likewise,
if the micro-segregation spacing is too small the formation of a clear banded region will be limited due
to an overabundance of nucleation sites. Furthermore, the micro-segregation peak value is important
to consider as a certain amount of segregation is necessary to create thermodynamically favorable
location sites. These two parameters will be the focus of the micro-segregation analysis. The micro-
segregation was analyzed using EPMA. Steel samples from each manufacturer were analyzed at three
depths, namely, at the surface, 25% from the surface and at the center of the sample. The measure-
ments were carried out over a distance of 1mm with a measurement step size of 10 ym. Using EPMA
results, the local chemical concentration can be seen and from this, the micro-segregation peaks can
be determined. From this, the micro-segregation spacing and peak level can be determined and com-
pared for the 4 different samples. This will help to understand the microscopy and SEM results. The
raw data of the EPMA results can be seen in the appendix.
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Figure 4.7: EPMA analysis of the results seen in the appendix. The 4.7a) micro-segregation peak segregation and 4.7b) micro-
segregation spacing has been compared for all four samples as a function of the surface depth. Peak locations were determined
using a python code with peak height and width filters to ensure no peaks were measured twice. This was followed by visual
confirmation. The microsegregation degree measurements have a standard deviation up to 0.3% chemical concentration, whilst,
the micro-segregation spacing has a standard deviation up to 100um.

As discussed in chapter 2 previous research has found that micro-segregation typically increases as
a function of surface depth due to increasing inter-dendritic spacing that occurs towards the center
of slabs. This behavior can also be seen in all the 51CrV4 samples as seen in figure 4.7b. There
are significant differences in how the micro-segregation spacing develops as a function of depth for the
different samples. The SC sample exhibits the type of behavior which would have been expected on the
basis of literature, in which the micro-segregation spacing increases gradually as a function of depth.
The behavior of the KG also exhibits a behavior similar to what is expected in literature, however, the
rate of increase in micro-segregation spacing is much lower. This difference indicates that there are
significant differences in the solidification processes undergone by the different steel manufacturers.
The SK and SL samples show very different behaviors in terms of micro-segregation spacing. The SK
samples initially show a flat relation which significantly increases towards the center. Whilst, the SL
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samples initially show a steep increase followed by a slight decrease in micro-segregation spacing. The
large internal changes in micro-segregation spacing are likely a function of the solidification mechanics
differing at different depths of the initial slab as mentioned in chapter 2 and seen in figure 2.2.

In figure 4.7a the average peak concentration of chromium can be seen. This value is typically heavily
linked to the band formation in steels as a certain amount of micro-segregation is necessary for bands
to form. If the micro-segregation is not significant enough, then the bands are unlikely to form as these
locations do not have the thermodynamic favorability that is required. In 4.7a it can be seen that the
chromium concentration in the peaks is very similar for all the samples at both the surface and center of
the samples. The concentration is substantially greater at the center compared to the surface. Thisis as
expected since for all the samples no carbide band formation occurs towards the surface. Furthermore,
all the samples experience clear carbide band formation as seen in both the microscopical analysis and
the band area analysis.

Where the chromium peak concentration differs most significantly across the samples is in the mea-
surements taken at 25% from the surface. The SL sample has the greatest micro-segregation, followed
by the KG and SK samples. The SC sample has a significantly lower micro-segregation at 25% from
the surface. Overall, for most of the samples, there is a greater increase in micro-segregation from
the surface to 25% from the surface compared to 25% from the surface to the center. This behavior is
slightly different from what was found in literature as seen in figure 2.5. From this figure, it would be ex-
pected that the segregation intensity would increase more significantly towards the surface. However,
the investigation shows a greater increase in segregation intensity near the surface.

If the micro-segregation intensity is compared to the microscopy and the band area analysis we can
see a clear trend between the micro-segregation intensity and the band formation. As seen in section
4.2 the band formation in sample SL occurs at an earlier stage than the other samples, whilst the
band area analysis in section 3.6 indicates that the carbide band fraction at 25% from the surface is
much greater in the SL sample compared to the other samples. The KG and SK samples have similar
behavior for micro-segregation intensity and this is very similar to what was seen for the carbide band
start depth and band area analysis. Carbide formation occurs slightly earlier for the KG sample and
the carbide area fraction is somewhat higher at 25% from the surface. This all relates well to figure
4.7a as the micro-segregation peak for the KG sample is also slightly higher. The SC sample has the
lowest micro-segregation intensity and this again corresponds well with previous results. 25% from the
surface is also where the carbide band formation tends to start for the SC sample. This could indicate
that the micro-segregation intensity measured for the SC sample at 25% from the surface is the minimal
segregation intensity necessary for carbide band formation to occur. A more thorough EPMA analysis
would be required to confirm this. Furthermore, a more thorough EPMA analysis would help compare
these results to the band area measurements and thereby make the relationship between these two
parameters more clear.

