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Abstract

Despite steels from different manufacturers abiding by the same standard specifica-
tions, tool wear during grinding of these materials seems to progress differently when
comparing batch to batch. Therefore, an investigation was made into the different
batches in order to explain this difference in grindability between them. Samples of
(C38 steel from two different batches were used and heat treated in the same way at
three different temperatures. The techniques used in this investigation to assess the
difference between batches were light optical microscopy as well as hardness test-
ing. Some differences were observed between the batches before heat treatment but
after the heat treatment had been performed there were no differences that could
be discerned with an optical microscopy. The hardness tests showed a very small
difference where one batch was harder by a maximum of 10 HV. With the tools used
in this lab no differences that could lead to a variation in grindability was found.
To further investigate the question, more tests need to be run.

Keywords: steel, heat treatment, quenching, microstructure.
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1

Introduction

1.1 Background

Due to the rapid growth of industrial manufacturing, the use of sustainable machin-
ing techniques has become an important factor in improving productivity and re-
source efficiency. In order to meet the challenge of batch-to-batch material variations
in production lines, the introduction of reliable predictive modelling and simulation
tools is essential. Small variations in material properties, even within standard spec-
ifications, can lead to serious problems on the production line, such as rationalising
timely tool changes and machining under optimum conditions that cannot be ig-
nored. Previous work has addressed this issue[l]. However, since crankshafts are
big and undergo many processing steps it is difficult to identify the microstructural
differences coming from the batch-to-batch variations. An alternative approach is to
do controlled tests in the lab where we do grinding tests on material with precisely-
defined microstructures. The present thesis deals with investigating how different
material batches respond to varying heat treatments. The resulting knowledge will
be used to prepare materials with defined microstructures to be used for grinding
test in the laboratory.

Heat treatment is a common process for controlling the structure of steel products
and their key mechanical properties such as hardness, strength, toughness, ductil-
ity and elasticity[2]. However, different suppliers may use different heat treatment
processes, resulting in differences in the final structure of the same material. This
variation adversely affects the ability to reliably predict tool wear during machining,
thus adding to the uncertainty of the production line.

1.2 Aims

The aims are to investigate the microstructural differences in two batches of C38
steel, to find suitable workpiece geometry, and to land in the correct range of hard-
ness. Firstly, the soft, as-received material is investigated. Secondly, different hard-
ening heat treatments and their influence on the two batches” microstructures and
hardness are being investigated. The aims of this work are twofold:

o Identification of a suitable geometry of test pieces for grindability tests. The
test pieces should be sufficiently large to enable tests while ensuring proper
through-hardening during the heat treatment. The resulting microstructure
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should be comparable to that present in crankshafts with a hardness in the
range of 560 to 675 HV.

o Investigation of microstructural differences in two batches of the investigated
material both in as-received condition and after varying hardening heat treat-
ments. Samples of the geometry identified in the aim above are utilized.

1.3 Scope and limitations of the study

This study focuses on the observation of the microstructure of steel samples after
heat treatment, and as the associated grinding tests need to be continued in later
stages, this experiment only concentrates on the heat treatment aspect. The heat
treatments investigated in this work are done using conventional furnaces. No in-
duction hardening as the case for crankshaft production was used. Although the
microstructures of only small samples of steel bars were examined in this thesis, the
actual heat treatment effects and processing tests on large steel bars require more
in-depth follow-up research, which is worth exploring further, but is not included in
the scope of this thesis. The comparative material characterization was focused on
light optical microscopy of the martensite morphology as well as hardness testing.
Further analyses using more advanced characterization techniques such as electron
microscopy are needed to study differences of the hardened material microstructures.
This thesis only focuses on C38 steel.
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Theoretical framework

