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Abstract

In this study, low-carbon steel (0.1 wt.% C) in ferritic-pearlitic (FP) and ferritic-
martensitic (FM) initial states were processed by high pressure torsion (HPT) up to 10
turns under a pressure of 6 GPa at room temperature (RT). The HPT-processed FM
samples were tempered at 150°C to 550°C. The microhardness monotonically increased
with the number of turns up to 10 turns. After 10 turns, the microhardness had
increased to 3 times that of the initial state for both the FP and FM samples. The
microhardness of the individual phases, ferrite and martensite, in the FM processed
samples increased with strain. The nanoindentation measurement of the ferrite in the
FP processed samples revealed that the ferrite nanohardness increased with the
number of turns up to 10 turns. The microhardness was maintained when the FM
sample processed up to 4 turns and tempered at 450°C while the microhardness slightly
increased when tempering at 350°C. Similarly, the ferrite in the FM sample processed
up to 4 turns and tempered at 350°C had a nanohardness value higher than that of the
sample tempered at 250°C: this can be attributed to the limited formation of cementite

particles in the ferrite matrix.

Optical and scanning electron microscopy (SEM) revealed that cementite
fragmentation in the FP samples started after 4 turns of HPT processing and increased
with the number of turns, or strain. SEM investigation revealed the formation of
cementite particles when the FM sample processed up to 4 turns and tempered at
4500°C: these cementite particles coarsened when tempering at 550°C. The transmission
electron microscopy (TEM) investigation of the microstructure in the FM processed
samples revealed that the microstructure was characterised by high internal stresses
and dislocation density. The dislocation cells evolved during the HPT processing up to
10 turns and the fraction of high angle grain boundaries increased with the number of
turns. X-ray diffraction (XRD) analysis revealed that no appreciable lattice parameter
(a) expansion occurs during the HPT processing of the ferrite of the FP samples. The
lattice parameter of the ferrite of the FM processed samples increased with the number
of turns, or strain. The lattice parameter of the ferrite of the FM sample processed up to
4 turns and tempered at 450°C was equal to that of pure a-iron which suggests that the
cementite particles formed at the expense of the decomposition of the supersaturated

Fe-C solid solution in ferrite.

It is well documented in the literature that the strength or hardness significantly
increases with the number of turns during HPT processing. However, so far no attempt

has been made to predict the strength of low-carbon steels after HPT processing. In this
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study, the X-ray line profile analysis (XLPA) using the multiple whole profile fit (MWP-
fit) was used, as an alternative tool to TEM, to determine the dislocation density in the
HPT-processed samples. A model that incorporates both the dislocation and grain
boundary strengthening was proposed to predict the strength of the HPT-processed
samples. In this model, other strengthening contributions such as solid solution and
Orowan strengthening due to different structures such as pearlite, martensite, and
carbide particles in the ferrite matrix were taken into account. The strength/hardness
model proposed in this study was applied to predict the strength/hardness of six low-
carbon steel (0.1 wt.% C) samples in the ferritic-pearlitic or ferritic-martensitic initial
states processed by HPT up to 1, 4, and 10 turns. Furthermore, the strength/hardness
model was also applied to predict the strength of FM samples processed by HPT and
tempered at different temperatures. The strength/hardness model proposed in the
current study can be used to predict the strength of all the investigated samples to a
good accuracy with an average error of +8%.
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Introduction K. Husain (2015)

CHAPTER 1

1. Introduction

During the last few decades, material scientists have been conducting intensive studies
in order to develop materials with superior mechanical properties such as high strength
and good ductility. Several strengthening methods were found to be effective in
increasing the strength of a material such as grain refinement, work hardening, solid

solution, and precipitation strengthening.

During the last two decades, two approaches were developed and used to produce
ultrafine-grain materials (materials with grain size of less than ~ 1 um) and they are
often called “bottom-up” and “top-down” approaches [1]. In the “bottom-up” approach,
the solid material is produced by assembling individual atoms or nanoparticulate solids.
Examples of this procedure include gas condensation [2] and ball-milling with
subsequent consolidation [3]. Although this approach allows the production of
extremely small grains, it has several disadvantages: the size of the finished product is
very small, contamination is very likely, and some degree of residual porosity is possible
[4, 5]. In the “top-down” approach, a bulk, fully-dense solid with a relatively coarse
grain is processed through application of a large strain to produce ultrafine-grained
materials [4, 5]. The latter approach is often termed ‘severe plastic deformation’ (SPD)
processing. Recently, several SPD techniques have been developed such as equal-
channel angular pressing (ECAP), high-pressure torsion (HPT), accumulative roll
bonding (ARB), cyclic extrusion and compression (CEC), twist extrusion (TE), and multi-
directional forging (MDF). When using these SPD techniques to process metals, higher
strain can be achieved when compared with the conventional processing, and
consequently a higher degree of grain refinement is achieved. The ECAP and ARB
techniques are the most preferred techniques in industrial application since they have
the ability to produce industry-sized products. However, HPT is the most effective SPD
technique in refining the grain size of a material since higher accumulative strain can be

imposed on the processed sample [6].
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Steel alloys are used in the structural and automotive industry more than any
other alloys. Different steel alloys were developed to satisfy the industrial application
requirements such as high-strength low alloy (HSLA) steel, interstitial free (IF) steel,
and dual-phase (DP) steel. DP steel attracted researchers due to its unique
characteristics such as low and continuous yielding, high initial work hardening rate,
high tensile strength, and large elongation to failure. On the other hand, ferritic-pearlitic
(FP) steel is, generally, still the dominant alloy used due to its low cost and good

formability.

Many studies in the literature used ECAP and HPT to process non-ferrous alloys
such as aluminium (Al) and copper (Cu) alloys. In contrast, few studies used ECAP to
process steel alloys and even lesser studies used HPT to process ferritic-pearlitic (FP) or
ferritic-martensitic (FM) steels. During HPT processing, extreme strains, especially at
high number of turns, are imposed on the deformed material which results in
submicron and nano scale structure with a high density of defects that is difficult to
resolve. Transmission electron microscopy (TEM) is generally not able to determine the
dislocation density and, hence, an alternative tool is needed to determine the
dislocation density such as X-ray line profile analysis (XLPA). Although XLPA can be
considered as an alternative tool to TEM for determining the dislocation density, deep
understanding and special caution are needed when using XLPA. There is lack of studies
investigating the properties of severely deformed low-carbon steel in the ferritic-
pearlitic and ferritic-martensitic initial states. Additionally, the reason behind the
significant increase in strength of SPD-processed steel is not clear yet and no attempt
was made to predict the final strength of such HPT processed steels.

The first aim of the present work is to study the microstructural evolution during
the HPT processing of two low-carbon steel samples in the FP and FM initial states. The
second aim of the present work is to propose a model predicting the strength of the FP,
and FM samples processed by HPT up to different number of turns and this cannot be
achieved without determining the dislocation density first. The third aim of this study is
to extend the proposed model to predict the strength of FM steel processed by HPT and

tempered at different temperatures.

The thesis is structured as follows. Chapter 2 provides the literature review.
Chapter 3 presents the main methods used in the experimental work that was
performed in this study and Chapter 4 details the experimental results. A thorough
analysis of the results is presented and discussed in Chapter 5 which also includes
comparisons between the experimental results from the current study and the results

reported in the literature. In Chapter 6, the proposed strength/hardness model is
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presented in details and applied to the FP, FM, and FM samples processed by HPT and
tempered at different temperatures. In Chapter 7, conclusions for this work were drawn
where the author also highlights the most important outcomes, and future works are
summarized in Chapter 8.
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CHAPTER 2

2. Literature Review

In this chapter, a thorough literature review is presented. In the first section, a general
overview of severe plastic deformation is presented including the description of the
principles of the ECAP, HPT, and ARB techniques. A summary of mechanical properties
of SPD-processed materials is also presented in this section. Section 2.1 also reviews
some applications of SPD processed materials. The position of this section (i.e. at the
beginning of the thesis) is very important since the reader has to be familiar with the
experimental procedures performed in the current study as well as with the
microstructure and properties of SPD-processed materials. The basic characteristics of
the materials used in the current study are presented in Section 2.2. Section 2.3
provides an explanation of the strengthening mechanisms which contributed to the
total strength of the HPT-processed steels that were used in this study. In Section 2.4, an
overview of SPD processing of steels was given. In Section 2.5, the basic principle of the
nanoindentation technique and the so-called “indentation size effect (ISE)” (observed
during a nanoindentation test) are presented. Furthermore, examples using
nanoindentation to characterise SPD-processed steels are presented in this section. Two
methods of X-ray line profiles analysis are presented and some examples using these
techniques to characterise SPD processed steels are given in Section 2.6. A brief

summary of the literature review is provided in Section 2.7.

2.1 Severe Plastic Deformation

Severe plastic deformation is a metal forming process where the sample is exposed to a
very large strain which results in grain refinement without significant changes in the
shape and dimension of the processed sample [4]. SPD enhances the strength of the
material and maintains a reasonable ductility, under certain SPD conditions, while in
conventional thermomechanical processing, the strength is enhanced but the ductility
deteriorates [7]. The structures obtained by the thermomechanical process are

generally of cellular type with low angle grain boundaries, while those obtained by SPD
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are in many cases ultra-fine grain boundaries with high misorientation. In addition, the
SPD process is more efficient in terms of grain refinement compared to the conventional

process.

The SPD process generally produces ultra-fine grain (UFG) materials with an
average grain size of less than 1 um in diameter. If the average grain size lies within the
submicrometer range (100-1000 nm), then it is called a submicron structure while it is
called a nanocrystalline structure if it lies within the nanometre range (less than 100
nm). The capability of the SPD process to produce a material that is 100% dense,
contamination-free, and large enough to be used in industrial applications makes SPD a
very attractive process for researchers to develop materials with enhanced mechanical
properties that are suitable for industry applications [8]. Several SPD processing
methods have been developed such as equal-channel angular pressing, high pressure
torsion, accumulative roll bonding, cyclic extrusion and compression, twist extrusion,
repetitive corrugation and straightening, and multi-directional forging. In the following
sections, the HPT, ECAP, and ARB will be discussed since they are the most important
methods amongst the SPD techniques.

2.1.1. High-Pressure Torsion (HPT)

2.1.1.1. Principle of high-pressure torsion

The HPT tool is depicted in Figure 2.1 where two anvils, upper and lower, contain a
circular cavity of the same geometry and dimension [4, 9, 10]. For most HPT anvils the
sample fitting the cavities has a disk shape with a diameterr of ~ 10 mm and a thickness
of 0.8 to 1 mm. The HPT sample is first placed in the lower anvil’s cavity; then, the lower
anvil is raised up. The HPT sample is subjected to a constant compressive pressure, P, of
several GPa and simultaneously to an increasing shear strain resulting from the rotation
of the lower anvil [4]. A burr is formed at the edge of the sample between the two anvils.
This burr prevents the two anvils from contacting each other and helps build up a

hydrostatic pressure by confining the free flow of the material out of the HPT tool [11].
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Figure 2.1 Schematic illustration of a typical HPT tool [9].

The shear strain (ys5) imposed on the HPT sample during the HPT processing is given by
[12]:

2nNr

HHPT

Vss = 2.1

where N is the number of rotations, r is the distance from the axis of rotation, and
Hypr is the thickness of the sample. The equivalent strain according to the von Mises
yield criterion is given by [13] :

s

NE] 2.2

For small to medium strains, Equation 2.2 is correct but in the case of very high strains,
where ys5 > 0.8, the equivalent strain is given by [14]:

1

= (%) In (1 + %)E + (%) 2.3
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Incorporating the decrease in thickness of the disk, another relationship is derived [15]:

1

@.7\2]2 (Hi>
= I —_ 2.4
£ ln[1+(Hf>l +In H;

where @ = 2nNr, H; and H; are the initial and the final thicknesses of the HPT disk.
Equation 2.4 can be further simplified since % > 1, which yields [16]:
f

_ ((p.r)_l_l (Hi)_l @.7. H; _ 2nNTH;
e=lIn i, an—n R =in H? 2.5

It follows from Equation 2.5, the strain is proportional to the distance from the
axis of rotation, or the disk centre, and the number of turns. Theoretically, the strain at
the centre of the disk is zero and increases as the distance increases to reach a
maximum value at the edge of the sample. Furthermore, as the number of turns
increases, the strain at the centre remains zero while the strain at the edge increases
significantly since both the distance from the centre and the number of turns increase
and significant strain variation is observed between the centre and the edge. The
microstructure is correlated to the strain and hence inhomogeneous microstructures
are expected across the HPT disk especially at a high number of turns. Surprisingly,
there are only few experiments that support the theortical variation in strain across the
HPT disk [11, 17]. However, more experiments suggest that gradual homogeneity in the
microstructure and microhardness develops across the HPT disk as the number of turns
increases [9, 13, 18].

The HPT process has many advantages: first, it has the ability to extemely refine
the grain size of coarse grained materials; second, there is no significant change in the
overall dimensions and shape of the processed sample; finally, it has the ability to
consolidate metallic powder [4]. However, the HPT process has several disadvantages:
first, the sample has to have a disk shape which may be inefficient or unsuitable for
many industrial applications; second, the disk size is relatively small, and in most cases,
limited to a maximum diameter of 10 mm and a thickness of 1 mm; finally,
microstructure variations develop across the disk since the strain imposed on the

sample is proportional to the distance from the centre of the disk.
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2.1.1.2. Unconstrained and constrained HPT

HPT can be conducted in 2 main modes: unconstrained and constrained. In
unconstrained HPT, as shown in Figure 2.2a [4], the material flows freely under the
applied pressure during the deformation, while in constrained HPT there is no outward
flow of the material as shown in Figure 2.2b [4]. This means that the material deforms
in the presence of a back-pressure. In reality, it is very difficult to achieve the
constrained condition, which makes researchers use what is known as a quasi-
constrained condition where there is limited outward flow of material as shown in
Figure 2.2c [4].

Figure 2.2 Schematic illustration of (a) unconstrained (b) constrained and (c) quasi-constrained
HPT processes [4].

2.1.1.3. Experimental parameters affecting HPT

The number of turns and applied pressure influence the properties of HPT-processed
samples. Zhilyaev et al. [19] studied the effect of the number of rotations on the
microhardness of a nickel (Ni) sample processed by HPT at room temperature under a
pressure of 6 GPa through 1 and 7 turns and the microhardness results are depicted in
Figure 2.3. After 1 turn of HPT processing, there is a noticebale difference in the
microhardness values between the centre and the edge of the Ni processed sample as
shown in Figure 2.3. After 7 turns of HPT processing, the difference in the
microhardness values between the centre and the edge becomes smaller. Furthermore,
the authors processed the Ni sample by HPT up to 5 turns under different pressures, 1
and 9 GPa. The microhardness results are dipicted in Figure 2.4. Processing under low

pressure, 1 GPa, resulted in a difference in the microhardness between the centre and
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the edge of the Ni processed sample. This difference tended to be smaller when

processing under a pressure of 9 GPa.
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Figure 2.3 Microhardness vs. the number Figure 2.4 Microhardness vs. the number

of turns of Ni sample processed by HPT of turns of Ni sample processed by HPT

up to 1 and 7 turns under a pressure of 6 up to 5 turns under a pressure of 1 and 9

GPa [19]. GPa [19].

2.1.2. Equal-channel angular pressing

The ECAP process uses a special die containing a channel which has a uniform cross
section along its length [20]. The channel is bent through an angle ¢ while the outer arc
of curvature, where the two parts of the channel intersect, is represented by an angle ¥

as shown in Figure 2.5 [20-23].
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Figure 2.5 Schematic illustration of equal-channel angular pressing facility [23].

The sample should have a round or square cross section (depending on the
channel cross section). The diameter of the cross section, in the case of round cross
sections, or the diagonal, in the case of a square cross section, is generally less than 20
mm, while the maximum length of the sample is generally 100 mm [7]. The sample is
simply pressed through the channel by a plunger as shown in Figure 2.6 [24]. The
sample undergoes predominantly shear deformation when it reaches the intersection
plane of the two channels.

plunger

sample

Figure 2.6 Schematic illustration of ECAP facility [24].
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The total strain (¢) imposed on the sample is given by [25]:

N,
€= p\a/s_;es 2cot (% + %) + 1cosec (% + %)] 2.6

where Npaeqes is the number of passes through the die. It is clear from the equation
above that the strain imposed on the sample depends mainly on both angles ¢ and .
When ¢=90° and =0° as shown in Figure 2.6, the total strain is ~ 1 after one pass.
Using this kind of configuration is preferred when pressing ductile material like
aluminium and copper-based alloys but it becomes difficult when pressing hard
materials like titanium alloys [26]. In this case, increasing the angle ¢ or increasing the
deformation temperature is advised. Tungsten samples were successfully processed up
to 8 passes at 1000°C in combination with an angle ¢=110° [27].

Four main routes of ECAP processing have been developed [22, 25, 28-30]. In
route A, the sample is not rotated between passes, whereas in route C the sample is
rotated about its axis by 180° between consecutive passes. In route Ba, the sample is
rotated by 90° in an alternate direction between consecutive passes, and in route Bc, the
sample is rotated by 90° in the same direction between consecutive passes [22, 25, 28-
30]. These routes are illustrated in Figure 2.7 [31]. It has been reported that the
optimum route to develop a microstructure of equi-axed grains with high-angle
boundaries is route B¢ [5].

Route A e

Figure 2.7 Schematic illustration of different ECAP routes [31].

11
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Figure 2.8 Schematic illustration of element distortion as a function of ECAP passes for
routes A, Ba, B¢, and C [29].

It is apparent from Figure 2.8 that route C and B¢ have the ability to maintain the
original shape of the element after each two and four passes, respectively. When the
processed material by ECAP is sufficiently ductile, the process can be conducted at room
temperature. During the ECAP process, there is an increase in temperature, but this
does not have any major effects on the structure’s evolution. In contrast, when
processing a hard-to-deform material, the material should be processed at elevated
temperatures in order for the material to gain some ductility [26]. Optimum processing
temperatures should be precisely selected since a high temperature will lead to
dynamic recovery and grain growth, whereas a low temperature will cause microscopic
or even macroscopic shear cracks during the ECAP process [26].

2.1.3. Accumulative Roll Bonding

In the Accumulative Roll Bonding (ARB) process, sheets of the same thickness are
stacked and simultaneously rolled as shown in Figure 2.9 [6]. After rolling, the sheet is
cut into two halves and stacked together again. Before each stacking, surface treatment
is carried out on the contact faces. This includes degreasing and wire brushing in order
to enhance the bonding between the two sheets [6, 32-34]. This operation which
includes rolling, cutting, brushing, and stacking can be repeated several times so that a

large strain is accumulated in the rolled sheet which leads to grain refinement. Heating
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the sheet to a temperature below the recrystallization temperature is also possible in
order to achieve enhanced bonding and to lower the required rolling force [6]. When
the reduction in thickness is 50% during one cycle of the ARB process, the von Mises
equivalent strain (€) is 0.8 and 0.8Ncycles for Neycles cycles of ARB [6, 33]. One of the
important advantages of ARB processing is that a conventional rolling mill can be used
and no further special equipment are needed. ARB has another advantage over other
SPD techniques and that is its ability for producing large-scale products which makes it
more attractive for industrial applications. Recently, several successful ARB
experiments were documented using different materials. The microstructure obtained
by ARB characterised by lamellae structure oriented in the rolling direction. With
increasing the number of cycles, the microstructure develops to have more ultrafine
grains with high misorientation. Furthermore, ARB-processed materials exhibit similar

strength and ductility to the other SPD-processed materials [33, 34].

stacking degreasing and wire brushing

\‘

roll bonding cutting

Figure 2.9 Schematic illustration of the ARB process [6].

2.1.4. Properties of SPD-processed materials

2.1.4.1. Strength and ductility

The ECAP and HPT processes are widely used since they have the ability to produce

ultrafine grains lying in the lower submicron or nanometer range. It is well-known that
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the strength of a material is often related to the mean grain size according to Equation
2.7, which is known as the Hall-Petch relation [35, 36]:

oy = 0, + kd=1/2 2.7

where oy is the yield strength, g, is the friction stress needed to move individual

dislocations, d is the mean grain size, and k is a constant. It follows from Equation 2.7
that the increment in yield strength is inversely proportional to the square root of the
grain size. Hence, one expects significant increase in the strength of a material
processed by SPD and this is found by many researchers [37-39]. In the same regard, it
was observed that the strength increases as the number of passes increases, in the case
of ECAP processing, or as the number of turns increases, in the case of HPT processing,
while the ductility decreases as the strain increases and this behaviour is similar to the

one illustrated in Figure 2.10 [30].

1200

800

Elongation (EL)/ %

400

Ultimate tensile stress
(UTS)/ MPa

Passes

Figure 2.10 The effect of number of passes on the ultimate tensile strength and the
elongation to failure of Armco iron processed by ECAP up to 8 passes. A and C refer to route A

and C, respectively [30].

Horita et al. [40] obtained similar results when they processed 6 Al-alloys by ECAP
up to different equivalent strains as shown in Figure 2.11 and Figure 2.12 [40]. There is
a significant increase in the strength and drastic drops in the elongation to failure after

an equivalent strain of 1.

14



Literature Review (Severe Plastic Deformation) K. Husain (2015)

600
—O— 1100
500r- p— 2024 [
igr —O— 3004
s 400 g —a— 5083 |1
% g E —— 6061 |
» o —@B— 7075
= 300 =
= o
—0— 1100 =
—o— 2024 || 5
—O0— 3004 5
—4— 5083 m
—v— 6061 ||
—@— 7075
ol e ob— .o
01 2 3 45 6 7 8 9 10 012 3456 7 8 9 10
Equivalent Strain Equivalent Strain
Figure 2.11 Ultimate tensile stress (UTS) Figure 2.12 Elongation to failure vs. the
vs. the equivalent strain in six Al-alloys equivalent strain in six Al-alloys
processed by ECAP [40]. processed by ECAP [40].

The low ductility observed in SPD-processed materials is the result of early
necking during deformation. Increasing the work hardening rate would help delay
necking and consequently higher ductility will be obtained. The reason behind the low
rate of work hardening observed in SPD-processed maerials is that these materials
contain high density of dislocations and soon reach a saturation level of dislocation
density. Reaching the saturation level of dislocation density implies more difficulty in
accomodating more dislocations and hence deforming the material becomes harder [8].
When the grain size is reduced to a certain size, the grain interior becomes dislocation
free and instead the dislocations emitted from one grain boudnary dissapear at another
grain boundary and no accumulation of dislocations is associated with the processing
leading to a low rate of work hardening [8].

On the other hand, another hypothesis emerged when studying the strength and
ductility of SPD-processed materials suggesting that these materials possess a
combination of high strength and good ductility. Valiev et al. [41] sucessully obtained an
excellent combination of strength and ductility when they processed pure Cu by ECAP
and pure Ti by HPT up to 16 passes and 5 turns, respectively. Valiev et al. [41] suggested
that in order for a material to exihibit a good combination of strength and ductility, the
material should be processed under sufficient large strain, (i.e. beyond a certain strain
value). The authors attributed the good ductility to the new deformation mechanism,
grain boundary sliding, which operates at extreme large strains. The authors added that
the grain boundary sliding mechanism is facilitated by many microstructural features,
such as fine grains with high misorientation, and non-equilibrium grain boundaries.
Furthermore, Horita et al. [40] compared the strength of an Al-3004 alloy processed by
ECAP and the same alloy cold rolled to an equivalent strain of ~ 3. The strength
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increases linearly with strain for both methods as illustrated in Figure 2.13. However,
the elongation to failure, or ductility, drops to ~ 14 % beyond a strain of ~ 1 for the
ECAP-processed sample and no additional reduction was recorded at further strain
while the reduction in ductility continued with further strain for the cold rolled sample

as shown in Figure 2.14 [40].
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_ _ Figure 2.14 Elongation vs. the equivalent
Figure 2.13 Stress-strain curve of 3004 ) o )
o _ o strain of 3004 aluminium-based alloy in
aluminium-based alloy in two conditions:

two conditions: cold rolled and processed
cold rolled and processed by ECAP [40].

by ECAP [40].

2.1.4.2. Thermal stability of SPD-processed materials

The microstructure of SPD-processed materials is characterised by refined grains with
high misorientation, high dislocation density, and non-equilibrium grain boundaries.
Hence, the microstructure is in a high-energy, non-equilibrium state. At elevated
temperatures, these microstructures can easily undergo grain growth [8]. In order to
fully gain the advantage of SPD techniques, it is important to preserve the ultrafine

grained micorstructure produced by these techniques at high temperatures.

Horita et al. [40] investigated the thermal stability of six Al alloys after ECAP
processing up to different equivalent strain by annealing at 100, 200 and 300°C for 1
hour. For 100°C annealing, the alloys maintained their ultrafine grain microstructure.
For 200°C annealing, inspite of the clear evolution of grain boundaries, no grain growth
was observed and reduction in the dislocation density was recorded as well. For 300°C
annealing, two alloys, 2024 and 7075, out of the six alloys retained their submicrometer
grains while grain growth was observed in the rest of the six alloys. Horita et al. [40]
ascribed the limited grain growth to the existence of the fine particles in these two
alloys. Stolyarov et al. [42] studied the thermal stability of pure Ti deformed by two-step
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processing through TEM investigation and microhardness test on the processed sample.
In the first step, the Ti sample was processed by warm ECAP up to 8 passes; in the
second step, the as-pressed Ti sample was cold-rolled to a total reduction of 35-73%.
The TEM investigation of the processed sample followed by annealing at 400°C for 30
min revealed that the dislocation density was reduced and the morphology of the grains
changed from irregular shapes to equi-axed ones without any evidence of grain growth.
Stolyarov et al. [42] conducted the microhardness test on two samples processed by
warm ECAP and cold-rolled to a total reduction of 35 and 55%. The sample cold-rolled
to a 55% reduction in thickness had a microhardness slightly higher than that of the
sample cold-rolled to a 35% reduction in thickness. When annealing the cold-rolled
samples, the authors observed that the microhardness tended to increase before
reaching 300°C but no clear explanation for this increase was given by the authors.

However, a noticeable drop in the microhardness was observed around 400°C.

The above studies suggest that the microstructure of the two Al-alloys, 2024 and
7075, processed by ECAP in Horita et al.’s [40] investigation is thermally stable up to
300°C while the microstructure of the Ti sample processed by ECAP and cold-rolled in
Stolyarov et al.’s [42] investigation is thermally stable up to 400°C. This indicates that
the microstructure of the SPD-processed materials is thermally stable to a large extent
but further investigations are still needed to confirm these findings.