4.6.2. Macro-Segregation

As discussed earlier the macro-segregation does not have as significant an impact on banding behavior
in steels. However, it is still an important aspect to understand. Typically the chemical concentration
is greater towards the center compared to the surface. As mentioned in chapter 2, this is due to steel
slabs solidifying from the surface towards the center. Macro-segregation can be investigated using both
the EDS results as well as the EPMA results. The macro-segregation of chromium and manganese
can be seen in figure 4.8 and figure 4.9. The macro-segregation of the remaining alloying elements
can be found in the appendix in figure A.10.

In figure 4.8 the macro-segregation of chromium according to the EDS results can be seen. There is
no clear macro-segregation relation present for the chromium phase. This is unexpected as literature
research seen in chapter 2 found that a higher concentration of alloying elements would be expected
towards the center. This likely indicates macro-segregation is less predominate in 51CrV4 steel com-
pared to the steels used in the articles from the literature research. This same behavior is seen for
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Figure 4.8: Overview of the micro-segregation of chromium present in the microstructure for the samples of all the manufacturers
based on the EDS results. The figure that corresponds with each manufacturer is indicated in the sub-figure.

the manganese phase as seen in figure 4.9, as no clear macro-segregation can be seen. Finally, if
we compare this to figure A.10, which contains all the alloying elements, significant variation in ele-
ment concentration can be seen for the more minor alloying elements. However, there is no clear
macro-segregation trend that can be seen and is more likely due to other effects.

Macro-segregation analysis could also be done with the EPMA results next to the EDS results. The
macro-segregation from the EPMA results was based on the average of the measurements taken at
every depth for the samples used. The results of this analysis can be seen in figure 4.10. These
results indicate that there is no macro-segregation for the chromium, silicon and vanadium for all of
the samples. Furthermore, there is no clear manganese macro-segregation for both the SC and SK
samples. However, there is a small amount of manganese macro-segregation that occurs for both the
KG and SL samples. The manganese macro-segregation that occurs for these samples can be most
clearly seen from 25% from the surface to the center.

If we compare the macro-segregation results from the EDS and EPMA analysis it is interesting to see
that the EPMA results indicate that there is a small amount of macro-segregation for manganese in
both the KG and SL samples, whilst this is not the case in the EDS results. This likely indicates that
the macro-segregation seen in the EPMA results is more due to a lack of sample size rather than any
clear macro-segregation trend. This would best explain this inconsistency in the results as the EDS
analysis give a more thorough analysis of the macro-segregation present in the samples. Furthermore,
it is typically uncommon for macro-segregation to occur for one alloying element but not for any of the
other alloying elements. Further EPMA analysis would be necessary to confirm if there is a clear
macro-segregation trend for manganese in these samples or if this is due to the limited sample size.
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Figure 4.9: Overview of the micro-segregation of manganese present in the microstructure for the samples of all the manufac-
turers based on the EDS results. The figure that corresponds with each manufacturer is indicated in the sub-figure.

4.6.3. EDS Analysis Carbide Bands

EDS analysis was also done on the carbide banded regions to understand the chemical concentration
of these regions, as well as if these regions remain consistent throughout the surface depth. These
results can be seen in the appendix in figures A.11, A.12, A.13 and A.14. The chemical concentration
of chromium is consistent in these regions and is well above what is found throughout the remaining
microstructure. This would indicate that chromium carbides are heavily concentrated in these regions.
Manganese also tends to be more abundant in these regions, however, the manganese concentration
can differ quite significantly for different banded regions. Furthermore, the presence of large concen-
trations of manganese has been found to be heavily linked to the presence of an increased amount
of sulfur as seen in the appendix in figure 4.11. This would indicate that manganese sulfides form in
these regions. Vanadium has also been found to be more predominant in these regions. This could
indicate that vanadium carbides also form in these regions. However, the chemical concentration of
vanadium in these regions is inconsistent which would indicate that vanadium carbides are not a driving
factor in the formation of these regions. Furthermore, the chemical concentration of vanadium overall
in 51CrV4 steel is much lower than the chromium concentration and would therefore be less impactful
on the chromium carbides.

