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Abstract

Understanding the mechanisms that govern deformation of metallic sheets is

crucial for their forming applications, such as the manufacturing of structural vehicle

components. This thesis focuses on the effect of strain path and Strain Path Changes

(SPCs) that can influence the mechanical properties and microstructure of two high

formability steels. A DX54 low carbon steel, and a TWIP steel are studied. Both

alloys are used in the automotive industry, with the first having broad use due

to its high ductility and low cost, while the second has a higher cost but exhibits

exceptional work hardening and high ductility.

The effect of abrupt SPCs was examined on the DX54 low carbon steel via in-

situ Synchrotron X-Ray Diffraction (SXRD) and ex-situ via Electron Backscatter

Diffraction (EBSD). A two-step deformation process was used, including cold rolling

followed by uniaxial tension. Both pre-strain direction and tensile directions as

well as the pre-strain magnitude were varied. The role of texture changes and

their association with microstructure development was examined. The deformation

process resulted in a significant ductility loss for highly pre-strained specimens. The

ductility decrease was more pronounced when SPCs were abrupt (i.e. a 90◦ change

in the loading direction). Results also showed a large texture dependence of the

mechanical properties and the microstructure evolution. This was an important

result as prior studies had only considered the effect from a small number of grains

and had underestimated the significance of texture.

An investigation of the TWIP steel behaviour under a variety of strain paths re-

quired the development of a biaxial testing device. A miniaturised testing setup was

developed in Chapter 4, which allowed specimens to be subjected to near uniaxial,

plane strain or equibiaxial strain paths. Such studies are seldom reported. Strain

measurements were performed via Digital Image Correlation (DIC). The effect of

non-proportional deformation was also examined for two, two-step processes: uni-

axial pre-straining followed by equibiaxial tension and cold rolling followed by equib-
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iaxial tension. Interrupted tests were conducted to facilitate microstructure exami-

nation via EBSD. Results highlighted the influence of strain path on microstructure

evolution, with cold rolling leading to the highest Geometrically Necessary Disloca-

tion (GND) density development and twin generation. Twin formation also showed

notable grain orientation dependence, with the [011]∥normal direction being the

least favourable for twin formation.

Strain path sensitivity of the TWIP steel was additionally examined via in-situ

neutron diffraction and ex-situ EBSD to provide microstructural information in the

mesoscale. Five strain paths were examined, proportional and non-proportional in-

corporating uniaxial, and equibiaxial deformation states. Results from proportional

strain paths showed that equibiaxial deformation led to higher dislocation densi-

ties and decreased twinning activity, due to the enhancement of the [011]∥normal

direction fibre, which is unfavourable for twinning. Furthermore, results indicated

that whilst twin generation during equibiaxial deformation is limited compared to

uniaxial deformation, twin growth is promoted for the former strain path.
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Chapter 1

Introduction

1.1 Steels for automotive applications

As we move towards an environmentally friendly transportation future, the auto-

motive industry faces a challenge to significantly reduce and ultimately eliminate

CO2 emissions, making vehicle mass reduction necessary. Mass reduction directly

improves energy efficiency, as the engine/motor power consumption can be reduced

for the basic vehicle operations. The car body and chassis account for approximately

40% of the overall automobile mass [25], which underlines the importance of mate-

rial selection on the environmental impact of the vehicle. In addition to low mass,

the chassis materials must exhibit excellent drawability and deformation energy ab-

sorption in a case of collision; two factors of high importance in material selection.

The current tendencies shown in Fig. 1.1 illustrate that vehicle weight has increased

over time, as a result of design changes and technology additions. Hence, further

efforts towards achieving excellent mechanical properties, and reducing the mass of

materials used in a car body structure, is crucial.
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1.1. Steels for automotive applications Chapter 1

Figure 1.1: Increase of car weight in the EU [1].

Steel has been proven as an excellent material for automotive applications. It

is a versatile alloy, as one can tune the composition and microstructure to control

the mechanical properties, depending on the desired application. While the use of

aluminium is attractive, as it can lead to a great reduction of the body structure

weight, its low tensile strength is a significant drawback. Low carbon steel, has been

widely used for the production of car body components since the 1920s [26], as it is

a cheap and easy to form material. Due to the low carbon content, typically lower

than 0.1 wt% [27] for a ferritic steel, it is characterised by high formability; this

consists of relatively low Yield Strength (YS) and Ultimate Tensile Strength (UTS),

while it can reach a high total elongation. In recent years, an increase in safety

requirements as well as stricter environmental regulations have forced the automotive

sector to develop and utilise alloys with higher strength, whilst maintaining high

ductility. Since the 1970s, Dual-Phase (DP) steels have been increasingly used in car

body structures. Their microstructure, including ferrite and martensite, resulting

in increased ductility and high strength respectively, can lead to an high energy

absorption and a UTS reaching 1200MPa [28].

In recent decades, increasing attention has been given to TWinning Induced
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Chapter 1 1.2. Strain path effect in sheet metal forming

Plasticity (TWIP) steels, which belong to the group of Advanced High Strength

Steels (AHSS). TWIP steels (also called high-Mn steels) contain a large amount

of Mn (≈12-25% [29]), and exhibit superior mechanical properties, by combining

ultra high YS and UTS with high ductility, as shown in Fig. 1.2. They are also

characterised by high work hardening rates, which further increases their ability to

absorb energy during deformation and makes them ideal for automotive applications.

Despite their superior properties, TWIP steels come with the main drawback of high

cost. Alloying additions including the high Mn content results in an increased price

compared to low carbon steels or aluminium alloys, making their use more limited.

Figure 1.2: Ashby plot of automotive steels [2].

1.2 Strain path effect in sheet metal forming

Sheet metal forming or stamping is one of the most widely used processes in man-

ufacturing. The term refers to the process where a metallic sheet with a uniform

thickness is fabricated into different shapes by a punch or die. During stamping,

the material undergoes biaxial deformation, where the deformation mode depends

on the geometry of the die. The term strain path is used to describe the strain state

(or more specifically the relationship between the major and minor strains) that
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the material undergoes during deformation. Some examples of different strain paths

developed during stamping of car body parts are shown in Fig. 1.3.

Figure 1.3: Major-minor strains developed during stamping for various car body
parts [3].

Microstructure and texture strongly influence the strain path and consequently

will be correlated to failure; this refers to the point where the material exhibits

localised necking/thinning. Obtaining an understanding of the correlation between

microstructure, texture and active deformation mechanisms with strain path will

allow the prediction of failure via Finite Element Modelling (FEM). Additionally, it

will assist the design of new alloys or processing methods, so that the final product

(metallic sheet) satisfies the desirable properties for each application.

In addition to a strain path sensitivity investigation, the application of SPCs

should also be considered. It is widely known that deformation history significantly

influences the mechanical behaviour of the material. During stamping, an increment

of the deforming material can undergo an SPC, as shown in Fig. 1.4. In this example

[4], the process of hydroforming is simulated via FEM for an AA5182 alloy sheet.

Following the green markers, it is observed that node 30138, which initially follows

the plane strain condition (minor strain ≈ 0), at ≈ 0.09 major strain, shifts to the
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equibiaxial condition (major strain ≈ minor strain). Furthermore, the reworkability

is also desirable in many cases during manufacture, for example in the event of a

fault occurring during forming. In such cases a process of re-shaping a component

will inherently incorporate an SPC.

Figure 1.4: Node 30138 undergoes SPC during hydroforming process [4].

It has been shown for a low carbon steel [16], that a remarkable ductility im-

provement can occur after an SPC including pre-straining in uniaxial tension (the

equivalent of the strain state in a conventional tensile test). Utilising this effect could

potentially lead to significant enhancement of mechanical properties of alloys taken

‘off-the-rack’, without any further change in composition. Thus, understanding the

SPC effect in commercially used alloys, whether this is beneficial or detrimental, is

of great importance

1.3 Aim of this thesis

This thesis aspires to elucidate the deformation characteristics of steels exhibiting

high formability when they are subjected a variety of strain paths. It has been

previously shown that altering the deformation history of a low carbon steel [16] can
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lead to a ductility increase. This outcome highlights that appropriate utilisation of

material strain path sensitivity can potentially enhance its mechanical properties.

However, in order to utilise this effect and gain predictability of strain paths which

can be beneficial to ductility, one needs to obtain a better understanding of the

load path effect on the microstructure. Within this thesis, the effect of strain path

and SPCs is studied for two high formability steels: a low carbon ferritic steel and

a high Mn TWIP steel. Material selection was carried out taking into account 1)

the broad commercial use of these alloys, and 2) the ability to study deformation

characteristics of two different crystal structures and facilitate comparisons between

them.

First, a ‘DX54’ single phase, mild steel is examined under the application of

abrupt and non-abrupt SPCs. The effects of SPCs on the microstructure of this

material have been examined in the past in a variety of works [30, 31, 32, 33] focusing

in mechanical properties and microstructure formations examined via TEM, however

only a few studies have focused in the examination of the material response under

SPCs in the mesoscale. In this work, the SPC effect is studied via a two-step

deformation process including pre-straining via cold rolling followed by uniaxial

tension. Emphasis is given to the role of texture development and the implications

of rapid texture changes. For the examination, SXRD and EBSD techniques are

used. Additionally, the simple structure and deformation characteristics of a well

established material such as the DX54, can assist in the subsequent investigation

of the microstructure and properties of a more complex and much less investigated

TWIP steel.

Following the ‘DX54’ alloy examination via the aforementioned experimental

methods, focus is given to the mechanical behaviour of a TWIP steel under pro-

portional and non-proportional strain paths. Twinning mechanism under non-

proportional processes has been seldom reported in the literature. First, a minia-
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turised version of the punch testing method, a Marciniak test, is developed. The

miniaturised test is then combined with Digital Image Correlation (DIC) to facilitate

macroscopic strain measurements. Both proportional and non-proportional strain

paths are studied. Microstructure of the deformed specimens is then examined via

EBSD, to track changes in texture and twin development.

In the final part of this thesis, the same alloy is studied under non-proportional

strain paths, in-situ, via neutron diffraction and ex-situ via EBSD. This methods

allow a better understanding of the behaviour of this material, by combining infor-

mation obtained in the microscale and the mesoscale.

7



Chapter 2

Literature review

The deformation mode, including the load direction and the deformation history,

plays a definitive role on the microstructure and the deformation characteristics of

a material. Deformation induced effects can lead to changes in the grain shapes

and orientations, development of different dislocation substructures, shear bands,

stacking faults, deformation twins or lead to phase transformations. All those ef-

fects ultimately control the macroscopic properties of the deforming material. The

deformation history influence on the macroscopic properties of a material has been

studied since the 1880s, when Johann Bauschinger [34] observed a decrease in the

YS of specimens subjected to reverse loading. This phenomenon was attributed to

a change in dislocation arrangement in the crystal, in which reverse-loading led to

softening. Since then, it has been clear that understanding the role of loading con-

ditions and deformation history related to the microstructure development and the

mechanical properties is critical for engineering materials for forming applications.

In this chapter, the basic concepts regarding plastic deformation in polycrys-

talline Face Centered Cubic (FCC) and Body Centered Cubic (BCC) materials are
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discussed, with a dedicated discussion of plastic deformation in steels. Plastic de-

formation refers to the irreversible effect of an applied load to the macroscopic and

microscopic properties of a solid material. It is accommodated primarily by dislo-

cation slip (or glide), while, depending on the intrinsic properties of the material,

it can be also controlled by twinning, deformation induced phase transformations

and grain boundary sliding. Here, dislocation glide and deformation twinning are

discussed in detail as they control the behaviour of the alloys studied in this thesis.

2.1 Deformation via Dislocation Slip and Twinning

2.1.1 Dislocation slip

Dislocation slip refers to the motion of dislocations (line defects) on the plane con-

taining both their line and the Burgers vector under the application of a local shear

stress. A slip system is used to describe the geometry of slip. It is constituted by the

slip plane and the slip direction, usually denoted as {hkl} ⟨uvw⟩ (where hkl are the

Miller indices, used to describe the slip plane and uvw the slip direction). In metallic

systems, dislocation slip takes place on the planes with the highest atomic densities,

on the one of the closed packed directions, as the high atomic density make slip in

these directions energetically preferable. Hence, for FCC structures, slip takes place

on one of the four symmetrically equivalent {111} planes, each of which has three

equivalent ⟨110⟩ directions (close packed directions for this structure). This leads in

12 slip systems in total.

The shortest path between two atomic positions in an FCC crystal is b⃗ = 1
2
⟨110⟩,

which is also one of the translation vectors of this crystal structure. Hence, a dislo-

cation which will glide along this direction, will leave behind a perfect crystal. Such
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dislocation is characterised as a perfect dislocation. Fig. 2.1 summarises the stack-

ing of {111} planes in an FCC crystal. During shearing of the lattice, it is expected

that B planes glide along direction b⃗, so that an atom of plane B, moves to the next

empty atomic position of plane B. However, such a movement would require a great

amount of energy, as the energy barrier of the atoms of plane A shall be exceeded to

allow such movement [5]. In contrast, one can notice from Fig. 2.1 that, a zig-zag

movement along the path c⃗ → d⃗ is energetically preferable as shorter distances are

covered during such movement. Such movement will split the perfect dislocation

into two partial dislocations, a process described by the dissociation reaction:

1

2
⟨110⟩ → 1

6
⟨211⟩+ 1

6
⟨121̄⟩. (2.1)

The first partial will leave behind a sequence of empty B atomic positions, as shown

in Fig. 2.2, and a series of atoms in C positions. This interruption of the regular

atomic sequence ABCABC..., which is now transformed into ABCA↓CABC..., leads

to the formation of a stacking fault. A stacking fault is a planar defect in the stacking

of atoms, mainly formed in FCC and HCP crystals, due to their high atomic density.

Formation of stacking faults is associated with the Stacking Fault Energy (SFE),

which is the energy required for the formation of a stacking fault. SFE is an intrinsic

material property, which is influenced by the alloying elements, as will be described

in later section.

In contrast to FCC crystals, which are characterised by slip on one of the {111}

planes, more than one family of planes can accommodate slip in BCC crystals. At

low temperatures ([35], slip takes place on one of the four {110} planes and one of

the three ⟨111⟩ directions, while at higher temperatures, slip can also occur on {112}

and {123} planes. The slip systems of FCC and BCC crystals are summarised in

Table 2.1.
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Figure 2.1: Stacking (left) and slip (right) of {111} planes on FCC crystals.

Figure 2.2: Partial dislocations formed in FCC, adapted from [5].

Structure Slip systems

BCC
12 × {110}⟨111⟩
24 × {112}⟨111⟩
12 × {123}⟨111⟩

FCC 12 × {111}⟨110⟩

Table 2.1: Slip systems in BCC and FCC crystals.
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Fig. 2.3 shows the geometry of slip in a single crystal, when a uniaxial load is

applied. A uniaxial load is defined as the load applied in a single direction. In this

example, slip can take place when the applied stress exceeds a critical value, known

as the Critical Resolved Shear Stress (CRSS). In the case of uniaxial loading, the

applied Resolved Shear Stress (RSS) can be calculated via Schmid’s law:

τ =
F

A
cosϕ cosλ (2.2)

where τ is the RSS, F is the applied load, A is the cross-sectional area, ϕ the angle

between the slip plane normal and the loading directions and λ is the angle between

the slip direction and the loading direction. The quantity cosϕ cosλ is called the

Schmid factor and links the applied, macroscopic stress to the shear stresses applied

to the slip system. From Eq. 2.2 and the geometrical relationship between ϕ and

λ, it is seen that Schmid factor values are bounded between 0 and 0.5 (considering

only the absolute values). A high value close to 0.5 indicates easier slip.

Figure 2.3: Geometry of slip in a single crystal.

The Schmid factor can be used as a parameter for predicting the activation of

slip systems in a crystalline material, however, it is not always the case that the

slip system with the highest Schmid factor is the one activated during plastic defor-

mation. Schmid’s law can be used to indicate the favourability of a particular slip

system, but other factors can also influence the actual activation of slip in a polycrys-

tal, including crystallographic texture, secondary deformation mechanisms such as
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twinning or other effects which involve dislocation interactions with microstructure

features [35] such as precipitates. These effects can influence dislocation mobility

and therefore affect the slip system activation.

A major factor which is encountered in this thesis is the macroscopic stress

state. Schmid’s law assumes a uniaxial load applied on a single crystal, however,

non-Schmid behaviour is encountered for different loading conditions, which leads

to the activation of secondary slip systems (other than the Schmid-predicted one).

An alternative method for predicting the ease of slip is via the Taylor factor, M

[36]. The Taylor factor accounts for the individual grain orientations to predict the

favourability of each orientation for deformation accommodation. Taylor’s theory

suggests that multi-slip takes place during deformation and predicts the activated

slip systems using a minimum work principle. This means that the combination of

active slip systems should be the one that minimises the energy required for slip.

Assuming then that 1) same stress applied on the polycrystal is accommodated by

each grain individually and 2) the shear stress, τ , for the activation of slip is the

same for each slip system, one can then calculate the Taylor factor according to

M =
σ

τ
(2.3)

where σ is the applied, macroscopic stress [37].