2.1.5. Applications of SPD

SPD-processed materials are, in general, used whenever a material with high strength is
needed or a thickness reduction is important. SPD-processed materials are used in
structural, electrical, hydrogen storage materials, and many other applications. Some
examples of these applications will be briefly discussed. Titanium alloys are used widely
in biomedical applications due to their biocompatibility with living organisms. However,
Ti alloys contain small amounts of alloying elements such as aluminium (Al) and
vanadium (V) which are toxic if they leave the alloy and spread in the body. Due to this
fact, there is a trend to use pure Ti but it was found that pure Ti is not strong enough to
bear the applied loads in the body. SPD techniques allow the production of pure Ti with
high strength that is suitable for biomedical applications. Latysh et al. [43] successfully
produced nanostructure pure Ti using ECAP and thermomechanical treatment. This
nanostructure pure Ti was used in the production of different kinds of implant screws

as shown in Figure 2.15.
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High-strain rate superplasticity has been successfully used for forming complex
shaped articles, such as pistons, using nanostructured Al 1420 alloy, Figure 2.16 [44].
This opens new windows for the production of complicated shaped components in
short time. In the electrical field, the use of pure Al is limited due to its low strength. It
was possible to overcome this limitation by processing an Al-alloy, AA6060, by HPT at
180°C to produce a homogenous ultrafine-grained Al-alloy [45]. Bobruk et al. [45]
argued that dynamic strain ageing (DSA) took place during the HPT processing at this
temperature and resulted in a reduction in both the dislocation density and the
concentration of the alloying elements in the Al matrix and second-phase precipitates
were formed. Both the strength and electrical conductivity were improved while the

latter was very close to that of pure Al [45].

'-"n ‘. H‘H!

Figure 2.16 Piston manufactured from nanostructured Al 1420 alloy used in small internal

combustion engine [44].
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SPD processing also contributes to the development of hydrogen storage
materials. Processing ball-milled Mg7oNi3o by HPT increases the maximum absorption

capacity by 30-50% and this increase is attributed to the formation of extra sites and
lattice defects at the grain boundaries [46].
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2.2 Steels

Steel alloys are widely used in the automotive, structural, pipe line, and civil structures
(e.g. bridges) sectors. When processing multi-phase steel using SPD, complex
deformation mechanisms occur. Changes in the microstructure that can take place
during the SPD process of steels include cementite dissolution, cementite formation,
and carbon segregation at the grain/subgrain boundaries. In the following, ferritic-
pearlitic and ferritic-martensitic steels will be discussed.

2.2.1. Ferritic-pearlitic steel

2.2.1.1.  Ferritic-pearlitic steel characteristics

The microstructure of the ferritic-pearlitic steel consists of soft ferrite matrix and hard
dispersed colonies of pearlite as shown in Figure 2.17. The pearlite colonies consist of
lamellae structures of cementite and ferrite as shown in Figure 2.18. The soft ferrite
supplies the FP steel with ductility while pearlite supplies strength. The higher the
carbon content in the FP steel, the more pearlite is formed and hence the higher overall
strength will be. In the low-carbon steel where the pearlite volume fraction is expected
to be small, the pearlite contribution to the overall strength is still small. FP steel is
produced more than any other steel alloy and is widely used in structural applications

due to its good formability and low cost.

~

Figure 2.17 Optlcal mlcrographs showing Figure 2.18 TEM bright-field image
the microstructure of low-carbon FP steel showing the lamellae structure of pearlite
(0.15 wt.% C) where the light colour in low-carbon steel (0.15 mass.% C) [48].

represents the ferrite and the dark

represents the pearlite [47].
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2.2.1.2. The strength of the ferritic-pearlitic steel

The strength of the FP steel is strongly correlated to its microstructure which consists of
continuous matrix ferrite and hard pearlite colonies. Since the pearlite supplies the FP
steel with strength, an increase in the volume fraction of the pearlite leads to an
increase in the strength. An increase in the strength of any of the two phases (ferrite or
pearlite) or both will lead to an increase in the overall strength of the FP steel. The
overall flow stress of FP steel is often described by the rule of mixtures [49]:

opp = (1 — fp)og + feop 2.8

where opp is the flow stress of the FP steel, o, and ogp are the flow stresses of the ferrite
matrix and pearlite, and fp is the volume fraction of pearlite. It can be seen from
Equation 2.8 that the overall flow stress of the FP steel can be calculated based on the
individual flow stress and the volume fraction of each phase (ferrite and pearlite). Suh
et al. [48] proposed a model using the finite element method (FEM) to predict the flow
stress of FP steel. The authors incorporated a previous Swift relation to calculate the
individual stress of each phase, ferrite and pearlite. The Swift relation is a function of
the chemical composition of the steel alloy, the carbon content in ferrite, ferrite grain
size, interlamella spacing, and the volume fraction of cementite in pearlite. The
calculated flow stress was lower than the measured stress. The authors investigated the
microstructure using TEM and found that dislocations developed at the ferrite/pearlite
interface and in ferrite where no significant change in the pearlite was observed.
Accordingly, the authors assumed that only ferrite deformed plastically during the yield
elongation. Thus, a better flow stress of the FP steel was predicted when the authors
recalculated the flow stress taking into consideration the important effect of ferrite
during the yield elongation. Karlsson and Linden [49] studied the flow stress of low
carbons steel [0.2 wt.% C] in the FP initial state. The volume fraction of pearlite in the
FP steel is 25%. Karlsson and Linden [49] claimed that the overall yield strength of the
FP steel is similar to that of the ferrite matrix. Furthermore, the authors used the
concept of the geometrically necessary dislocations (GNDs) to describe the flow stress
of the ferrite matrix and good agreement between the calculated and the measured flow
stress was observed. It is worth noting that the authors described the flow stress of the
ferrite based on the geometrically necessary dislocations and independent of the ferrite

grain size.
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2.2.2. Ferritic-martensitic steel

2.2.2.1. Ferritic-martensitic steel characteristics

The FM steel consists of soft, continuous matrix (ferrite), and hard, brittle particles
(martensite islands). Before discussing the characteristics of the FM steel, it is
important to briefly explain how the FM steel is produced. Low-carbon steel or low-
alloy steel is annealed in the ferrite-austenite region (a + y), i.e. between the lower and
upper critical temperature (A1 and A3) on the iron-iron carbide phase diagram as
shown in Figure 2.19. The alloy, a low-carbon or low-alloy steel, is held for several
minutes to allow the formation of the austenite in the ferrite matrix. Here, it is worth
stressing that the higher heating temperature, the higher the volume fraction of
austenite formed. The formed austenite transforms into martensite when quenching to
room temperature and hence the final microstructure consists of ferrite and martensite.
The martensite has a body-centred tetragonal (BCT) structure due to the expansion in
the c-axis and relative contracting in the a-axis, which occurs when the interstitial
carbon atoms occupy the octahedral sites in martensite. Xiao et al. [50] argued that this
tetragonality only exists if the carbon content is higher than 0.6 wt.%. The tetragonality
in martensite has been widely studied and a general accepted relationship between the
carbon content and the c/a ratio has been established [51, 52]:

¢ (A% = a, + (0.116 + 0.002) Xc 2.9
a(A°) = a, — (0.013 + 0.002) X 2.10
C

—=1+(0.046 + 0.001)X 211

where X is the carbon content in wt.% and a, is the lattice parameter of a-iron
(0.28664 nm [53, 54]). Based on the relationships established by Kurdjumove and
Khachaturyan [51, 52], Xiao et al. [50] hypothesised that ¢ = a (Equation 2.9 and
Equation 2.10) if the carbon content is less than or equal to 0.18 wt.%. Furthermore,
Xiao et al. [50] established a general relationship to predict the value of ¢ in martensite

for plain carbon steels as:
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c (A°) = 2.8664 + (0.020 + 0.002)X¢ 2.12

The FM steel exhibits a combination of high strength and good ductility when
compared to other steel alloys containing the same carbon content and this combination
can be attributed to the composite-like microstructure: ferrite matrix reinforced by
hard martensite particles. The martensite islands supply the FM steel with the strength,
while the ferrite supplies it with the ductility [55]. The FM steel is characterised by high
strength, good ductility, high work hardening rate at the initial stage of the deformation,
continuous yielding, and a low yield to tensile strain ratio [56].
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Figure 2.19 Iron-iron carbide phase diagram [57].

2.2.2.2. The strength of the ferritic-martensitic steel

The strength of a material is correlated to its microstructure. The microstructure of the
FM steel is complex due to the possible existence of more than two phases in it. The

microstructure of the FM steel can contain retained ferrite (formed during intercritical
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annealing), retained austenite, epitaxial ferrite (formed by epitaxial growth on the
retained ferrite during quenching), and different types of carbides [58]. Thus, one can
expect different deformation mechanisms and stress-strain behaviour during a tensile

test of FM steel due to the complexity in the microstructure mentioned above.

Hwang et al. [59] studied the effect of the ferrite grain size on the yield and tensile
strength in two low-carbon FM steel (0.15 wt.% C) samples by conducting a tensile test
at room temperature. The low-carbon steel samples were homogenised in the single
phase region (y) at different holding temperatures to achieve different ferrite grain
sizes after the austenite-ferrite transformation. On the other hand, the low-carbon steel
samples were intercritically annealed at the two-phase regions (a + y) at different
holding temperatures to achieve different volume fractions of martensite. Hwang et al.
[59] observed an increase in the yield and tensile strength as the ferrite grain size
decreased. The yield strength of two FM samples containing the same martensite
volume fraction (Vm), 30%, but different ferrite grain sizes of ~ 13 and 23 pum, were 468
and 408 while the tensile strength of the same samples were 669, and 592 MPa,
respectively. Moreover, the authors observed that the yield strength increased as the
volume fraction of martensite (V) increased. The yield strength of two FM samples
having similar ferrite grain sizes, ~ 22 um, with different martensite volume fractions
(Vm), ~ 33 and 53%, were 408 and 505 while the tensile strength of the same samples
were 592 and 794 MPa, respectively. Pouranvari [60] heat treated low-carbon steel
(0.11 wt.% C) at different temperatures in the two-phase region (a + y) to achieve
different volume fractions of martensite in the low-carbon steel samples. Pouranvari
[60] conducted tensile test on the samples containing different volume fractions of
martensite (Vi) at room temperature. The author found out that the yield and ultimate
tensile strength increased as the martensite volume fraction (V) increased; however,
the ultimate tensile stress remained constant at Vi, ~ 70% and he attributed this steady-
state in the tensile stress to the decrease in the martensite hardness resulting from the
decrease in the carbon content in the martensite as the volume fraction of martensite
(Vm) increased. Liedl et al. [61] obtained similar results when they conducted a tensile
test on three FM steel samples containing 6, 11, and 18% of martensite. The authors
observed an increase in the yield strength as the martensite volume fraction (V)

increased as shown in Figure 2.20.
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Figure 2.20 Stress-strain curve of FM steel with different volume fractions of martensite [61].

Liedl et al. [61] attributed the high rate of work hardening at the initial stage of the
deformation to the formation of a hardened skeleton, from the ferrite phase, connecting
the martensite islands during the quenching process. Korzekwa et al. [58] studied the
relationship between the strength and the microstructure when conducting a tensile
test on dual-phase steel (0.063 wt.% C). The stress-strain curve depicted in Figure 2.21
is, in general, characterised by continuous yielding in addition to high rate of work
hardening at the initial stage of the deformation. The authors observed that the stress-
strain curve, shown in Figure 2.21, cannot be described by a single parabolic function
but instead three parabolic functions are needed to describe the whole stress-strain
curve of the dual-phase steel used in Korzekwa et al.’s [58] investigation. In stage I, the
authors observed a high dislocation density in the ferrite adjacent to the martensite.
The austenite-martensite transformation results in volume expansion which in turns
causes plastic deformation in the ferrite adjacent to the martensite. Consequently, a
high density of unpinned dislocations is created in the ferrite adjacent to the martensite
as shown in Figure 2.22. These dislocations are assumed to be mobile, or at worst case,
partly mobile, which facilitates the early deformation or in other words the deformation
is initiated in the ferrite adjacent to the martensite. Furthermore, the distribution of
these dislocations varies from place to place [58, 61]. In stage II, the authors [58]
observed the evolution of cell structures, again, in ferrite adjacent to the martensite. In
stage III, well defined structures evolved and tended to be smaller near the martensite.

In this regard, Kadkhodapour et al. [56] confirmed the existence of geometrically
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necessary dislocations (GNDs) in the ferrite adjacent to the martensite leading to local
hardening in the ferrite matrix by conducting nanoindentation tests on a commercially
dual-phase steel as shown in Figure 2.23.
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Figure 2.21 Stress-strain curve of low-carbon dual-phase (or FM) steel (0.063 wt.% C) [58].
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Figure 2.22 TEM micrograph showing the microstructure of FM steel where the ferrite appears

as light coloured while the martensite appears as dark coloured [61].
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Figure 2.23 Nanoindentation test on commercially FM steel [56].

2.2.3. Tempered FM steel
2.2.3.1. Tempered FM steel characteristics

The martensitic, or as-quenched, steel is characterised by high strength and reduced
ductility. Heating the martensitic steel to a temperature close to or below the lower
critical transformation temperature, A1, is referred to as tempering process [55]. During
tempering process, the toughness and ductility of the martensitic steel are enhanced but
often at the expense of the high hardness. However, a combination of good strength and
ductility can be obtained if low tempering temperature is chosen. Several parameters
such as tempering temperature, tempering time, and the chemical composition will
affect the formed microstructure after the tempering process. The tempering process
undergoes three to four overlapped stages and forms recrystallized ferrite grains and
cementite particles at the end. During stage I (up to 250°C), carbon clustering and
precipitation of transition carbide, e-carbide, occurs [62]. During stage II (up to 300°C),
decomposition of any existed retained austenite occurs. During stage 11l (above 300°C),
formation of cementite, Fes3C, and equi-axed ferrite grains [62]. Typical microstructure
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of martensitic steel (0.13 wt. %C) tempered at 250°C is shown in Figure 2.24 where the

microstructure consists of ferrite matrix and tempered martensite.

Figure 2.24 Scanning electron microscopy (SEM) micrograph showing the microstructure of FM
steel (0.13 wt.% C) tempered at 250°C [63].

2.2.3.2. The strength of tempered FM steel

Tempering process affects the mechanical properties such as toughness, strength, and
ductility of the tempered FM steel. Gunduz [64] studied the microstructure changes and
strength variation in FM steel (0.17 wt.% C) tempered at 100°C to 600°C. The author did
not observe significant changes in the microstructure or tensile behaviour when
tempering up to 200°C. The stress-strain curve of the as-quenched sample was
characterised by continuous yielding while this was not the case when the tempered
samples were tensile tested. The author also observed that the ultimate tensile strength
(UTS) decreased with tempering temperature and recorded only a slight decrease in the
yield strength (YS) with tempering temperature. On the other hand, the elongation

increased with tempering temperature.

Salemi and Abdullah [65] tempered martensitic steel (0.34 wt.% C) at 200°C to
600°C. After conducting tensile tests on the tempered samples, Salemi and Abdullah
[65] observed that both the ultimate tensile strength and yield strength decreased as

the tempering temperature increased as shown in Figure 2.25. Furthermore, the yield
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strength decreased at lower rate than the ultimate tensile strength. The authors also
observed slight increase in the elongation as the tempering temperature increased.
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Figure 2.25 The ultimate tensile strength and yield strength of tempered martensitic steel (0.34

wt.% C) as a function of tempering temperature [65].

Fang et al. [63] tempered FM steel (0.13 wt.% C) at 150°C to 450°C. The authors
did not observe marked changes in the microstructure when they tempered the
martensitic steel at 150°C. Increasing the tempering temperature to 250°C, the
microstructure changed and consisted mainly of ferrite and tempered martensite. The
authors conducted a tensile test on the tempered samples. The stress-strain curve of the
as-quenched sample was characterised by continuous yielding while discontinuous
yielding was observed for the tempered samples. The authors recorded no significant
changes in the yield strength when tempering at 150°C to 450°C as shown in Figure
2.26. However, the ultimate tensile strength decreased with the tempering temperature.

Furthermore, the elongation increased as the tempering temperature increased.
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Figure 2.26 The ultimate tensile strength and yield strength of tempered FM steel (0.13 wt.% C)

as a function of tempering temperature [63].
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2.3 Strengthening mechanisms

Different strengthening mechanisms are commonly used to increase the strength of a
material. The following sections will discuss some of these strengthening mechanisms.

2.3.1. Solid solution strengthening

The introduction of solute atoms to occupy the interstitial or substitutional positions in
solvent-atom lattice will increase the strength of an alloy. A solid solution is referred to
as a substitutional solid solution when both the solvent and solute atoms are of a similar
size. In a substitutional solid solution, solute atoms occupy the lattice points within a
solvent-lattice structure. A solid solution is referred to as an interstitial solid solution
when solute atoms are much smaller than solvent atoms in size and occupy the
interstitial positions within a solvent-lattice structure [66]. Common interstitial atoms
include carbon, nitrogen, oxygen, hydrogen, and boron. The tendency to form a solid
solution increases when a solute and solvent do not have a strong chemical affinity for
one another. Otherwise, they will form metallic compounds. Due to differences of shear
moduli and size between solute and solvent atoms, a stress field is created around a
solute atom. These fields around the solute atoms restrict dislocation motion in a
matrix, and consequently, additional stresses are required to overcome these stress

fields in order for a dislocation continue moving in the matrix [55].

In steel alloys, although ferrite has limited solubility for carbon, a small amount of
carbon (~ 0.1 wt.%) has a significant effect on increasing ferrite strength as shown in

Figure 2.27 [67]. Nitrogen also has a similar effect on the yield strength of ferrite.
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Figure 2.27 Effect of alloying elements on the yield strength of ferrite [67].
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When alloying elements such as carbon, nitrogen, silicon, and manganese are
introduced in a ferrite matrix to form a solid solution, the lattice parameter of the ferrite
increases. The following relation allows for the prediction of carbon concentration in
ferrite due to the expansion of the ferrite lattice parameter [68, 69]:

(a—2.8664+0.0006 x wt.% Si—0.0006 x wt.% Mn)

Xc(wt.%) = 0.039

2.13

where a is the lattice parameter of the ferrite in angstroms. Substitutional solutes such
as Si and Mn also have a strong effect on ferrite strength when added in high
concentrations, whereas chromium has a weak effect on ferrite strength as shown in
Figure 2.28 [70].
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Figure 2.28 Hardness of ferrite (Hv) as a function of alloying element concentrations (wt.%)
[70].

The substitutional solute Mn has a similar role to the interstitial solute C in
increasing the lattice parameter and strength of ferrite when added to steel alloys. Li et
al. [54] studied the effect of Mn on the hardness of ferrite in Fe-Mn alloys with different

amounts of Mn. The lattice parameter of the ferrite in the Fe-Mn alloys was found to
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increase as the Mn content increases as shown in Figure 2.29 [54]. The authors [54]
observed a linear increase in the hardness of the ferrite with the Mn content as shown
in Figure 2.30 [54]. The grain size of the ferrite in the Fe-Mn alloys was in the range of
50-300 um, and hence, the authors hypothesised that the grain boundary strengthening
was marginal. The authors ascribed the increase in the hardness to the lattice strain
within the ferrite matrix which resulted from the existence of the substitutional solute
Mn.
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Figure 2.29 The lattice parameter of the ferrite as a function of the Mn content in Fe-Mn alloys.
The authors of [54] multiplied the data in [71] by 0.1002056 nm.
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Figure 2.30 Increase in hardness of the ferrite as a function of the Mn content in Fe-Mn alloys
[54].

The stress-strain curve of low-carbon steel exhibits a sharp transition from elastic
to plastic deformation instead of a continuous transition (Figure 2.31) [72]. In Figure
2.31, the stress gradually increases with the elastic strain until it reaches a sharp
transition point (upper yield point). The stress then suddenly drops to a lower point,
known as the lower yield point. The material deforms plastically under constant stress
which is also referred to as yield-point elongation or Luders extension (Figure 2.31),
followed by the flow stress rising and the material work hardening.
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Figure 2.31 Yield-point behaviour in plain carbon steel during tensile test [72].

Cottrell and Bilby [73] proposed the first explanation of the yield-point
phenomenon observed in the stress-strain curves of low-carbon steel and other alloys.
The authors hypothesised that interstitial solute atoms, such as carbon atoms, diffuse
into the cores of dislocations, and consequently, atmospheres around the dislocations
are created. Given this situation, dislocations are locked in positions for which high
stresses are required to unlock these dislocations which results in the existence of the
upper yield point. However, lower stresses are required to move the unlocked

dislocations, which results in the existence of a lower yield point [73].

The role of a solid solution in increasing the strength of an alloy has also been
observed in nanocrystalline materials. Rupert et al. [74] used sputter deposition to
produce nanocrystalline Ni-W alloys. Performing nanoindentation tests on the
nanocrystlline Ni-W alloys, they observed that nanohardness increased as the solute
content increased from 0 to 20 at.%. When the W content was 20 at.%, nanohardness
was found to increase by 3.1 GPa. Furthermore, Matsui et al. [75] used electrodeposition
to produce nancrystalline Ni. Matsui et al. [75] studied the effect of interstitial carbon
and substitutional sulfur on the strength of the nanocrystalline Ni. The authors found
that interstitial carbon produced a large misfit in the Ni matrix while no significant
changes were observed for the substitutional sulfur. When the carbon content was at
0.78%, the strength due to the interstitial solid solution was estimated to be 0.42 GPa.
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During large plastic deformation, the interstitial solid solution could be formed in the
matrix. Hono et al. [76] and Lojkowski et al. [77] observed cementite dissolution and the
formation of interstitial solid solution in a ferrite matrix during the cold-drawing and
heavy plastic deformation of pearlitic steel at the wheel-rail contact surface,
respectively.

2.3.2. Strengthening due to grain size reduction and dislocation density

Following the Hall-Petch relation [35, 36], Equation 2.7, several models have been
proposed to explain the linear relationship between stress and the reciprocal of the
square root of grain size (d). These models will be briefly discussed.

2.3.2.1. Pile-up model

In this model, the grain centre of a given grain is considered to be the dislocation source
that generates dislocations and sends them out to pile-up at the grain boundary as
shown in Figure 2.32a. After the piling-up of a number Npis of dislocations at the grain
boundary, stress concentrations build up at the head of the dislocation pile-up. These
stress concentrations are a function of the dislocation number Npis in the pile-up. The
stress at the head of a pile-up must exceed a certain critical shear stress 7. in order for a
slip to continue past the grain boundary. It is important to note that the larger the grain
size, the larger the number of dislocations that can be accommodated. Hence, the larger
the grain size is, the larger stress or shear stress at the tip of the pile-up. Thus, it can be

concluded that the larger the grain size, the quicker and easier yielding can occur [55,
66]. Eshelby et al. [78] estimate the shear stress at a head of the pile-up () as follows:

Tp = NpisTe 2.14

where 7, is the effective shear stress. Cottrell [79] hypothesises that a dislocation
source is activated in an adjacent grain when the critical shear stress is exceeded at the

head of the pile-up.
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(8)

Figure 2.32 Schematic illustration of dislocation pile-up in (a) coarse grain and (b)

nanocrystalline material [80].

2.3.2.2. Dislocation density model

In this model, a linear relationship between stress and the square root of dislocation
density, p, is considered. Ashby [81] proposes that strengthening due to dislocation
involves two distinct kinds of dislocations: statistically stored dislocations (SSDs) and
geometrically necessary dislocations (GNDs). SSDs are created by uniform deformation
(Figure 2.33a) and they trap each other, which results in hardening of a material.
Furthermore, voids and overlaps are created between adjacent grains as shown in
Figure 2.33b. Ashby [81] also hypothesises that inhomogeneous strains are created
between adjacent grains (also called strain gradients) which result in the generation of
GNDs. GNDs eliminate voids and correct overlaps to reproduce fitted and continuous
grains as shown in Figure 2.33c and Figure 2.33d.
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Figure 2.33 Ashby’s model: (a) uniform deformation of polycrystal (b) generation of voids and
overlaps (c and d) correction of voids and overlaps by introducing the GNDs. SSDs are not
shown [81].

2.3.2.3. Composite flow stress model

Meyers and Ashworth [82] developed this important model (later known as the core
and mantle model) to express the flow stress of a material. They ascribe the existence of
incompatibility between each adjacent grain in a material to the elastic anisotropy. This
incompatibility plus shear strain resulting from applied stress during deformation
generate GNDs at grain boundaries. A composite-like microstructure comprising a
continuous network of a work-hardened layer of grain boundaries and discontinuous
islands of soft bulk material is formed. The flow stress of a composite material (o¢) can
be described as follows [82]:

O:. = ABO-B + AGBO-GB 2.15

where Ag and Agg are the area fractions of the bulk material and the grain boundary
layer, respectively, and op and ogg are the flow stresses of the bulk material and the
grain boundary layer, respectively. The fraction of the area of the work-hardened grain
boundary layer increases as grain size decreases as shown in Figure 2.34b. Hence the

second term on the right side of Equation 2.15 will dominate. The core and mantle
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model proposed by Meyers and Ashworth [82] was later extended to the investigation
of nanocrystalline materials as low dislocation densities within the grain interior (core)
and high dislocation densities at the grain boundary (mantle) were observed in such
materials.

(a) (b)

Figure 2.34 Schematic illustration showing the mantle and core model in (a) coarse grain and

(b) fine grain materials [80].

When the grain size decreases below a critical size, according to the pile-up model,
dislocation pile-up becomes very difficult and may contain only one dislocation as
shown in Figure 2.32b. The Hall-Petch relation has been found to be applicable to
predict the strength of a material when the grain size is greater than 100 nm. Valiev et
al. [13] produced Armco iron with a grain size of 100 nm using HPT. Valiev et al. [13]
applied the Hall-Petch relation to predict the yield strength of the Armco iron from its
grain size and found it to be very close to the measured strength. The authors therefore
concluded that the Hall-Petch relation is applicable down to a grain size of 100 nm.
Based on the experimental data in the literature, Morris and Morris [83] claim that the
classical theory behind the Hall-Petch effect (i.e. the pile-up or core-mantle theory) can
be applied even to materials with grain sizes of 50 nm. When the grain size drops below
25 nm, however, strength generally does not follow a Hall-Petch relation with no
increase in yield strength observed [84]. This phenomenon is often referred to as the
inverse Hall-Petch effect. The mechanisms behind the inverse Hall-Petch effect will not

be discussed here, as it is beyond the scope of the current study.
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The hardness against the inverse of the square root of the grain size of steels with
different grain sizes are plotted in Figure 2.35 [85]. In general, the steels in Figure 2.35
are produced by powder milling and grouped into coarse and ultrafine grain groups. It
can be seen from Figure 2.35 that the Hall-Petch effect extends from coarse grain to
very fine grain (which is roughly 5-6 nm).The ultrafine grain group, however, has a Hall-
Petch slope lower than that of the coarse grain group.
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Figure 2.35 Representation of the Hall-Petch relation in milled steels [85-91]. This figure is
adapted from [85].

In general, interstitial solute affects the Hall-Petch parameters and particularly the
slope k. Takeda et al. [92] measured the yield stress of pure iron with different amount
of interstitial solute, such as carbon and nitrogen, during tensile tests. The study also
included interstitial free steel. The authors plotted the yield stresses vs. the inverse of
the square root of the grain sizes of these irons as shown in Figure 2.36. The Hall-Petch
slope (k) can be seen to increase as the carbon content increases (Figure 2.36a), though

there is little increase in this regard when the nitrogen content increases (Figure 2.36b).
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Figure 2.36 Representation of Hall-Petch relation in (a) carbon group and (b) nitrogen group
[92].