The EDS analysis of the carbide bands also allows us to understand how the chemical concentration
of the bands tends to develop as a function of the surface depth. These results can be seen in figure
4.12. There are substantial differences in the chemical concentrations in the different samples as a
function of surface depth. For the KG sample, it can clearly be seen that the chemical concentration
of chromium increases in the carbide banded regions towards the surface. This can also be seen to
a somewhat lesser extent in the SK sample. However, the chromium concentration remains relatively
consistent for the SC and SL samples towards the center. These results would help indicate why the
formation of chromium carbide bands is more gradual in the KG and SK samples, whilst the SC and
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Figure 4.10: Overview of the micro-segregation of chromium, manganese, silicon and vanadium present in the microstructure
for the samples of all the manufacturers from the EPMA results. The figure that corresponds with each manufacturer is indicated
in the sub-figure.
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SL samples experience more of a plateau in terms of band area as seen in the band area analysis.



Discussion

The overall goal of this research was to understand the relation between the surface depth and band
formation in 51CrV4 steel and how banding differs for 51CrV4 steel from different manufacturers. In
order to reach this goal, many sub-research goals were set up. These were to correlate the surface
depth to the formation of carbide bands, investigate the impact of the underlying segregation, identify
the predominate banding microstructure, determine the banding start depth and identify the charac-
teristics that lead to band formation. These goals were achieved with the use of microscopy, XRD,
hardness, SEM and EPMA testing. This testing was done using 51CrV4 steel from four different man-
ufacturers which were further processed by VDL using similar heat treatments and processing steps.
The steel from the four manufacturers will be referred to as KG, SC, SK and SL. For the steel from each
manufacturer, three samples were used from each manufacturer which were referenced as samples
A, Band C.

The microscopy results indicated that the predominate microstructure at the surface was tempered
martensite. Towards the center formation of carbide bands, as well as other softer microstructural
constituents such as ferrite and pearlite, could be seen. These results also indicated that the band
formation starts at differing depths as seenin table 4.2. From this, it could be seen that banding occurred
closest to the surface for the SL and furthest from the surface for the SC sample. This indicates that the
SC sample has the best banding behavior in this aspect as trailing arms are primarily loaded towards
the surface. Therefore, band formation towards the center of the samples is less detrimental.

The hardness results, seen in figure A.2, indicates that the overall hardness reduces as a function of
the surface depth. This is primarily due to the presence of the softer ferrite and pearlite microstructures
towards the center. The standard deviation of the hardness measurements is also greater towards the
surface as the presence of the harder carbide banding microstructure becomes more clearly present.
Overall, the reduction in hardness towards the center is most significant for the SK sample and least
significant for the KG sample. This is most likely due to an increase in the softer ferrite and pearlite
phase towards the center being more significant in the SK sample than any carbide banding effects,
as there is no clear impact on the band start depth to the hardness relation. Furthermore, the KG
sample has the least overall sample thickness, indicating that the cooling rate in the center of the
sample would likely be greater in the KG sample leading to a greater tempered martensite fraction.
This would also help explain why the overall hardness is highest in the KG sample, as seen in figure
4.3, this is however not consistent across all the samples. The amount of carbide banding present
would be expected to have an impact on the overall hardness, however, to which extent this effect is
present is difficult to determine due to the presence of other microstructural constituents. The hardness
in the carbide banded regions, seen in figure 4.5, indicates that the SL sample has a somewhat greater
hardness than what is seen across the other samples. This indicates that the carbide bands present
in this sample have a higher carbide density. Furthermore, it can be seen that the SK samples have a
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greater standard deviation of hardness in the carbide bands. This is due to an inconsistent behavior of
the carbide bands seen during microscopy. The hardness results would indicate that the carbide bands
in the SL samples would be most detrimental due to the higher hardness of these bands.