2.1.2 Dislocations and plastic deformation

Plastic deformation in crystalline materials is accommodated by dislocation move-

ment. Dislocations facilitate permanent changes in the atomic arrangement by al-

lowing atomic planes to slip past each other. A simple visualisation of dislocation

slip is shown in Fig. 2.4. In this figure an edge dislocation glides from left to right
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while a shear stress τ is applied in the crystal. An edge dislocation is a type of line

defect where the atomic plane abruptly terminates, resulting in a mismatch between

the planes below and above the termination plane. To maintain atomic order below

the plane where the dislocation terminates, the surrounding planes distort as shown

in the figure.

Figure 2.4: Movement of edge dislocation in a crystal under the application of a
shear stress [6].

Depending on their distribution and accumulation, dislocations are characterised

as Geometrically Necessary Dislocations (GNDs) or Statistically Stored Dislocations

(SSDs). Bundles of dislocations of the same sign lead to a geometric effect in the

crystal, where the lattice ‘bends’ to minimise the potential energy. Dislocations

leading to the aforementioned lattice curvature are characterised as geometrically

necessary or GNDs. In contrast, SSDs refer to bundles of dislocations of opposite

signs, which cancel themselves out, and hence do not cause any significant geometric

effect. Lattice curvature introduced by GNDs makes them easier to detect via an

SEM, using techniques such us EBSD or Electron Channeling Contrast Imaging

(ECCI), while observation of SSDs requires techniques of higher resolution such as

TEM.

The concept of GNDs was introduced by Nye [38]. In his work he showed that

various slip planes and their orthogonal trajectories are distorted into curved sur-
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faces, and developed a method of correlating the lattice curvature with dislocation

density. Nye introduced the dislocation tensor (second-rank tensor), which is used to

characterise the dislocation network in a region within the crystal. Each dislocation

tensor element, αi,j (i, j=1-3) is linked to a curvature tensor element, ki,j via

κij = αij −
1

2
δijαkk (2.4)

where the curvature tensor elements are κij = dθi/dxj and δij = 1 for i = j or

δij = 0 for i ̸= j. Here, dθi corresponds to the lattice rotations and dxj the displace-

ment vector. In this thesis, GND densities are used as an indicator of deformation

accommodated within the crystal for a variety of strain states. A description of

GND density measurement is given in a later section.

Dislocations play a significant role in the process of work hardening. Work hard-

ening refers to the phenomenon where the flow stress is increased during deforma-

tion, which is closely related to the dislocation mobility and multiplication during

deformation. Work hardening behaviour of a material is a result of several effects

incorporating dislocation interactions. These include dislocation-dislocation interac-

tions or interactions between dislocations and other obstacles such as grain or twin

boundaries, precipitates, solute atoms (dynamic strain aging) or point defects.

According to Taylor’s theory of dislocations [35], in a single crystal, the flow

stress-strain relationship for two interacting dislocations of Burgers vector b is

τd = αG

√
b

xi

ε
1/2
d (2.5)

where τd and εd are the flow stress and strain respectively, G is the shear modulus

and α is a constant of order 10−1. With xi is denoted the dislocation mean free path,

which is the distance a dislocation will cover until it is stopped by another disloca-
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tion. The above description only assumes dislocation-dislocation interactions and,

as expected for a polycrystal, stress-strain dependence deviates from this parabolic

behaviour. Effects like dislocation pile-up at grain or twin boundaries lead to an

increase in the work hardening rate. Similar is the effect of interactions between

dislocations and precipitates or solute atoms. Contrariwise, interactions of dislo-

cations can also lead to dislocation annihilation which will cause a decrease in the

work hardening rate, an effect also known as strain softening.

2.1.3 Deformation twinning

In addition to dislocation slip, twinning is a deformation mechanism occurring in

many materials that strongly influences the mechanical properties. Twinning refers

to the abrupt reorientation of a portion of the crystal, so that the twinned region

and the parent crystal form a specific orientation relationship between them. Major

differences exist between twinning and dislocation slip. Crystal orientations above

and below the slip plane are the same, while in twinning they are different. Slip

incorporates movement of atoms in multiples of the atomic distance, while the atomic

displacements in twinning are substantially lower than an atomic distance. Finally,

slip takes place on planes that are many atomic distances apart while deformation

twinning incorporates re-orientation of multiple, successive planes.

Twinning can form during an annealing process (annealing twins) or deformation

(deformation twins). The morphology of annealing and deformation twins differs sig-

nificantly. When observed metallographically, annealing twins often span large areas,

typically measuring several micrometers, while deformation twins are significantly

smaller and lenticular in shape. As this work focuses on the study of deformation

characteristics of steels, only deformation twinning is discussed here.
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Deformation twins in FCC crystals appear as a thin lamellar structure and have

a thickness of a few hundreds of nanometers. Cahn [39] constructed a theory behind

the crystallography of twinning, which is summarised here. Similar to dislocation

slip, deformation twinning takes place when a shear stress applied to the crystal

exceeds a minimum value; this is the twinning stress. When the twinning stress is

reached, the crystal abruptly re-orients. It is characteristic of deformation twinning

that the part of the crystal that re-orients will retain the crystal structure of the

non-sheared, non rotated crystal. The unit cell and the atomic arrangement remain

unchanged. In Cahn’s theory it is shown that the only way this can happen is by

finding three non-coplanar, rational lattice vectors in the initial, un-sheared state of

the crystal, that will retain the same length and mutual angles after the application

of the shear load. These planes are summarised in Fig. 2.5. K1 represents the plane

on which shear load is applied and remains undistorted. The second undistorted

plane is designated with K2 and with K ′
2 in its final, re-oriented state. The shear

direction is shown with η1 and lies on the shear plane, perpendicular to theK1 plane.

η2 and η′2 lie on the twinned planes K2 and K ′
2, respectively. These parameters are

the elements of twinning and for FCC crystals are summarised in Table 2.2.

Two distinct results regarding the twinning geometry can be produced via the

application of the shearing load. First, the twinned region can be produced via a

180◦ rotation of the twinned crystal around the K1 plane normal. This example is

shown in Fig. 2.5. Furthermore, the reflective symmetry between the K2 and K ′
2

can be a result of a 180◦ rotation of the twinned region around η1 (parallel to K1).

In both cases, the twinned and un-twinned regions are characterised by a reflective

symmetry. In cubic crystals, both rotations will lead to the same final orientation

relationships. In this case, the twins are called compound twins.

The atomic arrangement in a twinned FCC crystal is shown in Fig. 2.6. In the

figure, a shear load is applied on the [2̄11] direction, resulting in an atomic displace-
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Figure 2.5: Deformation twinning elements of a sheared crystal. Diagram shows the
direction of shearing load and how this results in re-orientation of the K2 planes.

K1 η1 K2 η2 Twinning shear strain

{111̄} ⟨112⟩ {111} ⟨112̄⟩
√
2/2

Table 2.2: Twinning elements in FCC crystals.

ment of α/
√
6. This displacement of atoms interrupts the ABCABC... sequence

and a stacking fault appears on one of the B planes, indicated with a solid red

line. As load and co-ordinated displacement of atoms continues, the stacking fault

grows, resulting in a 3 layer twin. The atomic sequence is now ...ABCABȦĊḂCA...

(right image). Three distinct regions are depicted in the last image, including the

un-sheared matrix and the twin. The characteristic reflective symmetry between the

twin and the matrix can be easily seen. In a twinned crystal, the twinning plane

does not always coincide with the interface between the twin and the matrix, which

is known as twin boundary. In the case where the twin boundary lies on the twin-

ning plane, as in Fig. 2.7(a), the boundary is characterised as coherent. However, in

many cases, the twin boundaries are not coincident with the twinning planes, and

their formation involves the presence of dislocations as shown in Fig.2.7(b). The
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Figure 2.6: Twin formation in a sheared FCC crystal, obtained from [7].

latter are called incoherent boundaries.

2.2 The Iron-Carbon system

Steel is probably the most well known, studied and versatile metallic system. The

phase diagram of the iron-carbon system which is shown in Fig. 2.8 reveals that

depending on the processing and the alloying elements, numerous phases can occur,

giving the alloy a number of desirable properties such as high ductility, exceptional

strength, good weldability, corrosion resistance, machinability and hardness. The

phase diagram shows the equilibrium between the different phases of steel including

austenite (γ-iron), ferrite (α-iron), cementite (Fe3C) and δ-iron. The present work

focuses on deformation characteristics of high formability steels for automotive ap-

plications, hence the main focus of this section is devoted to low carbon and TWIP

steels. Both alloy categories have exceptional ductility, however, their deformation
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Figure 2.7: (a) Coherent and (b) incoherent twin boundaries [8].

mechanisms differ.

2.2.1 Ferritic steels

Low carbon steels contain a carbon content lower than approximately 0.1 wt% [27].

They are known for their high ductility as the low carbon content enhances disloca-

tion mobility via decreasing potential dislocation pinning points [9]. This decrease

in dislocation pinning points is also responsible for the relatively low yield strength

(approximately 250MPa) of these alloys.

Low carbon steels are usually characterised by a ferritic microstructure, which

has a BCC crystal structure, and where C exists in the alloy in a solid solution form

within the ferrite matrix, also known as α-iron. Low strength and high ductility of

the ferritic phase makes low carbon steels excellent materials for forming applica-

tions. Cold rolling, is one of the most important processes in sheet metal forming,

not only because it forms the raw material in an easy-to-use panel shape, but it also

plays a definitive role in the texture development and hence the final mechanical
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Figure 2.8: The iron-carbon phase diagram obtained from [9].

properties of the material.

The term texture refers to the preferred orientation of grains within a polycrys-

talline material, describing the statistical distribution of crystallographic orienta-

tions of the grains. To describe common textures obtained via cold rolling for the

rest of this thesis, the RD, TD and ND notation is used, representing rolling direc-

tion, transverse direction and normal direction, respectively. As the names indicate,

both RD and TD lie in the rolled sheet plane while the ND is normal to this plane.

The most common textures [40] of ferritic steels are shown below:

• α-fibre running from {001}⟨110⟩ to {111}⟨110⟩, also known as RD-fibre
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• γ-fibre running from {111}⟨110⟩ to {111}⟨112⟩, also known as ND-fibre

2.2.2 TWIP steels

TWIP steels are austenitic steels, with a Fe-Mn-C composition, which exhibit ex-

ceptional mechanical properties, combining high strength with ductility; as a result

they are great candidates for automotive applications. Their excellent formability is

attributed to the deformation twinning mechanism, promoted by the low SFE (15-

45 mJm−2 [22]), which is strongly dependent on the Mn content (typically between

15-30% [22]). Low stacking fault energy increases the number of stacking faults in

the crystal, which can act as twin nucleation points. The binary phase diagram of a

Fe-Mn alloy is shown in Fig. 2.9. For low concentrations of Mn, the microstructure

consists of α′ and ε-martensite, while for medium concentrations, austenite and ε-

martensite coexist. Finally, austenite alone is observed for Mn concentrations over

27%. To stabilise the microstructure and prevent phase transformations for Mn

content < 25%, addition of small amounts of C is required. In alloys with SFE ≤

20 mJm−2 [41] formation of ε-martensite can occur under load, which is known as

TRansformation Induced Plasticity (TRIP) effect. The Mn contribution to the SFE

is non linear [22]. For low concentrations (< 16% at.), it decreases the SFE while for

higher concentrations it increases the SFE and suppresses the γ → ε transformation.

In addition to Mn, the most common alloying elements in TWIP steels are Al

and Si, as they act as stabilisers of the γ-phase, inhibiting a phase transformation

occurring under load, from austenite to ε-martensite. It is known that an increase in

Al content results in higher SFE [42] and suppresses the γ → ε transformation. The

Al content can also affect twin formation. Chin et al. [43] explored the differences

in twin generation in two TWIP steels, one containing Al and one not. Their study,

utilising cup forming and tensile tests, revealed that Al addition led to an increased
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Figure 2.9: Binary phase diagram of a Fe-Mn steel [10].

SFE which they linked to a more homogeneous twin development in the TWIP steel

with Al addition in comparison to an Al-free TWIP steel. The authors concluded

that, whilst deformation twins were apparent in most of the grains in the TWIP

steel including Al, the fraction of the twins in a the Al-free steel was higher. This

result was further supported by the development of cracks in the Al-free TWIP steel,

after cup forming, an effect attributed to the higher stress localisation of this alloy.

Further studies [44, 42] also supported that increasing Al content increases the SFE

and hence limits twin generation.

The addition of Si improves the overall strength of TWIP steels, via contributing

to solid solution hardening as well as assisting the generation of deformation twins

[45]. Experimental studies suggest that the SFE is decreased while increasing the Si

content [46, 45], however, thermodynamic calculations [47] reveal a more complicated

behaviour, where the SFE increases for low Si contents (< 3%) and decreases for

higher contents. The discrepancies between the calculated and the experimentally

obtained SFE dependence on Si content, was attributed by [45] to a ‘lack of Mn-Si

and Si-C parameters’ in the calculation.

TWIP steels are known for the very high strain hardening rates they exhibit,

which are attributed to the high volume fraction of deformation twins generated
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during deformation, as twins impede dislocation mobility. Twinning in TWIP steels

is a result of the coordinated gliding of α0/6⟨121⟩ Shockley partial dislocations on

the successive {11̄1} planes (where α0 is the lattice constant), which play the role of

twinning planes [48]. This twinning mechanism was previously described in section

2.1.3. The twinned portion of the crystal and the un-twinned crystal form a 60◦

angle between them. The corresponding twin boundaries are also known as Σ3 twin

boundaries. Dislocation slip and twinning are competing deformation mechanisms

and it is known that dislocation slip precedes deformation twinning [49, 50, 51],

which is activated post-yield. Sub-yield twin formation was proposed by Rahman et

al. [52], using X-ray diffraction broadening data in combination with elasto-plastic

self consistent modelling, however, their findings were re-evaluated by Saleh and

Gazder [53] and did not agree with their conclusions. A rapid increase in the work

hardening rate post-yield is generally associated with generation of twin boundaries

[54, 55, 56], while a saturation of twinning activity at high strains results in a

decrease in the work hardening rate. While the above results highlight that the

twinning mechanism is arguably crucial for the excellent work hardening of TWIP

steels, it is known that dislocation slip remains the dominant deformation mechanism

for this alloy family.

Similar to ferritic steels, it is important at this point to refer to the rolling tex-

tures forming in TWIP steels. SFE plays a critical role on the texture formation

[22], with high SFE FCC materials being characterised by a Cu texture including

Cu ({112}⟨111⟩), brass ({011}⟨211⟩) and S components ({123}⟨634⟩) in equal quan-

tities. In contrast, TWIP steels which are characterised by low SFE, exhibit a brass

texture comprised of a strong brass and a minor Goss component ({011}⟨100⟩) [40].

Brass texture is attributed to the simultaneous act of slip and deformation twinning

hence is more prevalent in low SFE metals.
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2.3 The strain path effect

The strain path effect refers to the influence of the deformation history on the

mechanical and micromechanical properties of a material. The strain path defines

a single or a series of strain states that a material undergoes while deforming. The

terms of major and minor strain, often denoted as ε1 and ε2 respectively, are used

to describe a strain path. Major strain refers to the maximum macroscopic strain

the material undergoes while deforming, while the minor strain is perpendicular to

the major strain. For the description of a strain path the ratio between ε1 and ε2 is

often used, which is called strain ratio.

Strain paths can be represented as continuous lines in a two-dimensional plot, us-

ing the major and minor strains at the vertical and horizontal axes respectively. An

example plot is shown in Fig. 2.10. In this example, three very common deformation

states are shown, those of uniaxial, plane and equibiaxial strain states. Each state

corresponds to a different strain ratio. For uniaxial strain, which is the deformation

state encountered in a conventional tension test, the strain ratio is ε2/ε1 = −1/2.

Plane strain, which is representative of cold rolling is described by ε2 = 0. This

means that the strain resulting from the material elongation equals the strain pro-

duced from its thickness reduction. Finally, for equibiaxial strain, ε2/ε1 = 1. Those

three strain paths are extensively used within this thesis. In all the cases described

above, the ‘connection’ between the initial, un-deformed state and the final state of

a deforming material, is linear. Such strain paths are called linear or proportional.

However, as was shown in Fig. 1.4, during stamping, changes in strain paths are

encountered. In the case where an SPC takes place, then the strain path is called

non-linear or non-proportional. For non-linear strain paths, the connection between

the initial and the final deformation state of the material is non-continuous. A great

proportion of this work is devoted to non-linear strain paths.
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Figure 2.10: Common strain paths.