2.1 Classification

(C38 steel is a medium-carbon steel, named for its carbon content of about 0.38 per-
cent, and is a hypoeutectoid steel. The main alloying element in this steel is carbon,
and the content of other elements is relatively low. In terms of microstructure, C38
steel shows a mixture of ferrite and pearlite. Ferrite is a softer body-centred cubic
(BCC) structure with very low carbon content and good ductility. Pearlite is formed
by alternating layers of ferrite and cementite (a chemical compound of iron and car-
bon and is a key component in steel and cast iron), which increases the strength
and hardness of the steel[3]. This balanced structure gives C38 steel a medium level
of strength and hardness while maintaining significant toughness and machinabil-
ity[4]. C38 steel exhibits better weldability than high carbon steels, although it is
not as easy to weld as low carbon steels. Heat treatments such as quenching and
tempering further enhance its mechanical properties by forming martensite, increas-
ing hardness and subsequently tempering to adjust the balance between hardness
and toughness. These properties make C38 steel widely used in applications that
require a certain level of strength and toughness, such as automotive parts, bear-
ings, gears and other engineered structural components. With a carbon content of
less than 0.8 percent, C38 steel is hypoeutectoid steel, which means that it has a
good combination of mechanical properties suitable for a wide range of engineering
applications, while maintaining good machinability and weldability. The following
sections discuss the microstructure of hypoeutectoid steels, focusing on the current
microstructure and phases.

2.2 Microstructure, Microconstituents, and Phases

There are many ways to process steels to get different qualities but more generally
they fall under heat treatment, alloying and deformation hardening. The reason
why steels are so adaptable has to do with the crystallography of iron[5]. Iron, a
cornerstone in the field of metallurgy, exhibits remarkable versatility through its
ability to exist in multiple crystalline forms naturally. This unique characteristic
not only sets iron apart but also lays the foundation for the vast array of its alloys,
each possessing distinct properties crucial for various applications. In delving into
the study of iron and its derivatives, it becomes evident that temperature-induced
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dynamics play a pivotal role in the formation of its different crystalline structures.
Notably, ferrite, one of iron’s primary phases, presents itself in two specific forms:
alpha («) and delta (§), which are primarily distinguished by the temperatures at
which they form. Despite their formation under different conditions, both versions
of ferrite maintain a body-centered cubic (BCC) structure, highlighting a fascinat-
ing aspect of iron’s structural behavior. This shared structural foundation is a key
reason why, in the taxonomy of iron’s crystalline phases, we identify three principal
structures rather than four. Understanding these structures is essential for grasping
the metallurgical behaviors of iron and its alloys, and thus, they are detailed below
for further examination:

a BCC (body-centered cubic) ferrite

v FCC (face-centered cubic) austenite

e HCP (hexagonal close-packed)

0 Also BCC-formed ferrite, but designated as "delta" when iron is converted at
1390 degrees.

Regarding the stabilities of the forms

BCC ferrite is stable at room temperature, pure Austenite is only stable in high
temperatures and pure HCP is only stable in high temperature and pressures. Since
HCP is only stable at high pressures it has no engineering relevance.

2.3 Heat-treatment and quenching processes

When heat treated, metals undergo internal microstructural changes, and by ad-
justing the temperature, it is beneficial to understand exactly how this alteration is
achieved.

The atomic bonding of metals is noteworthy for its ability to use heat energy to
prompt the rearrangement of atoms while maintaining the overall state of the sub-
stance. When the temperature of steel is above the melting point, it causes the
steel to melt and convert to a liquid state. In this situation, the steel loses its
solid structure and the bonds between the molecules become loose, thus losing solid
properties such as hardness and strength. Otherwise steel will always contain crys-
tals (grains), just arranged differently depending on temperature etc. Examples are
ferrite at lower temperatures and austenite at higher temperatures. These crystals
appear in different locations at the same time, each with a unique orientation. As
the temperature continues to drop, the structure that eventually forms is not com-
pletely regular, but consists of grains. The boundaries between the contact points of
the grains are called grain boundaries, which prevent the displacement of atoms|6].
Controlling the cooling rate regulates the size of the grains. Quenching is the pro-
cess by which a faster cooling rate increases the number of grain formation sites
and shortens the growth time[7]. If the quenching is quick enough martensite forms
which means smaller, denser grains are formed, resulting in a harder steel. However,
steels are usually brittle and hard after quenching and need to be tempered. This

4



2. Theoretical framework

involves reheating the metal to a specific temperature and cooling it moderately to
stabilise its structure, reduce brittleness, and increase toughness and plasticity|[8].