Analysis of the types of carbides present in the material was done with the use of previous thermo-calc
simulations, done by Lie Zhao at VDL Wewler, as well as XRD analysis. The thermo-calc simulations
found that the predominate carbide type present was M3C, with a max fraction of 6.58%. Smaller
fractions of M73C and MC were also found to be present with a max fraction of 2.61% and 1.94%
respectively. The XRD analysis found similar results as a cementite phase fraction of 6% was detected
and a FCC phase fraction of 1%. Due to overlap in the crystal structure, the M3C and M73C carbides
would be expected to correspond with the cementite measured during XRD analysis. Furthermore,
the MC carbides have a FCC crystal structure which would correspond with the 1% phase fraction of
FCC measured during XRD. Overall, this would indicate that the max carbide fraction would be 7%,
however, this is likely lower due to the presence of cementite.

Analysis of the carbide banding area as a function of depth can be seen in figure 4.6. This analysis
indicates that carbide band formation in the SL sample starts more closely to the surface. The formation
of carbide bands in samples SL and SC increases rapidly towards the center after which a plateau in
the relationship can be seen. Carbide band formation in the SK and KG samples is more gradual and
doesn’t peak until the center of the sample. This analysis shows similar results to what was seen in the
microscopy analysis.

The micro-segregation was analyzed using EPMA. The results of the EPMA can be seen in figure 4.7.
This analysis indicated that for all the samples the micro-segregation spacing increases as a function
of surface depth. This follows what was expected according to literature. The amount at which the
spacing increases tend to differ across the samples. As for the SC sample, the micro-segregation
spacing increases significantly towards the center whilst this is much less the case for the KG sample.
Furthermore, the SL sample shows a much more significant increase from the surface to 25% from
the surface compared to 25% from the surface to the center, whilst the opposite is the case for the SK
sample. From these results, any relationship between the micro-segregation spacing and the carbide
band formation cannot be found.

The micro-segregation peak concentration also increases towards the center, which was also expected
from literature. The micro-segregation peak concentration was relatively consistent at both the surface
and the center across all the samples. Large differences could be seen for the micro-segregation peak
concentration at 25% from the surface. The SL sample has a much greater micro-segregation peak
concentration whilst the SC sample has a much lower micro-segregation peak concentration at 25%
from the surface. The difference in micro-segregation peak concentration at this depth helps explain
why the formation of carbide bands occurs closer to the surface for the SL sample and further from the
surface for the SC sample as seen in the microscopy and band area analysis. A clear relationship be-
tween the micro-segregation peak concentration and the carbide band formation can be seen. Further
EPMA analysis would be necessary to confirm if the micro-segregation peak concentration is consis-
tent in the region where carbide banding occurs. This would indicate the minimum micro-segregation
degree for carbide banding to occur. This would be expected to be approximately what is seen for
the SC sample at 25% from the surface, namely, at approximately 1.37% chemical concentration for
chromium or 20% greater than the mean concentration. Further measurements would help to under-
stand the relationship between carbide band concentration and micro-segregation.

Next to the micro-segregation, the macro-segregation was also investigated. Macro-segregation is not
expected to have as significant of an impact on carbide band formation as micro-segregation. How-
ever, macro-segregation could lead to an increased amount of micro-segregation towards the center
and hence impact the carbide band formation. Macro-segregation in terms of increased chemical con-
centration towards the center is quite common. However, this is quite dependent on the concentration
of alloying elements present in the steel and therefore highly dependent on the steel grade. A small
amount of macro-segregation was found for the manganese in the EPMA results for the KG and SL
samples. The more extensive EDS research did not indicate any clear macro-segregation behavior for
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manganese in these samples, however. Furthermore, no macro-segregation could be seen amongst
the other alloying elements in any of the samples. This likely indicated that macro-segregation is un-
common for 51CrV4 steel as this behavior is consistent across steel from different manufacturers.