2.3.1 SPCs on low carbon steels

Due to its widespread use in metal forming, the properties of low carbon steel have

been widely investigated in situations involving non-linear strain paths. Gosh and

Backofen [57] were among the first studying the SPC effect on low carbon steels. In

their work they subjected metallic sheets to a two-step deformation process, includ-

ing pre-straining in different strain ratios and effective strains, followed by uniaxial

loading. They recorded a notable dependence of the macroscopic material proper-

ties on the strain ratio, an increase in the YS after pre-straining, that was greater

as the effective pre-strain increased, and an increase of strain hardening rate as the

strain ratio of the biaxial pre-straining increased. A later work [58] investigating the

effect of uniaxial and biaxial pre-straining on the same material, found that biaxial

pre-straining resulted in a notable strength increase accompanied by a saturation of

work hardening post-yielding, an effect described as plastic instability. This means

that as the strain ratio increases, the material reached the strain of localised necking

faster. In addition to the deformation state, the pre-straining direction was later
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revealed [59] to play a significant role on the work hardening behaviour and the duc-

tility of the material. The occurrence and the margin of unstable flow was found to

depend significantly on the effective pre-strain and the loading direction, however,

ductility was found to be affected once a critical amount of effective pre-strain was

reached.

Microstructural effects of the above phenomena have been examined in detail via

Transmission Electron Microscopy (TEM). Wilson and Bate [32] studied microstruc-

ture development in an IF-steel which underwent pre-straining via cold rolling fol-

lowed by uniaxial tension an 0◦, 45◦ and 90◦ to the rolling direction (RD). This

way, they examined the abruptness of the SPC influence on the tensile properties of

the material. It was found that for 90◦ pre-strain, and for increasing the effective

pre-strain, the YS was increased and the ductility was significantly reduced when

the effective pre-strain exceeded a specific level (≈ 8%). The increase in the YS was

associated with the development of dislocation cell walls during pre-straining, which

can inhibit dislocation mobility during reloading. The drop in the hardening rate

immediately after yielding, which was sharper as the effective pre-strain increased,

was attributed to breaching the dislocation cell walls by micro-shear bands gener-

ated within newly activated slip systems. The same effect has also been observed for

the same material, upon stress reversal processes [60]. In the latter, the drop in the

work hardening rate was directly associated with interactions between deformation

features forming during reloading within the dislocation cell walls, rather than mod-

ifications taking place at the pre-existing dislocation cell structures. Similar results

regarding the rapid increase in the YS pre-straining and re-loading directions tend

to be perpendicular, were obtained by Li et al [61]. In their work they attributed

the high flow-stress anisotropy to the dislocation walls and the microbands formed

during the pre-strain, while they suggested that the anisotropy effect cannot be in-

fluenced by texture modifications occurring from the different strain paths. Similar
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results are backed up by a number of relevant studies [30, 31, 62, 33], highlighting

the importance of deformation structures formed during pre-straining for the final

work hardening behaviour and the strong influence of the initial and final loading

directions to the mechanical properties.

In more recent years, studies increasingly have focused on modelling material

behaviour under non-proportional deformation. Erinoso et al. [63] used a Crys-

tal Plasticity Finite Element (CPFE) model to investigate the effects of a series of

non-proportional strain paths on the dislocation distribution and the limit strains

of a low carbon steel. Their findings indicated an increased ductility for uniaxial

non-proportional strain paths in contrast to biaxial non-proportional strain paths,

and a moderate influence of the pre-straining mode on the final dislocation distri-

bution. Kitayama et al. [64] used a Visco-Plastic Self-Consistent (VPSC) model to

describe the mechanical response of low carbon steels pre-strained in uniaxial ten-

sion and then sheared in different directions to the pre-strain direction. Their model

was informed by crystallographic information incorporating dislocation annihilation

post-SPC. Using similar formulations, Wen et al. [65] simulated the mechanical be-

haviour of a low carbon steel subjected to a tension-shear sequence. In both works,

simulations managed to predict the experimentally obtained mechanical response

with high accuracy.

As the computational simulations of the hardening behaviour under SPC gains

increasing attention, experimental data to calibrate and/or validate VPSC and

CPFE models are required. Even though low carbon steels are very popular alloys

for non-proportional deformation investigation, fewer works have studied deforma-

tion characteristics of these alloys in the mesoscale. Collins et. al [16] used SXRD

to map the lattice strains and texture changes of low carbon steel cruciform speci-

mens, and observed a ductility improvement for strain paths incorporating uniaxial

tension. The unexpected ductility increase was attributed to three main factors: 1)
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a possible sheet orientation difference between the non-proportionally and the pro-

portionally deformed specimen, 2) a difference in the strain rates developed during

uniaxial tension of cruciform specimens vs Nakazima specimens and 3) an overesti-

mation of the final strains by DIC. More details regarding experimental setups for

biaxial deformation will be discussed in later section.

A ductility recovery combined with strength increase, of a pre-strained sheet has

also been recorded for an IF-steel after asymmetric rolling [66]. Even though, as

previously discussed, the cold rolling state is detrimental for the ductility of the

material, it was observed that for a thickness reduction of 75%, strain localisation

was delayed and the overall plasticity was improved, in comparison to lower thick-

ness reductions. The authors attributed the enhanced strength and ductility to the

refined grain and dislocation structures formed at high thickness reductions, which

act as obstacles to crack propagation and decrease the size of the nucleating flaws.

The aforementioned results highlight the potential use of non-proportional defor-

mation processes for mechanical properties enhancement. Fine tuning the material

properties, however, requires further experimentation to provide insights regarding

the material behaviour in the mesoscale (where the biggest lack of experimental in-

formation is observed). In the following sections, the strain path effect on TWIP

steels is discussed and information regarding non-proportional deformation testing

methods is given.

2.3.2 Strain path effect and TWIP steels

In contrast to low carbon steels, information regarding TWIP steels under non-

proportional strain paths is limited. Thus, the current section does not only focus

on TWIP steel behaviour but also includes information regarding the twinning mech-
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anism on low SFE austenitic steels, under proportional and non-proportional strain

paths.

Twinning activity assessment for austenitic steels under uniaxial and biaxial

strain paths has been the objective of a number of studies. An increased number

of deformation twins has been observed for biaxial paths over uniaxial strain paths

for an AISI 316L stainless steel [67] and a TWIP steel [68]. Contradictory results

were, however, obtained by a different study [69], which concluded that uniaxial

strain path enhances twinning activity, while equibiaxial strain path is the least

favourable for twin formation. This result is also supported by different studies [70,

71] on austenitic steels. Polatidis et al. [70], showed that the texture formed during

equibiaxial loading of a 304 stainless steel is unfavourable for twin formation and

twinning activity is impeded. The same study suggested that for biaxial deformation

where twinning is unfavourable and cross slip is promoted, an increase in the α′-

martensite nucleation cites is observed. According to a different work [71], focusing

in the twinning activity in a TWIP and a TRIP steels subjected to uniaxial, plane

strain and equibiaxial strain paths, it was shown that deformation twin generation

was independent to the TRIP effect (formation of ε-martensite). Additionally, it

was suggested that twinning activity is increased for the uniaxial strain path due to

the favourable texture formed for this deformation process.

Formation of deformation twins has been proven to be strongly influenced by

grain orientation and grain size. EBSD studies [72, 73, 74] on uniaxially deformed

specimens have indicated that ⟨111⟩ ∥ tensile axis is the most favourable for twin-

ning. It has been shown [73] that for low strains, twin generation follows a Schmid

behaviour (the Shockley partial generating a mechanical twin is the one with the

maximum Schmid factor) and is favourable for the ⟨111⟩ ∥tensile axis orientation.

Young et al. [75] showed that if the CRSS for twinning is 15% higher than the

CRSS for slip, then twinning becomes feasible only when multi-slip takes place. In-
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stead of the Schmid factor, the Taylor factor can be also used to predict orientations

favourable for twinning. Beladi et al. [74] found that for the early stages of plastic

deformation, twinning occurs at grains with the highest Taylor factors, while grains

with lower Taylor factors remained twin free. In the latter, deformation via slip was

determined as the predominant deformation mechanism. The use of Taylor factor

over the Schmid factor is thus best suited for metal subjected a complex deformation

mode [76].

Regarding the effect of grain size, Bouaziz et al. [77] suggested that the twin-

ning stress for a Fe-22%Mn-0.6%C TWIP steel is not influenced by the grain size,

however, several studies have reported an decrease in the twinning activity for de-

creasing grain size in high Mn austenitic steels [73, 78, 79, 80]. It is empirically known

that twinning stress dependence on the grain size, follows a Hall-Petch behaviour,

σy,T = σ0 + kTd
−1/2, where σy,T is the twinning stress, σ0 and kT are constants and

d is the average grain size [81].

As discussed so far, it appears that combining two deformation mechanisms

makes the investigation of mechanical properties of TWIP, or other austenitic steels

more complex than ferritic steels. Only a few works have focused on the effect of

SPCs on TWIP steels. Saleh et al. [82] examined the mechanical behaviour and the

lattice strain evolution of a Fe–24Mn–3Al–2Si–1Ni–0.06C TWIP steel upon stress

reversal (tension-compression cyclic loading) using neutron diffraction and elasto-

plastic self-consistent modelling. Their findings indicated tension-compression asym-

metry in the flow stress which was attributed to geometrical effect of the load path

change rather than microstructural modifications upon stress reversals. McCormack

et al. [83] were the first to directly observe twinning and de-twinning in a TWIP

steel upon stress reversal. They also recorded a decrease in the twin formation dur-

ing compression in respect to tension, an effect explained via Schmid’s law, which

indicates that twin systems active in tension, are not active during compression.
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De-twinning was also observed in a later study [84] for a similar deformation process

on a TWIP steel. In this study direct observation of twinning and de-twinning was

carried out and it became apparent that de-twinning started at approximately the

same stress required for twinning to initiate and not immediately after stress rever-

sal. In this work, it was also found that deviations of the Schmid behaviour were

observed in the activated twin systems, which were attributed to the heterogeneity

of stress fields due to the stress reversal.

Except from stress reversal experiments, a few works have studied TWIP steels

under SPCs using different types of test rigs. Pereira et al. [85] used a two-step

tensile testing to study the effect of the pre-strain magnitude and deformation di-

rection on the mechanical properties and microstructure on a Fe–18Mn–1.5Al–0.6C

TWIP steel. A plateau in the flow stress was observed post yielding which was

more prominent when re-loading was in the same direction as pre-straining. They

found out that the plateau appearance was not due to possible strain rate variation

during the experiment nor was significantly influenced by temperature. They finally

linked this plateau to a rapid and localised formation of dislocations which had an

insignificant effect in hardening. They also concluded that the appearance of twins

occurs at intermediate strains (>10%) and with increasing strain, contributing to

the hardening of this material. This study does not pinpoint the strain path mak-

ing the twin formation more favourable. Another work [86] used unidirectional and

reverse-loading during wire drawing of a Fe-17Mn-0.7C-1.5Cu (wt.%) TWIP steel

to study texture and twin formation evolution. An increase in strength with simul-

taneous ductility loss was recorded in the case or reverse-loading correlated with an

increase in the ⟨111⟩ ∥ ND fibre which is also favourable for twinning as previously

discussed.

Via the above discussion is apparent that only a few studies exist in literature

regarding the micromechanics of TWIP steels under SPCs, and almost all of those
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results are obtained in the micro-scale (via SEM and TEM), while only one work [82]

has been conducted to the best of the authors knowledge involving information at

the mesoscale obtained via neutron diffraction. This is not surprising since studying

biaxial deformation, especially in-situ, is non-trivial. In the following section, an

overview of the experimental set-ups for investigation of properties of metallic sheets

under biaxial deformation is provided.

2.4 Test rigs for biaxial deformation

This section focuses on experimental setups used to study biaxial deformation. The

two most common testing categories are the punch-type tests and the cruciform-

type tests. Strain path sensitivity of steels has been examined with both methods,

although cruciform-type tests are more popular as SPCs can be explored. Details

regarding the functionality and main works were such tests have been used for in-

vestigating steel formability, are provided here.

2.4.1 Punch tests and the Forming Limit Curve (FLC)

The investigation of the forming limit of metallic sheets under various deformation

processes is of great importance for industrial applications. The conventional tension

test can provide information about mechanical properties, but it does not investi-

gate the significant strain path dependence of the resulting plastic strain developed

under multiaxial loading. To overcome this difficulty one can use the Nakazima or

Marciniak tests, where a hemispherical or flat punch respectively, is used to deform

a metallic sheet, cut into various shapes, to control the stress development.
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Figure 2.11: The Forming Limit Curve [11].

The most widely used type of test for examination of the formability of metallic

sheets are the Nakazima and Marciniak tests. These tests are commonly used for

determination of the forming limit, or in other words, the maximum strain level a

material can reach, before strain localization occurs. The FLC was first introduced

by Keeler [87] in 1963. A typical FLC is shown in Fig. 2.11, where the relationship

between the major and minor strains is shown. The red line corresponds to the

forming limit of the material; when this is exceeded, the material fails. Controlling

the developing stresses is such tests is achieved via variation of the specimen design.

Specimen with the narrowest gauge (No. 1 in Fig. 2.11) results in the uniaxial

tension state, while the circular specimen (No. 6) corresponds to the equibiaxial

tension state.

A typical FLC test rig geometry is shown in Fig. 2.12. In both Nakazima and

Marciniak cases, specimen is clamped between a die and a blank holder, and is

drawn by a hemispherical (Nakazima) or flat (Marciniak) punch, at a controlled

rate. For strain measurement, the 3D DIC technique is used. The surface of the

specimen is usually covered with a random black and white pattern (speckle pat-
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tern). Throughout the deformation process, the speckle movement is recorded by

a dual camera system, which is placed above the deforming specimen, and subse-

quently, with appropriate calibration, the measured displacements are transformed

into strains.

Good lubrication between the punch and the specimen is a key factor controlling

the developing principal strains and ensures that higher stretch levels are reached

prior to the appearance of strain localization [88]. For this purpose, a polyethylene

sheet is most commonly used, as it is considered to have excellent lubrication proper-

ties [88]. Additionally, minimising the friction effect assists the fracture of the blank

to occur in the middle section opposed to the edges. To avoid friction development

and fracture of the specimen at the edges of the flat punch instead of the middle,

in the Marciniak test, an additional metallic sheet, with a central, circular hole, can

be placed between the punch and the specimen, also called a carrier blank (Fig.

2.12), however, other methods have been reported in literature, leading to the same

result. Deng and McGuire [89], developed a novel punch geometry, where a circular

cut-off is located in the center of the flat punch surface, allowing a gap between the

punch and the specimen. In contrast, Kong et al. [90] adjusted the specimen design,

so that the thickness is reduced in the central area, while keeping the punch shape

unmodified.

One of the main disadvantages of the punch-type test is that while monotonic

loading can be easily applied via a punch test, investigating the effect of SPCs

is difficult due to the geometry of the punch test setup. Nevertheless, there are

some examples in literature that used the Marciniak test for SPC application. An

Advanced High Strength Steel (AHSS) [91] was pre-strained via a flat punch under

various deformation modes. Specimens were then prepared from the pre-strained

sheets and were further deformed via tensile, stretch bending and hole expansion

testing. In another studies [92, 93], focusing on the properties of a magnesium
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Figure 2.12: Nakazima (left) and Marciniak (right) test setup [12].

and aluminium alloys respectively under SPCs, Marciniak setup was used for pre-

straining and miniaturised dog-bone specimens were cut from the punch-deformed

area and were subjected to tensile testing.

Punch-type tests have been also used in some occasions for in-situ testing [94, 95,

96]. In those examples, an X-ray beam was probing behind the moving punch and

the detectors for the diffracting beam were placed above the deforming specimens.

While this method allows for in-situ measurements, the application of SPCs in-situ is

prohibited, as further post processing would be required, as discussed in the previous

paragraph. Application of SPCs during in-situ measurements have been facilitated

by the cruciform-type tests, which are described in the next section.

2.4.2 Cruciform type tests

A more complicated specimen and test rig geometry characterises the cruciform type

tests. For reference, a typical biaxial cruciform-type test rig is shown in Fig. 2.13a.

As the name reveals, a cross-shaped specimen is loaded on a four-armed hydraulic

rig. Depending on the rig, each of the arms can move independently providing

36



Chapter 2 2.4. Test rigs for biaxial deformation

freedom on the application of a load state. Strain measurement is most commonly

facilitated by 3D-DIC, where 2 cameras are located perpendicular to the deforming

specimen surface, and record the displacements during loading. The main difference

between the cruciform-type to the punch type tests, is that in the cruciform type,

strain path is controlled by the loading conditions applied on the arms, while the

specimen geometry does not vary between strain paths. A major advantage of the

cruciform type test is that no post-processing is required for the applications of

SPCs, in contrast to punch type tests.

The biggest disadvantage of the cross-shaped specimens is the strain localisation

which happens far from the Region Of Interest (ROI), which is the area of uniform

strain (central area), at the arms intersection points (see Fig. 2.13b). To avoid this

effect several methods have been proposed in literature. Slits can be added at the

arms area [13] to reduce stress concentrations, which can be also combined with

central area thickness reduction, to assist stress concentrations to occur in the ROI

[97]. In other designs, circular cut-outs have been also added, achieving fracture in

the specimen centre [98]. In all cases, to achieve a specimen design to prevent strain

localisation at the arm intersection areas, Finite Element Analysis (FEA) shall be

consulted.

The ability to apply SPCs without the need for further specimen processing,

which is unavoidable for punch type tests, has made the use of this test type for

in-situ measurements attractive. Material characterisation in-situ during biaxial de-

formation applied on a cruciform specimen has been successfully conducted on steels,

using X-ray [24, 16], neutron [99, 70, 100, 101, 102] and electron [103] diffraction.