2.4 Martensite in the application of crankshafts

The automotive crankshaft is one of the core components of the engine and trans-
fers the vertical motions of pistons into rotatational motion that drives the drive
train. Because of the time and economical cost of installing a new crankshaft au-
tomotive companies prefer crankshafts with longer lifes. This means that its design
must ensure high strength, good toughness, excellent wear resistance and superior
fatigue resistance. The realisation of these properties is critical to the reliability of
the crankshaft in an environment where it rotates at high speeds and is subjected
to heavy loads.

Fatigue resistance heavily correlate to hardness so the material needs to be hard.
For these reasons steels that have been surface heat treated into martensite becomes
a good choice [9].

Martensitization occurs when austenitic steel is cooled below the martensite start
temperature which is the temperature at which martensite begins forming and ends
at the martensite finish temperature which is the temperature at which the austenitic
steel has been fully transformed [10]. The martensitic transformation is a diffusion-
less process, meaning that atoms do not move into new lattice positions. Instead,
the crystal structure of austenite is sheared into a new position. This transformation
occurs so fast that carbon atoms can not diffuse and create cementite or pearlite;
thus, the carbon atoms are trapped in their position. This process is typically as-
sociated with high hardness and elevated strength of the material but results in
increased brittleness.

To counteract this brittleness[11], the martensite must be tempered, where it is
brought to temperatures below 500 °C and kept there for some time depending
on factors such as size or goal. The tempering leads to a diffusion of carbon that
forms carbides. This leads to an increased toughness at the cost of reduced hardness.

Figure 2.1: Martensitic microstructure
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Methodology and Experimental
Methods

3.1 Methodology

For the investigations, two material batches of C38 steel (Batch 1 and Batch 2) were
available. Both batches were in the form of ferritic-pearlitic soft condition and were
the as-received material.

The methodology employed in this thesis project comprises two sections. It is shown
in Figure 3.1. The first section involves samples of varying size that were cut out from
one of the bars being subjected to the same heat treatment and cooling methods.
In an initial test series, it was investigated for which sample sizes a homogeneous
martensitic, through-hardened microstructure can be achieved. For this purpose,
three different sample sizes from batch 1 were tested under the same conditions
(austenitization temperature of 870 °C), with cross-sectional area dimensions of
large (2.9 * 1.8 cm), medium (1.9 * 1.5 cm), and small (1.9 * 1 cm). This was done
to conclude how big our sample for the second section should be. The second sec-
tion concerns the application of different heat treatment recipes to the two batches
of steel bars, all of which are quenched using water which is at the same temperature.

The work in this thesis has mainly concentrated on their microstructure. The dif-
ferences between the Batch 1 and 2 steel samples in characteristics such as present
phases, grain size and martensite packet size were interesting. The crucial step
in this study was the adoption of three different austenitization temperatures, fol-
lowed by quenching in water. Three heat treatment temperatures, 870°C, 970°C,
and 1070°C, were chosen to investigate alterations in the material’s microstructure
under different conditions and whether the two batches react differently to the same
heat treatment. The rapid cooling was employed to achieve hardened martensitic
microstructures similar to the hardened surfaces on automotive crankshafts.
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Batchi . Batch1

Metallography Batch 2
v "as-received"

v

Sample size tests Heat treatment

. . 1) 870°C/970°C/1070°C
% N Result 1: Optimum size Metallography laustenitization
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1) 870°C austenitization araness testing
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1

‘Discussion and Conclusion‘

Metallography
Hardness testing

Figure 3.1: Diagram on the methodology followed during the bachelor thesis
project.