During the SPD process, large strain is imposed on the sample leading to structural
refinement in the submicron or nanometer range. In most metals, dislocation cells and
cell blocks are formed at low strain. These cell blocks have thick walls and low
misorientations. With increasing strain, these cells are refined and wall thickness is
reduced, which is accompanied by an increase in misorientation. At high strain, the
majority of the formed substructures at the initial stage of deformation are transformed
into equi-axed ultrafine grains with high misorientation and non-equilibrium
boundaries [13, 17, 93].

A review of the literature revealed that three main approaches have been
developed for studying the strength of a material. These are briefly described below.

The first approach: researchers who have followed this approach consider grain size
reduction to be the dominant contributor to the strength of a material. Valiev et al. [13]
attributed the high strength of ultrafine-grained Armco iron processed by HPT up to five
turns to grain size reduction (Section 2.3.2.3). Valiev et al. [13] found that the Hall-Petch
relation can still be used even when the grain size reaches 100 nm. Lesuer et al. [94] ball
milled ferrous-based alloys for short periods of time and found nano-scale subgrains to
develop during the milling process. These subgrains were preserved during the

subsequent consolidation and warm working. Lesuer et al. [94] observed that yield
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strength is a function of the reciprocal of subgrain size. This dependency, however,
breaks down at sub-grain size of 150 nm.

The second approach: researchers of this approach consider both grain size reduction
and dislocation density to contribute to the strength of a material. Hansen [95] studied
the flow stress of polycrystalline metals (Ni) during tensile test. Hansen estimated the
dislocation density as ~ 1.55,®/b where S, is the area of boundaries per unit volume
and @ is the misorientation angle. Based on this approximation and taking into account
that the majority of the low-angle grain boundary (LAGB) evolved into high-angle grain
boundaries (HAGB) at large strain, Hansen [95] derived the following expression for

flow stress at a certain strain o(¢€):

0 (€) = 0o + UMG[T1.5b(S,0) Lacs + k(€) Dty 2.16

Where p is constant, M is the Taylor factor, G is the shear modulus, b is the Burgers
vector, k() is constant at the certain strain, and Duacs is the average size of grains with
high misorientation. Similarly, Qiao et al. [93] proposed a model that involves grain

boundary and dislocation strengthening.

Kamikawa et al. [96] investigated strengthening mechanisms when processing
pure Al by ARB up to six cycles. The authors observed that not only a grain boundary
strengthening mechanism took place during the ARB process but other mechanisms,
such as dislocation strengthening, did as well. Their transmission electron microscopy
(TEM) and electron back scatter diffraction (EBSD) investigation revealed the existence
of different microstructural elements which were accounted for in studying the strength
of the ARB-processed sample. These structural elements were: (a) high-angle grain
boundaries (>15°) of the grain size Duacs and their contribution to strengthening will be
calculated as Hall-Petch strengthening, (b) dislocation cell boundaries of low angle
misorientation (<2°) and their strengthening contribution will be proportional to the
square root of the dislocation density pceps, (€) the remaining dislocation boundaries
will be treated as high angle grain boundaries, and (d) dislocations exist between grain

boundaries and their strengthening contribution will be proportional to the square root
of their density, p. The authors derived the following expression for yield strength (ay):

oy = 0, + kD;I;/GZB + uMGb./p + Pcells 2.17
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The third approach: the researches who follow this approach hypothesise dislocation
strengthening to be the main contributor to the strength of a material, with the Taylor
relation (Equation 2.18) commonly being used to predict strength. Gubicza et al. [97]
attributed the high strength of pure Al, Al1Mg, and Al3Mg alloys processed by ECAP up
to eight passes to dislocation density which was measured using X-ray diffraction (XRD)
line broadening. Gubicza et al. [97] found the strength values measured in their
mechanical tests are in good agreement with those calculated using the Taylor equation:

0 =0, + uMGbp'/? 2.18

Karlsson and Linden [49] conducted an extensive study on FP steel (0.2 wt.% C)
and concluded that the yield strength of FP steel is nearly the same as that of a ferrite
matrix. The flow stress of the investigated FP steel can be described by a rule of mixture
if the flow stresses of the ferrite and pearlite are known. Importantly, Karlsson and
Linden [49] looked at the dislocation density as the main strengthening contributor to
the yield strength of the ferrite and used the Taylor relation (Equation 2.18) to calculate
the ferrite’s yield strength. Dingley and McLean [98] conducted a tensile test on pure
iron (99.97%) and claimed the flow stress of the pure iron tensile tested to be a function
of dislocation density independent of grain size. Malik and Lund [99] predicted the yield
strength of martensitic steel (0.4 wt.% C) tempered at different temperatures in relation
to dislocation density while taking into account Orowan strengthening as well. Sarkar et
al. [100] processed an interstitial-free (IF) steel (0.0027 wt.% C) by ECAP up to 4 passes
using rout A. Sarkar et al. [100] calculated the dislocation density of the ECA-pressed
sample using XRD. The authors predicted the strength of the ECA-pressed sample using
the Taylor relation (Equation 2.18), which depends mainly on dislocation density, and
found a good agreement between the predicted and the measured strength.

2.3.3. Strengthening due to second-phase particles

The strength of a material increases when its dislocation motion is impeded by
obstacles, such as grain boundaries, immobile dislocations, or second phase particles.
Second phase particles come in different forms, such as precipitates that are formed
during the ageing process, carbides or nitrides, or inclusions. There are two factors that
affect strengthening due to precipitation: particle size (dp,.) and interparticle spacing

(D). The nature of the particle/matrix interface can be coherent, semi-coherent, or
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incoherent. Coherent precipitates are weak precipitates in nature, whereas incoherent
precipitates are strong. A moving dislocation cuts through weak particles, which results
in the creation of new particle/matrix interfaces. In contrast, when a dislocation moves
in its slip plane and encounters two particles with interparticle spacing D, the
dislocation will bow as shown in Figure 2.37. The dislocation will then continue moving
forward until it reaches a critical curvature. When the critical shear stress is exceeded,
the dislocation becomes unstable and will expand to leave a loop around the particles
which is known as an Orowan loop [101]. On the other side of the particles, the two
segments of the dislocation have opposite signs and annihilate each other, while the
original dislocation will continue moving forward. The number of loops increases as
more dislocations are encountered by the original Orowan loops, resulting in more

resistance to the dislocation motion [66].
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Figure 2.37 Schematic illustration showing the different stages of the Orowan loop mechanism
[66].

Several versions of the Orowan equation have been developed to predict
increments of strength due to precipitation or particle strengthening (40p,.) [102-

104]. Kelly and Nicholson [104] restated the Orowan relations to have the following

form:
¢Gb D
A0pare = - In—p 2.19
And
R
== — 2.20
2 1—ypr
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where ypg is the Poisson’s ratio of the matrix (for steel, ypr=0.33 [66]) and D is the
edge-to-edge spacing of the nearest adjacent particles in a slip plane, which can be
determined by the following relation [103]:

1/2 1/2
2 8\'/?\ d
D= < ”) _(_> Zpart 221
3fpart 3 2

where dpar¢ and fiar is the diameter and volume fraction of the second phase particles,

respectively. Fullman [102] suggested the following relation to predict the free mean
path (Apar) of the second phase particles:

1 — fpart
Apart = % 2.22

where N, is the number of particles intercepted per unit length of a test line. Baldwin
and Edelson [105] used the mean free path (Ap,,¢) and the volume fraction of the second

phase particles (fpart) to predict the diameter of the second phase particle (dpar) as

follows:

d _ 3fpart/1part 293
P 2(1 — fpard) -

Few studies exist in the literature investigating the effect of the second-phase
particles on the strength of SPD-processed materials. Strengthening caused by the
presence of second-phase particles in UFG or nanocrystalline materials occurs in a
similar manner to conventional coarse-grained materials, where these particles impede
the motions of dislocations. Moon et al. [106] studied the Orowan strengthening in four
carbon steel alloys denoted as A, B, C, and D. Both alloy A and B contained carbon
content of 0.1 and 0.15 wt.% with no alloying element. Alloy C contained Ti, while alloy
D contained Ti and Nb. Moon et al. [106] studied the microstructure using TEM and
energy dispersive spectroscopy (EDS) and found that alloy C contained TiN, whereas
alloy D contained TiN, TiC, NbN, and NbC particles. The authors measured the
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interparticle spacing of the particles and found that alloy D had smaller interparticle
spacing. They measured the nanohardness of the investigated carbon steel alloys A-D
using nanoindenation technique. The nanohardness value of D was the highest value
measured, whereas alloys A and B had the lowest nanohardness values. The authors
attributed the highest nanohardness values measured for alloy C and D to the Orowan
strengthening resulting from the nitride and carbide particles of these alloys.
Furthermore, alloy D was found to have a higher nanohardness value than C, which was
ascribed to the lower value of the interparticle spacing of particles in alloy D.

Zhao et al. [107] studied the effect of second-phase particles (precipitates) on the
strength of an Al-7075 alloy processed by cryogenic rolling and aged at a low
temperature. After cryogenic rolling, a nanostructure (NS) had formed with an average
size of 100 nm, whereas the formation of coherent, semi-coherent, and non-coherent
precipitates took place after the ageing process and this nanostructure was denoted as
(NS+P). The presence of the precipitates improved both the yield and tensile strength of
the aged alloy as shown in Figure 2.38. Furthermore, the uniform elongation of the aged
alloy increased by more than twice compared to the as-rolled sample. The authors
ascribed the high strength and improved uniform elongation obtained in the NS+P case

to the presence of the precipitates.
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Figure 2.38 The engineering stress-strain curve of Al-7075 cryogenically rolled and aged ata

low temperature [107].

Zimmerman et al. [108] studied the effect of the second-phase particles on the

strength of Ni-SiC composite. The authors produced a nanocrystalline Ni matrix
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reinforced by second-phase particles (SiC) by pulse electrodeposition. The formed
nanocrystalline Ni matrix had a grain size of 10-15 nm, while the second-phase particles
had an average size of 0.4 pum. The authors observed an improvement in the
microhardness of the nanocomposite Ni-SiC material compared to the conventional Ni-
SiC material with coarse grains. The tensile test also revealed an increase in tensile
strength of the nanocrystalline Ni-SiC composite which can reach a value that is twice as
much as the strength of the conventional Ni-SiC composite. The ductility of the
nanocrystalline Ni-SiC composite also improved when compared to the ductility of the
coarse-grained pure Ni. However, both the strength and ductility of the nanocrystalline
Ni-SiC composite began to decrease when the volume fraction of the second-phase
particles (SiC particles) was more than 2%.

Moriss and Moriss [83] used the Orowan looping mechanism to study
strengthening due to second phase particles in a copper matrix. Figure 2.39 shows the
Orowan loops surrounding the second phase particles embedded in the copper matrix
[83]. The authors claimed that below a particle size of 20 nm, dominant strengthening
was due to second phase particles, while strengthening due to grain size was less
important. The authors also observed that the strengthening due to the second phase
particles tended to be slow as the particle size became very fine, which they attributed

to the possible shearing of particles.

Figure 2.39 TEM bright-field image showing the microstructure of a Cu matrix with embedded
second phase particles [83].
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2.4 Severe plastic deformation of steel

2.4.1. Severe plastic deformation of ferritic-pearlitic steel

During the SPD processing of FP steels, the ferrite grains are deformed and the original
grains are subdivided into subgrains with low misorientation. The newly formed
subgrains decrease in size and higher misorientation evolves with further strain and
finally the formation of well equi-axed ultrafine grains with high misorientation takes
place at high strain [13, 109]. Park et al. [110] observed the evolution of fairly equi-axed
ferrite grains with an average grain size of ~ 0.2 pm, as shown in Figure 2.40, when
processing low-carbon steel (0.15 wt.% C) by ECAP up to 4 passes using route C. Fukuda
et al. [109] observed the formation of an array of subgrains with low misorientation in
low carbon-steel (0.08 wt.% C) after 1 and 2 passes of ECAP processing using route C.
After 3 passes of the ECAP process, Fukuda et al. [109] observed the evolution of equi-
axed grains with high misorientation and the microstructure becoming homogeneous.
In contrast, Wang et al. [37] observed the evolution of parallel bands of elongated ferrite
grains, as shown in Figure 2.41, when processing low-carbon steel (0.15 wt.% C) by

ECAP up to 10 passes using route C.

Figure 2.40 TEM bright-field image Figure 2.41 TEM bright-field image
showing the microstructure of low- showing the microstructure of low-
carbon steel (0.15 wt.% C) after 4 passes carbon steel (0.15 wt.% C) after 10 passes

of ECAP processing using route C [110]. of ECAP processing using route C [37].

Dobatkin et al. [111] produced a nanocrystalline structure with a mean size of ~
95 nm when processing low-carbon steel, 10G2FT, by HPT up to 5 turns. The pearlite

colonies were elongated and thinned at low strain. It is important to note that during
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pearlite thinning, both the cementite thickness and the interlamellar spacing were
reduced. Further thinning and fragmentation of cementite occurred as the strain
increases [112]. Partial or complete dissolution of the cementite took place at higher
strain as reported by several researchers [39, 113-115].

2.4.2. The strength of ferritic-pearlitic steel processed by SPD

The high strength of SPD-processed materials is documented in the literature. FP steel
processed by SPD exhibited high strength which can be mainly attributed to the
formation of high dislocation density in addition to the reduction of the lamellae spacing
in the pearlite. Wang et al. [37] conducted a tensile test on low-carbon steel (0.15 wt.%
C) processed by ECAP up to 4, 6, and 10 passes. The tensile test results are depicted in
Figure 2.42. It can be seen from Figure 2.42 that both the yield and ultimate tensile
strength increases with the number of passes, and both surpass 1200 MPa after 10
passes. However, the elongation to failure decreases drastically after 4 passes and then
increases again after 6 and 10 passes. Park et al. [110] investigated the tensile test
characteristics of FP steel (0.15 wt.% C) processed by ECAP up to 4 passes and observed
significant increases in both the yield and tensile strength after 4 passes but no strain
hardening was observed during the tensile test. Fukuda et al. [109] studied the tensile
test characteristics of low-carbon steel (0.08 wt.% C) processed by ECAP up to 3 passes
and observed an increase in the ultimate tensile stress, greater than 800 MPa after 3
passes, and a significant increase in the yield strength after 1 pass only but the yield
strength remained constant with further straining as shown in Figure 2.43. Fukuda et al.
[109] compared their tensile test results with results from the literature where low-
carbon steels were ECAP-processed [110, 116]. The elongation to failure in Fukuda et
al’s [109] study is larger than those obtained by other researchers. The authors
ascribed the higher elongation to failure they obtained to the strain path, route B¢, used
during the ECAP processing.
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Figure 2.42 Stress-strain curves of low- Figure 2.43 A plot of 0.2 proof stress and
carbon steel (0.15 wt.% C) samples ultimate tensile stress vs. the equivalent
processed by ECAP up to 4, 6, and 10 strain of low-carbon steel (0.08 wt.% C)
passes via route C [37]. processed by ECAP up to 3 passes [109].

Park et al. [38] studied the tensile characteristics of two low-carbon steel samples:
one with vanadium (CSV) while the second without vanadium (CS). Park et al. [38]
processed the two samples by ECAP up to 4 passes at 623°K using route C. Tensile tests
were conducted on both samples and the results are depicted in Figure 2.44. The yield
and tensile strength of the sample with vanadium (CSV) were higher than those of the
sample without vanadium (Figure 2.44). Moreover, the elongation to failure of the
sample with vanadium (CSV) is larger than that of the sample without vanadium (CS).
The authors attributed the high dislocation density observed in the microstructure of
the CSV sample after ECAP processing to the existence of the vanadium. These
dislocations facilitate the diffusion of the dissolved carbon atoms since they act as easy
and open channels and hence nano-sized cementite particles are formed and uniformly
distributed along the ferrite grain boundaries. The vanadium plays another important
role during the ECAP process; it aids retarding the grain growth of the ferrite grains and
hence smaller ferrite grains were obtained. The authors attributed the improved tensile
test characteristics (Figure 2.44) to the unique microstructure of the CSV processed
sample.
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Figure 2.44 Stress-strain curves of low-carbon steels with vanadium (CSV) and without

vanadium (CS) processed by ECAP up to 4 passes [38].

Dobatkin et al. [111] found out that the microhardness of the low-carbon steel
sample, mentioned in Section 2.4.1, has increased by 3 times when processed at the
ferritic-pearlitic initial state. Bayramoglu et al. [117] conducted a microhardness test on
a low-carbon steel (0.17 wt.% C) sample processed by HPT up to 1, 3, 5, and 6 turns at
300°C. Bayramoglu et al. [117] observed an increase in the microhardness as the
number of turns increased; this increase continued until the fifth turn. After 6 turns, a
reduction in the microhardness was observed and they ascribed this reduction to the
dynamic recovery during the HPT processing at 300°C. Zrnik et al. [39]successfully
conducted both hardness and direct tensile tests on medium-carbon steel (0.45 wt.% C)
processed by HPT up to 6 turns at 400°C. Zrnik et al. [39] observed a significant increase
in the microhardness after 6 turns of HPT processing; however, softening was observed
after the fourth turn. The authors attributed the softening to the dynamic recovery.
Furthermore, an inhomogeneous microstructure and microhardness were observed
regardless of the number of turns. The authors observed that the tensile strength
increased with the number of turns as shown in Figure 2.45. After 6 turns, the tensile

stress reached a value higher than 1700 MPa.
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Figure 2.45 Stress vs. elongation of medium-carbon steel (0.45 wt.% C) processed by HPT
up to 6 turns at 400°C [39].

Ivanisenko et al. [115] measured the microhardness at a distance of 3 mm from
the centre of a pearlitic steel sample (0.6-0.8 wt.% C) processed by HPT up to 7 turns
and found it to be ~ 11 GPa. Cardona et al. [118] processed a low-carbon triple-alloyed
steel (0.2 wt.% C) by HPT up to 5 turns under a pressure of 6 GPa at room temperature.
The authors recorded a microhardness of 400 and 620 Hv at the centre and the edge of
the sample processed up to 5 turns, respectively, as shown in Figure 2.46. After 5 turns
of HPT processing, the microhardness distribution is still inhomogeneous across the
disk and the authors suggested that higher pressure or higher number of turns is

required in order to achieve homogenous microstructure and microhardness across the
disk.
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Figure 2.46 The microhardness (Hv) of the low-carbon triple-alloyed steel processed by HPT up

to 5 turns vs. the distance from the centre [118].
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2.4.3. Severe plastic deformation of ferritic-martensitic steel

Few studies have been conducted to study SPD processing of FM steels. It is well-known
that SPD is very effective in reducing the grain size of most metals and alloys and this
includes FM steels. Grain refinement takes place on both the ferrite phase and the
martensite particles. Two approaches were developed using SPD to produce UFG FM
steel. One approach involves processing FP steel by SPD, or thermomechanical
processing, to obtain UFG ferrite with fine or spherodized cementite, intercritical
annealing for short time (~ 10 min), and quenching to room temperature. The second
approach relies on processing low-carbon steel in its FM initial state by SPD to obtain
UFG FM steel. Calcagnotto et al. [119] used the first approach to produce UFG FM steel
by deforming FP steel samples at different temperatures, 550°C and 700°C, followed by
intercritical annealing at 730°C for 3 min. Following this approach, Calcagnotto et al.
[119] successfully produced fine grained (FG), 2.4 pm, and UFG, 1.2 um, FM steel as
shown in Figure 2.47. Similarly, Son et al. [120] successfully obtained UFG FM steel
using the first approach when processing low-carbon steel by ECAP at 500°C up to 4
passes followed by intercritical annealing at 730°C for 10 min. After ECAP processing, a
ferrite grain size ~ 0.2-0.5 pm with high dislocation density while cementite thinning
and some kind of spheroidisation were observed in the pearlite. After the intercritical
annealing, the ferrite and the martensite had a grain size of 1 um as shown in Figure
2.48.

BREE* S P\

Figure 2.47 SEM images showing the microstructure of (a) coarse grain (b) fine grain and (c)
ultrafine grain FM steel [119].
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Figure 2.48 SEM image showing the microstructure of low-carbon steel (0.15 wt.% C) processed
by ECAP at 500°C up to 4 passes and annealed at 730°C for 10 min [120].

Dobatkin et al. [111] used the second approach to achieve grain refinement in FM
steel by processing two low-carbon steel samples, 09G2S and 10G2FT, in their ferritic-
martensitic initial state by HPT up to 5 turns at 20°C. Dobatkin et al. [111] obtained a
nanocrystalline structure of ~ 65 nm in the case of 10G2FT and even smaller in the case
of 09G2S. The microstructure was characterised by the presence of oriented cellular

nanostructures with individual equi-axed nano-grains.

2.4.4. The strength of ferritic-martensitic steel processed by SPD

Coarse-grained FM steel is characterised by a high stress rate at the initial stage of the
deformation and relatively high uniform elongation. The ability of SPD to produce UFG
FM steel with similar tensile characteristics as those of coarse-grained FM steel
counterparts was investigated by several researchers. Calcagnotto et al. [119]
conducted a tensile test on two materials, FG and UFG FM samples, mentioned in
Section 2.4.3. The corresponding stress-strain curve is depicted in Figure 2.49.
Surprisingly, the stress-strain curves of the fine and ultrafine grained FM steels still
have the same tensile characteristics as those of the coarse grained FM steels:
continuous yielding and high initial strain hardening rate. Also, there is a significant
increase in the yield and tensile strength of the fine and ultrafine grained FM steel

samples.
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Figure 2.49 Stress-strain curve of coarse grained (CG), fine grained (FG), and ultrafine grained
(UFG) FM steel (0.17 wt.% C) [119].

Similarly, ultrafine-grained FM steels containing different amounts of vanadium
processed by ECAP up to 4 passes exihibited different stress-strain behavior than the
SPD-processed materials [120]. The stress-strain curve of the ultrafine grained FM steel,
in Son et al.’s [120] investigation, was characterised by high strain hardening rate at the
initial stage of the deformation which is similar to the behavior of coarse-grained FM
steel as shown in Figure 2.50. Furthermore, ultrafine-grained FM steel tends to exihibit
elongation to failure similar to its coarse-grained dual phase steel counterpart.
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Figure 2.50 Engineering stress-strain curve of FM (or dual-phase ) steel containing

different amounts of vanadium [120].
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Dobatkin et al. [111] conducted a microhardness test on two low-carbon FM steel
samples, 09G2S and 10G2FT, processed by HPT at room temperature up to 5 turns.
Dobatkin et al. [111] found that the microhardness of the two FM samples has increased
by 1.5-2 times compared to the initial microhardness.

When the SPD-processed sample is relatively large, similar to ECAP-processed
samples, it is easy to study the tensile characteristics such as yield strength, ultimate
tensile, and elongation to failure by conducting direct tensile tests. However, when the
processed sample is small, similar to HPT-processed samples, it becomes difficult to
conduct direct tensile tests and instead most researchers conduct microhardness tests
across the HPT sample. Furthermore, researchers often relate the microhardness (Hv)
to the yield strength (oy) through the empirical relationship, also known as Tabor
relationship [121]:

Hv = Croy 2.24

where Cr is constant. Different Ct values in the literature have been suggested by
several researchrs. Tabor [121] suggested a value of 2.9 for Ct in Equation 2.24 when
steel was investigated. Cahoon et al. [122] and Zhang et al. [123] suggested a value of 3
and 3.5 for Cr when steel was investigated, respectively. Speich and Warlimont [124]
suggested a higher value, ~ 4, for Ct when low-carbon martensitic steel and Fe-Ni alloys

were investigated.

2.4.5. Severely plastically deformed FM steel tempered at different
temperatures

There are few studies in the literature investigating the tempering process of severely
plastically deformed FM steel. In this section, a breif explanation of some of these
studies will be presented. Tsuji et al. [125] cold-rolled a martensitic steel (0.13 wt.% C)
up to 50% reduction in thickness, and then tempered the rolled martensitic sample at
773°K for 1.8 ks. The authors used TEM to study the microstructure of the tempered
sample and observed that the microstructure was characterised by equi-axed and
ultrafine grains at this high temperature as shown in Figure 2.51. The structural
element had a mean size of ~ 180 nm.
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Figure 2.51 TEM bright-field image showing the microstructure of tempered martensitic steel
(0.13 wt.% C) at 773K for 1.8 ks. [125].

Lan et al. [126] cold-rolled a martensitic steel (0.17 wt.% C) up to 50% reduction
in thickness, and then tempered the rolled martensitic sample at 450°C to 650°C for 60
min. The authors used TEM to study the microstructure changes during the tempering
process at different temperatures. When tempering at 450°C, the lath structure
observed in the as-rolled martensitic steel sample could no longer be seen (Figure
2.52a) and no significant changes in the dislocation density and dislocation cells sizes
were observed. The authors also observed an evolution of equi-axed grains with sharp
grain boundaries when tempering at 550°C as shown in Figure 2.52b. Furthermore, fine
cementite particles formed (indicated by arrows in Figure 2.52b) at this tempering
temperature.

Figure 2.52 TEM bright-field image showing the microstructure of the martensitic cold-rolled
sample (0.17 wt.% C) tempered at (a) 450°C and (b) 550°C for 60 min [126].
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Astafurova et al. [127] processed martesitic steel sample (0.1 wt.% C), quenched
from 1180°C, by HPT up to 5 turns. Later, the HPT-processed martensitic sample was
tempered at 500°C for 1 hr. The authors studied the microstructure of the tempered
sample using TEM and observed almost complete recovery of the martensitic structural
element, such as lath (Figure 2.53). The authors observed that the structural element
had semi equi-axed subgrains/grains with a mean size of 150 to 300 nm. The authors
also observed grain growth in several regions and two different types of carbide were
formed at this tempering temperature. The authors claimed that the long-range stress,
observed in the as-deformed sample, was completely relaxed.

Figure 2.53 TEM bright-field image showing the microstructure of martensitic steel processed

by HPT up to 5 turns and annealed at 500°C. The arrows are pointing to carbide particles. [127].

2.4.6. The strength of SPD-processed FM steel tempered at different
temperatures

Tsuji et al. [125] conducted a tensile test on the martensitic steel sample rolled up to
50% reduction in thickness (Section 2.4.5) and tempered at different temperatures. The
sample tempered at 773°K to 823°K had a combination of good strength and good

elongation as shown in Figure 2.54.
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Figure 2.54 Stress-strain curves of martensitic steel samples (0.13 wt.% C) rolled up to 50%

reduction in thickness and tempered at different tempering temperatures for 1.8 ks [125].

Lan et al. [126] conducted a microhardness test on the martensitic sample that
was rolled up to 50% reduction in thickness (Section 2.4.5) and tempered at different
temperatures. The results of the microhardness test are depicted in Figure 2.55. It can
be seen from Figure 2.55 that the hardness was preserved up to 550°C and then started
to drop quickly. Astafurova et al. [127] measured the hardness in the as-deformed
sample as 8.6 GPa while it was 7.4 and 5.1 GPa in the tempered sample at 400°C and
500°C, respectively.
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Figure 2.55 The microhardness (Hv) of martensitic steel samples (0.17 wt.% C) rolled up to
50% reduction in thickness and tempered at different temperatures vs. the tempering

temperature [126].
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2.5 Nanoindentation

Over the last ten years, the nanoindentation technique has become an important tool to
study and characterise the mechanical properties of individual phases in an alloy. In this
section, the basic principle of nanoindenation will be briefly discussed. In addition, the
common phenomenon of indentation size effect (ISE) which is often observed during

nanoindentation tests will also be discussed.