An example of a biaxial test setup for in-situ X-Ray diffraction study is shown in

Fig. 2.14. In this figure, a cruciform specimen is biaxially loaded while an incident

X-Ray beam is diffracted by the deforming specimen. The diffracted X-Rays are

then collected in transmission onto a 2D detector, producing the characteristic for
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(a)
(b)

(c) (d)

Figure 2.13: Biaxial testing: cruciform specimen design. (a) Biaxial test rig [13],
(b) stress concentration areas [14], (c) circular cut-out design [15] and (d) arm slits
design[13].
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Figure 2.14: In-situ biaxial test rig, obtained from [16].

polycrystalline samples, Debye-Scherrer rings. As will be described in a later sec-

tion 2.5, information obtained from the Debye-Scherrer rings can be used to study

deformation characteristics of the deforming polycrystal.

2.4.3 The Small Punch Test (SPT)

The SPT is a biaxial testing method for evaluating the mechanical propertied of

miniaturised specimens. It was first developed by Manahan [104], for the determi-

nation of the mechanical properties of irradiated specimens. The size of the tested

specimens did not initially exceed the ones typically used for TEM (3mm×0.25mm),

although nowadays, bigger specimens are also used, commonly having a diameter of
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8mm and thickness of 0.5mm [17]. One of the main advantages of the SPT is that

it allows the fabrication of multiple samples from just one component, which makes

it a very attractive technique in comparison to the standard uniaxial tension test,

particularly for cases where the volumes of the materials available are limited.

Although several test configurations have been reported in the literature [19],

the typical test apparatus consists of the lower and upper dies, a hemispherical

punch with diameter of 2.5mm and a deflection measurement rod, as shown in

Fig. 2.15. During testing, a specimen is tightly clamped between the dies and the

punch moves at a constant rate (punch velocity range between 0.2mm/min and

2mm/min [17]), resulting in a compressive load on the specimen. Both the punch

and rod displacements are measured, as does the punch load. The resulting plot is

a Load-Deflection curve, from which the mechanical properties of the material can

be estimated. In Fig.2.16 the typical load-deflection curve for a ductile material is

shown. Areas (1) and (2) correspond to the elastic and the transition to plastic

regimes respectively, while area (3) corresponds to the transition to the membrane

stress region. In region (4), membrane stress is established, where the material

undergoes the same normal stress everywhere throughout its thickness, until the

maximum load is reached and the material is led to failure, at region (5).

Accurate estimation of the tensile properties via the SPT has been the objective

of several works [105, 106, 107, 108]. The initial thickness of the specimen (t),

predominantly, has a significant influence in the yield (σY S) and tensile (σUTS)

strengths obtained. According to the ASTM International [17] the best estimation

of those properties can be achieved via Eq. 2.6 and 2.7 by taking into account, not

only the specimen thickness, but also the specimen deflection (u), during drawing.

Two methods exist for the determination of the yield force (FY ); the two tangent

and the parallel offset methods [19]. According to the first method, the yield force

corresponds to the point where two tangents, drawn from the elastic (1) and the
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Figure 2.15: SPT geometry [17]
.

early plastic (2) regions respectively, intersect, as shown in Fig. 2.17. For the

second method, a line is drawn parallel to the load-deflection curve at the elastic

region (1), displaced by t/10 from that curve. The intersection with the parallel line

and the original curve is the FY . The empirical parameter α can be then estimated

by the correlation of the SPT results with the yield strength obtained for the same

material from a conventional tensile test.

σY S = α
FY

t2
(2.6)

Similarly, the ultimate tensile strength can be obtained using the maximum force

reached during the test (Fmax), assuming that necking occurs at this exact point.

The empirical parameter β can be then calculated via the correlation of the data

obtained from the SPT and pre-existing tensile data. In many cases, instead of

the relationship 2.7, the Eq. 2.6 has been used, neglecting the effect of specimen

thinning. However, Garcia et al. [106] suggested that the empirical parameter β′

obtained from Eq. 2.8 show lower R2 values and exhibit a high dependence on the
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Figure 2.16: Typical load-deflection curve for ductile materials [18].
.

material tested.

σUTS = β
Fmax

tu
(2.7)

σUTS = β′Fmax

t2
(2.8)

In many setups, the deflection measurement rod does not exist. In those cases, the

‘load-deflection’ curve is replaced by the ‘load-punch displacement’ curve, and in

Eq. 2.7, u is replaced by v, referring to the punch displacement. In this thesis, the

latter plotting method is used.
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Figure 2.17: Determination of the yield force FY from the load-displacement (equiv-
alent for load-deflection) curve [19].

.

2.5 Diffraction methods for deformation characterisa-

tion

X-ray, neutron and electron diffraction are essential tools used to characterise defor-

mation in metals and other materials. The first two methods can provide insights

of the material behaviour in the mesoscale, while the latter is used for characteri-

sation in the subgrain level. Even though the principles behind the aforementioned

methods are similar, the test setups and data format and post processing are sig-

nificantly different. Thus, in this section, the information provided is separated in

a) X-ray and neutron diffraction and b) electron, which are the three methods used

extensively in this thesis.

2.5.1 X-ray and neutron diffraction

Quantities, such as lattice strains, texture formation, residual stresses, dislocation

densities, average grain size or phase fractions of a deforming polycrystal can be
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obtained via X-ray and neutron diffraction. One can work out the distances between

diffracting crystallographic planes via Bragg’s law:

nλ = 2dhklsin(θ) (2.9)

where n indicates the order of the diffracting plane, λ is the wavelength of radiation

used, dhkl is the distance between diffracting planes and θ is the diffraction angle.

Deformation in the macroscale will lead to changes in the distances of crystallo-

graphic planes. In analogy to the macroscopic strain ε definition:

ε =
Lf − Li

Li

(2.10)

where Li and Lf the initial and final linear dimensions of a deforming material, the

micro-strain or lattice strain can be defined as

εhkl =
dhkl,f − dkhl,i

dhkl,i
(2.11)

where dhkl,f and dhkl,i are the initial (pre-deformation) and final distances of the

crystallographic plane {hkl}. An example of lattice strain measurement configura-

tion is given in Fig. 2.18. In this figure, a monochromatic X-ray beam is diffracted

by a specimen under uniaxial tension. The result of diffraction is projected in a 2D

detector and has the form of concentric circles also known as Debye-Scherrer rings

or diffraction rings. Each one of the rings corresponds to a crystallographic plane.

In a single crystal, where the beam is diffracted in only one direction, instead of rings

the result would be just a spot. The ring shape is the result of diffraction by a poly-

crystal. From the distances between the rings one can obtain the spacing between

the diffracting planes, dhkl, from which the lattice strains can be then calculated as

described in Eq. 3.9. Lattice strain depends on the direction of deformation and the

crystallographic plane. Under tension, at the projection of the tensile axis, lattice
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Figure 2.18: Transmission X-ray diffraction configuration during tensile testing,
adapted from [20].

.

strain is positive, in analogy to the macroscopic strain. In contrast, in the trans-

verse direction, where macroscopic strain is compressive, the lattice strain measured

is negative. Additionally, deformation accommodated by the crystal is not similar

for all planes. It is expected, that planes with the lowest atomic density, lead to

higher lattice strains.

Crystallographic texture can be also obtained via neutron and X-ray diffraction.

In a strongly textured material for example, where the a large fraction of grains is

oriented in a specific orientation, the intensities of some of the planes will be higher

than others, hence by measuring the intensity of the diffracted beam, one can obtain

information about the texture. Finally, information regarding dislocation densities

or average grain size can be obtained, using simple methods such us the Williamson-

Hall method [109]. This method uses the Full Width at Half Maximum (FWHM), a

parameter directly associated with dislocations and the crystalline size in the crys-
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tal, to calculate dislocation densities and the average grain size. Direct calculation

of dislocation densities is not an easy process and requires application of Fourier

analysis of the peak profile. However, an indication of the amount of dislocations in

the crystal can be provided via the microstrain, εm, which can be calculated via the

Williamson-Hall method. According to Williamson-Hall model, the total broadening

in the diffraction peaks is the sum of broadening due to crystalline size (FWHMD),

broadening due to strain (FWHMε) and instrumental broadening (FWHMinstr):

FWHMtotal = FWHMD + FWHMεm + FWHMinstr (2.12)

According to Scherrer equation:

FWHMD =
Kλ

D cos(θ)
(2.13)

where K is a constant associated with the crystallite shape and often takes the

value of 0.9 [110] and D is the crystallite size. The microstrain effect on the total

broadening is defined by:

FWHMεm = 4εm tan(θ) (2.14)

By removing the effect of instrumental broadening from the diffraction peaks and

by plotting the FWHM cos(θ)/λ against sin(θ)/λ one can then get the crystalline

size and the microstrain via linear regression.

The discussed analysis can be applied to diffraction peaks obtained from both

X-ray or neutron diffraction data. However, X-ray diffraction presents two main

advantages compared to neutron diffraction. The biggest advantage is the time

of data collection. A continuous flux of photons reaches the detector and allows

capturing data at rates of diffraction pattern/second. In contrast, the collection
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of neutrons during deformation is much slower and requires interruptions of the

sample loading to allow collection of adequate particles to provide good statistical

data. In addition, normally an X-ray detector can receive diffracted photons in

a range of directions providing an obvious asset in texture examination, while for

neutron diffraction setups, one or two detectors are typically placed in very specific

directions in relation to the specimen, making this method less advantageous for

texture investigation.

2.5.2 EBSD

Electron diffraction is usually utilised in an SEM or TEM to provide localised in-

formation about the crystal structure, texture and microstructure characteristics,

phase identification, GND density calculation or strain fields at the subgrain level.

TEM is normally used in cases where the features under examination require a very

high resolution and it is not used within this thesis. Hence, this section is only

devoted to EBSD.

As the name reveals, EBSD uses electrons that are backscattered from a well pol-

ished surface of a specimen, projected onto a phosphor detector. A typical EBSD

setup within an SEM chamber is shown in Fig. 2.19a. Electron diffraction patterns

comprise of bands, as shown in Fig. 2.19b, also known as Kikuchi bands. Each band

corresponds to a crystallographic plane family while the band intersections corre-

spond to crystal directions. The diffraction patterns obtained from a non-strained

and ‘ideal’ grain should be exactly the same, and they should change at the grain

boundaries, since the crystal orientations within a grain remain unchanged. In a de-

formed crystal, the existence of GNDs which results in lattice curvature, is reflected

in small rotations of the Kikuchi bands. Those rotations are used to calculate the

GND densities. More information on GND density calculation is provided in the
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Figure 2.19: (a) EBSD setup and (b) backscattered electron diffraction pattern
obtained from [21].

.

next chapter. As discussed earlier, GNDs are the only dislocation types observable

via EBSD, while SSDs, which do not result in lattice curvature, are not directly

measurable with this technique. Other parameters used for characterisation plastic

deformation are the Grain Orientation Spread (GOS), the Grain Average Misorien-

tation (GAM) or the Kernel Average Misorientation (KAM) which are parameters

quantifying the misorientations in different positions within the grain, and which

are associated with plastic deformation.

For implementing any analysis using EBSD, a method of defining orientation

is required. This is done via the Euler angles, ϕ1, Φ and ϕ2. Those three angles

are generally used to define a three-step rotation required to go from the coordinate

system of a rigid body to a fixed coordinate system. Several conventions are used for

such transformation, but in EBSD the most commonly used is the Bunge convention

which includes the following rotation sequence: rotation around z-axis → rotation

around x-axis → rotation around z-axis (also known as ZXZ). Bunge convention

is used to represent a lattice orientation with respect to a fixed coordinate system.

Hence, each pixel within an EBSD, or orientation map, is assigned a set of Euler
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angles to describe its orientation.

EBSD is also used for texture measurements. One needs to be cautious of how

representative the measurements are of the material, as EBSD can only provide in-

formation from a few hundred or thousand grains, in contrast to X-ray or neutron

diffraction. To define the texture (or its absence) of a specimen with confidence

requires large scanned areas with multiple grains per EBSD map and/or data col-

lection from different specimen locations. For texture representation, pole figures

or inverse pole figures are most commonly used. A pole figure is a stereographic

projection of all the different orientations measured via EBSD. Examples of pole fig-

ures obtained from a Fe-18%Mn-0.6%C-1.5%Al TWIP steel are shown in Fig. 2.20.

The presented pole figures reflect the existence of texture in the material, as specific

crystallographic orientations have a higher density of diffracting grains. TWIP steels

exhibit a mix of texture elements, as previously discussed, with the Goss and the Cu-

type fibres being the most prominent. For reference, pole figures of a non-textured

material would not have areas of high density of specific orientations.

2.6 Summary

At this point, the complex nature of deformation mechanisms under several modes

of biaxial deformation has become apparent. In-depth understanding of deformation

characteristics of TWIP steels under biaxial loading conditions, both proportional

and non-proportional, is crucial for their use in sheet metal forming and relevant

information has been reported in only a few works. The current work aspires to pro-

vide new insights on the strain path effect in TWIP steels. However, understanding

the interplay between deformation mechanisms under complex loading paths is not

straightforward. For that reason an steel alloy with a simpler microstructure is also
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Figure 2.20: Examples of {111} and {100} pole figures showing common FCC fibres,
obtained from a Fe-18%Mn-0.6%C-1.5%Al TWIP steel (obtained from [22]).

.
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investigated in this thesis under non-proportional loading. DX54 alloy is a high

formability steel which exhibits exceptional properties for forming applications and

deforms via dislocation slip. As discussed earlier, the strain path effect on low car-

bon steels with similar properties have been investigated via mechanical testing and

TEM. Whilst the effects of abrupt SPCs on microstructure are well known, a lack

of information of the material behaviour in the mesoscale still exists. Additionally,

less attention has been given in the effect of texture changes under SPCs, which is

one of the objectives of this work. Finally, investigation of SPCs effect is non-trivial

experimentally. Large specimens are required for biaxial testing which, considering

the additional need for test repetitions, lead to a considerable material wastage.

Part of this work is dedicated to developing a miniaturised version of the standard

Marciniak test, which significantly reduces the material usage and also assists in

avoiding steps of post processing that are otherwise required for post-mortem mi-

crostructure examination of deformed specimens. Its use for SPCs applications is

also examined.
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Ductility loss in a mild steel under

abrupt strain path changes

This chapter has been published as:

A. Vrettou, H. Kitaguchi, B. Cai, T. Connolley, D. M. Collins, Mechanisms control-
ling ductility loss from abrupt Strain Path Changes in a low carbon steel, Materials
Science and Engineering: A, vol.843, p143091, 2022.

Author contribution to the above publication:

Anastasia Vrettou: Methodology, Data collection (EBSD), Data analysis, Writing –
original draft. Dr Hiroto Kitaguchi: Data collection (SXRD), Writing – review and
editing. Dr Biao Cai: Data collection (SXRD), Writing – review and editing. Dr
Thomas Connolley: Data collection (SXRD), Resources, Writing – review and edit-
ing. Dr David M. Collins: Conceptualisation, Methodology, Supervision, Writing –
editing and review, Funding acquisition.

3.1 Introduction

From the surveyed literature, it is apparent that understanding the effect of SPCs on

the microstructure is of great importance for industrial applications, as it has been
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systematically proved that they have a significant effect on the mechanical properties

of many materials. Understanding how different deformation mechanisms develop

at a variety of strain paths is necessary for such examination. Thus in this chapter,

a material hardening only via dislocation glide, the DX54 steel, is used, to examine

the effect of abrupt SPCs on the mechanical properties and microstructure.

DX54 is a low carbon, single phase steel grade. The response of steel grades with

similar properties and microstructure has been investigated in the past via a variety

of methods (see Section 2.3.1 for details). These investigations indicate the signifi-

cance of the SPC effect on low carbon steels, especially when the changes applied are

abrupt (e.g. perpendicular major strain directions). The vast majority of works on

non-proportional deformation on similar alloys investigate microstructure via TEM,

focusing more into deformation substructures (e.g. dislocation cells) evolution and

less on effects of deformation in the mesoscale or texture evolution. In contrast,

this work uses SXRD in combination with EBSD aiming to provide information on

non-proportional deformation in the mesoscale. Here, the term mesoscale is used

to refer to examination of deformation effects from a subgrain level up to the be-

haviour of several thousand grains. The benefit of such investigation is that it can

be more useful for studying texture effects and also to provide global information

about the material behaviour, in contrast with TEM where the effects studied are

more localised.

In this chapter, the microscopic response of the DX54 steel is investigated, un-

der the application of SPCs. A two-step deformation procedure is used, consisting

of pre-straining by (1) cold rolling, followed by a subsequent (2) uniaxial tension.

Deformation direction varies both in the first and the second deformation steps, and

so does the pre-strain magnitude. This permits the examination of both deforma-

tion magnitude and direction effects on the microstructure. Microscopic response is

examined in-situ via SXRD and ex-situ via EBSD.