The main objective of the investigation was to assess the alteration in character-
istics of steel bar samples after undergoing heat and cooling treatments by means
of hardness testing. Our focus was to analyse the hardness of each sample on the
cross-section after cutting, seeking to comprehend the effect of heat treatment and
cooling on the material’s hardness. To ensure dependable outcomes, we opted for
hardness testing at nine distinct points along the middle cut of each sample. Due
to the heterogeneity of the microstructure of the samples subsequent to the cooling
treatment, discrepancies in hardness occur at each location. Averaging the hardness
values at these nine locations enabled us to derive a more precise estimation of the
overall hardness of the samples following heat treatment and cooling. A detailed
comparison of the hardness values of each sample will furnish us with comprehensive
outcomes, enabling us to discuss our findings convincingly. The schematic of the
hardness test locations is shown in Figure 3.4.

We have studied these positions using the following methods:

o Different heat treatment formulations

Sample preparation in order to observe the microstructure

o Etch of prepared samples to make present phases visible, optical microscopy

Vickers Hardness testing was utilised to analyse the hardness in proximity to
the surface of the sidewall and throughout the depth profile.
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3.2 Experimental Methods

3.2.1 Heat treatment

The heat treatments investigated in this work are done using conventional furnaces.
When the heat treatment was first performed, the expected furnace temperature was
870 °C. However, the final furnace temperature was only 850 °C. A subsequent graph-
ical analysis of the EsaylogGraph showed that the temperature stabilized around 850
°C, which means around 20 °C below the temperature we set at the furnace (Ap-
pendix). Therefore, the furnace temperature needed to be adjusted 20 °C above the
desired temperature for subsequent heat treatments.

3.2.2 Optical Microscopy on Steel Bars

For optical microscopy observation, this was done both on the as-received material
and on the samples after the hardening heat treatments. A resin bonded aluminium
oxide cut-off wheel (50A25, Struers) was used to make two/three vertical cuts in the
center of the samples, with a one—centimeter distance between them, as illustrated
in Figure 3.2 & Figure 3.3. We obtained the middle steel sample, which is required
for the analysis. To ensure visibility of the surface of interest in the microstructure,
we mounted the surface marked in Figure 3.2 & Figure 3.3 face down in the con-
ductive mounting resin Polyfast (black)/multifast (red) from Struers and mounted
it in the CitoPress—20 mounting press using a small sample slot with a diameter of
30 mm. Next, we performed a grinding and polishing process. The specific grinding
and polishing parameters can be found in Table A.1 in Appendix 1. Finally, we
etched our samples using an etching solution (Nital, 2 %) until the surface was vis-
ibly etched in preparation for optical microscopy. This series of steps ensured that
our samples clearly demonstrated the desired microstructure under the microscope.
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sample
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CitoPress-20

Figure 3.2: Schematic diagram of a steel bar sample cut. A slice is taken from a
block of steel to create the final sample. Repeat the steps to cut the sample slices
we need from each of the large, medium, and small steel blocks. (the first section)

sample sample

*4cm * 1em “dcm T

CitoPress-20 CitoPress-20

Figure 3.3: Schematic diagram of a steel bar sample cut. Two slices are taken
from a block of steel to create the final sample. In this way we get two samples, one
of which is used for etching and an other for hardness-testing. (the second section)
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3.2.3 Vickers hardness testing

Vickers hardness testing is a method used to measure the hardness of materials. Its
operating principle is based on the following steps:

e Indentation with a diamond indenter: A diamond indenter of a specific shape
(usually a right pyramid) is pressed into the surface of the material to be tested
with a certain force (load).

o Maintaining the force for a set time: This force is maintained for a fixed period,
allowing the diamond indenter to penetrate the material.

o Removal of the load: After sufficient time, the load is removed.

o Measuring the indentation: The diagonal length of the indentation left by the
diamond indenter is measured using a microscope.

o (Calculating the hardness value: The vickers hardness value of the material
is calculated using a specific formula as shown in 3.1, based on the size of
the indentation and the applied load. alternatively, the hardness values were
directly consulted in a table to find the corresponding values(Appendix).

F
HY = 18544 x — (3.1)

Where:
e HYV is the vickers hardness value.
o F'is the applied force in kilograms-force. (we used F' = 10kgf)

o d is the diagonal length of the indentation (usually in millimeters, mm).