The EDS analysis of the carbide regions helps understand the chemical concentration of these regions
which helps indicate the predominant type of carbide present in these regions. Of the potential carbide-
forming elements, chromium is the only one that is consistently present amongst the banded regions
for all of the samples. The vanadium concentration is greater in these regions compared to the overall
concentration, which might indicate the presence of vanadium carbide. However, this is not consistent
across all banded regions, indicating it is not present in all of the carbide banded regions. It has also
been found that the inconsistency in the presence of manganese in these regions can be linked to the
presence of sulfur. This indicates that the formation of manganese sulfides tends to occur in areas
where sulfur and manganese are present. These manganese sulfides can often be clearly seen in the
microscope and SEM images as a darker microstructure found with the carbide bands as seen in the
appendix in figure A.15. Overall, this would indicate that chromium carbides would be expected to be
the primary carbide former in these regions. The EDS analysis of the carbide bands also indicated
that the relationship between carbide band chemical concentration and surface depth tends to differ
somewhat across the steel from different manufacturers. The chromium concentration increases sig-
nificantly for the carbide banded regions towards the center of the KG sample. This is also the case
for the SK sample to a lesser extent. The chemical concentration of chromium in carbide bands in the
SC and SL samples tended to remain consistent as a function of the surface depth. These results help
explain the difference in built up of the carbide band area for the different samples. The increase in the
chemical concentration of chromium towards the center of the KG and SK samples helps explain why
the carbide band area increases more gradually towards the center of these samples. Whilst, the SC
and SL samples see the largest increase in carbide area at the initiation depth of carbide banding with
a subsequent plateau in concentration.






Conclusions and Recommendations

6.1. Conclusions

The primary goal of the research was to understand the relation between the surface depth and band
formation in 51CrV4 steel and how banding differs for 51CrV4 steel from different manufacturers. In
order to achieve this, sub-research goals were set up. These goals were to correlate the impact of
surface depth to band formation, determine the depth at which band formation starts, investigate the
underlying micro-segregation and the impact it has on band formation and identify the predominate
banding microstructure found in 51CrV4 steel.

The impact of surface depth on band formation was researched using optical microscope images and
SEM images. It was found that the band formation tends to start in a similar surface depth range
for the different steel samples investigated. Band formation, however, was found to start nearest to
the surface for the SL samples with an average band start depth of 16.55% from the surface. Band
formation started furthest from the surface for the SC samples at 25.18% on average. The SEM analysis
showed similar results as the band area analysis of the SL sample; Indicating that the band formation
occurred at an earlier stage for the SL sample followed by a rapid increase and subsequent plateau
in band area fraction. The SC sample also showed a rapid increase in band area after the band start
depth followed by a plateau in area fraction. The buildup of the band fraction in the KG and SK samples
was found to be more gradual and does not peak until the center. This would indicate that the formation
of carbide bands would be expected to be most detrimental in the SL sample and least detrimental in
the SC sample. This is due to carbide bands that form more closely to the surface, where the external
stresses are the highest, having a more adverse impact on the mechanical properties of the steel.

It was found that the depth at which the carbide bands tended to form could be most closely related
to the micro-segregation peak concentration. It can be seen that the SC sample has the highest peak
concentration of chromium at 25% from the surface whilst the SL sample has the lowest peak con-
centration, which corresponds well with what was found in the microscope and SEM analysis. It could
be seen that the micro-segregation spacing increases as a function of surface depth. However, the
micro-segregation spacing tended to differ across the sample making it difficult to correlate it to the
band formation.

The hardness results indicated that the hardness of the samples tended to decrease as a function
of surface depth. This was primarily due to increased ferrite being present towards the center of the
samples compared to the tempered martensite near the surface. These microstructures are more pre-
dominantly present in these regions due to the decreased cooling rates experienced towards the center.
The combination of increased concentration of ferrite and carbides towards the center also leads to a
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larger standard deviation in hardness measurements towards the center. It was found that the hardness
in the carbide banded regions was significantly higher than in the surrounding regions. Furthermore, it
was seen that the hardness in the carbide band regions of the SL samples was particularly high. This
is most likely due to an increased concentration of carbides present in these regions. This would likely
result in an adverse impact on the mechanical properties in the SL sample as the increased hardness
in these regions could lead to increased crack formation and propagation.

The EDS results of the carbide banded regions indicate that the primary carbide former in this region
is chromium. This is due to the chromium concentration in these regions remaining consistently high
throughout the carbide banded regions whilst vanadium and manganese concentrations have a large
variation across the different bands in the banded regions. Furthermore, the presence of large con-
centrations of manganese in the carbide banded region has been found to correspond with high con-
centrations of sulfur. This would indicate that manganese sulfides are present in these areas. These
manganese sulfides can often be clearly seen in SEM images of the bands with increased sulfur and
manganese concentrations. The primary carbide type expected to be present is the M3C carbide with
a smaller fraction of M73C and MC. The maximum carbide fraction according to XRD analysis is 7%,
however, this is likely lower due to the presence of cementite.