53



3.2. Experimental Chapter 3

3.2 Experimental

3.2.1 Material and the examined strain paths

Composition of the DX54 steel studied here is shown in Table 3.1. The material

was received in the form of annealed and galvanised sheets, with an approximate

thickness of 1mm. Texture of the as-received sheet was obtained via EBSD. In

Fig. 3.1 the EBSD map and the (110) and (111) pole figures are shown, obtained

using a JEOl 7000 SEM, with a 25 kN voltage and 0.2 µm step size. The Initial

Rolling Direction (IRD) and the Initial Transverse Direction (ITD) are indicated

with arrows. The IRD and ITD terms will be used within this chapter, to distinguish

the initial to the pre-strain rolling direction (which will be designated as RD). The

material exhibits a strong γ-fibre texture, where {111} planes are parallel to the

sheet plane, which often characterizes BCC rolled steels [111]. The map shown

here contains a relatively small number of grains, while as previously discussed,

a large number of grains is required for accurate texture measurement, however

measurements in other sheet locations led in a similar result. The average grain

diameter was calculated via MTEX 5.6.0 [112], after removing all grains containing

less than 5 pixels, and was found ≈14 µm.

Element Fe C P S Mn

wt % Balance ≤ 0.06 ≤ 0.025 ≤ 0.025 ≤ 0.35

Table 3.1: Chemical composition of DX54 ferritic steel [24].

For non-proportional deformation study, specimens were deformed according to

the process summarised in Fig. 3.2. This included pre-straining of the specimens

using cold rolling (step 1), followed by uniaxial tension until fracture (step 2). Figure

3.2(a) represents the strain paths followed. Blue arrows indicate step 1 while red

arrows correspond to step 2. Horizontal and vertical axes correspond to the strains
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Figure 3.1: (a) EBSD map (z-axis out of plane) (b) (110) and (c) (111) pole figures
for the as-received sheet. Rolling direction is indicated with yellow arrow.
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developed parallel and perpendicular to the rolling direction of the as-received sheet

respectively. Each pre-straining direction is linked to 4 distinct engineering pre-

strain levels, e0 = 2, 4, 8 and 14%. This means that during step 1, different sheets

were subjected to cold rolling which results in four different thickness reductions.

The corresponding effective pre-strains, designated here as ε1−4, were calculated

from

εn =

√
2

3

√
(εx − εy)2 + (εy − εz)2 + (εz − εx)2 (3.1)

where εx, εy, εz are the true strains developed during the cold rolling stage, and

n is an integer from 1-4. The calculated values of the effective pre-strains and the

corresponding thickness reductions are summarized in Fig. 3.2b. For easiness, for

the rest of this chapter, the engineering strain ez calculated directly from the sheet

thickness reduction is going to be used to describe each pre-strain.

Specimen manufacturing and the in-situ measurement process are summarised

in Fig. 3.3. From the as-received sheet, a dog-bone specimen was fabricated via

Electrical Discharge Machining (EDM), with the tensile direction perpendicular to

the IRD. The remaining material was cut into 8 parts which were further rolled

parallel or perpendicular to the IRD, as shown in Fig. 3.3a. This step corresponds

to the material pre-straining. After step 1, from the rolled parts, dog-bone specimens

were machined, parallel and perpendicular to the rolling direction of step 1. One

dog-bone specimen was manufactured and tested for each pre-strained sheet. The

gauge dimensions for the dog-bone specimens were L×w×t, where the gauge length

was L = 32mm, the width was w = 6mm and the thickness (t) depended on the

thickness reduction due to rolling. Overall, 17 different strain paths were examined,

16 of which included an SPC.
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Figure 3.2: (a) The strain paths studied. Blue arrows correspond to cold rolling (step
1) and red arrows to the subsequent uniaxial tesnion (step 2). (b) The effective pre-
strains and corresponding annotations.

3.2.2 Ex-situ characterisation

The microstructure of the as-received, as well as the pre-strained sheets (prior to

tensile testing), was examined via EBSD, using a JEOL-7000 field emission scanning

electron microscope equipped with a Nordlys detector, with an effective resolution of

1344× 1024 pixels2. Specimens for EBSD examination were mechanically prepared

with abrasive media including polishing with colloidal silica (0.04 µm particle size)

for approximately 30min. Map acquisition was carried out at a 20mm working

distance using a 25 kV accelerating voltage. Data were collected from an area of

approximately 150µm×150µm, using 4×4 binning with exposure time 3.5m s and a

step size of 0.2 µm. Data were processed with the MTEX 5.6.0 [112] package using

Matlab 2019b.

The GND density is used here as a parameter that quantifies sub-crystal defor-

mation. GND densities were calculated via an MTEX integrated algorithm, based

on the work of Pantleon [113]. According to Nye’s definition [114], the dislocation

tensor, is a 2nd rank tensor, which can be written as :

αij =
N∑
t=1

btil
t
jδ(x⃗− x⃗t) (3.2)
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where i, j, k = 1, 2, 3, b is the Burgers vector, l is the line vector, x⃗ is the position

vector and t corresponds to the dislocation system (N is the number of dislocation

systems for the examined crystal structure). The calculation of αij depends on

initially obtaining the curvature tensor elements, κij, which are determined from

the lattice curvatures, as

κij =
∂θi
∂xj

≈ ∆θi
∆xj

(3.3)

where θ is the rotation vector, which can be obtained from the orientation map, via

the disorientations between neighbouring points. The dislocation tensor elements

can be then calculated via the relationships [114]:

αij = κji − δijκkk (3.4)

κij = αji −
1

2
δijαkk (3.5)

The dislocation tensor can be re-written as

αij =
N∑
t=1

btil
t
iρ

t (3.6)

where ρt are the dislocation densities for each one of the expected dislocation types

for the examined structure. The ferritic steel in this study has a BCC structure,

where slip occurs on the ⟨111⟩ direction and {110}, {112} and {123} slip planes

[35]. In total, there are 52 different dislocation types, which include 12 {110}⟨11̄1⟩,

12 {211}⟨11̄1̄⟩ and 24 {123}⟨111̄⟩ edge dislocations and 4 ⟨111⟩ screw dislocations.

The MTEX algorithm calculates the ρt values. In order to estimate the total GND

density, ρGND, measured for the examined specimens, the distinct ρ values were
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Figure 3.3: The experimental procedure summarized: (a) Pre-straining the speci-
mens. The direction of the dog-bone specimens indicates the strain path followed.
(I) corresponds to RD-RD, (II) to RD-TD, (III) to TD-RD and (IV) to TD-TD. (b)
Schematic of the X-ray diffraction geometry during uniaxial loading. (c) Top view
of the detector plane.

added, and the total GND density was calculated by:

ρGND =
N∑
t=1

∣∣ρt∣∣ (3.7)

An additional algorithm was implemented in Matlab, based on the work of Jiang

et al. [115], calculating the distance of each pixel within a grain, from the closest

grain boundary. Grain boundaries (GBs) were divided into smaller segments and

the ‘Midpoint’ of each segment was located, following an MTEX method [112]. The

distance of each grain pixel from the closest segment ‘Midpoint’ was then calculated,

as shown in Fig. 3.4 and plotted against the total absolute GND densities.

3.2.3 SXRD

Synchrotron X-ray diffraction patterns during uniaxial deformation were collected at

Beamline I12, Diamond Light Source [116]. For tensile loading, an Instron 8801 Se-

ries uniaxial load frame, with maximum capacity of 100 kN, was used. One specimen

was tested per strain path. Specimens were deformed at a rate of 3 × 10−3mm/s.

During tensile testing, the loading stage was vertically displaced opposite to the
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Figure 3.4: Determination of the minimum distance of each pixel from a grain
segment midpoint.

crosshead displacement, at a rate 1.5 × 10−3mm/s, in order to compensate for the

specimen elongation and allow data collection from the same part of the deforming

specimen. High energy X-rays were used in order to allow high precision of the peak

position measurements. Patterns were collected at a rate of 1 pattern/s using the

Pilatus 2M CdTe 2D area detector, characterized by a 1475×1679 pixel2 active area

with pixel size = 172 × 172 µm2. The specimen-detector distance (= 1201.25mm)

as well as the beam energy (90.262 kV) were calibrated using a CeO2 standard, as

described in [117].

The described geometry, allowed data to be collected from only one quadrant

of the Debye-Scherrer rings, as shown in Fig. 3.3b. This setup improves the angu-

lar resolution for each reflection (over the acquisition of full Debye-Scherrer rings),

necessary to maximise the accuracy of the fitted peak positions. Whilst the line

broadening shape of the collected reflections could be well described with fitting

functions, the intrinsic instrumental broadening dominated over any sample broad-

ening, and was thus not quantified in this study. Hereon, the angle between the

tensile and the transverse directions will be called the azimuthal angle (see Fig.

3.3c). For all the presented measurements, the tensile axis was aligned parallel to

the 0◦. Strain measurement was derived from the crosshead displacement.
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Figure 3.5: True stress-strain results obtained for the (a) RD-RD, (b) RD-TD, (c)
TD-RD and (d) TD-TD strain paths, during uniaxial tensile testing. The arrows
designate the directions of strain for each of the step in the strain paths. In the
legends, true, effective pre-strain values are shown.

3.3 Results

3.3.1 Macroscopic stress and strain

The macroscopic uniaxial deformation behaviour of samples subjected to different

levels of pre-strain are described here. The stress-strain curves, obtained during

tensile testing, are shown in Fig. 3.5. Each one of the presented sub-figures cor-

responds to a different strain path, indicated with black arrows. The first arrow,

designates the pre-straining direction with respect to the IRD and the second, the

tensile direction. The legends include the true, effective pre-strain magnitudes.
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Figure 3.6: Work hardening curves for the (a) RD-RD, (b) RD-TD, (c) TD-RD and
(d) TD-TD strain paths, during uniaxial tensile testing.

Figure 3.7: The forming limits of the specimens subjected to SPCs.
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A small reduction in ductility along with a notable decrease in the UTS are

apparent for the pre-strained specimens, in comparison with proportionally deformed

one (Fig. 3.5b). However, increasing the pre-strain magnitude leads to an increased

yield strength, a behaviour which is evident in all the examined strain paths, similar

to the behaviour previously described by Doucet and Wagoner [118]. This increase

is less significant for the RD-TD and TD-RD strain paths, and more important for

the RD-RD and TD-TD ones. Although lower pre-strain magnitudes (ε1 and ε2)

do not appear to severely influence the stress-strain relationship between the non

pre-strained and the pre-strained specimens, increased pre-strain magnitude results,

not only in a significant ductility reduction, but also has a significant stress-strain

dependence. A characteristic work hardening stagnation is observed in all cases for

a maximum pre-strain (ε4) and for the TD-RD specimen, for both ε3 and ε4.

A strong dependence of the mechanical response of the material on the selected

strain path, is manifested via specimens pre-strained to ε4. For the RD-RD case

(Fig. 3.5), a higher maximum strain is reached, in comparison with the rest of the

strain paths. The work hardening rate is also positive in this case, after exhibiting

a small transient early after yielding, allowing an extension of the plastic regime. In

contrast, the TD-RD path leads to immediate necking which is followed by strain

softening, not only for the specimen subjected to a maximum pre-strain, but also for

the sample with a pre-strain ε3. The sharp yield point observed in those specimens

is also observed for the highly pre-strained ones, following the RD-TD and TD-TD

strain paths. This characteristic point suggests that the corresponding specimens

exceeded the strain for the onset of necking before uniaxial tensile testing during the

pre-straining procedure. In addition to the stress-strain curves, the corresponding

work hardening rate has been plotted, shown in Fig. 3.6. No significant differences

are observed between each strain path, especially for the ε1 and ε2 pre-strains.

However, pre-strain magnitude appears to influence the work hardening at early
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stages of plastic deformation for the TD-RD strain path (Fig. 3.6c), with the ε4,

leading to a remarkably higher hardening rate at low macroscopic strains, compared

to lower pre-strain values. Furthermore, pre-straining the specimens results has a

remarkable increased hardening rate in comparison to the no pre-strain condition

(Fig. 3.6).

In Fig. 3.7, the forming limits of all samples subjected to an SPC are shown.

The axes of the presented diagrams are reversed in order to allow direct comparison

between specimens with parallel tensile axes and perpendicular pre-strain directions.

The points lying on the εRD and εTD axes correspond to the applied pre-strain

magnitudes. Overall, the differences between specimens subjected to low pre-strains

are insignificant. However, in both diagrams it is apparent that for strain paths that

did not include an abrupt SPC (RD-RD and TD-TD), the strains when localised

necking occurred are higher compared to examples that had abrupt SPCs (TD-RD

and RD-TD). Between the ‘uni-directional’ strain paths, slightly decreased forming

limits are observed for the TD-TD specimen compared to the RD-RD, a behaviour

which is more obvious for highest pre-strains. The only exception to this tendency

is the case of the ε2 pre-strain. Between the RD-TD and TD-RD specimens, the

latter appears to be the most detrimental for the specimen ductility, an effect that

becomes obvious via the comparison of the specimens subjected to the ε3 pre-strain.

It is important to note that the results discussed above are the outcomes of

one tested specimen per strain path. This is due to the limited experimental time

provided for in-situ investigations in synchrotron facilities. Hence, it is necessary

to interpret these results qualitatively rather than quantitatively. However, the ob-

served trends show a ductility decrease which is analogous to the pre-strain induced

by cold rolling. Additionally, they indicate a premature strain softening for high

pre-strain levels. These results are in good agreement with the existing literature on

similar alloys [32, 118] and also are consistent for each strain path, which enhances
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their validity.

3.3.2 Effects on texture

A correlation between the macroscopic response with changes in texture, is pursued

in this work. This section describes alternations observed in the measured peak

intensities for the different diffracting planes for the various deformation processes.

Since there are no other effects observed for the examined material contributing to

peak intensity changes (such as phase transformations), any changes in the peak

intensities will be only attributed to texture changes. From the diffraction patterns

collected during tensile deformation, changes in the peak intensities for the different

diffracting planes were measured and used in order to obtain information about

texture evolution. The normalised peak intensities were calculated, after background

subtraction, via Equation 3.8

Inorm =
Ihkl
Itotal

(3.8)

where Inorm is the normalised intensity, Ihkl is the measured peak intensity corre-

sponding to the {hkl} reflection and Itotal is the total measured (or integrated) inten-

sity for each one of the collected patterns. Results obtained for the {110} and {200}

reflections are presented here. The {110} peak intensity, which is the highest for the

examined material, remains strong, irrespective of any texture change, which allows

reliable fitting. In addition, the {200} peak showed substantial changes over time

and between the different specimens, which highlights the importance of including

this to the results section. In Fig. 3.8, normalised intensities of the {110} and {200}

reflections are presented as a function of the azimuthal angle. The colour-bars for

each one of the plots exhibited here, correspond to the macroscopic (true) strain or

macrostrain developed during tensile testing. Zero macrostrain (which refers to the
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start of the tensile test) is represented with a dark blue colour, while red corresponds

to the maximum macrostrain reached for each one of the examined specimens (i.e.

the strain at which the specimens fractured). The initial texture of the material is

obtained from intensities at zero macrostrain. The texture configuration for the ε1

and ε4 pre-strain magnitudes is examined here.

As referred above, the {110} reflection exhibited the highest peak intensity for all

the examined strain paths. Investigating the texture evolution of the ε1 pre-strain

specimen revealed that during uniaxial tension, the {110} peak intensity exhibited

two maximums: one parallel to the tensile direction (0◦) and another parallel to 60◦.

This distribution can be directly linked to the {110} pole figure (taken from the

as-received sheet) presented in Fig. 3.8q, where a characteristic 6-fold symmetry

is evident. The height of those maximums showed a variation depending on the

examined strain path. For example, specimens pre-strained parallel to the IRD,

had a similar peak intensity behaviour, as showed in Fig. 3.8a and 3.8b. For those

specimens, the intensity was maximum parallel to the tensile direction (0◦) and

minimum at 30◦ and 90◦. The second maximum, observed at 60◦, was notably

lower than the the one at 0◦. In contrast, according to Fig. 3.8c and 3.8d, the

peak intensity had the same magnitude at 0◦ and 60◦, for specimens pre-strained

perpendicular to the IRD. From the results described above, it was noted that the

fraction of grains oriented with the {110} parallel to the specimen plane, was higher

for specimens rolled perpendicular to the IRD. An increase in the {110} texture

can assist the increased slip activity of those specimens, increasing their dislocation

density, but inhibits further plasticity, due to dislocation build-up, when the strain

path is changed.

Results presented in Fig. 3.8 showed that for the lowest pre-strain magnitude,

no important differences were observed between specimens pre-strained in the same

direction but were uniaxially loaded in perpendicular directions. It appeared that
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Figure 3.8: (a-p) Normalized peak- intensity for the {110} and {200} reflections for
specimens subjected to ε1 (min) and ε4 (max) pre-strain. The strain path followed
is indicated with black arrows. (q) 110 pole figure for the as-received specimen,
indicating a characteristic 6-fold symmetry.