2.5.1. The basic principle of nanoindentation

During a nanoindentation test, a predefined load is applied on a diamond indenter that
is in contact with a test sample. The indenter is pushed into the sample until a
predefined maximum load or depth is reached. The maximum load is kept constant for a
few seconds and then the indenter is withdrawn. The indenter can be of different
geometries, such as conical or spherical. The three-sided Berkovich indenter is often
used in nanoindentation tests due to its ability to produce well-defined plastic
deformation during a test. The loads and their correspondent depths of penetration
(also known as displacements) are simultaneously recorded and a load-displacement
curve is generated (Figure 2.56) [128, 129]. Oliver and Pharr [128] used the contact
area at load (Ac) instead of the residual projected area (Ares) after complete withdrawn
of the indenter when calculating the nanohardness of a tested sample. The authors
estimated the contact area at load (Ac) from the load-displacement curve that is
generated during the nanoindenation test (for complete derivation of A. from load-

displacement curve see [128]).
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Figure 2.56 A typical load-displacement curve that is generated during nanoindentation test

[128].

Using Oliver and Pharr method [128], the nanohardness of a tested sample can be found
as follows:

HY = 2.25

where Py ,x is the load at peak. The Oliver and Pharr method [128] is a very useful
method to estimate the nanohardness of a tested material from the load-displacement
curve without the need to image the residual projected area after the complete
unloading of the indenter. However, while the Oliver and Pharr method [128] is simple
and has been widely adopted for estimating the nanohardness, it has two limitations:
first, the method only incorporates the Berkovich indenter and to the neglect of other
indenter geometries, such as spherical indenters, and second, the method accounts only
for the sink-in process at the contact periphery and does not account for possible pile-
up processes in soft materials. In 2004, attempts were made to expand the application
of the method to include spherical indenters, as well as to account for pile-up processes
[129].
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2.5.2. Indentation size effect

Several researchers [130-132] have observed that nanohardness increases as
indentation depth decreases during nanoindentation tests, which is known as the
indentation size effect (ISE). Nix and Gao [130] proposed a model to relate hardness to
indentation depth h using the concept of GNDs, while taking into account SSDs as well.
The authors assumed that circular loops of GNDs are generated when an indenter is
pushed into a sample. The GNDs in Figure 2.57 have a Burgers vector b that is normal to
the plane of the surface.

—— O e——

Figure 2.57 Schematic illustration showing the configuration of geometrically necessary
dislocations when a conical indenter is pushed into a sample during a nanoindenation
test [130].

In Figure 2.57, the angle between the surface of the conical indenter and the plane of the
surface is denoted as 6ing, the radius of the contact area as aing, and the displacement of
the indenter as h. Nix and Gao [130] assumed that the individual dislocation loops are
equally spaced (Figure 2.57), and hence, the space between two adjacent dislocation

loops (s) can be found from the following relation:
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tan6 _ h _ b _ baind
anf,q = T =3 ,S = 5 2.26
Accordingly, Nix and Gao [130] derived the density of the GNDs as follows:
3 2
PGND = ﬂtan Bind 2.27

Using the Taylor relation, the shear strength was estimated as follows [130]:

T = pGb./pgnp + Pssp 2.28

where pgnp is the density of the geometrically necessary dislocations, pssps is the
density of the statistically stored dislocations, and the other parameters are as defined
in Equation 2.16. Nix and Gao [130] assumed that the von Mises flow rule is valid

(6 = +/31), using a value of 3 for Tabor’s factor to convert the flow stress to hardness:

HY =30 2.29

Using Equation 2.26 to Equation 2.29, the hardness of the indented sample was

estimated as follows [130]:

HY 1+ a 2.30

H, h '
Where

H, = 3vV3uGh./pssp 2.31

where H, is the hardness (depending only on SSDs), and
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It is clear from Equation 2.27 and Equation 2.30 that both the density of the GNDs and
nanohardness are inversely proportional to indentation depth. Qian et al. [131]
conducted nanoindentation tests on fused silica, copper, stainless steel, nickel, and
titanium and observed the ISE of all of these materials (except the fused silica). Qian et
al. [131] attributed the ISEs observed during the nanoindentation tests to two factors:
one, the contact area at peak load Ac is always smaller than the residual projected area
Ay, and two, the assumption was made by the authors [128] that the elastic part of the
unloading curve (in the load-displacement curve) that describes the elastic/plastic
indentation process was imprecise. When the authors [131] compared the results of the
microhardness and the nanoindenation tests, they found that the nanoindenation

results were 10% to 30% higher than those obtained from the microhardness tests.

2.5.3. Characterization of SPD-processed steels by nanoinentation technique

It is well-known that the nanoindentation technique is very useful tool to study the
behaviour or response of one particular phase when there are more than one phase in
an alloy. From this point and up in this thesis, the term “nanohardness” will be used for
the hardness obtained by the nanoindentation technique while the term
“microhardness” will be used for the hardness obtained by the Vickers microhardness
test. Hayashi et al. [133] tempered a martensitic steel (0.16 mass.% C) at 200°C to 500°C
and conducted a nanoindentation test on these tempered martensitic steel samples.
The authors observed that the nanoindent in the ferrite had a larger size than that in
martensite (Figure 2.58) which suggested that the martensite resisted the deformation
more than the ferrite did. The authors also observed several discontinuities, or pop-ins,
in the load-displacement curve of the ferrite: they [133] attributed the pop-in behaviour
to dislocation nucleation in a dislocation-free zone (Figure 2.59). The authors [133]
measured a nanohardness of 2.8 and 7.2 GPa for the ferrite and martensite , respectively

, in the martensitic sample tempered at 200°C.
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Figure 2.58 Load-displacement curves of Figure 2.59 A magnified parts of the load-
ferrite and martensite in a martensitic steel displacement curves of ferrite and martensite
(0.16 mass% C) tempered at 350°C [133]. in a martensitic steel (0.16 mass% C)

tempered at 350°C [133].

Ghassemi-Armaki et al. [134] studied the microstructure and properties of a
martensitic steel sample tensile tested up to a strain of 0.5, 5.0, and 7% using TEM, SEM,
tensile tests, nanoindentaion tests, and micropillars compression tests. Ghassemi-
Armaki et al. [134] observed inhomogeneous distribution of nanohardness in the ferrite
where the nanohardness of the ferrite close to the ferrite/martensite interface was
higher than that of the ferrite at the centre of the grain in the as-received sample. The
authors attributed the high nanohardness of the ferrite close to the ferrite/martensite
interface to the existence of high number of GNDs at the ferrite/martensite interface
resulted from austensite-to-martensite transformations. The authors measured a mean
nanohardness of 2 GPa for the ferrite in the as-received sample and this nanohardness
increased to 3.5 GPa in the sample tensile tested up to 7%. The authors observed that
the ferrite at the grain centre hardened with strain up to 7%, while the ferrite close to
the ferrite/martensit interface softened with strain. The authors believed that the GNDs
at the ferrite/martensite interface were mobile, and hence, glided to the centre during
the deformation where they interacted with the immobile dislocations.

Fereiduni and Banadkouki [132] studied the effect of the ferrite volume fraction
and morphology on the mechanical properties of the ferrite in a dual-phase steel (0.38
wt.% C). Instead of direct quenching, they isothermally held the samples at 600°C for
20, 30, and 45 sec and then oil quenched the samples. Later, all the samples were
tempered at 600°C for 30 min. Holding the sample for a small period of time, 20 sec,
resulted in a small fraction of ferrite and fine ferrite grains. Increasing the holding time
to 30 and 45 sec resulted in higher fraction of ferrite and a mixture of polygonal and
quasi-poloygonal ferrite. Fereiduni and Banadkouki [132] recorded a nanohardness of
481, 416, and 387 Hv for the samples held at 600°C for 20, 30, and 45 sec, respectively.
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The authors added that these nanohardness values were overestimated due to the so-
called indentation size effect (ISE). The authors concluded that holding the sample at
600°C for just 20 sec resulted in a thin layer with fine grains of ferrite and high fraction
of martensite, 93%, which in turn yielded the highest nanohardness, 481 Hv.

Taylor et al. [135] studied the validity of the nanohardness as a reliable technique,
such as the Vickers microhardness, to investigate the properties of a material in eight
carbon-steel alloys. All these steel alloys were in the FM initial state and had different
chemical compositions. The difference in the chemical composition in these steel alloys
resulted in variation in the microstructure such as ferrite grain size, martensite islands
sizes, and the volume fraction of each phase (ferrite and martensite). The authors
averaged 225 nanoindentation measurements in each steel alloy and considered it as
the average nanohardness of the alloy. The nanoindentation measurements close to the
ferrite/martensite interface were excluded when calculating the individual
nanohardness of the ferrite and martensite. The authors conducted a Vickers
microhardness test on each steel alloy and came up with a good relation between the
nanohardness, obtained by nanoindentation, and the Vickers microhardness of each
material (Figure 2.60), which suggested that nanoindention is a reliable technique in
studying the properties of a material. The authors also observed a good relation
between the yield strength (YS) of each steel alloy, obtained by tensile test, and the
nanohardness of the ferrite, obtained by the nanoindentation, as shown in Figure 2.61.
They [135] claimed that the good relation between the YS and ferrite nanohardness
(Figure 2.61) is consistent with the general notion that the ferrite governs the yielding

behaviour in dual-phase steels.
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Figure 2.60 The relation between the Figure 2.61 The relation between the YS
nanohardness and the Vickers and the ferrite nanohardness of eight
microhardness of eight steel alloys with steel alloys with different chemical
different chemical compositions [135]. compositions [135]
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2.6 XRD line profiles analysis

The microstructure of a material can be investigated by direct methods such as SEM or
TEM, or by indirect methods such as XRD line profiles analysis [136]. During the last
few decades, it was proven that XRD line profiles analysis (XLPA) is a useful tool when
studying the microstructure of a material and especially nanocrystalline materials.
Assuming that line broadening occurs mainly due to size, strain, and instrumental
broadening, the instrumental broadening removal is the first step in the analysis to
make sure that the broadening is solely due to the structure (size and strain). Two
common methods are usually used in the XRD line profiles analysis (XLPA). The first
method is based on the full width at half maximum (FWHM) or the integral breadth
(Williamson-Hall method) [137] while the second is based on the Fourier coefficient of
the profile (Warren-Averbach method) [138].

Recently, novel software was developed based on the ab initio theoretical
functions to evaluate the size and strain contributions in a broadened profile [136, 139,
140]. The software is called Multiple Whole Profile-fit (MWP-fit). In the following
sections, a brief discussion will be given for the Williamson-Hall method and the MWP-
fit.

2.6.1. Williamson-Hall method

Guinier [141] established the well-known relationship when he assumed that line

broadening is due to finite crystallite size and negligible strain broadening:

_ nA
(thvol = FWHM + COS@ 2.33

where (t),o is the volume-weighted mean column-length, 7 is a constant taken as 0.9
for spherical crystallite shape, 8 is Bragg-angle of reflection hkl, and A is the wavelength

of X-ray. Stokes and Wilson [142] defined the maximum strain (e) as:

,BD

= 2.34
¢ 4tanf

67



Literature Review (XRD line profiles analysis) K. Husain (2015)

where BP is the breadth due to strain. When the line broadening is due to size (85) and
strain broadening, the linear addition rule of the two broadening contributions (size
and strain) is often considered [142]:

B =pB5+pP 2.35

Equation 2.35 is strictly applied when both the size and strain profiles have the
Lorentzian shape. Based on the fact that the size and strain are diffraction-order-
independent/dependent in the reciprocal space, respectively, Williamson and Hall
proposed the following relation [137]:

09
<t)vol

AK + 2 (e2)1/2K 236

where AK = cos0.4(20)/4, A(20) is the FWHM of the diffraction peak (in radians),
(2)'/2 is the mean-square strain, K = 2sinf /1. When plotting AK vs. K (in Equation
2.36), it is possible to separate the two broadening contributions (size and strain) from
each other. A straight line is obtained when the datum points are fitted in the classical
Williamson-Hall plot [137]. The intercept of the straight line with the y-axis (4K) is
(0.9/(t)01), while the slope of the straight line is the mean-square strain. A classical
Williamson-Hall plot of an extruded copper is depicted in Figure 2.62 [143].

0,04
Extruded o
0,03-
[— [n]
E 0,021 . s
v o
< 0,01
200 311 400
111 220 222
0,00 r T . T
0 3 6 9 12
K[ 1/nm]

Figure 2.62 The classical Williamson-Hall plot of an extruded copper sample [143].
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Williamson and Hall proposed their relation (Equation 2.36) based on two
assumptions: linear addition of the size and strain is valid and the mean-square strain
((¢2)1/2) is independent of the crystallographic orientation [137]. It has been shown
that neither the FWHM nor the integral breadth in the classical Williamson-Hall plot are
monotonous function of K (Figure 2.62) and this phenomenon is referred to as strain
anisotropy. Assuming the main source of the strain broadening is dislocations, Ungar
and Borbely [144] accounted well for the strain anisotropy by introducing the
dislocation contrast factor, C. Ungar and Borbely [144] proposed a relation which is also
known as the modified Williamson-Hall relation and has the following form [144]:

1
= + AKC? + 0(K2C) 2.37
<t)vol

AK

where A is a constant that depends on the arrangement and density of dislocation, C is
the average contrast factor of dislocations, and O stands for higher order terms in K2C.
For an untextured material having cubic structure, the average contrast factor of

dislocations (C) can be calculated according to the following relation [145]:
C = Cpoo(1 — qH?) 2.38
where

,  hZk? + h21% + k212
T (R + K2+ 12)2

2.39

where Cjq is the average dislocation contrast factor for the h00 reflection, g is a
constant depending on the type of dislocations (edge or screw). For steel, Cjoq is
numerically calculated and found to be ~ 0.3 for edge and screw dislocation while g ~
1.28 and 2.67 in the case of edge and screw dislocation, respectively [146]. Neglecting
the higher order terms in Equation 2.37 and assuming a Gaussian peak profile shape
exists, AK? equals the sum of the squares of the first and second terms in the right side
of Equation 2.37. Then, inserting Equation 2.38 in the quadratic form of Equation 2.37

and rearranging will yield the following relation:
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(AK)?—§  —
—xz - ACroo(1 — qH?) 2.40
where & = ( 2 )2. Thus, the value of g can be determined from the measured profile

(t)vol

according to Equation 2.40. The intercept of the linear regression, obtained when
plotting the left hand side of Equation 2.40 vs. H?, with the x-axis yields 1/q. The strain
anisotropy in Figure 2.62 (where 4K is not a monotonous function of K) is well
accounted for when the average contrast factor of dislocations, C, has been introduced

and perfect fit was obtained as shown in Figure 2.63.
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Figure 2.63 The modified Williamson-Hall plot of an extruded copper sample [143].

2.6.2. Multiple Whole Profile-fit

Recently, a computer program called MWP-fit has been developed to study the
microstructure of a sample [136, 139, 140, 146]. Before using the MWP-fit program,
input files should be prepared by a special program called MKDAT [139, 140] which has
been specially designed for this purpose (preparing the input files). Each input file
includes one hkl reflection since the MWP-fit program uses individual hkl reflection
during the fitting process. The input files preparation process includes: instrumental
correction, background subtraction, transformation from 26 to K (K = 2sin6/4), and
overlapped peaks separation (for details see [139]). During the fitting process, the
measured intensities of each hkl reflection in the pattern are Fourier transformed and
normalized according to the maximum intensity. Later, they are fitted by the theoretical
Fourier coefficients (product of the size and strain Fourier coefficients), for further

details see [139]. During the fitting process, the crystallite is assumed to have a
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spherical shape and log-normal size distribution functions while strain broadening is

mainly due to dislocations. The user of the MWP-fit program should provide the

following: the crystal structure of the material, the lattice constant, the Burgers vector,

and Cpgo. After the fitting process, the program (MWP-fit) provides the user with the

fitting result. The result includes: the median (m), the variance of the size distribution

(ov), the outer cut-off radius (R.), the dislocation density (p), and the parameter of the

dislocation contrast factor (g). A plot showing the measured and the theoretical fitted

Fourier transformed profiles is given in the results which gives an indication of the

fitting accuracy as shown in Figure 2.64.
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Figure 2.64 A plot showing the measured and fitted Fourier transformed profiles for a severely

deformed copper sample vs. the Fourier variable (L). The graph was plotted by the MWP-fit

program [139].

Wilkens [147, 148] introduced the dislocation arrangement parameter (Mpis) which can

be obtained from the relation:

Mp;s = Re\/E

71

2.41



Literature Review (XRD line profiles analysis) K. Husain (2015)

where R, is the effective outer cut-off radius of dislocations. Wilkens [148] suggested
that the correlation in the dislocation distributions is strong when the dislocation
arrangement parameter (Mpis) has a small value while the correlation is weak when Mpis
has a large value. The area weighted mean crystallite size value ({(X),rea) can be
calculated according to the relation [149]:

(X)area = m.exp(2.502) 2.42

2.6.3. Characterizaion of severely plastically deformed steels by XLPA

There are several XLPA methods such as Williamson-Hall, Warren-Averbach, and
Multiple Whole Profile (MWP) fitting. The Williamson-Hall method is a simple and
direct method so has been used widely in the literature while both Warren-Averbach
and MWP are indirect methods and contain complexity to a large extent. Chacraborty et
al. [150] cold-drew pearlitic steel (0.8 wt.% C) up to a strain of 1.4 and investigated the
microstructure using XRD. The cementite reflections were detected during the XRD test
and this can be attributed to the high volume fraction of cementite in the investigated
sample. However, the cementite peaks became weak with increasing strain suggesting
that the cementite dissolution increases with strain. Chacraborty et al. [150]
successfully used Rietveld analysis to study the cementite dissolution during the
drawing process and concluded that the cementite dissolution was more than 50% at a
drawing strain of 1.4. The lattice parameter did not change with strain which suggests
that the carbon atoms which left the cementite did not occupy the interstitial sites in
ferrite to form solid solution. The authors used the modified Williamson-Hall method to
determine the dislocation density and the nature of the dislocation evolved during the
drawing process. The authors successfully eliminated the strain anisotropy observed in
the classical Willamson-Hall plot (Figure 2.65) by introducing the dislocation contrast
factor or plotting the so-called modified Williamson-Hall plot (Figure 2.66). The authors
determined the dislocation density in the ferritic-pearlitic sample cold-drawn up to a
strain of 1.4 as 8x101> m-2 while the fraction of the screw dislocation was found to be
60%.
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Nedjad et al. [151] processed Maraging steel, in the FM initial state, by equal
channel angular pressing (ECAP) up to 4 passes at room temperature using route Bc.
Nedjad et al. [151] conducted XRD test on the deformed Maraging steel and only ferrite
reflections were detected during the test, while no martensite reflections were detected
and this can be attributed to the low fraction of martensite in the investigated sample.
The authors used the Williamson-Hall method in the analysis and observed strong
anisotropy when plotting the classical Williamson-Hall plot as shown in Figure 2.67. The
authors accounted for the strain anisotropy that was observed in the classical
Williamson-Hall plot (Figure 2.67) by introducing the dislocation contrast factor and an
improved linear dependency was obtained as shown in Figure 2.68. The authors studied
the nature of the dislocations evolved during the ECAP processing and concluded that
the screw dislocation was prevailing during the ECAP processing and they attributed
this dominance to the easy annihilation of edge dislocation during the early stages of

deformation.
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Figure 2.67 The classical Williamson-Hall Figure 2.68 The modified Williamson-Hall
plot of Maraging steel processed by ECAP plot of Maraging steel processed by ECAP
up to 4 passes using rout B¢ [151]. up to 4 passes using rout B¢ [151].
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Sarkar et al. [100] processed an interstitial-free (IF) steel (0.0027 wt.% C) by
ECAP up to 4 passes using rout A. Sarkar et al. [100] used the Williamson-Hall and the
variance method to study the microstructure of the processed IF steel. The authors
observed a decrease in the crystallite size with the strain (Figure 2.69), while an
increase in the dislocation density with the strain (Figure 2.70).
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2

Crystallite size (nm)

Strain strain
Figure 2.69 The crystallite size (nm) of an Figure 2.70 The dislocation density (m-2)
IF steel processed by ECAP up to 4 passes of an IF steel processed by ECAP up to 4
vs. the strain [100]. passes vs. the strain [100].

The Williamson-Hall method is a very useful tool to qualitatively study the
microstructure of a material and particularly the volume-weighted mean column length.
The Williamson-Hall method has been used widely in the literature due to its simplicity
[100, 150, 151]. However, the strain constant in Equation 2.37 depends on both the
outer cut-off radius and the dislocation density and not only on the dislocation density.
The researchers using the Williamson-Hall method often assume a value for the outer
cut-off radius which, in reality, leads to a high possible error associated with the value
of the dislocation density calculated following this strategy. In order to obtain more
reliable value of the dislocation density, it is preferred to use a method based on the

Fourier transform such as Warren-Averbach or MWP method.
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2.7 Summary of literature review

In Section 2.1, the principles of the ECAP and ARB were briefly explained whereas the
principle of the HPT was explained in more details since it is the processing method
used in the current study. The different types of HPT and the experimental parameters
that affect the HPT process were also briefly discussed. Reviewing several studies in the
literature that study the thermal stability of severely plastically deformed materials and
the application of SPD processed materials were also conducted in this section. The
characteristics and the strength of the different types of steels (FP, FM, and tempered
steel) were explained in Section 2.2. The various strengthening mechanisms contribute
to the strength of steels and the three models explaining the dependency in the Hall-
Petch relation are discussed in Section 2.3. Also the three approaches for modelling the
strength of the severely plastically deformed materials were reviewed in Section 2.3
and accordingly this section was considered to be the base for the strength/hardness
model proposed in the current study. Examples of severely plastically deformed steels
such as FP, FM, and tempered steels were presented in Section 2.4. In the same regard,
the strength of these severely plastically deformed steels was also discussed in this
section. The basic principle and the importance of the nanoindentation technique in
characterising the properties of the individual phases in an alloy were discussed in
Section 2.5. In Section 2.6, two methods of the X-ray line profiles analysis were
presented and some examples of severely plastically deformed steels characterised by

these methods were given.

Determining the dislocation density in a microstructure that is characterised by
high dislocation density and ill-defined grain boundaries using transmission electron
microscopy is almost impossible. In this case, using line profiles analysis to determine
the dislocation density becomes necessary. However, a deep understanding of the
concept behind these XPLA methods is needed to obtain reliable results. The HPT
processing of steel samples results in significant increase in the strength of the
processed samples but no model was proposed yet to predict the increase in the
strength after the HPT processing using the dislocation density obtained by the XLPA.
There is also a lack of information on modelling the strength of tempered FM steel

originally deformed by HPT.
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CHAPTER 3

3. Experimental work

3.1 Material

A hot rolled low-carbon steel strip obtained from Tata Steel was used in this
experiment. The chemical composition of the material is given in Table 3.1. The
finishing rolling temperature for the low-carbon steel strip was 840°C followed by air
cooling for 8 sec and finally water quenching to the coiling temperature of less than
2500C. The final product is a dual phase (ferritic-martensitic) steel strip. Furthermore,
the as-received FM steel strip was annealed at 1100°C for 90 min then air cooled to

room temperature. The annealed strip has a ferritic-pearlitic microstructure.

Table 3.1 The chemical composition (wt.%) of the material used in the current work.
C Si Mn P S Al N Fe
0.1 0.1 1.55 0.015 0.005 | 0.045 | 0.003 | balance

3.2 HPT processing and tempering

For all HPT processing, the disk samples were machined from the rolled and/or heat
treated steel (at 1100°C for 90 min). Each disk sample had a diameter of 10 mm and a
thickness of 1.2 mm. The samples were mechanically ground until the target thickness
was reached. The samples and the two anvils of the HPT tool were carefully cleaned
with alcohol. HPT processing was conducted using the HPT facility at the University of
Southampton, Figure 3.1.
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Figure 3.1 HPT facility at the University of Southampton [152].

3.2.1. Processing FP and FM samples
The FP and FM samples were mechanically ground to reach a final thickness of 1mm.

The FP and FM samples were then processed by HPT at room temperature under a

pressure of 6 GPa up to 1, 4, and 10 turns.

3.2.2. Tempering the FM processed samples at different temperatures

The FM processed samples were tempered at different temperatures for different
tempering times as described in Table 3.2. Later, the tempered samples were air cooled

to room temperature.

Table 3.2 Tempering parameters (temperature and time) used in the current study.

Sample Tempering temperature (°C) | Tempering time (min)
FM processed 150 and 250 120
samples 350, 450, and 550 90
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3.3 Hardness: Microhardness and nanoindentation tests

3.3.1. Microhardness test of the FP samples

The FP samples were manually ground up to 4000 grit using SiC paper and polished to a
mirror-like state using a 1 pm diamond disk. Microhardness measurements were taken
across the disk using 300g force and a dwell time of 15 sec. Three measurements were

recorded for each position and the average of these three measurements was calculated.

3.3.2. Microhardness test of the FM samples and FM processed samples
tempered at different temperatures

The as-received, FM samples, and FM processed samples tempered at different
temperatures (150°C to 550°C) were prepared and tested under the same conditions
mentioned in Section 3.3.1. A second microhardness test was performed on the FM
samples processed up to 1, 4, and 10 turns to measure the microhardness of the
individual phases (ferrite or martensite). In this test, the as-received and FM samples
were mechanically prepared then etched with 2% nital for 45 to 60 sec. Only a 10 g load
and dwell time of 15 sec were used for the test. With the aid of the FM-300
microhardness testing machine and using the etched samples, each phase was
individually indented at the centre and the edge of the investigated samples. Three

microhardness readings were taken and the average of these readings was calculated.

3.3.3. Nanoindentation test of the FP samples

The sample annealed at 1100°C for 90 min (FP undeformed sample) and the FP
processed samples were prepared for the nanoindentation test by following the same
procedures mentioned in Section 3.3.1, then etched with 2% nital for 40 to 60 sec. The
nanoindention test was conducted using the Micro Materials Ltd. Vantage System
nanoindentation device, at the University of Southampton (Figure 3.2). A three-sided
pyramidal Berkovich indenter was used in the test. For the test, an initial load of 0.01
mN was applied with a loading/unloading rate of 1.0 mN/s. Once the maximum load is
reached, it was held for 30 sec. During the nanoindenation test, a maximum depth of

500 and 350 nm was set for the ferrite and pearlite, respectively. The Oliver and Pharr
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method [128] was used in all indentation tests to calculate the nanohardness. Eight
individual indentations were made on each phase (ferrite or pearlite) of the sample
annealed at 1100°C for 90 min (FP undeformed sample) and the FP samples processed
up to 1 and 4 turns. The eight indentations were made at the edge (4 mm from the
centre) of the FP processed samples, whereas they were randomly made for the sample
annealed at 1100°C for 90 min (FP undeformed sample). The indentations that fell in
the required phase were included in the analysis, while those falling between the two
phases were rejected. Furthermore, any indentation with an inconsistent load-
displacement curve was excluded as well. Based on this criteria, the nanohardness of
each phase was taken as the average of six out of eight indentations. A matrix of 2x4
indentations were made at the edge (4 mm from the centre) of the FP sample processed
up to 10 turns. Among the eight indentations in the matrix, five were found in the ferrite
matrix. The average of the ferrite nanohardness in the FP sample processed up to 10
turns was taken as the average of these five indentations. During the nanoindentation
measurement, overlapped plastic zones were avoided by leaving a relatively large
distance (40 um) between any two adjacent indentations.