We are interested in the hardness of the entire sample, so we selected nine points
on the sample, arranged in three rows with three points each. The points on the
sides are close to the surface of the sample, while the points in the middle are as
central as possible. The top and bottom rows are near the surface of the sample, and
the middle row is positioned as close to the center of the sample as possible. This
arrangement ensures a comprehensive assessment of the sample’s hardness from the
surface to the core. (Figure 3,4)

11
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3 \ 2 \ 2

Figure 3.4: Schematic drawing of Vickers hardness testing design on samples. (not
to scale)

12
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Results

4.1 Microstructure of steel bars

4.1.1 Microstructure of Batch 1 and Batch 2 steel bars in
as-received condition

The optical microscope was deployed to examine the microstructure of the steel bars
in as-received condition, as seen in Figure 4.1. Both steel batches displayed ferrite-
pearlite microstructures. Upon comparing batch 1 and batch 2’s microstructures,
there is a difference in the grain structure between Batches 1 and 2. Batch 1 seems
to have a finer grain structure and seems to have less bainitic colonies within its
microstructure as opposed to batch 2. The distribution of ferrite and pearlite in
Fig. 4.1 a) appears to be more homogeneous and the grain size is more uniform;
whereas the pearlite in Fig. 4.1 b) is more complex and richer in colour and texture,
which may indicate that it has undergone a more complex cooling history or heat
treatment process. This layered structure of the pearlite may imply that the sample
in Fig. 4.1 b) underwent a slower cooling rate or a longer heat treatment time.

In the absence of more quantitative data, the above analyses are based on visual
interpretation of the images only, and actual material properties will need to be
determined by physical testing. This observation highlights the significance of con-
ducting a thorough microstructural examination to identify slight variations between
batches.

Figure 4.1: Microstructure observed using optical micrsocope for (a) batch 1 and
(b) batch 2.

13



4. Results

4.1.2 Microstructure of Batch 1 steel bar with varying sizes
after heat treatment

In the heat treatment of large steel component samples, the cooling process leads
to the formation of different microstructures between the surface and the core. It
is due to differences in the cooling rate. The surface of the sample comes into di-
rect contact with the cooling liquid first, while the core of the sample transfers the
temperature of the cooling liquid to the inside through the sample itself. Therefore,
the cooling rates of the surface and core of the sample are slightly different. Specif-
ically, the surface tends to form a more homogeneous martensitic structure, while
the core forms a less homogeneous martensitic structure with larger grains. This
phenomenon is manifested as a gradual structural transition from the periphery to
the center of the material cross-section. This is demonstrated in Figure 4.2. We find
that as the sample size becomes progressively smaller, the microstructure becomes
more homogeneous. This is demonstrated in Figure 4.3 and Figure 4.4.

Furthermore, these observations emphasise the importance of size effects in heat
treatment and microstructure formation. When designing a heat treatment pro-
gramme for steel, it is important to consider the effect of material size on the cooling
rate and how this effect determines the final properties of the material. The size
of the steel part directly affects the uniformity of cooling, which in turn affects the
distribution and properties of martensite, and directly affects the overall material
properties such as hardness, strength, and fatigue life. Therefore, each sample is
heat treated using the same dimensions to ensure that the only variable in the ex-
periment is the change in heat treatment temperature. Our findings were confirmed
in the data from the subsequent hardness tests. The hardness test results are de-
scribed in detail in the following section.

Figure 4.2: Microstructure of a large sample. a) Near the center of the workpiece.
b) Near the surface of the workpiece.

Figure 4.2 b) shows the microstructure near the surface of the sample, where the
distribution is significantly more homogeneous. This comparative analysis suggests
that the cooling rates and phase transition behaviors in the inner and edge portions

14
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of the sample are significantly different during heat treatment, which results in a
more homogeneous grain structure near the surface region. This enhanced homo-
geneity is most likely due to more efficient heat transfer near the surface, compared
to the central region of the sample, which was exposed to the heat treatment for a
longer period of time.