67



3.3. Results Chapter 3

the tensile axis, had a weaker effect on the configured texture, than the pre-strain

direction. However, for the maximum pre-strain magnitude (ε4), important differ-

ences in the texture evolution were observed in specimens with the same pre-strain

direction and perpendicular tensile directions. While texture appeared to change

during tension for the RD-RD and TD-TD specimens, a stagnation was noted for

the RD-TD and TD-RD specimens. This effect originates from the inability to record

texture changes in specimens which had exhibited localised necking, while the beam

was probing far from the neck region. More specifically, the incoming beam was

probing at the specimen center, while post fracture optical inspection showed that

the neck was far from this region for both specimens. Nevertheless, the appearance

of this effect, underlined additionally to the results presented above, the important

influence of the application of abrupt SPCs.

In Fig. 3.8, the {200} reflection peak intensity is also presented. From Fig.

3.8i and 3.8j it is manifested that this texture is enhanced at the directions where

{110} texture is suppressed. A maximum of the peak intensity is exhibited at

approximately 30◦-40◦, while a minimum is observed at 0◦.

Similar tendencies as described for the {110} reflection are observed for the {200}

reflection. For low pre-strain (ε1), a similar configuration of the peak intensity is

shown for specimens with the same pre-strain direction (Fig. 3.8i and 3.8j or Fig.

3.8k and 3.8l). In the case of rolling parallel to the IRD the maximum exhibited at

the 40◦ is suppressed (Fig 3.8i and 3.8j) while, in contrast, it is importantly enhanced

(Fig 3.8k and 3.8l for rolling perpendicular to the IRD.

An increased pre-strain magnitude (ε4) results in the same texture stagnation

observed for the {110} reflection. An important increase of the {200} intensity can

be seen in Fig. 3.8p at 40◦, in comparison with the specimen subjected to lower

pre-strain (Fig. 3.8l). This increase, is accompanied by a small decrease of the
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{110} intensity at 60◦ (see Fig. 3.8h). Overall, similar to what was described for the

{110}-fibre, the {200} texture is slightly enhanced when pre-straining perpendicular

to the IRD.

3.3.3 Lattice strain

Lattice strain is a quantity, characteristic of the compliance of the different diffract-

ing planes to the external load application. Here, the behaviour of the lattice strain

is examined as a function of the macrostrain. Its dependence on the azimuthal angle,

is also investigated. Lattice strains for the individual grain families were calculated

via Equation (3.9)

εhkl =
dhkl − dhkl,0

dhkl,0
(3.9)

where εhkl is the calculated lattice strain for the hkl reflection, dhkl is the measured

d-spacing and dhkl,0 is undeformed, relaxed d-spacing obtained from the diffraction

pattern for εhkl,0. This corresponds to the first diffraction pattern obtained for the

pre-strained specimens immediately before uniaxial loading.

In Figure 3.9, the lattice strains of {110}, {200}, {211} and {310} planes are

presented, as a function of the azimuthal angle, for three (true) macrostrain levels

(4, 8 and 10.5%). It is observed that lattice strain was at a maximum when parallel

to the tensile direction and at a minimum when parallel to the transverse direction.

Only small differences were recorded between the different planes, concerning the

angular distribution of lattice strains. In all cases, the highest magnitudes, as well

as the greatest variations between tensile and transverse directions, were observed

for the {200} planes.
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Figure 3.9: Lattice strain of the {110}, {200}, {211} and {310} reflections as a
function of the azimuthal angle. Three macrostrain levels are shown (4, 8 and
10.5%). The strain path followed is indicated with black arrows

Between the 4% and 8% macrostrain levels, the lattice strain magnitude does

not exhibit significant changes. A characteristic drop appears in the lattice strain

for 10.5% the macrostrain, for the RD-TD, TD-RD and TD-TD strain paths (Figs.

3.9f, 3.9i and 3.9l). This indicates that the corresponding specimens are approaching

their fracture strain level, highlighting the severe effect of the aforementioned strain

paths on ductility.
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The behaviour of the lattice strain with respect to the macrostrain, for the highly

pre-strained specimens (ε4) is displayed in Fig. 3.10. It is examined parallel to

the tensile direction and transverse direction and is correlated with the macroscopic

stress-strain response. As described earlier, it is evident that the {200} planes exhibit

the highest lattice strain parallel to the tensile direction, for all the examined strain

paths, which implies that those planes are the most compliant to deformation. In

contrast, the {110} planes are characterized by the lowest lattice strains.

The relationship between the lattice strains presented here, and the macrostrain,

displays unique characteristics between the different strain paths. It appears that,

for unidirectionally deformed specimens (Fig. 3.10a and 3.10j), strain hardening

is observed for all the different reflections. The {211} reflection for the RD-RD

specimen, is the only exception, as the strain hardening rate is negative at low plastic

strains which, however, alternates to positive at approximately 5% macrostrain.

In contrast, for the cross-deformed specimens (Fig. 3.10d and 3.10g), strain

softening is observed from the early stages of plastic deformation. This behaviour

can be directly associated with the macroscopic response of the corresponding spec-

imens (Fig. 3.10f and 3.10i respectively), which fail immediately after exceeding

the elastic region. In Fig. 3.10j, a particularly interesting behaviour is recorded.

Positive hardening rates are apparent for all the examined lattice planes, which may

appear contradictory to the macroscopic stress-strain behaviour shown in Fig. 3.10l.

However, high hardening rates can be expected close to the necking area, under the

presence of high, localised stresses.
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Figure 3.10: Lattice strain plotted against the macrostrain for highly pre-strained
specimens (ε4) and correlation with the macroscopic stress-strain behaviour. Plots
refer to data collected parallel to the tensile and transverse direction.

3.3.4 EBSD results

The microstructure of the rolled specimens was examined via EBSD prior to uniaxial

loading. All the examined specimens are characterized by a uniform microstructure

and grain orientations, irrespective of the scanned area. Thus, information about

texture could also be obtained via EBSD. GND maps reveal a great increase of

the GND density for increasing pre-strain. More specifically, highly pre-strained

specimens (ε4) exhibit GND density of approximately an order of magnitude higher

than the low pre-strained specimens (ε1) or, as expected, of the as-received material.

In addition, in both Fig. 3.11b and 3.11c, the recorded GND density is higher for
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Figure 3.11: GND density, ρGND, maps and the corresponding Inverse Pole Figure
(IPF) maps of specimens subjected to different levels and orthogonal directions of
pre-strain. The yellow arrows indicate the IRD (rolling direction of the as received
sheet) and the black arrows the pre-strain direction. The color-bar limits are the
same for all the total GND density maps.

specimens rolled perpendicular to the IRD. This correlates to the immediate necking

of those specimens after yielding, as shown in Fig. 3.10f and 3.10i. An increase in

GND density reflects the re-orientation of lattice planes in order to accommodate

changes in texture occurring during pre-straining. These changes are expected to be

more significant when the rolling direction is changed with respect to the IRD, which

explains the higher GND densities observed in the sample pre-strained perpendicular

to the IRD.

A way to investigate whether a specific orientation leads to higher GND densities
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is by plotting the Inverse Pole Figures (IPFs), indicating the GND density magnitude

with different colours, using a colour map. In Fig. 3.12 the IPFs for the highly pre-

strained specimens are presented. It is evident that the examined specimens are

textured as a result of the cold rolling process, with the majority of grains aligned

with the {1̄11} plane parallel to the sample surface, a texture common to rolled

steels with a very low carbon content [119]. A greater orientation dispersion is

observed for the cross-rolled specimens, showing a preferable lattice rotation, so

that the {001} planes are parallel to the sample surface. This is in agreement with

the peak intensity results presented in Fig. 3.8k and 3.8l, confirming that cross-

rolling leads to an increase of this specific texture. However, comparison between

the colors of the individual orientations presented in the IPFs, demonstrates that,

there is no significant correlation between the measured GND density and the lattice

orientation.

Figure 3.12: Inverse pole figures for highly pre-strained specimens, parallel (left)
and perpendicular (right) to the IRD. The colour bar shows the total GND density
magnitude.
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3.4 Discussion

3.4.1 Strain hardening rates

By correlating the lattice strain with the macrostrain (Fig. 3.10), a variation upon

the hardening rates of the examined planes and strain paths is evident. Clear dif-

ferences were observed between rates of uni-directionally (RD-RD or TD-TD) and

cross-deformed (RD-TD or TD-RD) specimens. These differences were examined for

the tensile and transverse directions. A more detailed demonstration of the lattice

strain hardening rate is shown in Fig. 3.13, where the hardening rate relationship

with the azimuthal angle is examined. The effect of strain path, as well as the pre-

strain magnitude are investigated for the {110} and {200} reflections. Data for only

up to 5% (true) macrostrain are presented here, which aims to focus on early stages

of plastic deformation. For increasing macrostrain (above 5%), the hardening rates

remain practically unchanged.

Whilst the lattice strain (Fig. 3.9) clearly shows a maximum magnitude in the

tensile direction, and minimum in the transverse direction, the distribution of the

hardening rate between these respective directions is not uniform. For low pre-

strain levels (ε1), notable variation is observed for both of the examined sets of

planes, leading to positive values in some directions (in most cases in the tensile or

transverse direction) and negative in other directions. The variation is, however,

reduced for an increased pre-strain (ε4), leading to a suppression of the hardening

rate in the directions for which it was initially positive. Concurrently, the hardening

rate is abruptly decreased at approximately 50◦ for the {110} planes and at 40◦ for

the {200} planes. The effect of strain path on the strain hardening distribution, is not

so significant for the highly pre-strained specimens. Even though the macroscopic

stress-strain relationship (Fig. 3.5) differs depending on the strain path, maximum

75



3.4. Discussion Chapter 3

Figure 3.13: Lattice strain hardening of the {110} and {200} reflections as a function
of the azimuthal angle, for low (ε1) and high (ε4) pre-strains.

pre-strain leads to either immediate necking (Figs. 3.5b, 3.5c, 3.5d) or to a work

hardening instability (Fig. 3.5a) evident in low macrostrain levels. The above are

directly expressed in a microscopic level by the lattice strain hardening rates.

3.4.2 GND distribution

Fig. 3.11c highlights possible differences between the GND distributions of the

highly pre-strained (ε4) specimens. It is evident that the dislocation structures

are more prevalent far from the grain boundaries in the cross-rolled specimen in

contrast with the uni-directionally rolled one. To assess whether this assumption is

unambiguous, a quantification was made based on the work of Jiang et al. [115], as

described in the Experimental section.
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In Fig. 3.14 the relationship between the GND densities and the minimum

distance of grain midpoints is shown. The different colours indicate the density of

data points (or frequency), with red corresponding to high and blue to low density. A

substantial difference in the total GND density magnitudes is apparent between the

two specimens, which was also manifested in the GND density maps plotted in Fig.

3.11c. Whilst there is no obvious variation in the GND density distribution between

the two specimens, it is evident that for the cross-rolled specimens (Fig12b), the

frequency of high GND regions at distances far from the grain boundaries is greater

than for rolling limited to one direction only (Fig12a). Higher densities are observed

closer to the grain boundary segment midpoints and are gradually decreased for

increasing distances. As expected, higher densities of points are characterized by

lower GND densities.

3.4.3 Ductility reduction

From previous studies, combining mechanical testing with TEM examinations, it is

known that abrupt SPCs including a pre-strain by rolling (or plane strain), result

in several characteristics that confer early necking during subsequent deformation

[32], and has been proven to be detrimental [118, 32], especially when the pre-strain

and the second load directions are almost orthogonal. This effect is also generalised

for other pre-straining or subsequent loading conditions [62, 120]. Dislocation walls,

formed during the pre-straining, can be breached during the re-loading, resulting in

an instant strain softening after yielding [121, 32]. This effect originates from the

activation of new slip systems, which were only latent to the pre-strain procedure

[62], and the formation of new dislocation structures corresponding to these systems,

which interact destructively with the existing structures formed during pre-straining.

The overall effect is the obstruction of further plastic deformation. However, there is
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a significant texture effect too, observed in this work, which plays a significant role.

The direction of the rolling pre-strain with respect to the initial rolling direction

gives rise to very different GND densities, for samples reaching the same equivalent

plastic strain (Fig 3.11c). Even for low levels of pre-strains (ε1), this effect is evident

(Fig 3.11b).

Whilst the results shown here indicate an independence of the total GND den-

sity from the grain orientation, it has been previously reported that the dislocation

structures forming in each grain differ depending on the grain orientation [122]. This

example focused on FCC crystal structures, exhibiting a grain orientation depen-

dence on the formed dislocation structures, which controls the hardening observed

between the different strain paths. This effect is not replicated in the BCC ferric

steel studied. Instead, the texture effect dominates, with all grains rotating to ori-

entations that confer easy slip during the pre-strain (Fig 3.11). Thus, the grain to

grain dislocation density and structures are quite similar.

Along with the anticipated differences in dislocation structures generated in the

different strain paths, texture evidently had the most significant effect on the forma-

bility of ferritic steel. The as received material is characterised by a strong gamma-

fibre texture, as shown in Fig. 3.12, which is distinctly weakened when sheets are

rolled perpendicular to the IRD. Conversely, the {001} texture is increased, which

is known [119] to be detrimental for the ductility of the material. Texture formation

during the rolling pre-strain step is of great importance in particular, and that can

be understood by a comparison of the macroscopic stress-strain curves of RD-TD

and TD-RD strain paths shown in Fig. 3.5b and 3.5c respectively. In the TD-RD

specimen, immediate necking is observed even for approximately 8% pre-strain (ε3),

which is not the case for the other specimens subjected to an abrupt SPC (RD-TD).

The former specimen, also exhibits the the highest increase of the {200} (equivalent

to {001}) peak intensity during tensile loading.
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To understand the total ductility attainable by BCC ferrite, it is clear that

one must consider the abruptness of the strain path between the pre-strain and

the initial rolling direction (in the as receive state). The strain to failure beyond

the pre-strain is also influenced by the abruptness of the strain path. Any SPC

that incurs a dramatic texture change must have significant grain reorientation, and

evidently plasticity within all grains is increased to retain compatibility. Therefore,

it is unambiguous that texture, for abrupt SPCs, controls the ductility reduction for

a BCC ferritic steel. This work has significant implications to industrial practice: (1)

a forming operation that changes the texture significantly from the prior processing,

from the as received rolling direction, will decrease ductility dramatically. (2) If

the manufactured forming operation experiences an abrupt strain path change, or

the component experiences loading paths that differ from the processing history will

result in premature fracture.

Figure 3.14: Total GND density distribution in respect with normalized distance
from grain boundary segment midpoints, for specimens subjected to maximum pre-
strain (ε4). Highest frequencies are observed close to the grain boundaries. Colors
indicate the densities of data points for a given distance/GND density. The white
line corresponds to the level of 95% of the data.
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3.5 Summary

In this chapter, the texture and microstructure evolution in a low carbon steel sub-

jected to abrupt strain-path changes was studied. A significant ductility reduction

was observed for specimens subjected to non-proportional strain paths, consisting

of a rolling-uniaxial tension sequence. By increasing the pre-strain magnitude, the

ductility reduction was even more significant, whilst for highly pre-strained speci-

mens, plastic instability occurs immediately once the yield stress was reached. It

was also found that the influence of pre-straining was more severe in the cases where

abrupt SPCs were applied. For the corresponding specimens, strain softening was

observed from the early stages of plastic deformation.

This effect was also reflected in the configured texture, as a saturation of the peak

intensity change was recorded from in-situ synchrotron diffraction measurements.

The texture configuration was remarkably influenced by the pre-strain direction,

even for low pre-strain magnitudes. Texture evolution during uniaxial tension was

less dependent on the tensile direction and was mainly influenced by the initial

texture, configured during the pre-strain step. An increase of the {200} texture was

observed when the rolling direction was perpendicular to the IRD.

An in-situ microstructure development investigation also revealed that lattice

strain behaviour with respect to the macroscopic strain was highly dependent on

the applied strain path. Work hardening behaviour showed similarities between

uni-directional and cross directional deformation, respectively. The latter exhibits

an abrupt decrease in most of the examined macroscopic directions (or azimuthal

angles), for highly pre-strained specimens, resulting in a ductility reduction of those

specimens.

Finally, ex-situ examination of the pre-strained specimens showed that deforma-
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tion accommodated by the lattice, which is quantified here in terms of the GND

density, is significantly increased for a high pre-strain. The GND density is higher

for rolling perpendicular to the IRD and appears to be independent of the grain

orientation. For the most abrupt strain path changes, structures of high disloca-

tion density are present in intragranular regions after initial rolling which inhibits

subsequent plastic deformation, giving immediate failure.
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A miniaturised testing method for

strain path sensitivity evaluation

4.1 Introduction

The previous chapter revealed significant differences in the microstructure of a low

carbon steel when subjected to a changing strain path. The results, which high-

lighted the significant strain path sensitivity of the examined material, motivate

further investigation of microstructure development during other deformation pro-

cesses. In contrast to low carbon steels, which have been used in industry for several

decades, high-Mn steels have been investigated to a much less extent, especially

their sensitivity to non-proportional strain paths. In this chapter, the development

of a miniaturised test setup is presented, used to study the biaxial deformation

behaviour of the DX54 and TWIP steels under proportional (for both alloys) and

non-proportional (for the TWIP) strain paths. Greater importance is attached to

the microstructure characteristics of the TWIP steel alloy, while the DX54 steel is
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mainly used for the initial development and the evaluation of the miniaturised test

results.