Figure 3.2 Micro Materials Ltd. Vantage System nanoindentation device, at the University
of Southampton [153].
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3.3.4. Nanoindentation test of the FM samples

The as-received and the FM processed samples were prepared for the nanoindentation
test by following the same procedures descibed in Section 3.3.2. The nanoindention test
was conducted using the NanoTest system nanoindentation device, at the University of
Southampton. For the test, an initial load of 0.03 mN was applied with a
loading/unloading rate of 0.5 mN/s. Once the maximum load is reached, it was held for
10 sec. The maximum load was 100 mN and a 7 x 7 matrix of indentations was made at
a distance of 3 mm from the centre yielding 49 indentations on each tested sample.
Overlapped plastic zones were avoided by leaving enough distance, ~ 30 um, between

any two adjacent indentations.

3.3.5. Nanoindentation test of the FM processed samples tempered at different
temperatures

The nanoindentation test of the FM sample processed up to 4 turns and tempered at
2500°C and 350°C was performed under the same conditions mentioned in Section 3.3.3.
Eight individual indentations were randomly made on the ferrite at the centre of the
samples tempered at 250°C and 350°C. The average nanohardness of the ferrite in the
investigated samples was taken as the average of six out of eight indentations (see also
Section 3.3.3). A matrix of 2x4 indentations were made at the edge (4 mm from the
centre) of the samples tempered at 250°C and 350°C. The overall nanohardness of the
investigated samples was taken as the average of the eight indentations in the matrix.

3.4 Optical and Scanning Electron Microscopy

Samples for optical and scanning elelctron microscopy, were prepared under the same
conditions mentioned in Section 3.3.1 and subsequently etched with 2% nital for 40 to
60 sec. The SEM device used is a JSM 6500F thermal field emission scanning electron
microscope at the University of Southampton. The SEM device has an accelerating
voltage of 0.5 to 30 kV and a magnification up to 500,000. Secondary Electron Imaging

(SEI) mode was used for the microstructure investigation.
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3.5 Transmission Electron Microscopy

For TEM investigations, the as-received and FM samples processed up to 1, 4, and 10
turns were mechanically ground to a thickness of about 50-70 pum. All of the
investigated samples were cut out to disks having a diameter of 3 mm. The samples
were electropolished using a twin-jet polishing facility using a solution of 5% perchloric
acid and 95% of methanol at -40°C and a voltage of 40 V. After thinning, a Jeol 3010
transmission electron microscope, shown in Figure 3.3, operating at 300 kV was used to
examine the prepared foils. Selected area diffraction (SAD) patterns were recorded

using an aperture with a diameter of 1.75 um.

Figure 3.3 Jeol 3010 transmission electron microscope, University of Southampton [154].

3.6 X-ray diffraction

XRD profiles for the as-received, the sample annealed at 1100°C for 90 min (FP
undeformed sample), all processed samples (FP and FM), and tempered samples were
recorded using a Rigaku SmartLab X-ray diffractometer at the University of
Southampton (Figure 3.4 and Figure 3.5). The Rigaku SmartLab X-ray diffractometer is
equipped with Cu K¢ radiation of 0.154 nm wavelength. The XRD patterns were
recorded from 20 = 40° to 120° with a step size and scan speed of 0.02° and 2 deg/min,
respectively. However, a scan speed of 1 deg/min was used in the case of the as-
received and FM samples scanning.
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Figure 3.4 Rigaku SmartLab X-ray diffractometer, at the University of Southampton [155].

Figure 3.5 Rigaku SmartLab X-ray diffractometer from inside, at the University of Southampton
[156].
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CHAPTER 4

4. Results and analysis

4.1 HPT processing

Since the hardness of the as-received sample is high (~ 206 Hv), slippage is likely to
occur during the HPT process, especially when processing under low pressure.
Therefore, two primary tests were conducted to investigate any possible slippage that
may occur during the experiment. In the first test, the FM sample had a thickness of 0.85
mm and a line was drawn on each side of the disk. Each line starts from the centre and
ends at the circumference of the disk with the ending points on top of each other. In the
first attempt, the HPT process was conducted at room temperature under a pressure of
1 GPa up to 1 complete turn. In the second attempt, the sample was processed by HPT at
room temperature under a pressure of 1 GPa and up to 4 turns. In the third attempt, the
sample was processed by HPT at room temperature under a pressure of 1 GPa and up to

10 complete turns.

In the second test, both the thickness of the sample and the applied pressure were
increased to become 1 mm and 6 GPa, respectively. Further HPT processes were
conducted to check the effect of the changes made to the sample thickness and the

applied pressure.

Again, in the first attempt, the sample was processed by HPT at room temperature
under a pressure of 6 GPa and up to 1 complete turn. In the second attempt, the sample
was processed by HPT at room temperature under a pressure of 6 GPa and up to 4 turns
with no lines drawn on the sample. After the HPT process, the sample was removed
from the anvil and the lines were drawn on both sides of the sample. Then the sample
was processed again up to 1 complete turn. In the third attempt, the sample was

processed by HPT at room temperature under a pressure of 6 GPa and up to 10 turns.

In the first test to investigate slippage, the sample had a thickness of 0.85 mm and
was processed under a pressure of 1 GPa at room teperature. In the first attempt, the
two lines were still visible with a minor shift in their position which indicates that
slippage took place during the process. In the second attempt, the two lines disappeared

or only fine traces of them could be seen and a shift in their position was visible which
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indicates that slippage took place during the process. Finally, in the third attempt, the
two lines disappeared completely.

In the second test to investigate slippage, the sample had a thickness of 1 mm and was
processed under a pressure of 6 GPa at room temperature. In the first attempt, the two
lines were still visible in their initial position, which indicates that there was no
slippage. In the second attempt, the two lines were still visible and were in their
position, which indicates that no slippage occurred after the fourth turn in spite of the
increased hardness. In the third attempt, the two lines disappeared. The main
experiments were conducted under the conditions of the second test (a thickness of 1
mm and pressure of 6 GPa) to ensure that there is no slippage during the HPT

processing.

After the HPT process, the thickness of the FP samples processed by HPT up to 1,
4, and 10 turns decreased to 0.91, 0.85, and 0.83 mm, respectively. On the other hand,
the thickness of the FM samples processed to 1, 4, and 10 turns decreased to 0.91, 0.88,

and 0.85 mm, respectively.

4.2 Hardness tests results

4.2.1. Microhardness test results of the FP samples

The sample annealed at 1100°C for 90 min (FP undeformed sample) had a
microhardness value of ~ 146 Hv. The microhardness at the centre of the FP sample
processed up to 1 turn was ~ 241 Hv, while it was ~ 422 Hv at the edge as shown in
Figure 4.1. Increasing the number of turns to 4 turns was accompanied by an increase in
the microhardness of the FP sample to reach ~ 334 Hv at the centre and ~ 480 Hv at the
edge as shown in Figure 4.1. Increasing the number of turns further to 10 turns
increased the microhardness of the FP sample to ~ 399 Hv at the centre and ~ 597 Hv

at the edge as shown in Figure 4.1.
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Figure 4.1 The Vickers microhardness (Hv) vs. the distance from the centre of the FP samples
processed by HPT up to 1, 4, and 10 turns. Also, the average Vickers microhardness of the
sample annealed at 1100°C for 90 min (undeformed) was plotted for reference.

The strain imposed on the FP samples versus the distance from the centre of the
disk (calculated using Equation 2.4) is shown in Figure 4.2. The microhardness versus
the effective strain of the FP samples after different number of turns of the HPT
processing is depicted in Figure 4.3.
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Figure 4.2 The effective strain vs. the distance from the centre of the FP samples processed by
HPT up to 1, 4, and 10 turns.
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Figure 4.3 The Vickers microhardness (Hv) vs. the effective strain of the FP samples after 1, 4,

and 10 turns of HPT processing

4.2.2. Microhardness test results of the FM samples

The as-received sample had a microhardness value of ~ 206 Hv. The microhardness at
the centre of the disk of the FM sample processed up to 1 turn increased to reach ~ 290
Hv as shown in Figure 4.4, while the microhardness reached ~ 464 Hv at the edge of the
disk. Increasing the number of turns to four increased the microhardness at the centre
of the FM sample to ~ 404 Hv, while the microhardness at the edge reached ~ 534 Hv
which is higher, again, than the microhardness at the centre and the edge of the FM
sample processed up to 1 turn as shown in Figure 4.4. As the number of turns is further
increased to 10 turns, the microhardness increased at the centre of the FM sample to ~
472 Hv, while it reached ~ 596 Hv at the edge as shown in Figure 4.4.
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Figure 4.4 The Vickers microhardness (Hv) vs. the distance from the centre of the FM samples

processed by HPT up to 1, 4, and 10 turns.

The strain imposed on the FM samples versus the distance from the centre of the
disk (calculated using Equation 2.4) is shown in Figure 4.5. The microhardness versus
the effective strain of the FM samples after different number of turns of the HPT
processing is depicted in Figure 4.6.
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Figure 4.5 The effective strain vs. the distance from the centre of the FM samples processed by
HPT up to 1, 4, and 10 turns.
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Figure 4.6 The Vickers microhardness (Hv) vs. the effective strain of the FM samples after

different number of turns of the HPT processing.

In the second set of microhardness tests, the microhardness of the individual
phases, ferrite or martensite, present in the FM sample were investigated using the FM-
300 microhardness testing machine. The averaged microhardness results are listed in
Table 4.1. Figure 4.7 shows one indentation in ferrite and one indentation in martensite
(indicated by black arrows) at the centre of the disk of the FM sample processed up to
10 turns.

Table 4.1 The Vickers micorhardness results of the ferrite and martensite in the as-

received and the FM samples processed by HPT up to 1, 4, and 10 turns.

Sample Position Ferrite hardness Martensite hardness
P (Hv) (Hv)

As-received - 225+3 316 + 34
Centre 303 +12 370 £11

HPT (N=1)
Edge 443 +8 505+ 15
Centre 468 +9 529+8

HPT (N=4)
Edge 522 +10 567 +9
Centre 536+5 570 +5

HPT (N=10)
Edge 638 £ 21 641 +12
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Figure 4.7 Representative optical micrograph showing one microhardness impression in the
ferrite and one in martensite (indicated by black arrows) at the centre of the FM sample (0.1
wt.% C) processed up to 10 turns and etched with 2% nital.

4.2.3. Microhardness test results of the FM processed samples tempered at
different temperatures

The Vickers microhardness vs. the distance from centre of the disk of the samples
tempered at 250°C, 350°C, and 450°C are shown in Figure 4.8 to Figure 4.10. There was
no significant change in the microhardness after tempering the FM processed samples
at 250°C for 120 min (Figure 4.11). However, there was a slight increase in the
microhardness when tempering the FM processed samples at 350°C for 90 min (Figure
4.11). After tempering the FM processed samples at 450°C for 90 min, no significant
reduction in the microhardness was recorded as shown in Figure 4.11. Tempering the
FM processed samples at 550°C for 90 min, the hardness significantly decreased to have

a hardness value close to that of the as-received sample (Figure 4.11).
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Figure 4.8 The Vickers microhardness (Hv) vs. the distance from the centre of the FM processed

samples tempered at 250°C for 120 min.
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Figure 4.9 The Vickers microhardness (Hv) vs. the distance from the centre of the FM processed

samples tempered at 350°C for 90 min.
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Figure 4.10 The Vickers microhardness (Hv) vs. the distance from the centre of the FM

processed samples tempered at 450°C for 90 min.
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Figure 4.11 The Vickers microhardness (Hv) vs. the distance from the centre of the as-received,
FM sample processed up to 10 turns, and FM sample processed up to 10 turns and tempered at
2500°C to 550¢C.
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4.2.4. Nanoindentation results of the FP samples

As mentioned earlier, the hardness obtained by the nanoindentation test will be
denoted as nanohardness to differentiate it from the microhardness which is obtained
by the Vickers microhardness test. The Oliver and Pharr method [128] was used to
calculate the nanohardness of the FP processed samples. It is very clear from Figure
4.12 that the nanohardness of the ferrite of the FP processed samples increased as the
number of turns increased. Similarly, the nanohardness of the pearlite of the FP
processed samples increased as the number of turns increased as shown in Figure 4.13.
The impression of one indentation in the ferrite and pearlite is shown in Figure 4.14 and
Figure 4.15, respectively.

Hardness (GPa)

FP Undeformed (ferrite)
FP HPT1 (ferrite)

FP HPT4 (ferrite)

FP HPT10 (ferrite)

0 1 2 3 4 5 6 7 8 9 10 11
Number of turns

> m*

o

Figure 4.12 The nanohardness of the ferrite at the edge of the FP samples processed up to 1, 4,
and 10 turns vs. the number of turns. Also, the average nanohardness of the ferrite in the

sample annealed at 1100°C for 90 min (undeformed) is plotted for reference.
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Figure 4.13 The nanohardness of the pearlite at the edge of the FP samples processed up to 1

and 4 turns vs. the number of turns. Also, the nanohardness of the pearlite in the sample

annealed at 1100°C for 90 min (undeformed) is plotted for reference.

Figure 4.14 Representative optical micrograph showing the impression of one indentation in

the ferrite at the edge of the FP sample processed up to 1 turn and etched with 2% nital.
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Figure 4.15 Representative optical micrograph showing the impression of one indentation in

the pearlite at the edge of the FP sample processed up to 4 turns and etched with 2% nital.

4.2.5. Nanoindentation results of the FM samples

The results of the nanoindentation tests of the FM samples processed by HPT can be
statistically analysed by sorting the 49 nanoindentation values from small to large and
plotting them against the total number of nanoindentations as shown in Figure 4.16.
The overall nanohardness of the FM processed samples increased with the number of
turns up to 4 turns. The minimum and maximum nanohardness values recorded for the
FM sample processed up to 1 turn (as an example) were 3.8 and 5.05 GPa, respectively.
In the second microhardness test (Table 4.1), the ferrite at the centre of the FM sample
processed up to 1 turn had a microhardness value of 303 Hv (3 GPa), while the
martensite at the edge of the same sample had a microhardness value of 505 Hv (5 GPa),
suggesting that both the nanohardness and microhardness values of the FM sample
processed up to 1 turn are comparable. The nanohardness and microhardness values
continued to be comparable for up to 4 turns (Figure 4.15 and Table 4.1), while
deviating at 10 turns. It is believed that the discrepancy between the nanohardness and
microhardness measurements of the FM sample processed up to 10 turns is due to the
position of the nanoindentation measurements, (i.e. the nanoindentation readings were

taken at a distance of less than 3 mm from the centre of the disk). During the
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nanoindentation test of the FM processed samples, the indentation size effect (ISE) was
not observed, which may be due to the large indentation depth (1 um) that was used
during the test.
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Figure 4.16 The nanohardness (GPa) vs. the total number of nanoindentations after sorting the

nanoindentation results in ascending order.

4.2.6. Nanoindentation results of the FM processed samples tempered at
different temperatures

The ferrite at the centre of the FM sample processed by HPT up to 4 turns and tempered
at 250°C for 120 min had an average nanohardness of ~ 6.4 GPa as illustrated in Table
4.2. The ferrite nanohardness at the centre of the disk was ~ 7.5 GPa when the FM
sample was processed up to 4 turns and tempered at 350°C for 90 min as illustrated in
Table 4.2. The overall nanohardness of the tempered sample increased from 8 to 9 GPa
when the tempering temperature increased from 250°C to 350°C as illustrated in Table
4.3.
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Table 4.2 The nanohardness of the ferrite in the FM sample processed up to 4 turns and

tempered at 250°C for 120 min and at 350°C for 90 min.

Ferrite
Sample Position | nanohardness
(GPa)
FM (HPT4) tempered at 250°C | Centre 6.4+0.3
FM (HPT4) tempered at 350°C | centre 75+0.5

Table 4.3 The overall nanohardness of the FM sample processed up to 4 turns and tempered at
2500C for 120 min and at 350°C for 90 min.

.l Nanohardness
Sample Position (GPa)
FM (HPT4) tempered at 250°C | Edge 8+0.5
FM (HPT4) tempered at 350°C | Edge 9+0.9

4.3 Microstructure

4.3.1. Optical microscopy and SEM results of the FP samples

Annealing the FM steel strip at 1100°C for 90 min followed by air cooling to room
temperature resulted in a ferritic-pearlitic (FP) microstructure as shown in Figure 4.17.
The microstructure consists mainly of coarse ferrite grains (appearing grey) and a low
volume fraction of pearlite (appearing black). The pearlite colonies consist of cementite
lamellae and pearlitic ferrite as shown in Figure 4.18. The volume fraction of the ferrite
and pearlite in the sample annealed at 1100°C for 90 min (FP undeformed sample) was
determined by the point count method [157]. Due to the variation in the volume
fraction of the ferrite and pearlite from one area to another in the undeformed sample,
the point count method was applied to three different areas and the three results were
averaged and considered as the average volume fraction of the ferrite and pearlite in the
undeformed sample. The average volume fraction of the pearlite in the sample annealed
at 1100°C for 90 min (FP undeformed sample) was ~ 0.10 * 0.04. The determination
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procedures of the volume fraction of pearlite using the point count method for one area
(as an example) are illustrated in Appendix A.

Figure 4.17 Optical micrograph showing the microstructure of the sample annealed at 1100°C
for 90 min (0.1 wt.% C) and etched with 2% nital.

Figure 4.18 SEM micrograph (SEI mode) showing the lamellae structure in the pearlite colony at
the centre of the FP sample (0.1 wt.% C) processed by HPT up to 1 turn and etched with 2%

nital.
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After 1 turn, there was no significant change in the microstructure at the centre of
the FP sample where the grain boundaries were still visible as shown in Figure 4.19a
and Figure 4.19b. However, in Figure 4.19b a slight grain refinement can be observed at
the centre of the FP sample processed up to 1 turn. At the edge of the FP sample
processed up to 1 turn, the pearlite colonies show a higher degree of deformation when
compared with those at the centre. In general, the pearlite colonies at the edge of the FP
sample processed up to 1 turn are elongated in the deformation direction as shown in
Figure 4.20.
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Figure 4.19 Optical micrograph (a) showing the microstructure of the FP sample (0.1 wt.% C)
processed by HPT up to 1 turn and etched with 2% nital at low magnification (b) a magnified

view of the region in the dashed black circle in Figure 4.18a.
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Figure 4.20 Optical micrograph showing the microstructure at the edge of the FP sample (0.1
wt.% C) processed by HPT up to 1 turn and etched with 2% nital.

After 4 turns, the ferrite grain boundaries were still visible at the centre of the
disk, while the pearlite colonies continued to maintain their regular morphology as
shown in Figure 4.21a and Figure 4.21b. As the distance from the centre or the strain
increased, the ferrite grain boundaries became invisible and the pearlite colonies
elongated in the deformation direction as shown in Figure 4.21a. At the edge of the FP
sample processed up to 4 turns, the ferrite grain boundaries could no longer be seen
while the pearlite colonies deformed heavily and fragmented into small pieces (or
particles) of cementite as shown in Figure 4.22. However, few pearlite colonies can still
be seen but heavily deformed and elongated in the deformation direction as shown in
Figure 4.22.

After 10 turns, the ferrite grain boundaries were invisible at the centre of the disk
(Figure 4.23) unlike the case in the FP samples processed up to 1 and 4 turns.
Furthermore, no pearlite colonies with their regular morphology can be seen at the
centre or the edge of the disk. Instead, a swirl appearance at the centre is visible. A
fibrous microstructure was also observed at 2.5 mm from the centre in another sample
processed up to 10 turns (not shown here). The cementite elongated at the centre
(Figure 4.23) and heavily fragmented at the edge of the disk as shown in Figure 4.24.

99



Results and analysis K. Husain (2015)

Figure 4.21 Optical micrograph (a) showing the microstructure of the FP sample (0.1 wt.% C)
processed by HPT up to 4 turns and etched with 2% nital at low magnification (b) a magnified

view of the region in the dashed black circle in Figure 4.20a.
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Figure 4.22 Optical micrograph showing the microstructure at the edge of the FP sample (0.1

wt.% C) processed up to 4 turns and etched with 2% nital.

Figure 4.23 Optical micrograph showing the microstructure at the centre of the FP sample (0.1
wt.% C) processed up to 10 turns and etched with 2% nital.
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Figure 4.24 Optical micrograph showing the microstructure at the edge of the FP sample (0.1
wt.% C) processed up to 10 turns and etched with 2% nital.

4.3.2. Optical microscopy and SEM results of the FM samples

The as-received sample had a microstructure that consisted of a ferrite matrix and
martensite islands as shown in Figure 4.25. The volume fraction of the martensite in the
as-received sample was determined by the point count method [157]. Due to the
variation in the volume fraction of the martensite in the as-received sample from one
area to another, the point count method was applied to three different areas and the
three results were averaged and considered as the average volume fraction of
martensite. The average volume fraction of the martensite in the as-received sample
was found to be as ~ 0.15+0.05.
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Figure 4.25 Optical micrograph showing the microstructure of the as-received sample (0.1 wt.%
C) etched with 2% nital.

The microstructure at the centre of the FM sample processed up to 1 turn is shown
in Figure 4.26. Although grain refinement took place at the centre of the FM sample
processed up to 1 turn, it is still possible to see the ferrite grain boundaries. The
microstructure at the edge of the FM sample processed up to 1 turn is shown in Figure
4.27. The grain boundaries are not visible anymore and only traces of deformation
could be observed. The second phase, the martensite phase, elongated in the
deformation direction and fragmented into small islands of ~ 4-6 um.
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Figure 4.26 SEM micrograph (SEI mode) showing the microstructure at the centre of the FM
sample (0.1 wt.% C) processed by HPT up to 1 turn and etched with 2% nital.

Figure 4.27 Optical micrograph showing the microstructure at the edge of the FM sample (0.1
wt.% C) processed up to 1 turn and etched with 2% nital.
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The microstructure at the centre of the FM sample processed up to 4 turns is
shown in Figure 4.28. The grain boundaries are not visible but the two phases can be
readily distinguished. The second phase (martensite) is fragmented into irregular
shapes. The microstructure at the edge of the FM sample processed up to 4 turns is
illustrated in Figure 4.29 where the two phases can still be distinguished and the second
phase is fragmented into about 4 pm fragments.

e ——
AR L
™~ SR T

iy o

Figure 4.28 Optical micrograph showing the microstructure at the centre of the FM sample (0.1

wt.% C) processed up to 4 turns and etched with 2% nital.
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Figure 4.29 SEM micrograph (SEI mode) showing the microstructure at the edge of the FM
sample (0.1 wt.% C) processed by HPT up to 4 turns and etched with 2% nital.
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The microstructure at the centre and the edge of the FM sample processed up to
10 turns is shown in Figure 4.30 and Figure 4.31 At this high number of turns, it is
believed that refinement continued to take place at the centre and the edge of the disk
where martensite islands of about 3 pm and 1 pm size can be seen at the centre and the
edge of the disk, respectively.

(SRR X A
&850 s ARGy
A Sn B :"“‘;) Yo _:* 7 g
; ;?,"*:‘»r?‘_ “Y&q’ wie 0n
Sl
Snap N
. ;”"'? i ,“g.,.“c B

=

Figure 4.30 Optical micrograph showing the microstructure at the centre of the FM sample (0.1

wt.% C) processed up to 10 turns and etched with 2% nital.
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Figure 4.31 SEM micrograph (SEI mode) showing the microstructure at the edge of the FM
sample (0.1 wt.% C) processed by HPT up to 10 turns and etched with 2% nital.

106



Results and analysis K. Husain (2015)

4.3.3. Optical microscopy and SEM results of the FM processed samples
tempered at different temperatures

Tempering the FM sample processed up to 4 turns at 150°C and 250°C for 120 min did
not result in any significant changes in the microstructure (e.g. Figure 4.32). The
microstructure in Figure 4.32 consists of ferrite matrix and tempered martensite. It is
well-known that martensite is supersaturated with carbon and decomposes when
tempered. At 250°C and above, the diffusion coefficient of the carbon atoms in the
martensite increases to values that allow some diffusion to occur, and consequently, the
carbon atoms diffuse into the ferrite matrix leading to a gradual decomposition of the
martensite. Investigating the microstructure of the FM sample processed up to 4 turns
and tempered at 350°C and 450°C for 90 min by optical microscopy revealed that the
microstructure consisted of temper martensite and ferrite matrix as shown in Figure

4.33 and Figure 4.34, respectively.

Figure 4.32 SEM micrograph (SEI mode) showing the microstructure at the edge of the FM
sample (0.1 wt.% C) processed by HPT up to 4 turns and tempered at 250°C for 120 min and
etched with 2% nital.
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Figure 4.33 Optical micrograph showing the microstructure at the edge of the FM sample (0.1
wt.% C) processed up to 4 turns and tempered at 350°C for 90 min and etched with 2% nital.

Figure 4.34 Optical micrograph showing the microstructure at the edge of the FM sample (0.1
wt.% C) processed up to 4 turns and tempered at 450°C for 90 min and etched with 2% nital.

Limited formation of cementite particles was observed (Figure 4.35) whereas
extensive formation of cementite particles was observed in the sample tempered at
450°C as shown in Figure 4.36 and Figure 4.37. The cementite particles were mostly
distributed homogeneously, with some limited local increases in number density, as
shown in Figure 4.38. In general, the cementite particles have an equi-axed shape whist
very few particles are elongated. The point count method was used to determine the
volume fraction of the cementite particles in the sample tempered at 450°C (for details,
see Appendix A). The volume fraction of cementite was determined as 0.05+0.01.
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Figure 4.35 SEM micrograph (SEI mode) showing the microstructure at the edge of the FM
sample (0.1 wt.% C) processed by HPT up to 4 turns and tempered at 350°C for 90 min and

etched with 2% nital. Cementite particles are indicated by black arrows.

Figure 4.36 SEM micrograph (SEI mode) showing the microstructure (low magnification) at the
edge of the FM sample (0.1 wt.% C) processed by HPT up to 4 turns and tempered at 450°C for
90 min and etched with 2% nital.
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Figure 4.37 SEM image (SEI mode) showing the microstructure (high magnification) at the edge
of the FM sample (0.1 wt.% C) processed up to 4 turns and tempered at 450°C for 90 min and
etched with 2% nital.

Figure 4.38 SEM image (SEI mode) showing the microstructure at the centre of the FM sample
(0.1 wt.% C) processed up to 4 turns and tempered at 450°C for 90 min and etched with 2%

nital.

Tempering the FM sample processed up to 4 turns at 550°C resulted in a
microstructure consisting of recrystallized ferrite and coarse cementite particles as
shown in Figure 4.39 to Figure 4.41. The recrystallized ferrite grain size was estimated
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to be ~ 1 pm. Limited grain growth was observed at the centre of the tempered sample
at this temperature.