6.2. Recommendations

In order to further the results of this thesis and the influence of carbide banding in 51CrV4 Steels, the
following is recommended for further research:

* Further analysis using EPMA, where the full depth of samples are analyzed as well as mul-
tiple measurements per sample, is recommended. This would help in correlating the micro-
segregation behavior to the band formation. This would also help in determining if there is a
minimum segregation degree required for carbide banding to occur.

« Further research into the types of carbides present and their concentration in the material would
be recommended. This could be done in a number of ways, however, EBSD analysis would likely
be the most effective in this.

» This research focused on the transverse phase, thereby relating the carbide bands (orientated
along the rolling direction) which the surface depth with respect to the normal direction. Fur-
ther research into how the carbide bands develop as a function of the surface depth along the
transverse direction would be recommended.

 This research focused on the carbide banding behavior in the thickest region of the trailing arm. It
would be recommended to compare this behavior to other sections of the trailing arm. These re-
gions would therefore undergo further elongation due to hot-rolling, which could have a significant
impact on the carbide banding behavior and the micro-segregation.
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Figure A.1: Box chart of the hardness test for each steel manufacturer separated based on the sample used. The figure indicates
the average hardness for each sample as well as the expected range based on the data.
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Figure A.2: Hardness measurements of each samples as a function of depth. Measurements range from the surface (0%) to the
center (50%).
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Figure A.3: Average hardness in the carbide banding regions for each individual samples measured.
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Figure A.4: XRD analysis showing the measured peaks from the analysis as well as the predicted location of the corresponding
phases. These results where used to determine the phase fraction in the 51CrV4 samples.
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Figure A.5: EPMA results of chromium in the KG sample measured at A.5d) The surface, A.5e) 25% from the surface and A.5f)
The center of the sample. EPMA results of manganese in the KG sample measured at A.5g) The surface, A.5h) 25% from the
surface and A.5i) The center of the sample. In figure A.5a, A.5b and A.5c the corresponding microscope images can be seen.
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Figure A.6: EPMA results of chromium in the SC sample measured at A.6d) The surface, A.6e) 25% from the surface and A.6f)
The center of the sample. EPMA results of manganese in the SC sample measured at A.6g) The surface, A.6h) 25% from the
surface and A.6i) The center of the sample. In figure A.6a, A.6b and A.6¢c the corresponding microscope images can be seen
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Figure A.7: EPMA results of chromium in the SK sample measured at A.7d) The surface, A.7e) 25% from the surface and A.7f)
The center of the sample. EPMA results of manganese in the SK sample measured at A.7g) The surface, A.7h) 25% from the
surface and A.7i) The center of the sample. In figure A.7a, A.7b and A.7c the corresponding microscope images can be seen.
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Figure A.8: EPMA results of chromium in the SL sample measured at A.8d) The surface, A.8e) 25% from the surface and A.8f)
The center of the sample. EPMA results of manganese in the SL sample measured at A.8g) The surface, A.8h) 25% from the
surface and A.8i) The center of the sample. In figure A.8a, A.8b and A.8c the corresponding microscope images can be seen.
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Figure A.9: Overview of how the band area analysis was conducted. In figure A.9a a SEM image of the samples can be seen. In
figure A.9b the grey scale analysis of the SEM image can be seen with the Carbide banded area and the remaining microstructure
being separated from each other. From the difference the carbide band area can be determined.
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Figure A.10: Overview of the micro-segregation of all the elements present in the microstructure for the samples of all the
manufacturers based on the EDS results. The figure that corresponds with each manufacturer is indicated in the sub-figure.
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Figure A.11: Overview of the different EDS measurements made in the KG sample. Band 1 is closest to the surface whilst band

5 is closest to the center.
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Figure A.12: Overview of the different EDS measurements made in the SC sample. Band 1 is closest to the surface whilst band
5 is closest to the center.
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Figure A.13: Overview of the different EDS measurements made in the SK sample. Band 1 is closest to the surface whilst band

5 is closest to the center.
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Figure A.14: Overview of the different EDS measurements made in the SL sample. Band 1 is closest to the surface whilst band
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Figure A.15: Overview of Manganese Sulphide inclusions found throughout the sample. The MnS inclusions can be seen as a
dark long and thin microstructure. In this figure the MnS inclusions are indicated with red circles.
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