The development and the working principle of the miniaturised testing system

are explained. This includes a description of the test rig, the strain measurement

method along with initial predictions from finite element analysis. Subsequently,

the microstructure and mechanical properties of the TWIP steel are investigated

(the relevant information for the DX54 steel was included in the previous chapter).

Results for the proportional strain paths are then described for both alloys and in-

terrupted tests are conducted for the TWIP steel to examine the microstructure

response to different strain paths. Interruptions were carried out at similar equiv-

alent von Mises strains (εVM ≈ 10 − 15%), allowing for comparison between the

developed microstructures at intermediate strain levels. Such comparison aimed to

investigate the interplay between dislocation slip and twinning mechanisms for the

different deformation modes. Finally, results from non-proportional strain paths are

presented. TWIP steel specimens were first subjected to a first deformation step

using (a) cold rolling and (b) uniaxial tension, followed by a second deformation

step using equibiaxial tension. Tests were carried out both up to fracture as well

as up to εVM ≈ 10%. This way, the effect of SPC on the microstructure could also

be investigated and a direct comparison between proportional and non-proportional

strain paths is allowed.
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Element Fe C Mn Al Si V Cr Ni Ti Cu

wt % Balance 0.30− 0.60 19.06 1.07 0.25 0.13 2.10 0.06 0.03 0.05

Table 4.1: Chemical composition of the examined TWIP steel. Carbon content was
provided by ThyssenKrupp as it could not be accurately measured in-house.

4.2 The examined material

4.2.1 Composition and microstructure

TWIP steel was received in the form of 2mm thick, hot rolled sheets, manufac-

tured by ThyssenKrupp. The composition was measured from 5 random areas of

30×30 µm2 via WDS. Specimens were mounted in conductive bakelite and were me-

chanically polished with diamond media with diameter 0.25 µm. WDS measurements

were performed using a 20 kV accelerating voltage and a 14.90 nA beam current. A

calibration of the elemental assignment was performed the day of the measurement.

The composition is shown in Table 4.1. The carbon content measured was higher

than the nominal values quoted from the manufacturing, likely due to SEM chamber

and/or sample surface contamination, as well us the conductive bakelite. Hence, the

weight percentage provided by the manufacturer for carbon is provided instead.

For the initial microstructure examination, EBSD was performed via a JEOL

7000 SEM. An area of approximately 350×350µm2 was scanned using a 25 kV volt-

age and a stepsize of 0.6 µm. The working distance was set to 20mm and the

exposure time to 24.4ms for 4×4 binning of the diffraction patterns. Fig. 4.1 shows

the orientation map of the as-received material (left) as well as the parent grains

vs annealing twins (right). Signs of retained deformation, originated from the hot

rolling process, are observed in a few grains. Grain boundaries were defined at a

misorientation angle of 5◦. Setting a higher threshold, corresponding to high angle
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Figure 4.1: Orientation map (left) and the twinned areas (right) of the as-received
material.

boundaries ( > 15◦) was found to omit some grain boundaries that were evident

from the band contrast map, while it did not result in any substantial difference in

the average grain size. For the average grain size calculation, distinction between

the parent grains and the annealing twins was necessary. The average grain size was

calculated after the parent grains were reconstructed, and was found to be 10.1 µm.

while, the twinned area was estimated at approximately 38%.

The as-received material, is characterised by a weak texture, which is mix of

copper-type and brass-type fibres. The corresponding pole figures are presented in

Fig. 4.2. The inverse pole figure in Fig. 4.2b as well as the colour-bar limits indicate

that the formed texture is notably weaker than the low carbon, BCC ferritic steel

examined in the previous chapter. Therefore, it is expected that the effect of the

rolling direction on the mechanical properties will be much less significant for the

TWIP steel compared to the low carbon steel (DX54).
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(a)

(b)

111

011001
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Figure 4.2: Pole figures (a) and inverse pole figure (b) for the as received material..

4.2.2 Tensile properties

Tensile properties of the TWIP steel were examined using an Instron 3367 tensile

testing machine, with 30 kN load capacity. Dogbone-shaped specimens were cut per-

pendicular to the RD of the as-received sheet, via Electrical Discharge Machining

(EDM) according to the ASTM standard [123] ‘subsize’ specimen size. A displace-

ment rate of 0.025mm/s was used, and the specimens deformed until fracture. Three

tests were conducted to confirm the repeatability of the measurement. Engineering

stress (s) and strain (e) were derived from the measured load-displacement values,

according to

s =
F

A
(4.1)
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and

e =
∆L

L0

(4.2)

were F is the load applied to a cross-sectional area A, ∆L is the crosshead displace-

ment and L0 the initial gauge length of the specimens (here 25mm). True stress (σ)

and strain (ε) values were then calculated via

ε = ln (1 + e) (4.3)

and

σ = s(1 + e). (4.4)

The true stress-strain results for the three specimens are shown in Fig. 4.3.

Good repeatability was observed. An elongation measurement was obtained from

the crosshead displacement; this method can lead to inaccuracies at low displacement

levels due to the instrument compliance, hence the Young’s modulus could not be

accurately determined. The YS was obtained via the 0.2% offset method. The

elastic, linear parts of the stress-strain curves were fitted via 1st degree polynomials

and new, ‘shifted’ stress and strain values were determined using the slopes of the

fitted curves (lines). Three values of the YS were then obtained from the intersection

of the shifted curves with the measured curves, as shown in the inset of Fig. 4.3.

A YS of 307MPa, with a standard deviation of 13MPa obtained from the average

of the three values. This is a typical YS value for high-Mn steels, however, the

decreased accuracy of the displacement measurement at low strains, leads to low

accuracy in the obtained YS. A characteristic of TWIP steels is their very high

UTS, here reaching 1648MPa, along with a high total elongation (at UTS); 64.6%
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Figure 4.3: True stress vs strain curve for the as-received, TWIP steel. Inset illus-
trates the determination of YS according to the 0.2% offset method.

was recorded. Post-yielding, σ exhibits an almost linear dependence on ε, indicating

a constant hardening rate of 2017MPa.

4.3 Isochronous annealing

4.3.1 Microstructure and hardness

Miniaturised specimens used to investigate strain path sensitivity of the DX54 and

TWIP steels were machined via mechanical milling to the geometries shown in Fig.

4.4b. This method results in residual stresses and a deformed microstructure, which
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Figure 4.4: Dimensions in mm of (a) the flat punch and lower die and (b) the three
specimen geometries, corresponding to equibiaxial, plane and uniaxial strain paths
(left to right).

differs to the deformation induced by the miniaturised punch test. To remove ma-

chining induced deformation, annealing was used. DX54 specimens were annealed

at 650◦C for 2 hours according to [124], however, further investigation for suitable

annealing conditions of the TWIP steel was needed. A strip of the examined ma-

terial was initially rolled ∥RD, up to 40% thickness reduction. Subsequently, four

small specimens were cut from the rolled strip and were annealed for 30mins in air

at four different temperatures: 850, 900, 950 and 1000 ◦C. Post-annealing specimens

were mechanically ground with abrasive media of 1 µm then etched with an acidic

FeCl3 solution containing 4 g FeCl3, 20ml HCl and 80ml H2O. Optical micrographs

were next obtained with a ×20 magnification, as shown in Fig. 4.5. The as-received

material is characterised by equiaxed grains with an average grain size of 11µm, as

calculated via the linear intercept method for three different areas of the specimen.

A horizontal line was drawn per area and the intersections of the line with the grain

boundaries were counted, as described in the ASTM E112-13 [125] (1 intersection

with a grain boundary counts as 1, while an intersection occurring at the junction of
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Figure 4.5: Optical micrographs obtained from the (a) as-received, (b) as-rolled and
the annealed specimens at (c) 850, (d) 900, (e) 950 and (f) 1000 ◦C.

three grains counts as 1.5). Rolling of the specimen results in pancake-shaped grains

and multiple deformation twins, as can be shown in Fig. 4.5b. Annealing at 850 and

900 ◦C did not show evidence of any microstructure changes against the as-received

specimen. However, higher annealing temperatures led to substantial grain growth

along with the formation of annealing twins.

Vicker’s hardness testing was carried out to identify the recrystallisation temper-

ature of the TWIP steel. Five indentations were conducted per specimen. Results

presented in Fig. 4.6 indicate recrystallisation of the annealed specimens at 850◦C,

while it appears that hardness further decreases from 950◦C and above. The hard-

ness of the as-received material appears to be slightly higher than the one of the

annealed specimens, despite its higher grain size in comparison to the one annealed

at 850◦C. Nevertheless, EBSD data presented in Fig. 4.1, showed some retained

deformation in the as-received material which explains the slightly higher hardness.

For the rest of the measurements presented in this chapter, annealing at 900◦C for

30min was used, as it leads to a fully recrystallised microstructure with a resulting
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Figure 4.6: Vicker’s hardness measurements of the as-received, as-rolled and an-
nealed specimens. The error bars are the standard deviation for each measurement.

grain size comparable to the one of the as-received material.

4.3.2 Tensile properties

Three uniaxial tension tests were conducted for specimens annealed at 900◦C, to

obtain mechanical properties. The resulting true stress-strain curves are shown in

Fig. 4.7. A decreased YS of 211MPa was obtained compared to the as-received

material, derived in a similar way to the one described in Section 4.2.2 , as a result

of the increased grain size post-annealing. The higher grain size also led to a slightly

increased tensile strain (ε=0.71). Contrariwise, the strain hardening rate and the

UTS exhibited only an insignificant decrease (1910 and 1626MPa, respectively).
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Figure 4.7: True stress vs strain curve for the TWIP steel annealed at 900◦C for
30mins.

Grain size is generally known to influence strain hardening behaviour [126, 127] of

TWIP steels, both in terms of hardening rate as well as the developed hardening

stages. However in the examined case, the difference in the grain size is so small that

any variation in hardening behaviour is negligible. Such result can also indicate that

deformation twin generation with increasing strain is not affected by the annealing

process.
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4.4 Miniaturised punch test

4.4.1 Finite Element Analysis

In order to investigate the micromechanical response of the examined material under

a variety of strain paths, a miniaturised version of the typical Marciniak test [128]

was newly developed; this consists of a flat punch with upper and lower dies. A

diagram of the setup is shown in Fig. 4.4a. In the traditional Marciniak test setup,

a carrier blank is also constrained between the specimen and the punch, to ensure

that fracture will occur in the middle of the specimen, as it prevents strain local-

isation happening at the points where the edge of the flat punch applies pressure

on the specimen. Obtaining the forming limit from a Marciniak test without using

the carrier blank can lead to invalid results. However, obtaining the forming limit

accurately is inherently not possible for this experimental setup, due to strain mea-

surement errors occurring at high deformation levels. These effects will be discussed

in Section 4.4.3. Additionally, designing miniaturised carrier blanks for a variety of

miniaturised specimens is time inefficient and thus it was decided to avoid its use

for the scope of this work. Three distinct strain paths, corresponding to equibiaxial,

plane strain and uniaxial tension, were achieved via deforming specimens with con-

stant diameter and thickness of 10mm and 0.3mm respectively, and varying gauge

widths. Dimensions of the punch, lower die and the miniaturised specimens are

summarised in Fig. 4.4.

Deformation processes were simulated in Abaqus 2017, using the geometric char-

acteristics of the miniaturised test. For simplicity, only the specimen and the

flat punch were included in the model. The specimen was simulated as a three-

dimensional deformable solid and was assigned material properties for the annealed

TWIP steel, obtained from the uniaxial tension test (Fig. 4.7), to define its plastic
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behaviour. The Young’s modulus was set to 200GPa and the Poisson’s ratio to 0.3.

The flat punch was simulated as a three-dimensional analytical rigid object. Such

objects can be described in Abaqus via an analytical function and do not need to be

meshed. During deformation, the punch and specimen which are in contact, undergo

substantial friction forces, even when PTFE foil is used. Thus, contact between the

punch surface and the specimen surface was defined as contact with friction, charac-

terised by a friction coefficient of 0.04, according to [129] (static friction coefficient

between steel and PTFE). The deformable region of the specimen was assigned a

mesh with a global mesh size of 0.15 length units for the plane strain and equibiaxial

specimens, while a finer mesh of 0.10 length unit was assigned to the uniaxial spec-

imen to compensate for the narrow gauge and to improve accuracy. As specimens

have a thickness of 0.3mm, through the thickness mesh size was decreased to 0.03 for

increased accuracy. The element type was defined as a 3D cubic, with 1 integration

point in the centre of the cube (C3D8R). For simulation purposes, it was assumed

that the specimen is tightly clamped between the two dies, and encastre boundary

conditions were assigned to the outer, non-deformable regions of the specimen. In

reality, a small clearance exists between the specimen and the dies, allowing a small

amount of material flow, thus it is expected that the simulated through-thickness

strains will be higher than the actual ones.

The punch movement was simulated as a smooth displacement step with an

amplitude of 2mm. This means that the displacement increases linearly with time.

In the SPT experiments described in this chapter, the actual punch speed was set

to 0.02mm/s, thus the total simulated time (time period) would be 100 s. Such time

period is not only computationally expensive, but in our case, unfeasible, as it leads

to element distortion errors. A time increment of the total time period, ∆T must
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follow the condition

∆T ≤ min

(
Lel

√
ρ

λ+ 2µ

)
(4.5)

where Lel is associated with the element size, ρ is the material density and λ and

µ are the Lamé coefficients. For a fine mesh, as is adopted here, it is obvious that

the number of time increments is extremely high (higher than 2 × 106), which led

to computational errors. To assist with the simulation time for this quasi-static

process, the total deformation process was assumed to be completed in total time

of 10 s. This is expected to introduce small deviations in the results compared to

the real material behaviour, since rate sensitivity of an FCC material is well known

[130]. However, it is not expected to affect the resulting strain paths, which is the

main objective of the current simulation. From Eq. 4.5 it is shown that the time

increment is also proportional to the density of the material. To further help with

the total simulation time, a virtual increase of density can be applied to increase the

time increment; a process known as mass scaling. Semi-automatic mass scaling, of

a factor of 106 was defined here.

Strain paths as calculated from the above analysis are shown in Fig. 4.8. Forming

limit strains were defined at the point where the second derivative vs time of the

equivalent plastic strain hits its maximum value. It is observed that a uniaxial strain

path can accommodate significantly higher deformation in comparison to the other

two strain paths. This is a well known result for this type of test. The use of a

carrier blank with a flat punch can extend the maximum strain by preventing strain

localisation at the edges of the specimen. However, in the setup used in this work,

a carrier blank was not used, thus lower limit strains were expected.

A change in the strain path, which is often observed in experimental FLCs, can

be seen at ε1 ≈ 0.8. Non-linearity most commonly occurs in the Nakazima test where
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Figure 4.8: Strain paths as calculated via finite element analysis.

the punch is hemispherical, however, non linearity is also observed when using a flat

punch [131]. An abrupt SPC is also observed in the path representing plane strain, at

ε1 ≈ 0.05. Post SPC, the strain path deviates from the plane strain condition, which

can explain the higher forming limit of this path in comparison to the equibiaxial

strain. Usually, plane strain condition is the most detrimental for the formability of

the material, whilst in our case the equibiaxial strain appears to result in the lower

forming limit. It is important to highlight at this point that deviations from the

typical forming limits and major-minor strain relationships can be a result of the

following: (a) any anisotropy inherent in the examined material was ignored during

simulations, (b) grain size and anisotropic properties effects become more prevalent

in specimens of a miniaturised size and (c) choosing to avoid the use of a carrier

blank results in strain localisation and fracture at the edges of the punch and not

in the middle, which is the main weakness of this method regarding investigation of

the forming limit.
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4.4.2 Experimental setup

The miniaturised test rig described in the previous section, was designed as an

auxiliary fitment onto an Instron 3345 tensile testing machine with a load capacity

of 5 kN. The flat punch was fitted into the load cell, which in turn is fixed to the

loadframe crosshead, allowed vertical movement. The dies were fixed (constrained)

at the base of the instrument. In a typical Marciniak test, strains can be measured

via DIC, from the deforming surface of a ‘patterned’ specimen. Most commonly,

a stochastic black and white speckle pattern is applied onto the specimen surface,

facilitating the tracking of displacements when loaded; however a periodic, circular

pattern can be also used. A set of two cameras is usually placed above the specimen

surface, allowing in and out-of-plane displacement measurements.

In cases where such geometry cannot be used, a right angle prism mirror can be

placed under the test piece, and an image/video can be recorded through the mirror

surface, as described in [132, 133, 134]. In this study, the latter geometry was used

and is shown in Fig. 4.9. At the top of the image, the flat punch attached on the

Instron crosshead can be seen. The specimen, which cannot be directly observed is

clamped between the two dies. Below, a Thorlabs silver coated right angle prism

mirror is placed normal to the specimen surface. A video of the deforming surface

was recorded via a Thorlabs CMOS camera equipped with a 12× magnification

zoom lens (left), and the image of the deforming specimen can be seen in the screen

(right).