Figure 4.39 SEM image (SEI mode) showing the microstructure at the edge of the FM sample
(0.1 wt.% C) processed up to 4 turns and tempered at 550°C for 90 min and etched with 2%

nital.

Figure 4.40 SEM image (SEI mode) showing the microstructure at the centre of the FM sample
(0.1 wt.% C) processed up to 4 turns and tempered at 550°C for 90 min and etched with 2%

nital.
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Figure 4.41 SEM image (SEI mode) showing the microstructure at the edge of the FM sample
(0.1 wt.% C) processed up to 4 turns and tempered at 550°C for 90 min and etched with 2%

nital.

4.3.4. TEM results of the FM samples

Figure 4.42a and Figure 4.42b are TEM bright-field images of the microstructure of the
FM sample processed up to 1 turn at the centre and edge, respectively. The
microstructures in Figure 4.42a and Figure 4.42b represents typical microstructures of
severely plastically deformed steel where no well-defined grain boundaries can be seen
but, instead, grains with high dislocation density are visible. The high magnification
TEM image of a sample after one turn of HPT processing in Figure 4.43 shows one grain
subdivided into several subgrains, as shown by the arrows. During the TEM
investigation, indivual dislocations could not be detected while, in contrast, the

clustered dislocations could be easily detected as shown in Figure 4.44.
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Figure 4.42 TEM image showing the microstructure of the FM sample processed by HPT up to 1
turn at (a) the centre and (b) the edge of the disk.

Figure 4.43 TEM bright field image showing Figure 4.44 TEM bright field image showing
the formation of new subgrains after 1 turn of clustered dislocations in the FM sample

HPT processing of the FM sample. processed by HPT up to 1 turn.

Figure 4.45a and Figure 4.45b are TEM bright-field images showing the
microstructure of the FM sample processed up to 4 turns at the centre and edge,
respectively. The microstructures at the centre and the edge of the disk are, again,
characterised by ill-defined grain boundaries. The SAD pattern in Figure 4.46 shows the
presence of a high number of diffuse spots which suggests fine grains are present. Also
for this location, clustered and elongated spots are present, indicating the presence of
low angle grain boundaries. Figure 4.47a and Figure 4.47b are bright-field images
showing the microstructure of the FM sample processed up to 10 turns at the centre
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and the edge, respectively. Figures 4.47a and Figure 4.47b show a highly distorted

microstructure in which individual features are difficult to resolve.

Figure 4.45 TEM bright field images showing the microstructure of the FM sample processed by
HPT up to 4 turns at (a) the centre and (b) the edge of the disk..

Figure 4.46 A selected area diffraction pattern at the edge of the FM sample processed up to 4
turns. The SAD area = 2.4 pm2.
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Figure 4.47 TEM bright field images showing the microstructure of the FM sample processed by
HPT up to 10 turns at (a) the centre and (b) the edge of the disk.

4.4 XRD results

4.4.1. XRD results of the FP samples

XRD line profiles for the sample annealed at 1100°C for 90 min (FP undeformed sample)
and the FP processed samples were recorded and shown in Figure 4.48. The software
Fityk 0.9.8 [158] and Origin 9.1 [159] were used to fit the line profiles, measure the full
width at half maxima (FWHM), and for separating the overlapped peaks. Furthermore,
several methods of line broadening analysis such as the modified Williamson-Hall and
the Multiple Whole Profile-fit (MWP-fit) method were used in the current analysis. Due
to the modern diffractometer (Rigaku SmartLab) used in the test and the substantial
deformation of the samples, the instrumental broadening can be considered negligible
in comparison to the line broadening caused by the sample.
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Figure 4.48 XRD line profiles of the sample annealed at 1100°C for 90 min (FP undeformed
sample) and the FP samples processed by HPT up to 1, 4, and 10 turns.

Five peaks (110, 200, 211, 220, and 310) were included in the current XRD
analysis. The lattice parameter (a) of the ferrite of the sample annealed at 1100°C for 90
min (FP undeformed sample) and the FP processed samples was calculated according to
Cohen method [160]. Five values of the lattice parameter of the ferrite, corresponding to
each individual peak, were obtained. The ferrite lattice parameter is taken as the
average of these five values. Table 4.4 shows the calculation of the lattice parameter (a)
of the ferrite of the sample annealed at 1100°C for 90 min, as an example. The lattice
parameter of the ferrite does not show any systematic variation with 8 which is an
additional indication that the method and alignment is reliable. The lattice parameter
values of the ferrite of the sample annealed at 1100°C for 90 min (FP undeformed
sample) and the FP samples processed by HPT up to 1, 4, and 10 turns are shown in
Table 4.5.
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Table 4.4 Calculation of the lattice parameter (a) of the ferrite from XRD spectra for the sample

annealed at 1100°C for 90 min (FP undeformed sample).

Peak no 20 Sinz® | hkl | s=(h?+K?+1%) sin6_ X | a
s 4a? (nm)
1 4464 | 014423 | 110 2 0.072 0.2867
2 6492 | 0.28806 | 200 4 0.072 0.2869
3 8226 | 043266 | 211 6 0.072 0.2867
4 98.86 | 057701 | 220 8 0.072 0.2867
5 1162 | 072075 | 310 10 0.072 0.2868

Table 4.5 The lattice parameter (a) values of the ferrite of the sample annealed at 1100°C for 90

min (FP undeformed sample) and the FP samples processed by HPT up to 1, 4, and 10 turns.

Sample Lattice parameter (nm)

Annealed 0.2868 £ 0.0001
Ann+HPT1 0.2868 + 0.0002
Ann+HPT4 0.2869 + 0.0002
Ann+HPT10 0.2868 + 0.0001

4.4.2. XRD results of the FM samples

XRD line profiles for the as-received and the FM processed samples were recorded and

shown in Figure 4.49. Following the same procedures as in Section 4.4.1, (i.e. Cohen
method [160]) the lattice parameter (a) of the ferrite of the as-received and the FM

samples processed up to 1, 4, and 10 turns were determined and listed in Table 4.6.
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Figure 4.49 XRD line profiles of the as-received and the FM samples processed by HPT up to 1, 4,

and 10 turns.

Table 4.6 The ferrite lattice parameter (a) values calculated for the FM samples processed by
HPT up to 1, 4, and 10 turns.

Sample Lattice parameter (nm)
As-received 0.2866+0.0005
FM (HPT1) 0.2867 + 0.0003
FM (HPT4) 0.2868 * 0.0002
FM (HPT10) 0.2870 * 0.0002

Figure 4.50 represents one magnified hkl reflection (200) in the recorded patterns
of the as-received and FM processed samples. It is clear from Figure 4.50 that the peak
centre shifted to the lower angle side, on the 20-axis, as the number of HPT turns
increased up to 10 turns (i.e. the ferrite lattice parameter (a) increased with HPT
processing up to 10 turns). When solute atoms, such as carbon or nitrogen atoms,
occupy the interstitial sites in the ferrite, expansion in the ferrite lattice parameter takes
place. In the current study, it is unlikely that the solute atoms are nitrogen atoms due to
the low nitrogen content in the current material (0.003 wt.% N). During the HPT
processing, the large strain imposed on the processed sample and the small increase in

the processing temperature may lead to partial decomposition of the metastable
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martensite, (i.e. some carbon atoms may leave the supersaturated martensite and
occupy the interstitial sites in the ferrite matrix). Another possible source of the
interstitial carbon atoms may be a small amount of cementite present in the FM samples
which decomposes during HPT processing, as several researchers have observed small
amounts of cementite in FM steel [127, 134, 161]. It is believed that in the current study
the dissolved carbon atoms, either from cementite dissolution or martensite partial
decomposition, formed the supersaturated solid solution in ferrite during the HPT
processing of the FM sample. However, further investigation is needed to confirm the
source of the dissolved carbon atoms. It is worth to note that line broadening increases
as the number of turns increases up to 10 turns (Figure 4.50).
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Figure 4.50 A magnified hkl reflection (200) in the patterns of the as-received and the FM
samples processed up to 1, 4, and 10 turns. In this figure, the thin curves are the measured
patterns while the thick (smooth) curves are the fitted curves. The Gauss function was used to

fit the measured data. The dotted lines are the centre of the fitted curves.

Close Investigation of the XRD line profiles of the as-received and FM processed
samples (Figure 4.49) reveals no martensite reflections. At the low carbon content in
the current material, the martensite will possess a body-centred cubic (BCC) structure
[50, 162] and consequently a = ¢ (according to [50]). Theoretically, both the ferrite and
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martensite have the same crystal structure and very close lattice parameters (a) due to
the low carbon content in the current material and hence heavily overlapped peaks of
the ferrite and martensite are expected in case an appreciable fraction of martensite is
present [50]. However, no overlapped peaks have been detected in the current group
(FM samples) and this can be confirmed by the complete symmetry of the peaks
recorded in the current group (FM samples). A plausible reason for the absence of the
martensite reflections is the small volume fraction of martensite in the current material
which is ~ 15%.

4.4.3. XRD results of the FM processed samples tempered at different
temperatures

XRD line profiles of the FM sample processed up to 4 turns and tempered at different
temperatures were recorded and are shown in Figure 4.51. Following the same
procedures as in Section 4.4.1 (Cohen method [160]), the lattice parameter (a) of the
ferrite of the FM sample processed up to 4 turns and tempered at different
temperatures were determined and results are listed in Table 4.7.

—— FM (HPT4) tempered at150°C
—— FM (HPT4) tempered at 250°C
i FM (HPT4) tempered at 350°C |
—— FM (HPT4) tempered at 450°C
FM (HPT4) tempered at 550°C |

Intensity
L
——
o
—
—

i.j[ N J\ N )

40 I 60 80 100 120
20 (degq)

Figure 4.51 XRD line profiles of the FM sample processed by HPT up to 4 turns and tempered at
different temperatures (150°C to 550°C).
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Table 4.7 The ferrite lattice parameter (a) values calculated for the FM sample processed by

HPT up to 4 turns and tempered at different temperatures (150°C to 550°C).

Sample Lattice parameter (nm)
FM (HPT4) tempered at 150°C 0.2870 = 0.0003
FM (HPT4) tempered at 250°C 0.2870 + 0.0003
FM (HPT4) tempered at 350°C 0.2867 £ 0.0002
FM (HPT4) tempered at 450°C 0.2866 = 0.0002
FM (HPT4) tempered at 550°C 0.2868 £ 0.0003

The centre of the peaks of the FM samples processed up to 4 turns and tempered
at 150 and 250°C moved to the lower angles when compared with the as-deformed
sample (as shown in Figure 4.52) which suggests an expansion in the ferrite lattice
parameter took place. However, the peak centre of the FM sample processed up to 4
turns and tempered at 350°C was very close to the as-deformed sample. The peak
centre of the FM sample processed up to 4 turns and tempered at 450°C was situated at
a higher angle when compared with the as-deformed sample as shown in Figure 4.52.
The peak for the FM sample processed up to 4 turns and tempered at 550°C is not

shown to allow better comparison and analysis.
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Figure 4.52 A magnified hkl reflection (200) in the patterns of the FM samples processed up 4
turns and tempered at different temperatures (150 to 450°C). In this figure, the thin curves are
the measured patterns while the thick (smooth) curves are the fitted curves. The Gauss function

was used to fit the measured data. The coloured straight lines are the centre of the fitted curves.

Investigating the XRD profile of the FM sample processed up to 4 turns and
tempered at 450 and 550°C revealed the existence of Ka2 radiation effects. Figure 4.53
shows two overlapped peaks: the main peak due to Ka1l while the second peak is due to
Ka?2 radiation. The intensity of the peak due to Kal is about double that of the peak due
to Ka2. Figure 4.54 shows the peak positions due to Kal and KaZ2. It was possible to
eliminate the Ka2 radiation effect (appeared in the patterns of the FM sample processed
up to 4 turns and tempered at 450°C and 550°C) using the SmartLab diffractometer
software during the scanning of the investigated samples. However, eliminating the Ka2
radiation using the SmartLab diffractometer software will reduce the measured
intensity significantly and hence poor analysis will be expected. For samples tempered
at 450°C and 550°C, the overlapped peaks due to Kal and Ka2 radiations were
separated using one of the built-in functions in Origin 9.1 Software, the Lorentz
function. The peaks due to Kal were used in the MWP fitting while those due to Ka2

were disregarded.
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Figure 4.53 A magnified hkl reflection (220) in the pattern of the FM sample processed up to 4
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Figure 4.54 A magnified hkl reflection (220) in the pattern of the FM sample processed up to 4

turns and tempered at 450°C for 90 min with illustration of Ka1l and KaZ2 peak positions

obtained by the SmartLab diffractometer software.
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CHAPTER 5

5. Discussion

5.1 HPT processing

It is very clear from the slippage investigation reported in Section 4.1 that indeed
slippage took place during the first test. This can be due to several possible factors such
as the relatively low applied pressure, the increased microhardness resulting from the
high number of turns, and the insufficient grip (/friction) at the beginning of the
rotation. The results of the second slippage test revealed that increasing the applied
pressure from 1 to 6 GPa had a strong effect in eliminating slippage that occurred
during the HPT process. It is believed that increasing the thickness of the HPT sample to
1 mm has minor role in eliminating the slippage during the HPT processing. Ensuring no
slippage during the HPT process prior to the main experiment is an important factor to

establish and maintain confidence in the results of this work.

5.2 Hardness

5.2.1. The microhardness of the FP samples

The overall microhardness of the FP samples increased due to processing up to 1, 4, and
10 turns, and this is in complete agreement with the general observations on
microhardness of HPT-processed samples by many researchers, e.g. [17, 111, 118, 127].
There is a difference in the microhardness readings between the centre and the edge of
the FP processed samples. After 10 turns, the microhardness increased to 3 times the
microhardness of the initial state (the undeformed sample). A comparison between the
microhardness results of the FP sample processed by HPT up to 4 turns in the current
study and the microhardness results of FP samples processed by HPT up to 4 and 5

turns found in the literature was conducted and is presented in Table 5.1.
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Table 5.1 Comparison between the microhardness results of the FP sample processed by HPT
up to 4 turns, in the current study, and the microhardness results of FP sample processed by

HPT up to 4 and 5 turns found in the literature.

Material used in
) L. . . . Hardness
the investigation Initial state Processing condition
(GPa)
(wt.%)
(Current study) )
HPT processing up to 4
Low carbon steel 0.1 .
. Ferritic- turns under a pressure of
C, 0.1 Si, 1.55 Mn, o 4.77
pearlitic 6 GPa
0.015 P, 0.005 S,
0.045 Al, and 0.003 N
HPT processing up to 5
Low carbon steel 0.1 o
Ferritic- turns under a pressure of
C,1.12 Mn, 0.08V, . 6.44
. pearlitic 6 GPa [127]
0.07 Ti
HPT processing up to 5
09G2S Steel . P &P
Ferritic- turns under a pressure of
0.12 C, 0.85 Mn, . ~6
pearlitic 6 GPa [111]
0.030 P, 0.035S
HPT processing up to 5
10G2FT Steel N P sup
Ferritic- turns under a pressure of
0.1C,1.12 Mn, 0.08 . ~5
. pearlitic 6 GPa [111]
V,0.07 Ti
Low carbon-triple )
. HPT processing up to 5
alloyed steel Ferritic-
. . turns under a pressure of 6.08
0.2 C, 0.5Cr, 0.6 Nj, pearlitic
6 GPa [118]
0.2 Mo

It is clear from Table 5.1 that the microhardness of the present FP sample is in
broad agreement with the corresponding microhardness results listed in Table 5.1
when taking into consideration the difference in number of turns and the chemical
composition. In Figure 4.2 (Section 4.2.1), the strain increases as the distance from the
disk centre increases. It is worth noting that the difference in strain experienced by the
centre and the edge of the HPT disc increases with number of HPT turns. In Figure 4.3
(Section 4.2.1), the microhardness increases with the strain regardless of the number of

turns.
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5.2.2. The microhardness of the FM samples

The microhardness of the as-received sample is ~ 206 Hv, and the microhardness of the
FM samples increased due to the HPT processing as shown in Figure 4.4. The
microhardness readings at the centre of all the FM samples processed up to 1, 4, and 10
turns are lower than the microhardness readings at the edge of these samples. There is
a significant increase in the microhardness of the FM samples after 10 turns to reach 3
times the microhardness of the initial state. The microhardness results of the FM sample
processed up to 4 turns, in the current study, are compared with other microhardness
results of FM samples processed by HPT up to 4 and 5 turns under a pressure of 6 GPa
and listed in Table 5.2. The data listed in Table 5.2 highlight that a high microhardness
is achieved for a range of the ferritic-martensitic samples processed by HPT up to 4 and
5 turns. The microhardness results in the current study are broadly in agreement with
the results listed in Table 5.2 when taking into consideration the difference in the
number of turns and the additional particle strengthening resulting from the possible
formation of carbides and carbonitrides caused by the presence of alloying elements
such as vanadium and titanium. Plotting the strain vs. the distance from the disk centre
according to Equation 2.4 (Figure 4.5) revealed that the strain increases as the distance
from the disk centre increases. Again, the microhardness increased as the strain

increased regardless of the number of turns as shown in Figure 4.6.
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Table 5.2 Comparison between the microhardness results of the FM sample processed by HPT
up to 4 turns, in the current study, and the microhardness results found in the literature of FM

samples processed by HPT up to 4 and 5 turns.

Material used in the . . . Hardness
. L Initial state Processing condition
investigation (wt.%) (GPa)
(Current study) .
HPT processing up to
Low carbon steel 0.1 C,
] o o 4 turns under a
0.1 Si, 1.55 Mn, 0.015 Ferritic-martensitic ~5
pressure of 6 GPa
P, 0.005 S, 0.045 Al,
and 0.003 N
HPT processing up to
Ferritic-martensitic 5 turns under a
Low carbon steel 0.1 C,
_ (quenched from pressure of 6 GPa 7.22
1.12 Mn, 0.08 'V, 0.07 Ti
950°(C) [127]
HPT processing up to
Ferritic-martensitic 5 turns under a
Low carbon steel 0.1 C,
_ (quenched from pressure of 6 GPa 8.63
1.12 Mn, 0.08 'V, 0.07 Ti
1180°C) [127]
HPT processing up to
09G2S Steel 5 turns under a
0.12 C, 0.85 Mn, 0.030 Ferritic-martensitic pressure of 6 GPa 6.5
P,0.035S [111]
HPT processing up to
10G2FT Steel P &P
o o 5 turns under a
0.1C,1.12 Mn, 0.08 YV, Ferritic-martensitic 7.5
_ pressure of 6 GPa
0.07 Ti
[111]

The second microhardness test involved indentations of specific phases (ferrite or
martensite). It is clear from Table 4.1 that the microhardness of the individual phases
are, in general, in good agreement with the microhardness results obtained from the
first microhardness test. When the FM samples are processed up to 1, 4, and 10 turns,

the microhardness of both phases increased at both the centre and the edge of the disk.

The microhardness results of the individual phases, ferrite or martensite, listed in
Table 4.1, provide important information about the hardness (and strength) of the

sample. The investigated FM samples contain hard martensite particles in a soft
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continuous ferrite matrix. One can expect different behaviours of the two phases during
the plastic deformation and this inhomogeneous deformation adds to the complexity of
property and microstructure development [163]. During quenching from the two-
phase (ferrite-austenite) region, an austenite to martensite phase transformation took
place and residual stress fields are created in the areas close to the martensite. In the
current investigation, it is observed that the dislocation density in the vicinity of the
martensite is higher than the ferrite interiors and this was also confirmed by other
researchers [61, 163]. The plastic deformation is initiated in the ferrite grain which is
close to the martensite [164]. As the strain increases, the deformation moves inward to
the ferrite grain’s centre and then the martensite deformation starts at higher strain. In
other words, at the initial stages of the deformation (at low strain), the ferrite grains
deform plastically while the martensite deforms elastically [164]. After 1 turn, the
microhardness of the ferrite in the present samples increased by 2.1 GPa while the
microhardness of the martensite increased by 1.8 GPa. The microhardness of both
phases continued to increase when HPT processing proceeds to 4 and 10 turns. After 4
and 10 turns of the HPT processing, the microhardness increment in the ferrite is still
larger than the martensite even after 4 and 10 turns and it is thought that this can be
due to a difference in the level of deformation and dislocation generation that can
persist: dislocation generation in the martensite is lower than that in the ferrite. The
increase in the microhardness after 1 turn is much larger than that in the subsequent 4
and 10 turns, and this is in agreement with the unique behaviour, high rate of work
hardening at the initial stage of the deformation of the FM steel.

[t is important to consider some of the limitations of the measurement of hardness
of the two phases. It is noted that the martensite islands at the edge of the FM sample
processed up to 10 turns were significantly refined to an approximate size of 1 to 2 pm.
Placing the indenter on these refined islands using the optical microscope to perform
the required indentation proved to be sometimes difficult. It is assumed throughout that
during the microhardness measurements of the individual phases, ferrite or martensite,
the indentation and subsurface deformation is all within one phase. As a result of
limitations, the values obtained from this micrrohardness test can include some errors
especially at high number of turns (10 turns) where the martensite islands were

significantly refined at the edge of the sample.

Few studies exist in the literature that investigate the deformation mechanism of
FM steel samples during tensile tests (e.g. [56, 164]). The average grain size of the FM
samples in [56, 164] was 1 um or above, with no studies found that investigated FM
steel samples tensile tested with a grain size of less than 1 pm. Based on the above

discussion, it is believed that the deformation mechanism of the FM steel HPT-
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processed in the current study is similar to those that have been tensile tested in [56,
164] despite their differences in grain size. At low strains, ferrite deforms plastically,
whereas martensite deforms elastically. At medium to high strains, both phases deform
plastically.

5.2.3. The microhardness of the FM processed samples tempered at different
temperatures

The microhardness of a material is strongly correlated to its microstructure. There was
no significant change in the microhardness when tempering the FM processed samples
at 2500C (Figure 4.8) and this is consistent with the microstructure investigations of this
sample which did not reveal significant changes. Increasing the tempering temperature
to 350°C resulted in a slight increase in microhardness, while microhardness was
maintained when tempering at 450°C. The high hardness preserved in the sample
tempered at 450°C is believed to be due to the following: first, a small reduction in the
dislocation density (to be discussed in detail in Section 5.4.3), second, the formation of
cementite particles, and third, no recrystallization and grain growth process took place
at this high temperature (450°C).

5.2.4. The nanohardness of the FP, FM, and FM processed samples tempered at
different temperatures

Ghassemi-Armaki et al. [134] recorded a nanohardness of 2 GPa for the ferrite in a
ferritic-martensitic steel (0.15 wt.% C). Hayashi et al. [133] measured a nanohardness
of 2.8 GPa for the ferrite in ferritic-martensitic steel (0.16 mass.%C). Gadelrab et al.
[165] recorded a higher value of nanohardness, 3.7 GPa, for the ferrite in austenitic-
ferritic duplex stainless steel. In the current study, a nanohardness value of 3.16 GPa
was measured for the ferrite in the sample annealed at 1100°C for 90 min (as an
example) which is comparable to the ferrite nanohardness measured in these previous
studies [133, 134, 165]. However, the nanohardness measurements in the current study
(Figure 4.12 and Figure 4.13) were somehow higher than the microhardness readings
(Figure 4.1). This higher nanohardness can be attributed to two factors: first, the
mechanical grinding and polishing processes during the nanohardness sample

preparation added some degree of deformation and hence a hardened surface layer
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might be created [166]; second, the so-called indentation size effect (ISE), i.e. the
nanohardness increases as the indentation depth decreases [130].

The nanohardness of the ferrite in the FP samples increased as the number of
turns increased up to 10 turns and this can be attributed mainly to the increase in the
dislocation density, as will be explained later in Section 5.4.1, and other strengthening
contributions such as solid solution. The nanohardness of the pearlite also increased as
the number of turns increased up to 4 turns and this can be attributed mainly to the
reduction in the lamellae spacing. However, the nanohardness of the pearlite is not a
true quantitative measurement of the pearlite hardness during the HPT processing
since the pearlite consists of lamellae structures of ferrite and cementite. The overall
nanohardness of the FM samples increased as the number of turns increased up to 4
turns (Figure 4.16). The nanohardness of the ferrite in the FM sample processed up to 4
turns and tempered at 250°C was 6.4 GPa and increased to 7.5 GPa when the sample
was tempered at 350°C. This increase in the nanohardness can be attributed to the

limited formation of the cementite particles (Figure 4.35).

5.3 Microstructure

5.3.1. Optical microscopy and SEM of the FP samples

The microstructure of the sample annealed at 1100°C for 90 min (Figure 4.17)
represents a common microstructure of commercial steel consisting of a continuous
ferrite matrix and hard pearlite particles. The pearlite colonies can be described as a
composite structure comprising a very hard phase, cementite, and a soft ferrite phase

arranged in lamellae form as shown in Figure 4.18.

The grain boundaries at the centre of the FP sample processed up to 1 and 4 turns
are still visible and only slight refining took place since the centre region of the disk is
exposed to the lowest strain during the HPT process according to Equation 2.4. At the
edge of the FP samples processed up to 1 and 4 turns, no equi-axed pearlite colonies can
be seen anymore. Instead, the cementite lamellae are heavily deformed and fragmented
into small pieces of cementite in some regions whereas elsewhere they are elongated in
the deformation direction. After 10 turns, the ferrite grain boundaries cannot be seen
any more at the centre and the edge of the sample and this can be attributed to the

further reduction in the ferrite grain sizes where it becomes very difficult to study this
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kind of microstructure by means of optical or SEM microscopy. After 10 turns and at the
edge of the disk, further cementite fragmentation took place where only small pieces of
cementite (smaller than 1 um) can be seen (Figure 4.24). Gavriljuk [167] observed
cementite dissolution during cold working of pearlitic steel. The authors claimed that
the cementite dissolution increased as the strain increased and saturated at high strain.
Chakraborty et al. [150] deformed pearlitic steel by cold-drawing up to a strain of 1.4.
The authors claimed that 50% of the cementite dissolved during the drawing process.
Wetscher et al. [113] and Ivanisenko et al. [115] observed partial and complete
dissolution of cementite, respectively, during the HPT processing of pearlitic steel (0.7-
0.9 wt.% C). In the current study, no evidence of cementite dissolution was observed
even after 10 turns. Furthermore, no appreciable expansion in the lattice parameter of
the ferrite of the FP samples process by HPT up to 1, 4, and 10 turns (Table 4.5). The
high carbon content (0.7-0.9 wt% C) in the investigated peralitic steels in [113, 115,
150, 167] had a major role in the cementite dissolution process during the deformation.
In the current study, it is believed that the cementite did not dissolve in the FP samples
during the HPT processing due to the low carbon content (0.1 wt% C).

5.3.2. Optical microscopy and SEM of the FM samples

The microstructure of the FM processed samples, Figure 4.26 to Figure 4.31, revealed
that grain refinement took place during the HPT process even after 1 turn as shown in
Figure 4.27. After 1 turn and at the centre of the FM sample, the grain boundaries are
still visible and slight grain refinement took place because the centre region of the
sample was exposed to the lowest strain according to Equation 2.4. After 4 and 10 turns
of the HPT processing, further grain refinement (in both the ferrite and martensite
phases) took place and no visible grain boundaries could be seen anymore. It can be
seen from Figure 4.30 and Figure 4.31 that the martensite islands were refined to have

an estimated average size of 4 and 1 um, respectively.