In conducting a comparative study of the microstructure at the centre of the large
and medium samples, we found significant differences between the two. The mi-
crostructure at the centre of the large sample exhibits a certain degree of non-
uniformity. In contrast, the centre microstructure of the medium-sized sample ex-
hibits a higher degree of homogeneity. Considering that the centre-to-surface dis-
tance varies among different sample sizes, this comparison reveals a significant effect
of sample size on the cooling process and the homogeneity of the final microstruc-
ture. In the medium-sized samples, their smaller size leads to a shorter heat transfer
path from the interior to the surface, which in turn contributes to a more rapid and
homogeneous cooling effect. This finding is important for a deeper understanding
of the relationship between microstructure formation and sample size during heat
treatment, and provides valuable information for the prediction and regulation of
material properties. However, for the comparative results of microstructures of small
and medium samples as shown in Figure 4.4, the microstructures of the medium and
small sizes seem to be very similar, and the hardness experiments can be continued
in order to confirm whether this conclusion is valid.

Figure 4.3: Microstructure of a large sample and a medium sample. a) Near the
center of the large sample workpiece. b) Near the center of the medium sample
workpiece.

15
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Figure 4.4: Microstructure of a medium sample and a small sample. a) Near the
center of the medium sample workpiece. b) Near the center of the small sample
workpiece.

In this study, the difference in performance of different size samples was compared by
hardness test. The results show that the hardness values of the small and medium-
sized samples are higher and the difference between the two is relatively small, with
the small-sized sample being slightly higher. This is consistent with the microstruc-
tural observations, suggesting that these two sizes have similar microstructural dis-
tributions. However, the hardness values were significantly lower for the larger size
sample (Fig.4.5). Further analysis shows that in the small-sized samples, the dis-
tribution of hardness values is relatively homogeneous, whereas, in the large-sized
samples, the distribution of hardness values is more heterogeneous at different loca-
tions (Fig.4.5). This finding emphasises the significant influence of microstructure
on material hardness and provides insight into understanding the impact of size ef-
fects on material properties. It is worth noting that 'Bigl” and 'Big2’ samples from
the same large sample were cut into two parts for analysis to facilitate testing.
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4. Results

Hardness by Position and Type (HV10,F=98,04N)
Hardness - Big Sample 1
1 - Big Sample 2
l:l Medium Sample

- - - - Small Sample

700

600

Vickers hardness testing design on samples(not to scale)

500
* L 4 L 4

Position 7 Position 8 Position 9

400

L 4 L 4 L 4

Position 4 Position 5 Position 8

L 4 L 4 L 4

Position 1 Position 2 Position 3

300

200

100

L L L L L L L L . =
Position 1 Position 2 Position 3 Position 4 Posttion 5 Position 6 Position 7 Posifion 8 Postiond  Avg > Position

Figure 4.5: Comparative Analysis of Hardness Types Across Different Positions.

4.1.3 Microstructural Changes in two Batches of Steel after
Three Different Temperature Heat Treatments and
Quenching Processes

The objective of this investigation is to explore alterations in the microstructure of
steel when exposed to distinct heat treatment temperatures. Steel samples were heat
treated at three different temperatures (870 °C, 970 °C, and 1070 °C). A compari-
son was drawn between the microstructures of the various steels in order to analyze
the impact of the heat treatment temperature on the growth of grains and phase
transformation. It is worth mentioning that the identical cold quenching approach
was employed for all samples to ensure that two variables: were heat treatment
temperature(Austenitization temperature) and material batch.

Figures 4.6 and 4.7 show the microstructure of two different batches of steel after
quenching at three different heat treatment temperatures. Figures 4.6 a) (870°C)
and 4.7 a) (870°C) show a finer grain structure with a homogeneous microstructure
and a relatively small area of the martensite packet size. In Figures 4.6 b) (970°C)
and 4.7 b)(970°C), the martensite packet size increases, and both the martensite
"needles" and the martensite packet size are slightly larger than at 870°C. Despite the
tendency of martensite morphology to get coarser, a relatively regular arrangement is
maintained. Figures 4.6 ¢) (1070°C) and 4.7 ¢) (1070°C) show the martensite packet
size increases more, and both the martensite "needles" and the martensite packet
size are significantly larger than at 870°C and 970°C. The coarsening of martensite
morphology could be caused by the growth of the austenite grain boundaries during
austenitization. Higher austenitization temperature leads to larger austenite grains
which in turn affects the morphology of martensite after quenching. A more detailed
study of the martensite is needed to confirm this.
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Overall, a gradual change from a fine and homogeneous martensite structure to a
larger and homogeneous structure of the martensite packet and block was observed
with increasing heat treatment temperatures. Furthermore, after hardening heat
treatments, no obvious differences between the batches as seen in the as-received
condition could be observed any more. However, a deeper analysis of the martensite
structure is needed to confirm this.