5.3.3. Optical microscopy and SEM of the FM processed samples tempered at
different temperatures

As mentioned earlier, tempering the FM sample processed up to 4 turns at 150°C and
2500°C for 120 min did not result in marked changes in the microstructure. However,

tempering the sample at these temperatures, 150°C and 250°C, resulted in formation of
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supersaturated Fe-C solid solution in the ferrite matrix. Increasing the tempering
temperature to 350°C resulted firstly in partial decomposition of the supersaturated Fe-
C solid solution in the ferrite as revealed by the lattice parameter inspection; secondly,
limited formation of cementite particles as revealed by the SEM investigation.
Tempering the FM sample processed up to 4 turns at 450°C for 90 min, resulted in
complete decomposition of the supersaturated Fe-C solid solution in ferrite as revealed
by the lattice parameter inspection and the formation of fine-sized cementite particles
(Figure 4.36 to Figure 4.48). In general, the cementite particles have spheroidized
shapes and are distributed broadly homogeneously through the tempered sample
(Figure 4.36 and Figure 4.37) with very limited clustering (Figure 4.38). The prior
martensite structure has an effective role in developing such heterogeneous
distribution of cementite and this dense distribution of cementite particles observed in
Figure 4.38 is believed to be developed on one prior martensite block. It is worth to
emphasise here that the HPT processing played an important role in producing high
density of crystal defects which, in turn, helps in providing homogeneous nucleation
sites for the formed cementite particles. At this tempering temperature, it is believed
that recovery took place due to the existence of some recovered ferritic grains and the
reduction in the dislocation density (see Section 5.4.3) while no recrystallization was
detected. The point count method was applied to three different areas on the sample
tempered at 450°C to determine the volume fraction of cementite (f) and the three
values were averaged and considered as the average volume fraction of cementite (f)
(for point count method procedures see Appendix A).For the sample tempered at 450°C
for 90 min, this produced f= 0.05+0.01.

Tempering the FM processed sample at 450°C will result in grain growth in the
ferrite matrix to reduce the total surface energy of the boundaries. During the grain
growth process, large ferrite grains grow while smaller grains shrink, and hence, the
mean grain size of the ferrite will increase [168]. However, in the presence of second
phase particles in the ferrite matrix (such as cementite particles), the grain growth
process can be partially or completely inhibited. In the FM sample tempered at 450°C,
the cementite particles at the ferrite grain boundaries (Figure 4.36) retard the grain

boundaries mobility by exerting forces on the grain boundaries [169].

Tempering the FM sample processed up to 4 turns at 550°C for 90 min, resulted in
the formation of recrystallized equi-axed ferritic grains and coarsening of the cementite
particles. The cementite particles formed either at the ferrite grain boundaries or at the
prior austenite grain boundaries. The Ostwald ripening process was also observed
where smaller cementite particles dissolved in order to provide carbon for other large

particles to grow, (i.e. some large cementite particles, at the ferrite grain boundaries,
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coarsened faster than those at the prior austenite boundaries as indicated by arrows in
Figure 4.40).

5.3.4. TEM of the FM samples

The TEM images in Figure 4.42 to Figure 4.47 show that ill-defined grain boundaries are
a common feature of the FM samples processed by HPT up to different number of turns.
These ill-defined grain boundaries represent non-equilibrium boundaries with high-
energy due to the existence of a high-density of trapped lattice dislocations [13]. After 1
turn, the original grains are subdivided into substructures or cells surrounded by cell
walls as shown in Figure 4.43. In Figure 4.46, more diffuse spots were observed in the
SAD pattern which suggests that further grain refinement took place after 4 turns. The
clustered and elongated spots in the SAD pattern in Figure 4.46 suggest that the
evolution of cells and subgrains continued after 4 turns.

5.4 XRD analysis

5.4.1. XRD of the FP samples

The XRD data in Figure 4.48 show that no new peaks appeared after the HPT processing
of the FP samples up to 1, 4, and 10 turns, which indicates that no new phase was
formed during the HPT processing. The fraction of the cementite phase in the present
alloy at room temperature was determined using the lever rule and found to be ~ 1.3
wt.%. Due to this low fraction of cementite, no cementite reflections were detected
during the XRD test even in the sample annealed at 1100°C for 90 min (FP undeformed
sample) and this is in agreement with the observations of other researchers [111, 118,
127]. However, the detection of weak cementite reflections is possible when scanning
pearlitic steels (0.8-0.9 wt.% C) and this is due to the high volume fraction of cementite
in these samples [76, 115, 150]. It is apparent from Table 4.5 that the lattice parameter
of the sample annealed at 1100°C for 90 min (FP undeformed sample) is larger than that
of pure a-Fe (0.28664 nm [53, 54]). It is interesting to note that there was no
appreciable increase in the lattice parameter after processing the FP samples up to 1, 4,
and 10 turns. The maximum expansion in the a-Fe lattice parameter in our HPT
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processed alloys was ~ 0.0001 nm which occurred for the FP sample processed up to 4

turns.

Investigation of the XRD line profiles of the FP processed samples revealed that
line broadening increased with the number of turns (i.e. with increasing strain) as
shown in Figure 5.1. The classical and modified Williamson-Hall method was used to
determine the volume-weighted mean column-length, (t).), and to study the nature of
the dislocation types in the FP processed samples. In order to generate the Williamson-
Hall plot, Equation 2.36 is used, and AK = cosf.4(26)/A is plotted against K=2sinf/1,
producing a straight line. This method was applied for all the investigated samples as
shown in Figure 5.2 to Figure 5.4. The intercept with the vertical-axis, 4K axis in this
case, is (0.9/(t)vo1)-

1.8 -
1.6 -
~ 1.4
o
g 12 1
] HPT1
s 1
g 0.8 7 B HPT4
o 067 ® HPT10
0.4 -
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0 . . : : .
110 200 211 220 310
Reflection planes

Figure 5.1 The broadening of the FWHM of the five hkl reflections after the HPT processing of
the FP samples up to 10 turns.
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Figure 5.2 The classical Williamson-Hall plot of the FP sample processed by HPT up to 1 turn.
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Figure 5.3 The classical Williamson-Hall plot of Figure 5.4 The classical Williamson-Hall plot of
the FP sample processed by HPT up to 4 turns. the FP sample processed by HPT up to 10

turns.

Figure 5.2 to Figure 5.4 clearly indicate the existence of a strong anisotropy where
AK is not a monotonous function of K (K=2sinf/4). In order to account for this
phenomenon (strain anisotropy), application of the modified Williamson-Hall method
[144] becomes necessary. For steel, the average dislocation contrast factor Cpqq is ~ 0.3
for both dislocation types (screw or edge) [146] while the parameter of the dislocation
contrast factor (q) is 2.67 and 1.28 for screw and edge dislocations, respectively. Using
these values of Cj,, and g in Equation 2.38, the contrast factor was calculated for each
individual diffraction plane. The plots of the modified Williamson-Hall method for the
FP processed samples (assuming the presence of pure screw dislocations) are shown in
Figure 5.5, Figure 5.7, and Figure 5.9 while the plots of the FP processed samples in the
presence of mixed dislocations (proportions of 0.75 screw and 0.25 edge) are shown in

Figure 5.6, Figure 5.8, and Figure 5.10. The strain anisotropy effect that was observed in
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the classical Williamson-Hall plots (Figure 5.2 to Figure 4.4) almost disappeared when
the contrast factor was introduced (Figure 5.5 to Figure 5.10), as is indicated by the
calculated correlation coefficient, R?, displayed in the figures. The modified Williamson-
Hall plots of the FP processed samples in the case of mixed dislocations gave better
linear dependencies and hence they were used in the analysis.
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Figure 5.5 The modified Williamson-Hall Figure 5.6 The modified Williamson-Hall
plot of the FP sample processed up to 1 plot of the FP sample processed up to 1
turn in the case of pure dislocations. turn in the case of mixed dislocations
(0.75 screw and 0.25 edge).
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Figure 5.7 The modified Williamson-Hall Figure 5.8 The modified Williamson-Hall
plot of the FP sample processed up to 4 plot of the FP sample processed up to 4
turns in the case of pure dislocations. turns in the case of mixed dislocations

(0.75 screw and 0.25 edge).
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Figure 5.9 The modified Williamson-Hall Figure 5.10 The modified Williamson-Hall
plot of the FP sample processed up to 10 plot of the FP sample processed up to 10
turns in the case of pure dislocations. turns in the case of mixed dislocations

(0.75 screw and 0.25 edge).

The volume-weighted mean column length ({t),.;) of the FP samples processed up

to 1, 4, and 10 turns is determined from the intercept with the vertical-axis, at

KCY? = 0. The volume-weighted mean column lengths ({t)y,) of the FP samples

processed up to 1, 4, and 10 turns are listed in Table 5.3. Using Equation 2.40, the

experimental g value can be determined when plotting (4K? — §)/K? vs. H2 where the

intercept with the horizontal-axis (H?) is 1/q. This graphical method of determination of

the experimental q value of the FP sample processed up to 1 turn is illustrated in Figure

5.11 (the FP sample processed up to 1 turn is analysed in this example). Table 5.4 shows

the experimental g values of the FP processed samples obtained using this graphical

method.

Table 5.3 The volume-weighted mean column lengths of the FP samples processed by HPT

up to 1, 4, and 10 turns obtained by the modified Williamson-Hall method.

Sample The volume-weighted mean column
length (nm)
FP (HPT1) 68+7
FP (HPT4) 54+8
FP (HPT10) 51+18
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Figure 5.11 A plot of (4K? — &)/K? vs. H? according to Equation 2.40 for the FP sample

processed up to 1 turn.

Table 5.4 The values of the parameter of the dislocation contrast factor q obtained by the

Williamson-Hall method of the FP processed samples.

Sample q
FP (HPT1) 1.8+ 0.6
FP (HPT4) 1.8+ 0.5
FP (HPT10) 1.3+0.9

Following the procedures described in Section 2.6.2, the input files necessary to
run the Multiple Whole Profile-fit (MWP-fit) were prepared. The MWP-fit was applied to
the FP samples processed by HPT up to 1, 4, and 10 turns. The result of the MWP-fit of
the FP sample processed up to 1 turn is shown in Figure 5.12. In Figure 5.12, the Fourier
transform of the measured and fitted profiles are plotted against L for the FP sample
processed up to 1 turn, at which a good fit can be observed. A good fit was also observed
in the results of the FP samples processed up to 4 and 10 turns (not shown here). The
values of the dislocation contrast factor (q), and the dislocation density (p) obtained by
the MWP-fit for the FP processed samples are listed in Table 5.5.
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Figure 5.12 The Fourier transform of the measured and fitted profiles vs. L. The five peaks

(110, 200, 211, 220, and 310) are plotted in sequence and in an independent range of AL. The

range of AL extends from 0 to 100 nm.

Table 5.5 The parameter of the dislocation contrast factor (q) and the dislocation density
(p) obtained by the MWP-fit of the FP processed samples.

Sample q px1015 (m-2)
FP (HPT1) 2.3+0.04 24+0.1
FP (HPT4) 1.57 + 0.03 3.08 +0.03
FP (HPT10) 1.47 + 0.04 3.7+0.2
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Figure 5.13 The nature of dislocations as a function of number of turns in the FP
processed samples. Solid squares represent the g values obtained by the Williamson-Hall

method while the open squares represent the g values obtained by the MWP-fit.

Figure 5.13 indicates that both screw and edge dislocations exist during the HPT
processing of the FP samples up to 4 turns. However, at high number of HPT turns (10
turns), i.e. at very high strain, nearly 100% of the dislocations are edge type.

Dislocation density can be measured either by XRD or TEM techniques. Using TEM
will lead to a measured dislocation density in a very small region while XRD analysis
will produce an averaged dislocation density of a much wider region. Although
dislocation densities measured by XRD are often somewhat higher than those measured
by TEM, they are still comparable and in most cases within the same order of magnitude
[170, 171]. Thus, measuring the dislocation density by XRD has an advantage over that
measured by TEM since the sample preparation is easier in the case of XRD and this
technique gives an average dislocation density while the TEM gives a dislocation density
of a restricted area. Chen et al. [172] produced an Fe-C alloy by ball milling of iron and
graphite and measured a dislocation density as ~ 3.2x101¢ m-2 using XRD. Chakraborty
et al. [150] used cold-drawing to deform a pearlitic steel (0.8 wt.% C) to total strain of
1.4. Chakraborty et al. [150] measured a dislocation density as 8x10!> m2 in the
deformed pearlitic steel using XRD. Zhang et al. [173] have cold-drawn pearlitic steel
(0.8 wt.% C) to a strain of 2.67 and 3.68 and measured a dislocation density using TEM
and high resolution electron microscopy (HREM) as 8.8x1015 and 2x101¢, respectively.
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The dislocation densities obtained in the current study are equal to or less by one
order of magnitude than those measured in the above investigations. The higher values
of the dislocation densities in [150, 172, 173] may be attributed to the difference in the
chemical composition, i.e. the very high carbon content (0.8 wt.% C). The MWP-fit
method used in the current study has an advantage over the other XLPA methods due to
its high accuracy [146].

5.4.2. XRD of the FM samples

The MWP-fit was applied to the FM samples processed by HPT up to 1, 4, and 10 turns
following the same procedures as described in Section 2.6.2. The result of the MWP-fit
of the FM sample processed up to 1 turn is shown in Figure 5.14. In Figure 5.14, the
Fourier transform of the measured and fitted profiles are plotted against the Fourier
length (L) for the FM sample processed up to 1 turn where good fit can be observed.
Good fit was also observed in the result of the FM samples processed up to 4 and 10
turns (not shown here). The parameter of the dislocation contrast factor (gq), and the
dislocation density (p) obtained by the MWP-fit for the FM processed samples are listed
in Table 5.6.
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Figure 5.14 The MWP-fit result of the FM samples processed by HPT up to 1 turn (as an
example). In this figure, a plot of the Fourier transform of the measured and the fitted
(theoretically) vs. L. The five peaks (110, 200, 211, 220, and 310) are plotted in sequence and in
an independent range of AL. The range of AL extends from 0 to 100 nm.

Table 5.6 The parameter of the dislocation contrast factor (q) and the dislocation density

(p) obtained by the MWP-fit of the FM processed samples.

Sample q px1015 (m-2)
FM (HPT1) 2.07 £ 0.04 1.9+0.3
FM (HPT4) 1.70 £ 0.03 2.09 £ 0.02
FM (HPT10) 1.87 £ 0.03 22+0.2

142



Discussion K. Husain (2015)

3 T T T T T T T T T T T T 3
—
O | 100% screw
(&)
p—
>
(2]
3

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 75% screw
S
>
IS
OC.) 24 o 50% screw | 2
e O
15
% ,,,,,,,,,,,,,,,,,,,,, D ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 25% screw
(%)
N—r'
o
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 100% edge
1+ — 1

T 1T 7
0 1 2 3 4 5 6 7 8 9 10 11 12 13
Number of turns

Figure 5.15 The nature of dislocations as a function of the number of turns obtained by

the MWP-fit of the FM sample processed up to 1, 4, and 10 turns.

The comparison of measured q values with theoretical g factors for different
relative fractions of screw and edge dislocations shown in Figure 5.15 indicates that

both screw and edge dislocations exist during the HPT processing of the FM samples up
to 10 turns.

Renzetti et al. [174] tempered ODS-Eurofer steel (0.07 wt.% C) at 750°C for 1h
then cold-rolled it to a total reduction of 80%. Renzetti et al. [174] measured the
dislocation density of the cold-rolled tempered steel using XRD as 8.0x1015 m-2.
Takebayashi et al. [170] measured the dislocation density in a martensitic steel (0.3
mass.% C) in the as-quenched initial state using XRD as 6.3x1015 m-2. Takebayashi et al.
[170] also measured the dislocation density of the same sample using TEM and
obtained a value which was very close to the one obtained by the XRD. Nedjad et al.
[151] measured the dislocation density of 18Ni (300) Maraging steel (ferritic-
martensitic steel) pressed by ECAP up to 4 passes using XRD as 1.7x1016 m-2. It is clear
that the dislocation densities obtained in the current study are in the same or less by

one order of magnitude when compared to those measured in the above investigations.
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5.4.3. XRD of the FM processed samples tempered at different temperatures

In order to apply the MWP-fit to the FM sample processed up to 4 turns and tempered
at 450°C for 90 min, it was necessary to separate the overlapped peaks (Figure 5.16).
After the separation process of all overlapped peaks in the pattern, the peaks due to Kal
were used when the MWP-fit was applied.

T T T T T T T T T
_ —— Measured data —
—— Fit Peak 1(due to Kal)

Fit Peak 2 (due to Ka2)
—— Cumulative Fit Peak =

Intensity

Figure 5.16 A magnified hkl reflection (220) of the FM sample processed up to 4 turns and
tempered at 450°C for 90 min. In this figure, the peak due to Kal (red curve) was successfully

separated from the peak due to Ka2 (green curve).

The MWP-fit was applied to the FM processed samples tempered at 250°C and
4500°C following the same procedures as in Section 2.6.2. The result of the MWP-fit of
the FM sample processed up to 4 turns and tempered at 250°C is shown in Figure 5.17.
In Figure 5.17, the Fourier transform of the measured and fitted profiles are plotted
against the Fourier length (L) for the FM samples processed up to 4 turns and tempered
at 250°C where good fit can be observed. Good fit was also observed in the result of the
FM sample processed up to 4 turns and tempered at 450°C (not shown here). The
parameter of the dislocation contrast factor (g), and the dislocation density (p) obtained

by the MWP-fit for the FM processed samples tempered at different temperatures
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(250°C and 4500°C) are listed in Table 5.7. The comparison of measured q values with
theoretical g factors for different relative fractions of screw and edge dislocations
shown in Figure 5.18 indicates that at high tempering temperature (450°C), the screw

dislocations become dominant.
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Figure 5.17 The MWP-fit result of the FM sample processed by HPT up to 4 turns and
tempered at 250°C (as an example). In this figure, a plot of the Fourier transform of the
measured and the fitted (theoretically) vs. L. The five peaks (110, 200, 211, 220, and 310) are

plotted in sequence and in an independent range of AL. The range of AL extends from 0 to 100

nm.

Table 5.7 The parameter of the dislocation contrast factor (q) and the dislocation density

(p) obtained by the MWP-fit of the FM processed samples tempered at 250°C and 450¢C.

sample q px1015 (m2)
FM (HPT4) tempered at 250°C | 2.11 +0.05 2.41 +0.05
FM (HPT4) tempered at 450°C | 2.50 + 0.03 1.61 +0.03
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Figure 5.18 The nature of dislocations as a function of the tempering temperature
obtained by the MWP-fit of the FM processed samples tempered at 250°C and 450°C.

Cheng et al. [175] processed Mo by HPT up to 6 turns under a pressure of 4 GPa
and studied the relationship between the grain size and the density of the screw and
edge dislocations. The authors observed that the density of the screw dislocations
decreases as the grain size decreases, reaching zero when the grain size was less than
100 nm. The authors observed that both edge and screw dislocations exist when the
grain size is between 100 and 300 nm. During the HPT processing of the FP samples, the
fraction of the screw dislocation decreases as the number of turns increases (Figure
5.13 and Figure 5.15) or in other word as the grain size decreases. This is in agreement
with Cheng et al.’s observations [175]. It is worth noting that no clear explanation was

given in [175] for the dependency of the grain size and the fraction of the edge and
screw dislocations.

In general, the screw dislocations were dominant in the FP sample processed up to
1 turn where the strain is relatively low (Figure 5.13). This observation is in agreement
with the general notion that screw dislocations govern the deformation during the
initial stages of the deformation in bcc metals such as steel alloys [175, 176]. After 4 and
10 turns of HPT processing of the FP and FM samples, dissociation of screw dislocation
(1/2[111] into 3 {110} slip planes takes place (i.e. in 3 dimensions), and hence, slipping
of the screw dislocation core becomes more difficult [175, 177]. In this case, the edge
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dislocations moved much faster than screw dislocations, and consequently,
multiplication of edge dislocations took place [178]. The difficult slipping of the screw
dislocations and the multiplication of the edge dislocations resulted in high fraction of
edge dislocations and low fraction of screw dislocations in these samples (Figure 5.13
and Figure 5.15) except for the FM sample processed up to 10 turns. XRD investigation
revealed that the ferrite of the FM sample processed up to 10 turns has the largest
content of carbon among all of the other processed samples. It is believed that the edge
dislocations in the FM sample processed up to 10 turns have been pinned by the carbon
since the carbon has an effective role in pinning edge dislocations, and hence, the
multiplication process of the edge dislocations was reduced in this sample [179, 180] as
shown in Figure 5.15. Tempering the FM sample processed up to 4 turns at 450°C for 90
min resulted in a reduction in the dislocation density from 2.09x1015 to 1.6x101> m2,
XRD analysis revealed that the lattice parameter of the ferrite of the FM sample
processed up to 4 turns and tempered at 450°C was similar to that of pure «a-iron (0.248
nm [53, 54]) which suggests that no solid solution was formed in this sample during
tempering. Thus, edge dislocations are not pinned and can move freely since no carbon
in solution presents in this sample. Furthermore, the screw dislocations dissociated into
3 slip planes after 4 turns of the HPT processing [177], which makes the edge
dislocations are much faster than screw dislocations. At elevated temperature such as
450°C, edge dislocations of different signs on different glide planes annihilate each other
by climb and glide processes which results in a reduction in the fraction of the edge
dislocations and an increase in the fraction of the screw dislocations as shown in Figure
5.18 [181, 182].

Pesicka et al. [183] tempered a P91 martensitic steel (0.075 wt.% C) at 750°C for
15 min and measured the dislocation density as 0.79x1014 m-2 using XRD. In the current
study, the dislocation density of the FM sample processed up to 4 turns and tempered at
450°C for 90 min was 1.6x1015 m2. The difference between the measured dislocation
density in the current study and the one obtained by Pesicka et al. [183] can be
attributed to the high annealing temperature used in [183] and the initial state in [183]
being as-quenched martensitic steel while in the current study HPT-processed
martensitic steel as the initial state was used. Astafurova et al. [127] tempered a
martensitic steel (0.1 wt.% C) processed by HPT up to 5 turns at 500°C for 60 min.
Astafurova et al. [127] measured a dislocation density as 2.1x1015 m2 in the tempered
martensitic steel. The measured dislocation density in the current study is very close to
the one measured by Astafurova et al. [127]. This suggests that the XLPA results
obtained in the current study are reliable and can be used to build up the required

model with high confidence.
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CHAPTER 6

6. The strength/hardness model

Predicting the strength of coarse-grained undeformed and deformed FP and FM
samples has drawn the interest of many researchers. Karlsson and Linden [49] studied
the yield strength and flow stress of a coarse-grained FP sample (0.2 wt.% C). The
authors claimed the yield strength of the investigated FP sample to be about the same as
the yield strength of ferrite with a similar grain size. The authors also claimed that the
overall flow stress of the investigated sample could be satisfactorily described by the
rule of mixtures of ferrite and pearlite. Similarly, Suh et al. [48] used FEM to predict the
yield strength and flow stress of a coarse-grained FP sample (0.15 wt.% C). They ended
with a result similar to that of Karlsson and Linden [49] where the yield strength of the
FP steel is governed by the ferrite. Chen and Cheng [184] hypothesised that the tensile
strength of FM steel can be described by the rule of mixtures of the ferrite and
martensite. Speich and Wrlimont [124] proposed an empirical relation to predict the
yield strength of coarse-grained FM steels with a carbon content of more than 0.013
wt.%. The empirical relation is a function of the square root of the carbon content
(wt.%). Another empirical relation was proposed by Norstrom and Scand [185] to
predict the yield strength of a coarse-grained FM steel that incorporates the following
strengthening mechanisms : 1) the friction strength; 2) the carbon content; 3)
strengthening due to substitutional solid solution such as Mn and Ni; 4) strengthening
due to the dislocation density within the lath martensite; and 5) strengthening due to
the martensite packet size. Recently, Fang et al. [63], Gunduz [64], and Salemi and
Abdulla [65] studied the microstructural evolution and strength of FM steel samples
tempered at 100°C to 600°C but no model was proposed in these studies to predict the
strength/hardness of these tempered samples. Malik and Lund [99] proposed an
empirical relation to predict the yield strength of a coarse-grained medium carbon steel
(0.4 wt% C) tempered at different temperatures. The authors incorporated
strengthening due to dislocation density and strengthening due to second phase

particles, but neglected strengthening due to grain boundary.

Researchers have extensively studied the ultrafine grain steels due to their
attractive mechanical properties. Several studies have investigated the microstructural
changes and microhardness of pearlitic steel (0.7-0.9 wt% C) during different

processing methods, including cold-rolling, cold-drawing, and HPT processing [113,
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115, 150, 167]. In these studies, the authors observed cementite dissolution and hence
tried to explain the mechanism behind it. Several studies can also be found that
investigated the microstructural changes and microhardness of low-carbon steel during
the equal-channel angular pressing process [21, 38, 109, 120]. Ivanisenko et al [115]
and Wetscher et al. [113] studied the properties of pearlitic steel (0.6-0.9 wt.% C)
during HPT processing. Astafurova et al. [127], Dobatkin et al. [111], and Cardona et al.
[118] studied the microstructural evolution and microhardness of low-carbon steel
during HPT processing. The principal concern of these studies [111, 118, 127] was
simply the microstructural evolution and properties of the processed low-carbon steels
and no attempt was made to predict the microhardness of the processed samples.

Qiao et al. [93] proposed a model to predict the strength/hardness of Al samples
deformed by cold-rolling, ECAP, MDF, ARB, and embossing. Starink et al. [186] proposed
a model to predict the hardness of pure metals processed by HPT. Miller [187]
deformed low-carbon steels (0.053 wt.% C) containing Ni using cold-working in order
to achieve a reduction in the samples thickness of 60 to 80%, which resulted in samples
with different grain sizes (0.3 to 1.1 pum) being produced. He attributed the
improvement in the yield strength to the grain size reduction, thereby neglecting the
strengthening due to dislocation density. Valiev et al. [13] predicted the microhardness
of Armco iron processed by HPT and claimed the hardness of the processed sample to
be mainly due to grain boundary strengthening. It has also been documented that
several strengthening mechanisms contribute to the overall strength of SPD-processed
materials [93, 96, 186, 188]. Strengthening due to dislocation is considered to be the
main mechanism, followed by strengthening due to the grain boundary when an SPD-

processed material is investigated [189].

During HPT processing, the processed sample is exposed to large strain especially
at a high number of turns. The HPT-processed materials are characterised by an
ultrafine or nano structure and high dislocation density. The MWP-fit program was used
in the current study to determine the dislocation density of the HPT-processed samples.
Sarkar et al. [100] determined the dislocation density of an IF steel sample processed by
ECAP using the Williamson-Hall method. They predicted the strength of the processed
sample using the Taylor relation which considers the dislocation density to be the main
strengthening contributor and so neglects other contributors to strengthening such as

grain boundary strengthening.

The current model includes most of the strengthening mechanisms, which makes
it consistent with the models that were previously proposed in the literature [93, 173,
186, 188], unlike the models that were proposed by Miller [187], Valiev et al. [13], and

Sarkar et al. [100] which incorporated only one strengthening mechanism.
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6.1 The model

In this section, a proposed strength/hardness model will be applied to predict the
hardness of the FP and FM samples processed by HPT up to 10 turns. In addition, the
model will be expanded to predict the hardness of the FM processed samples tempered
at different temperatures.

Following the concepts outlined in [93], during HPT processing, the generated
dislocation linelength (Lgen) in the ferrite matrix is either stored in grain ( denoted as
Lig) or moved to the cell walls/grain boundaries (will be denoted as Lg,). The
dislocations that have moved to the cell walls/grain boundaries are considered to be
part of the grain boundary and are, consequently, subsumed in the grain boundary [93,
186]. Taking into account the possible annihilation of dislocations with opposite signs
that glide on the same slip plane [190] will yield [186]:

Lgb + Lig =(1- fan)Lgen 6.1

where f,, is the fraction of the annihilated dislocations (temperature and material
dependent). It is believed that the Li; part makes a substantial contribution to the
strength, while the Lg, part contributes to the reduction of the cell walls, as well as grain

size reduction, and produces high angle grain boundaries.

In the current model, several contributors to the strength of the investigated
samples will be accounted for: 1) the friction stress; 2) strengthening due to the solid
solution (oss); 3) strengthening due to dislocations (op); 4) strengthening due to grain
boundaries (ocg); and 5) strengthening due to second-phase particles (or). In most
treatments, it is accepted that the dislocation pile-up at the grain boundary is the basic
mechanism behind the grain boundary strengthening [78]. Thus, the superposition of
the grain boundary and dislocation strengthening (op) in the quadratic form will be
incorporated into the current model [186, 189, 191]:

(068+p)? = (06)* + (0p)? 6.2

It is also well accepted that the contributors to strengthening (mentioned above)

are added linearly when predicting the overall strength of a material. Accordingly, the
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following relation will be used to predict the overall strength of the investigated
samples [93, 123, 192]:

g = 0y + Oss + OGB+D + Op 6.3

6.2 Application of the model

All the essential equations that are used in the model are listed in this Chapter or else
referenced if they are mentioned in the literature. Furthermore, all of the parameters

used in the model are mentioned in the text and listed in Table 6.5 as well.

6.2.1. The friction stress

The friction stress of pure iron is as low as 34 MPa [94]. However, due to the existence
of small amounts of alloying elements in the ferrite matrix of the investigated samples,

the friction stress has been taken as 200 MPa [94] for all of the investigated samples.

6.2.2. Strengthening due to the solid solution

The strength due to the solid solution in the ferrite of the FP undeformed sample and FP

processed samples can be determined using the following relation [67].

Ogg = KCXC 6.4

where K¢ is the corresponding proportionality constant of carbon and it is taken as
5544 MPa per 1 wt% of carbon [67]. After substituting the lattice parameters of the
ferrite of the FP undeformed sample and the FP processed samples obtained by XRD
analysis (Table 6.1) in Equation 2.13, the carbon content in the ferrite of the FP
undeformed sample and the FP samples processed up to 1,4, and 10 turns can be found.

The results are listed in Table 6.1. The strength due to the solid solution in the ferrite of
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the FP undeformed sample and FP processed samples is determined according to
Equation 6.4, and the results are listed in Table 6.1.

The lattice parameters of both the ferrite of the as-received sample and the FM
sample processed up to 4 turns and tempered at 450°C were found to be similar to
those of the pure a-iron [53, 54] which suggests that no solid solution was formed in the
ferrite of these samples (Table 6.1). The strengths due to the solid solution in the ferrite
of the FM processed samples and the sample tempered at 250°C were determined by
following the same procedures used when predicting the solution strengthening of the

FP processed samples.

Table 6.1 The lattice parameters obtained by XRD, the carbon content in ferrite, and the

strength due to the solid solution in the ferrite of the investigated samples.

Sample Lattice parameter Xc Ogs

(nm) (wt. %) (MPa)

FP undeformed sample 0.2868 + 0.0001 0.0195 108.0369

FP (HPT1) 0.2868 + 0.0002 0.0195 108.0369

FP (HPT4) 0.2869 + 0.0002 0.0451 250.1908

FP (HPT10) 0.2868 + 0.0001 0.0195 108.0369
As-received 0.2866 +0.0005 0.0000 0.0000

FM (HPT1) 0.2867 + 0.0003 0.0041 15.5897

FM (HPT4) 0.2868 + 0.0002 0.0195 108.0369

FM (HPT10) 0.2870 + 0.0002 0.0708 392.3446

FM (HPT4) tempered at 250°C 0.2870 + 0.0003 0.0708 392.3446
FM (HPT4) tempered at 450°C 0.2866 + 0.0002 0.0000 0.0000

6.2.3. Strengthening due to dislocation density

Strengthening due to dislocation density was calculated according to Equation 6.5,
which is another form of the Taylor relation (Equation 2.18). The values of the
parameters used in Equation 6.5 are: the constant y is 0.3 [93, 100, 189, 193, 194], the
orientation factor M is 3 [100, 123, 193-195], the shear modulus G is 77 GPa [123], and
the Burgers vector b of a-iron is 0.248 nm [100, 123, 188, 195]. The dislocation
densities used in Equation 6.5 were obtained from an XRD line profile analysis except
for the dislocation densities of the FP undeformed and as-received samples, which were
taken from the literature [183, 196-198]. Table 6.2 details the dislocation densities of
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the investigated samples as well as the calculated strength due to the dislocation
densities (according to Equation 6.5) of these samples.

op = uMGb,/p 6.5

Table 6.2 Dislocation densities and the calculated strength due to the dislocation densities

(according to Equation 6.5) of the investigated samples

Sample px1015 (m-2) op (MPa)
FP undeformed sample 0.001 [183, 196] 17.2
FP (HPT1) 2.4+0.1 854.1
Ann (HPT4) 3.08 £ 0.03 954
Ann (HPT10) 3.7+0.2 1052.4
As-received 0.54 [197, 198] 399.4
FM (HPT1) 1.9+0.3 749.1
FM (HPT4) 2.09 +0.02 786
FM (HPT10) 22+0.2 799
FM (HPT4) tempered at 250°C 2.41 +£0.05 842
FM (HPT4) tempered at 450°C 1.61 +0.03 687.4

6.2.4. Strengthening due to grain boundaries

It was not possible to determine the grain sizes of the deformed samples using TEM due
to the high density of the dislocations, nor was it possible using EBSD due to the very
low identification rate during the EBSD scan. According to [186], for metals processed
by SPD at room temperature, the strengthening due to dislocation is generally much
higher than strengthening due to the grain boundaries. In [186], a ratio (o¢s/0op=0.52)
was determined for Fe ferrite samples exposed to a strain higher than 1 during SPD
processing at room temperature, and this ratio (ocs/op=0.52) will be applied in the
current model when calculating the grain boundary strengthening for the HPT-
processed samples. Following this approach, the prediction of strengthening due to
grain boundaries is possible even without measuring the grain size. The Hall-Petch
relation (Equation 2.7) was applied when predicting the strength due to grain

boundaries for the FP undeformed and as-received samples. Using the linear intercept
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method [199], the average grain size of the FP undeformed and as-received samples
was determined as 20 and 6 pm, respectively, while the Hall-Petch constant k was taken
as 328 MPa pm-1/2 [200]. Table 6.3 shows the calculated strength due to grain

boundaries.

Table 6.3 The calculated strength due to the grain boundaries of the investigated

samples
Sample oqp (MPa)
FP undeformed sample 73.3303
Ann+HPT1 444.2
Ann+HPT4 496
Ann+HPT10 547.2
As-received 134
FM (HPT1) 390
FM (HPT4) 409
FM (HPT10) 415.3
FM (HPT4) tempered at 250°C 438
FM (HPT4) tempered at 450°C 3574

6.2.5. Strengthening due to second phase particles

Although the essential relations used when predicting the strength due to second phase
particles are stated in the literature review section, they will be deliberately restated
here due to their importance and to make it easier for the reader to follow. The strength

due to second phase particles can be found as [104]:

¢Gb D

Opart = - Inoy 6.6

where ¢ is defined as in Section 2.3.3 and D is the interparticle spacing of the second

phase particles, which can be found from the following relation [103]:
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o= () -6)) .
3fpart 3 2 '

where fpare and dp,e are the volume fraction and diameter of the second phase
particles, respectively. The diameter of the second phase particles d,.« can be found

from the following relation [105]:

_ 3fpartlpart

d =
P T 20 fpar) o8

where A, is the mean free path (Apare = 1-fpare/NL) and Ni is the number of particles
intercepted by unit length of a tested line. It will be assumed that pearlite, martensite,
and cementite particles, as well as tempered martensite, are effectively non-shearable
particles/inclusions. The strengthening due to non-shearable particles/inclusions will
be determined by following the approach and procedures described above (Equation
6.6 to Equation 6.8) which is generally termed an Orowan-type approach. Optical and
SEM images were used when calculating the volume fraction of the second phase
particles of the investigated samples. The volume fraction of pearlite in the FP
undeformed sample was determined as 0.1 using the point count method [157]. The
volume fraction of the pearlite in the FP samples processed up to 1, 4, and 10 turns was
assumed to be 0.1 since no cementite dissolution was evident. The volume fraction of
the martensite in the as-received sample was determined as 0.15 using the point count
method [157] and assumed to be constant after the HPT processing up to 1, 4, and 10
turns since no phase transformation was evident. The volume fraction of the tempered
martensite in the FM sample processed up to 4 turns and tempered at 250°C was
assumed to be 0.15 (similar to the HPT-processed sample) since no significant change in
the microstructure was observed. The volume fractions of the tempered martensite and
the fine-sized cementite particles in the sample tempered at 450°C were determined as
0.07 and 0.04, respectively, using the point count method [157]. Optical or SEM images
were used when determining N, (see Appendix A). When calculating strengthening due
to second phase particles for the FM sample processed up to 4 turns and tempered at
4500°C, the linear addition of cementite and tempered martensite strengthening was
assumed. The strengths due to second phase particles of the samples included in the
model are listed in Table 6.4.

155



The strength /hardness model

K. Husain (2015)

Table 6.4 The calculated strength due to second phase particles of the investigated samples

Sample op (MPa)

FP undeformed sample 13.07368
Ann+HPT1 10.66301
Ann+HPT4 30.39635
Ann+HPT10 28.38608
As-received 19.35067

FM (HPT1) 17.75349

FM (HPT4) 32.47252

FM (HPT10) 29.60848

FM (HPT4) tempered at 250°C 41.75602
FM (HPT4) tempered at 450°C 155.7981

Section 6.2.1 to Section 6.2.5 detailed the calculation of the individual contributors
to the overall strength of the investigated samples. The overall strength is determined
by the linear addition of these individual contributors of strengthening (Equation 6.3).
Equation 2.24 ( Hv = Croy) is used to convert the yield strength to hardness where a
value of 3.5 was taken for the constant Cr in Equation 2.24 [123].

Table 6.5 Parameter values used in the model

Parameter Value References
Oo 200 MPa [94]
U 0.3 [93,100, 189, 193, 194]
M 3 [100, 123, 193-195]
G 77 GPa [123]
b 0.248 nm [100, 123,188, 195]
YPR 0.33 [66]
k 328 MPa um?/2 [200]
K¢ 5544 MPa/1wt.% [67]
Cr 3.5 [123]
p (FP undeformed sample) 1.0x1012 m-2 [183, 196]
p (as-received sample) 5.4x1014 m-2 [197, 198]
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The model was applied to predict all of the hardness data measured in the present
work. The contributions of the different mechanisms to the strength as predicted by the
model are shown in Figure 6.1 to Figure 6.3. It is clear from these figures that
strengthening due to dislocation density has a strong effect on the overall strength,
followed by strengthening due to grain boundaries, for all of the investigated samples.
The strengthening due to the solid solution in the ferrite of the FP processed samples
has a small effect as shown in Figure 6.1, whereas the strengthening due to second
phase particles (pearlite in this case) was the smallest among all of the strengthening
mechanisms. Strengthening due to the solid solution in the ferrite of the FM samples
increased with the number of turns and reached a value close to that of the
strengthening due to grain boundaries (Figure 6.2) in the FM sample processed up to 10
turns. In the FM sample processed up to 4 turns and tempered at 450°C, the
strengthening due to second phase particles increased when compared to the sample
tempered at 250°C. This can be attributed to the cementite particles in the sample
tempered at 450°C, while there was no solid solution strengthening in this sample
(Figure 6.3). Increasing the tempering temperature from 250°C to 450°C did not result
in a significant reduction in the dislocation density. A comparison between the
predicted and the measured hardness is presented in Figure 6.4. It can be seen from
Figure 6.4 that the model captures the main hardening mechanisms well.
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2000 + - - Strengthening due to solid solution
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Figure 6.1 Prediction of the yield strength of the FP undeformed sample and the FP samples

processed by HPT up to 1, 4, and 10 turns due to different strengthening mechanisms.

157



The strength /hardness model

K. Husain (2015)

-3~ Strengthening due to particles
Friction stress
-l Strengthening due to solid solution
-- Strengthening due to grain boundary
- @ - Strengthening due to dislocation

Number of HPT turns

©

o

= 1600__ --@- Total yield strength @

N—r

= 1400

qC) 1200 - o O

] .

3 10001

o ] S

o 800 P R o)

= T 9 .

QO e00{ @ -

3 ]

2 2004 © A A

o l

200 "’ o
o w-m-TT . X

T T T T T T T
0 2 4 6 8 10

Figure 6.2 Prediction of the yield strength of the as received and FM samples processed by HPT

up to 1, 4, and 10 turns due to different strengthening mechanisms.
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Figure 6.3 Prediction of the yield strength of the FM sample processed up to 4 turns and

tempered at 250°C and 450°C due to different strengthening mechanisms.
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Figure 6.4 Predicted and measured hardness of the steel samples (undeformed, HPT-processed,

and tempered samples).

6.3 Accuracy and applicability of the model

The model predicted the hardness of the investigated samples with an average error of
+8%. The model was applied to steel alloys in different initial states (ferritic-pearlitic
and ferritic-martensitic). The model was also applied to undeformed steels (such as the
FP undeformed and as-received samples) and HPT-processed samples (such as the FP
and FM processed samples). The application of the model was further expanded to

include FM processed samples tempered at different temperatures.
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CHAPTER 7

7. Conclusions

During the HPT processing of low-carbon steel (0.1 wt.% C) in ferritic-pearlitic (FP) and
ferritic-martensitic (FM) states, the microhardness monotonously increased with strain.
After 10 turns, the microhardness increased up to 3 times compared to that of the initial
state in both the FP and FM samples. The microhardness measurement of the individual
phases, ferrite or martensite, in the FM samples processed up to 1, 4, and 10 turns
showed a similar behaviour where each phase hardened with the increasing number of
turns or strain. However, the ferrite had a higher hardening rate than the martensite.
The nanohardness of the ferrite in the FP samples increased with the number of turns;
this can be attributed to the increase in the dislocation density and the carbon-
dislocation interaction. Similarly, the nanohardness of the pearlite increased with the
number of turns up to 4 turns; this can be attributed to the decrease in the lamellae
spacing. The nanohardness and the microhardness measurements of the FM samples
processed by HPT had similar trend of increasing hardness with HPT deformation
except for the FM sample processed up to 10 turns. The FM sample processed up to 4
turns and tempered at 350°C had a higher nanohardness than that of the sample
tempered at 250°C.

Grain refinement of the ferrite and pearlite/martensite in the FP and FM samples
took place during the HPT processing up to 10 turns. The ferrite grain boundaries were
invisible at the edge of the FP and FM samples processed up to 4 turns when using
optical microscopy or SEM. Cementite fragmentation in the FP samples started after 4
turns of HPT processing and increased with strain. Cementite dissolution was not
observed even after 10 turns. Refinement of martensite islands was evident during the
HPT processing reaching an estimated size of ~ 1 um in the FM sample processed up to
10 turns. The FM samples processed up to 4 turns and tempered at 450°C for 90 min
have a microstructure consisting of ferrite, tempered martensite, and fine-sized

cementite particles.

During the XRD investigation, only ferrite reflections were detected and this was
due to the small volume fraction of pearlite, ~ 10%, and martensite, ~ 15%, in the FP
and FM samples, respectively. No appreciable expansion in the lattice parameter (a) of
the ferrite of the FP processed samples was observed. The lattice parameter (a) of the

ferrite of the FM processed samples increased as the number of turns increased. The
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lattice parameter of the ferrite of the FM sample processed up to 4 turns and tempered
at 450°C for 90 min was similar to that of the pure a-iron (0.28664 nm) which suggests
that the fine-sized cementite particles formed as a result of complete decomposition of
the supersaturated solid solution in the ferrite matrix.

The volume-weighted mean column-length, (t),,;, of the FP processed samples
determined by the modified Williamson-Hall method decreased with the number of
turns. Using the modified Williamson-Hall method and the multiple whole profile-fit
(MWP-fit), the fraction of the screw dislocation in the FP samples was found to decrease

as the number of turns increased.

The strength/hardness model, proposed in the current study, is based on the
assumption that the dislocations and grain boundaries strengthening are the main
strengthening contributors to the strength of the HPT-processed steel samples. The
strength /hardness model also accounts for other strengthening contributions such as
solid solution and Orowan strengthening. The model was able to predict the
strength/hardness of the HPT-processed samples and the FM processed samples

tempered at different temperatures to a good accuracy with an average error of +8%.

The novelties of this work are summarised below:

1. Producing a material with a novel microstructure from the ferritic-pearlitic or
ferritic-martensitic initial state after only 10 turns of HPT processing. This
material has a novel microstructure and possesses high microhardness of ~ 5.5
GPa.

2. Producing tempered ultrafine grained martensitic steel that is thermally stable
up to 450°C. The key point in producing the thermally stable tempered
martensitic steel is the HPT processing which provided dense crystal defects that
acted as nucleation sites for the formed cementite particles which in turn

retarded the grain growth at this high temperature.

3. Studying the character of the dislocation during the HPT processing of low-carbon
steel in the ferritic-pearlitic, ferritic-martensiticc and FM processed samples

tempered at different temperatures.
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Proposing a model, using the dislocation densities obtained from the XRD line
profile analysis (XLPA), to predict the strength/hardness of the FP processed
samples, FM processed samples, and FM processed samples tempered at different
temperatures. The model can be used to predict the strength/hardness of all the

investigated samples to a good accuracy with an average error of +8%.
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CHAPTER 8

8. Future work and upscaling HPT sample size

8.1 Future work

In the current study, the thermal stability of FM samples processed by HPT up to
different number of turns was investigated using optical microscopy, SEM,
microhardness, TEM, and XRD. However, studying the thermal stability of the FP
processed samples was not possible due to the limited time during the project, and
hence, this is deemed a priority for future work.

The modified Williamson-Hall method and the MWP-fit were applied to the FP
samples processed by HPT up to 1, 4, and 10 turns. In the future, other XLPA methods
such as the Warren-Averbach and Convolutional Multiple Whole Profile (CMWP) fitting
should be applied to investigate the reliability of the results obtained by the various
XLPA techniques.

After the TEM investigation of the FM samples in the current study, it is believed
that it is impossible, or at least difficult to a large extent, to measure the dislocation
density in the HPT-processed samples using TEM due to the non-resolvable
microstructure after the HPT processing. In the FM samples processed by HPT and
tempered at different temperatures, the dislocation density decreased and the stress
fields associated with the dislocations were relaxed to a large extent which enhances
the opportunity to measure the dislocation density in these tempered samples by TEM.
Measuring the dislocation density in the future by both the XLPA and TEM will provide a

better reliability of the measured dislocation density.

The source of the carbon atoms that caused the interstitial solid solution in the
ferrite matrix during the HPT processing of the FM samples can be determined when
using the Atom Probe Tomography (ATP) since a 3D map is constructed during ATP
tests. In the same regard, it is possible to study the carbon clustering when tempering
the FM processed sample at 250°C and the early stages of the cementite formation when

tempering the FM processed samples at 350°C and 450°C.
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Finally, conducting experiments to investigate high-strength low-alloy (HSLA)
steel is another item for future work. It is well-known that neutron diffraction is very
useful when studying multi-phase steels such as dual-phase and HSLA steels. It should
be considered to use neutron diffraction in addition to XRD in further investigations.

However, limited neutron diffraction centres can be found across the world.

8.2 Upscaling HPT sample size

The main disadvantage of the HPT processing is the size of the HPT sample. In most
cases, the HPT sample has a diameter of 10 mm and a thickness of 1 mm. Accordingly,
several attempts were made to upscale the HPT sample size and these will be explained.
Sakai et al. [201] used a HPT sample, Al-3 wt.% Mg-0.2 wt.% Sc, in the cylindrical form
with a diameter of 10 mm and a hight of 8.5 mm. Sakai et al. [201] had potential success
when they successfully processed the cylindrical HPT sample up to 1 turn. Although
there was a variation in the microhardness across the investigated central plane, the
microhardness at the edge increased by a factor of >2 compared with the undeformed
sample. Edalati and Horita [202] developed the so-called continuous high pressure
torsion (CHPT) tool to overcome the main limitation of the HPT technique, the sample
size. The CHPT tool consists of upper and lower anvils where the lower anvil has a ring-
shaped area with high surface roughness while the upper anvil has a half ring-shaped
groove with 0.5 mm depth, 3 mm width, and outer diameter of 20 or 30 mm. A U-shaped
sample is placed in the upper anvil groove during the deformation. Edalati and Horita
[202] processed a U-shaped sample of different materials using the CHPT tool up to 2
turns. The microstructure obtained by the CHPT was comparable to that obtained by
the conventional HPT processing. Instead of using disk sample duirng the HPT
processing, Harai et al. [203] used a ring sample having an inner and outer diameter of
14 and 20 mm. Harai et al. [203] processed a pure high aluminium sample up to 1 turn

and concluded that using a ring or disk sample leads to comparable results.

It is clear from the above that upscaling the HPT sample size is an achievable
target. Success of upscaling the HPT sample size will put HPT processing at front of SPD

techniques.
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In the current study, it was possible to produce ultrafine grained steels that are
free microscopic and macroscopic defects. After 10 turns of HPT processing, the
microhardness significantly increased to reach a value of ~ 5.5 to 5.8 GPa. A lot of
industry applications require steels with high strength, such as the microhardness
measured in the current study. It is important to stress here that the major limitation of
the HPT is the sample size. This limitation should always be considered when talking
about using HPT-processed samples in industrial applications. Three applications are
identified here:

1. Armour plates: due to the high hardness obtained after the HPT processing of the
FP and FM samples, the processed samples can be used in the military field in
general and particularly as armour plates since the common armour plate,
ARMOX 500T, has a microhardness of 540 HB (513 Hv) [204]. Using a processed
low-carbon steel by HPT instead of ARMOX 500T in the armour plate industry
will open a new window of producing low cost armour plate. The low carbon
content in the current processed materials is another promising factor for this
material to be used in the armour plate field since no problems will be
anticipated during welding processes. In addition to the high strength that is
required in any armour plate, impact toughness also required and should be
studied further in the future.

2. Car body parts: upscaling the HPT sample size will allow the investigated
processed samples to be used in the automotive industry. Steel is used to
manufacture the different parts of the car such as the body, shafts, bearings and
wheel rims among others. Nowadays, due to the global warming phenomena and
the increasing oil prices, automotive manufacturers are keen to produce
lightweight cars that also adhere to the strict safety specifications. These goals
can be achieved by replacing mild steel sheets, used in the manufacturing of body
parts, with high strength steel sheets [205]. The realisation of a microhardness of
~ 5.5 GPa in the investigated FP and FM samples is a first step towards the
production of cars that are simultaneously lightweight and safe.

3. High temperature environment: some applications require steel with a
microstructure stable at elevated temperatures in the range between 200°C and
4000°C such as steam, chemical plants, and engine shafts in the aerospace sector.
The thermally stable tempered martensitic steel produced in the current study
will be a candidate for such applications taking into account the limitation of
sample size.
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Appendix A Metallography analysis and determination
of carbon content in ferrite after HPT processing

A.1 Point count method

The point count method can be implemented by following the procedures that are
mentioned in the ASTM E562 [157]. The point count method was used to determine the
volume fraction of the pearlite, martensite, and cementite particles in the FP, FM, FM
samples processed up to 4 turns and tempered at 450°C that were used in the current
study. Here, the procedures that were followed to determine the volume fraction of
pearlite in one area out of three in the FP undeformed smple will be demonstrated.

A grid consisting of 12 horizontal and 12 vertical lines is placed on an optical
image representing the microstructure of the undeformed FP sample as shown in Figure
A-1. The second phase (pearlite) should be clearly defined in the optical image. The
points of intersection between the horizontal and vertical lines are the points of interest
and they will be used in the point count method. The grid constructed in Figure A-1
yielded 12 grid points (P,) and 12 fields (number of horizontal lines) and hence the total
number of the grid points (Pr) is 12x12=144. If the point falls in the second phase
(pearlite), its value is one while the value of the point tangent to the second phase
(pearlite) is %. The mean volume fraction of pearlite (X) can be found by ¥ P,/Pr
(Equation A-1). However, conducting the analysis of each field individually and then
taking the average will help us in performing further statistical analysis which is useful
to a large extent [206].
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Figure A-1 A grid containing 144 points is placed on an optical micrograph representing the

microstructure of the FP undeformed sample etched with 2% nital.

Table App-1 Illustration of the point count method statistical analysis

Number of
Field number points in Xi=P,IP, (X;-X )2

pearlite (Pp)

1 1.5 0.125 0.002

2 1.5 0.125 0.002

3 0 0.005

4 0 0.005

5 0.5 0.041 0.001

6 1 0.083 4.822x10-5

7 0.5 0.041 0.001

8 1 0.083 4.822x10-5

9 0.5 0.041 0.001

10 3 0.25 0.030

11 0.083 4.822

12 0.5 0.041 0.001
Z B, =11 Y (X; — X)?=0.0515
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Again, the volume fraction of pearlite (V,) can be found from the following relation
[206]:

P, 11
V) — =
() =5 "+ 100 =17

* 100 = 7.6% A-1

The standard deviation (sd) can be found from the following relations [206]:

X, — X217*  10.051514/2
sd = lMl = [ = 0.068 A-2

Ny -1 12-1

where Nris the number of fields. The 95% confidence limit (CL) can be found from the
following relation [206]:

95% CL =

A.2 Calculation of N,

A test grid consisting of 25 horizontal and 25 vertical lines is placed on SEM image
representing the microstructure of the FM sample processed up to 4 turns and
tempered at 450°C for 90 min (Figure A-2) [207]. In Figure A-2, 28.5 mm equals 1 pm
on the SEM image scale and accordingly each horizontal or vertical line has a length of
4.56 um. The total length of the horizontal or vertical lines is 4.56x25=114 um. The
number of the particles intercepted per horizontal or vertical unit length (N.) is
illustrated on the left and bottom of Figure A-2, respectively. The average (N.) was
found to be ~ 0.49 pm-1.
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Figure A-2 A grid consisting of 25 horizontal and 25 vertical lines is placed on SEM image that
represents the microstructure of the FM sample processed up to 4 turns and tempered at 450°C

for 90 min.
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