Figure 4.6: Microstructure at three different austenitization temperatures for
Batch 1. a) Heat treatment at 870°C. b) Heat treatment at 970°C. c¢) Heat treat-
ment at 1070°C.

Figure 4.7: Microstructure at three different austenitization temperatures for
Batch 2. a) Heat treatment at 870°C. b) Heat treatment at 970°C. c¢) Heat treat-
ment at 1070°C.

4.2 Analysis of Hardness Testing for Medium-Sized
Samples

When two batches of steel of the same dimensions were heat-treated, it was found
that the hardness values of the two batches converged as the heat-treatment tem-
perature increased. Specifically, at a heat treatment condition of 870 °C, the steel
from the first batch was slightly harder than the second batch. However, as the
temperature increased to 970 °C, although the hardness values of the first batch
were still higher than those of the second batch, the difference between the two was
significantly reduced, suggesting that the hardness values were becoming similar.
Ultimately, at 1070 °C, the hardness values of the two different steel batches were
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4. Results

almost identical (Figure 4.8). This result shows that high-temperature heat treat-
ment can effectively reduce the differences in hardness properties between batches
of steel, pointing to the important role of temperature in the consistency of steel
hardness. This seems to indicate that there are no hardness or minimal hardness
differences between the two batches when the material has been fully turned to
martensite.

Hardness test (HV=10)

hardness

A

700 - Sample of Batch 1
600
500
400
300
200

100

austenitization temperature
870°C 970°C 1070°C

Figure 4.8: Hardness measurement results for samples of Batch 1 and Batch 2.
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Discussion

There were subtle differences in the microstructure of batch 1 and batch 2 prior to
heat treatment. The reasons for these differences may be related to the production
of the steel bars. Various factors contribute to the differences in the microstructure
of two batches of steel.

Firstly, the cooling rate has a direct influence on the degree of pearlitic fineness:
faster cooling tends to result in the formation of fine pearlites, whereas slow cooling
may produce a coarser pearlitic structure. Secondly, the microstructure is signifi-
cantly affected by the chemical composition of the material, with small differences
in carbon content leading to variations in the proportion and fineness of the pearlite.
The heat treatment history is equally critical, with different heat treatment processes
such as annealing or normalizing causing different manifestations of microstructure.
In addition, deformations that the steel undergoes during mechanical processes such
as rolling or forging can refine the grains and change the distribution of pearlite.The
combination of all these factors create the structural differences we see in the mi-
croscopic observations.

At 870°C, 970°C and 1070 °C, no grain differences could be observed between batch
1 and batch 2. This seems to indicate that the grain sizes of the different batches
got normalized during the austenisation phase since it is in that phase that the
grain boundaries for martensite get established. So, when the two samples were
austenized at the different temperature, the grain sizes became uniform.

The martensite grain sizes were different between temperatures, where the grain
sizes were bigger for higher temperatures and the martensite pattern could more
easily be discerned. An assumption can be made regarding the smaller grain-sized
martensite having a higher tensile and yield strength due to dislocations having a
harder time traversing because of the grain boundary effect. The hardness tests
seems to indicate that this difference is negligible; however, it is known that the
correlation between hardness and tensile strength has a lot of scatter so this may
need to be tested with a tensile test [12].

There is a slight difference in hardness between batch 1 and 2. This difference is
most pronounced at 870 °C, where there is a minor difference of about 10 HV and
a difference of about 3 HV between batch 1 and batch 2 at 970 °C. There is no
hardness difference between the batches at 1070 °C.

Some sources of error are listed below.
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5. Discussion

o The reading of the hardness value is done manually, and there may be subjec-
tive errors in the reading of data by different people. Therefore, in order to
minimise such errors, it is recommended that the same person is responsible
for reading all the data to ensure consistency of results.

o The furnace used to heat treat the samples took some time to get up into the
temperature of interest. The same furnace and process was however used for
both batches so the error from this should be minimal.

o For one batch, there was a slight different in height between batches. To ob-
serve batch to batch differences as accurately as possible it would be better to
make sure that all samples are exactly equally long.

In short, these minor errors can have some impact on the hardness test results. In
order to obtain more accurate tests, data operational procedures should be stan-
dardised and human error should be minimised. Better yet, in this case perhaps
would be to remove the human factor and use automated hardness testing machines.
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Summary and Future work

Sustainable machining techniques is an important area of focus due to the growth
of the manufacturing industry. For efficient and timely tool changes it is important
to develop reliable predictive modelling capabilities. In order to achieve this final
goal, the most precise results can be obtained by having simulation models take
into account many aspects pertaining to the workpiece material, cutting tools, and
cutting conditions. In order to achieve this goal, the present study examines the
microstructural changes among batches. These changes can then be looked at in fur-
ther studies to see the impact that it has on the grindability variations of medium
carbon steels.

The fundamental premise of this study was that variances in microstructures be-
tween different batches would be identified, which would result in significant varia-
tions in the batches’” measured hardness following heat treatment. To achieve this,
one of the aims was choosing a geometry that would be large enough to ensure proper
tests but would also undergo complete martensite transformation, achieving a re-
sulting hardness of 560 to 675 HV. This was accomplished by selecting a medium
sample with the aforementioned cross-sectional area. However, the results of the
trial did not show any variations between the batches. The absence of discernible
differences does not necessarily indicate their nonexistence; rather, it suggests that
the methods employed within the parameters of this study were insufficient to de-
tect them. In a similar vein, the hardness tests revealed no appreciable variations
between the batches, except for the results of batch 1 at 870 °C, which displayed a
hardness level 10 HV greater than that of the other samples. No other discernible
differences in hardness were observed at any temperature. Given these findings,
more in-depth research on the samples may be warranted in the future, focusing on
aspects such as measuring grain size, conducting inclusion analysis, and assessing
the material’s tensile characteristics.

To fully understand the performance of steel bars of different sizes and batches, it is
crucial to implement a macro-to-micro multi-scale analysis. The analysis of macro-
sample size and microstructure allows for a more comprehensive evaluation of the
specific effects of processes such as heat treatment on material properties. This
approach helps to reveal the pattern of change in the microstructure of samples at
different scales.

Further in-depth analysis tools and equipment is needed for further study of the
martensitic microstructure and the variations between batches. The knowledge
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6. Summary and Future work

aquired from this study will be used to make workpieces with known microstructures
that will be evaluated on their grindability.
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Conclusions

Two batches of C38 steel were heat-treated at three different temperatures and then
quickly cooled into martensite to investigate batch-to-batch variations in microstruc-
ture. The results of this investigation can be summarized as follows:

o There was no grain size difference between the batches at any of the temper-
atures after heat treatment.

o There was a small, negligible difference in hardness between the batches at
temperatures of 870 °C and 970 °C. At 1070 °C, there was no difference in
hardness.
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Appendix 1

A.1 Sample Preparation

Step | Grinding/ Abrasive size Force per Time RPM Comment
polishing sample
surface
1 MD Gekko #220 paper 30N 2 min 150/150 water
2 MD Allegro 9 um suspension 30N 7 min 150/150 No water
suspension
3 MD Dac 3 um suspension 30N 6 min 150/150 No water
suspension
4 MD Nap 1 pm suspension 25N 3 min 150/150 No water
suspension

Figure A.1: Gringing and polishing steps and parameters
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Metal hardness value

A.2
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Figure A.2: Vickers HV 10
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A.3 Datalogger of the first heat treatment
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Figure A.3: EsaylogGraph
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