4.4.3 Strain measurement

As described above, displacement measurements were facilitated via recording video

from a single camera. The data collected, were then processed using the Ncorr v1.2

97



4.4. Miniaturised punch test Chapter 4

Figure 4.9: Experimental setup.
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Figure 4.10: Out of plane displacement effect as recorded by a single camera.

software [135], which was executed via Matlab 2021a [136].

A key challenge encountered with the setup used here was to account for errors

arising from out-of-plane displacements. This is a well known effect, which has

been quantified by Sutton et. al. [137]; eliminating such artefacts is a significant

advantage of 3D-DIC over 2D-DIC. However, it has been recently discussed [138]

that for a Marciniak-type test, where the out-of-plane deformation is conducted

with a flat punch, these errors are systematic, and can be easily subtracted from the

measured strains. The systematic error, as explained by Sutton et. al. [137], can be

calculated using the pinhole camera concept, summarised in Fig. 4.10. The image

of an object in the camera sensor has a size indicated from the coordinates xs and

ys, calculated by:

xs(Z) =
L

Z
X, ys(Z) =

L

Z
Y (4.6)

where X and Y are the coordinates indicating the real object size, L is the focal length

and Z is the distance between the object and the lens. For a ∆Z displacement of
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the object towards the camera lens , the new object size in the sensor plane is:

xs(Z +∆Z) =
L

Z +∆Z
X, ys(Z +∆Z) =

L

Z +∆Z
Y (4.7)

which can be re-written as

xs(Z +∆Z) =
L

Z(1 + ∆Z
Z
)
X, ys(Z +∆Z) =

L

Z(1 + ∆Z
Z
)
Y. (4.8)

By keeping the first two terms of
(
1 + ∆Z

Z

)−1
Taylor expansion, we can re-write

xs(Z +∆Z) =
L

Z
X

(
1− ∆Z

Z

)
, ys(Z) =

L

Z
Y

(
1− ∆Z

Z

)
(4.9)

We can therefore calculate the virtual displacements, originated in the enlargement

of the object due to its out-plane-movement through

U(∆Z) = −∆Z

Z
LX = −∆Z

Z
xs, V (∆Z) = −∆Z

Z
LY = −∆Z

Z
ys (4.10)

where U and V are the displacements on the x and y axes respectively. From the

subset displacement, Ncorr calculates the Green-Lagrange strain elements according

to:

εxx =
1

2

[
2
∂U

∂xs

+

(
∂U

∂xs

)2

+

(
∂V

∂xs

)2
]

(4.11)

εyy =
1

2

[
2
∂V

∂ys
+

(
∂V

∂ys

)2

+

(
∂U

∂ys

)2
]

(4.12)

and

εxy =
1

2

[
∂V

∂xs

+
∂U

∂ys
+

∂U

∂xs

∂U

∂ys
+

∂V

∂xs

∂V

∂ys

]
(4.13)
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From equations 4.10, 4.11, 4.12 and 4.13, one can easily calculate the virtual strains

δεxx = δεyy ≈ −∆Z

Z
, δεxy = 0. (4.14)

For the above calculation it can be safely assumed that the terms 1
2
(∂U(∆Z)/∂xs)

2

and 1
2
(∂V (∆Z)/∂ys)

2 are very small and can be ignored.

For an approaching object, ∆Z is a negative value, thus the virtual strain is

a positive number; hence the measured strain is slightly larger than the real strain

produced from deformation. One can correct this strain via subtracting the δεxx and

δεyy from the measured strain. As expected from Eq. 4.14, in-plane virtual strains

linearly increase with punch displacement. This behaviour is illustrated in Fig.

4.14. According to [138], post-subtraction it was found that the deviations between

the 2D and the 3D-DIC measured strains were small. Additionally, putting into

consideration the significant increase in the cost of the 3D-DIC camera systems, it

was decided that for the scope of this work, aiming to investigate the microstructural

effects of different strain paths, those deviations were acceptable and thus 2D-DIC

was used.

It is important to highlight at this point that the above correction cannot be

applied for images collected out-of-focus. The camera used here does not have an

auto-focus mode, thus strains could be accurately measured only for a punch dis-

placement equal to the depth of field, a parameter dependent on the zoom lens and

the magnification used. For the measurements presented in this thesis, minimum

magnification was used to allow higher depth of field, hence a larger region of accu-

rately measured strains, and additionally provide a large enough field of view. For

these settings, the depth of field was 1.39mm. It was found that the high ductility of

the examined material led to fracture at higher punch displacements, which makes
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Figure 4.11: Virtual strain caused by the out-of-plane displacement as a function
of the punch displacement. Focal length of the camera used here is 1.39mm, thus
beyond this value, image gets out of focus. Strains measured via out-of-focus images
are not accurate.

the accurate determination of the forming limit impossible for this setup.

4.4.4 Through-the-thickness strain calculation

A measurement of the out-of-plane strain is not possible with DIC, however, as FEA

predicted for the experiment setup in this study, it cannot be ignored. To calculate

the out-of-plane strain element the following assumptions are made: (1) the volume

is conserved during deformation, (2) the out-of-plane shear strain elements are small

and can be ignored. The principal strains are defined as

ϵi =
∆L

L0

(4.15)
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where i =1,2,3, L and L0 are the length and the initial length prior to deformation,

respectively. Assuming that the volume V is conserved then:

Vf

V0

=
∆Lx + Lx,0

Lx,0

∆Ly + Ly,0

Ly,0

∆Lz + Lz,0

Lz,0

= 1 (4.16)

where V0 and Vf stand for the initial and final volume, respectively. From 4.15 and

4.16:

1 = (1 + ϵ1)(1 + ϵ2)(1 + ϵ3) (4.17)

or

ϵ3 = − ϵ1 + ϵ2 + ϵ1ϵ2
1 + ϵ1 + ϵ2 + ϵ1ϵ2

(4.18)

Ncorr calculates the Lagrangian tensor elements through displacements. The

strain tensor is written as:

ε =

∣∣∣∣∣∣∣∣∣∣
εxx εxy εxz

εyx εyy εzz

εzx εzy εzz

∣∣∣∣∣∣∣∣∣∣
(4.19)

Using assumption (2) and the fact that the tensor is symmetric, the expression is

rewriten:

ε =

∣∣∣∣∣∣∣∣∣∣
εxx εxy 0

εxy εyy 0

0 0 εzz

∣∣∣∣∣∣∣∣∣∣
(4.20)

Irrespective to the strain tensor definition, the principal strains ϵ1, ϵ2, ϵ3 are the
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eigenvalues of the tensor. This way one can calculate them as follows:

det(ε− λI) = 0 ⇒

∣∣∣∣∣∣∣∣∣∣
εxx − λ εxy 0

εxy εyy − λ 0

0 0 εzz − λ

∣∣∣∣∣∣∣∣∣∣
= 0 (4.21)

⇒ (εzz − λ)

∣∣∣∣∣∣∣
εxx − λ εxy

εxy εyy − λ

∣∣∣∣∣∣∣ = 0 (4.22)

⇒ λ3 ≡ ϵ3 = εzz (4.23)

and

λ2 − λ (εxx + εyy) + εxxεyy − ε2xy (4.24)

so

λ1,2 ≡ ϵ1,2 =
εxx + εyy

2
± 1

2

√
(εxx − εyy)2 + 4ε2xy (4.25)

A value for ϵ3 is then calculated from 4.18 and 4.25. The Von Mises strain can be

then obtained from:

εVM =

√
2

3

√
(ϵ1 − ϵ2)2 + (ϵ2 − ϵ3)2 + (ϵ3 − ϵ1)2 (4.26)
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4.5 Proportional strain paths

4.5.1 Specimen preparation

Proportional strain paths corresponding to 1) uniaxial tension, 2) plane strain and

3) equibiaxial tension conditions were first examined. The specimen preparation for

miniaturised punch test incorporated three main stages: a) encapsulation prior to

heat treatment to prevent oxide development on the specimen surface, b) anneal-

ing which removes any residual stresses caused by machining and c) polishing and

painting prior to testing.

First, specimens were wrapped in Mo-foil and were encapsulated together with a

small Ti piece in SiO2 tubes. Both Mo and Ti contribute in the absorption O2 from

the specimen environment during annealing. Tubes were evacuated down to a final

air pressure of approximately 10−2Pa and were back-filled with Ar gas. Subsequently,

the DX54 specimens were annealed for 120min at 650◦C and the TWIP specimens

for 30min at 900◦C, and were then air-cooled inside the SiO2 tube. The process for

an appropriate annealing temperature determination for the TWIP steel has been

described in Section 4.3. A similar investigation was not conducted for the DX54

steel; the annealing temperature was determined from a prior study [124]. Post-

annealing, one side of the specimens was polished with a 3 µm diamond particle

solution to reduce surface roughness while the other side remained untouched to

assist paint adhesion. Prior to painting, three thickness measurements were carried

out per specimen, using a micrometer placed at the central part of each specimen.

A thin layer of matt white, acrylic spray paint was used to cover specimen surfaces,

and was left to dry in room temperature for a minimum of 30mins. Afterwards,

the white surface was covered with a random speckle pattern, using an airbrush,

which helps to reduce the speckle size and increases the displacement measurement
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accuracy. In some instances, paint was de-laminated during deformation. It was

generally observed that painting on the same day of the test reduced this problem,

however, other parameters such as the temperature and humidity of the environment

also influence the quality of the paint.

The specimen and punch lubrication have a great impact on the measured load,

hence initial friction (load measured at the beginning of deformation) was recorded

at every measurement. A small misalignment between the top part (where the punch

is adjusted) and the bottom part of the available Instron tensile testing machine, led

to an increase of the measured friction, because punch was in contact with the sides

of the upper die at all times. The ‘Specimen-punch’ and ‘die-punch’ contribution to

the overall friction cannot be distinguished. However, to reduce the friction, three

pieces of PTFE foil with a thickness of 0.1 µm were placed between the punch and

specimen surface along with a graphite-based lubricant which was applied onto the

punch peripheral and the upper die walls.

4.5.2 Evaluation of the test using the DX54 steel

The scope of this section is to assess the functionality of the miniaturised Marciniak

test using the DX54 alloy. Three strain paths were examined: the (a) uniaxial, (b)

plane strain and (c) equibiaxial ones. Three specimens were subjected to plastic

deformation up to fracture for each strain path to assess the result repeatability

including the accuracy of the estimated forming limits. A 1.2mm/min punch dis-

placement rate was used in all cases and a 40% load drop from its maximum value

terminated each test. Similar measurement parameters are used throughout this

chapter. A video was recorded at a rate of approximately 14 frames per second, us-

ing an image binning of 2×2, resulting in an image resolution of 1232×1024 pixels2.

The punch displacement rate was set to 1.2mm/min. To reduce the time required
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Figure 4.12: Load-punch displacement curves for (a) uniaxial, (b) plane and (c)
equibiaxial strain specimens.

for strain calculation via Ncorr, 1 out of the 14 frames was extracted from the video,

resulting in a frame rate of 1 image per second.

The load vs punch displacement results obtained for the aforementioned strain

paths for the DX54 alloy are presented in Fig. 4.12. Results show good repeatability

regarding the total punch displacement to fracture and the maximum load. Prior to

reaching the maximum load, serrations were observed in all the examined specimens,

however they are more obvious for the uniaxial strain one. This is due to the overall

low loads recorded for the uniaxial case. Serrations look similar to the ‘pop-ins’

described in [17], which are correlated with crack initiation in brittle specimens. In

our case however, they do not occur due to crack generations, but correspond to the

fracture point of the PTFE foil placed between the specimen and the punch, and

cannot be subtracted from the measured curves. Nevertheless, they are not expected

to interfere with the result repeatability.

The shape of the curves looks similar to the typical load-displacement curve

shape for small punch testing (see Fig. 2.16). The equibiaxial specimens clearly

follow this typical behaviour; the linear, elastic part of the curve is observed at low

displacements, followed by the transition to the plastic deformation regime. The

latter, gives its place to the transition to membrane stress region and finally to the

107



4.5. Proportional strain paths Chapter 4

establishment of membrane stress and then failure (drop from the maximum load).

The transition to membrane stress region is less obvious for the uniaxial and plane

strain specimens.

During loading, deformation of the specimen surface was recorded. The resulting

strains were calculated using the Ncorr software. For the reference image, a Region

Of Interest (ROI) was drawn to coincide with the specimen shape. A subset radius

was set to 30 and a subset spacing to 3, for all measurements. These parameters

were empirical and were all chosen so that the computational time does not make

the processing inefficient but also, does not cause noisy displacement data. Those

parameters were the same for all specimens. 50 iterations were carried out during the

correlation process. Post correlation, the displacements were calculated. Noisy data

occurring almost exclusively at high punch displacements were removed from the

displacement (and thus strain) calculation, by decreasing the correlation coefficient

cutoff parameter, to appropriate values for each measurement (not the same value

was used every time). Strains were calculated according to the Green-Lagrange

definition, provided in Eq. 4.11, 4.12 and 4.13.

Fig. 4.13 shows the εyy vs εxx measurements for uniaxial, plane and equibiaxial

strain specimens. Results show very good repeatability, especially at low strains,

while some deviations are observed at εy > 0.20 for the uniaxial strain path. As

discussed previously, regarding load-punch displacement results shown in Fig. 4.12a,

the uniaxial strain path is expected to lead in higher deviations due to the small

specimen gauge, resulting in more prevalent grain size influence on the mechanical

properties. Strain ratio εxx
εyy

of the equibiaxial strain path is ≈ 1 as expected. Plane

strain path exhibits the simulation predicted SPC at εyy ≈ 0.05 and post-SPC the

minor strain εxx becomes ≈ 0, as expected. The uniaxial strain path is non linear,

and an SPC is observed at εyy ≈ 0.10. This non-linearity results in a strain ratio of

≈ −1
4
instead of the −1

2
, a result also predicted via FEA (see Fig. 4.8, and is also
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Figure 4.13: εyy vs εxx curves for DX54 specimens representative of uniaxial (left),
plane (middle) and equibiaxial (right) strain paths. Gray data-points correspond to
strains measured from out-of-focus images.

reported in the literature [131].

4.5.3 TWIP steel proportional strain paths

Following the tests conducted on the DX54 steel, and after good repeatability was

confirmed, examination of the mechanical properties of the TWIP steel using the

SPT took place. Specimen preparation and measurement conditions were identi-

cal to the ones described in the previous section. In Fig. 4.14, load-displacement

data for all strain paths are presented. For equibiaxial and plane strain conditions,

results obtained show good repeatability, with the punch displacement at fracture

being approximately similar for all specimens per strain path and the measured loads

differing only insignificantly in the case of equibiaxial tension. Contrariwise, load-

displacement curves for specimens corresponding to the uniaxial tension state (Fig.

4.14c), exhibit major differences, which are more obvious at high displacements;
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however the shape of the curves remains the same, indicating similar work harden-

ing behaviour. It is apparent that specimen ‘uni 1’ is characterised by lower loads

in comparison to the other two specimens. As discussed earlier, the small gauge of

the uniaxial strain path can lead to deviations of the resulting load-displacement be-

haviour. It appears that this effect is more prominent on the TWIP steel specimens

compared to the DX54 steel, though there is no apparent microstructural evidence

behind this result. TWIP steel examined here, has a lower grain size than the DX54

steel, thus the deviations in the load-displacement behaviour cannot be explained

through microstructure, an investigation of the specimen geometry is therefore nec-

essary.

The thicknesses of the specimens were measured with a micrometer. At least 3

measurements were conducted per specimen. From the measurements it was found

that the thicknesses of the deformed specimens differ only slightly, with the specimen

‘uni 1’ being 10 µm thinner than the other two specimens. In Fig. 4.15 gauge widths

in pixels, of uniaxial tension specimens of Fig. 4.14 are shown. An increase in

specimen width is directly linked to an increase in the applied load, as expected,

which highlights that a slight change in the geometric characteristics will lead in

big discrepancies in the mechanical behaviour in miniaturised specimens. Those

discrepancies are not significant for bigger gauge widths (or for the disks which are

used in the standard SPT), however as the width is decreased, they become more

permanent. This is the main disadvantage in the use of miniaturised specimens over

the standard Marciniak test, where a punch diameter of 100mm is employed.

It is highlighted that the punch displacement at fracture, Fig. 4.14, is not an

indicator of ductility when the specimens geometries (and hence the strain paths)

under comparison differ. For example, plane strain specimens fracture at approx-

imately 2mm punch travel, while the uniaxial tension ones, at 1.5mm, however,

strain measurements presented below, show that the ductility of the uniaxial ten-
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Figure 4.14: Load- punch displacement curves for (a) equibiaxial, (b) plane and (c)
uniaxial strain specimens.
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Figure 4.15: Gauge width comparison in pixels, for uniaxial SPT specimens.

sion specimens, is substantially higher that the one of plane strain, as expected.

Using the same strain measurement method described earlier in this chapter, the

major vs minor strain behaviour was obtained and is presented in Fig. 4.16. Strain

paths, which are directly related to the specimen geometry, exhibit big similarities

with the ones presented in Fig. 4.13. Non-linearity effects are observed in uniaxial

and plane strain paths, while an almost perfect linear behaviour is observed in

equibiaxial specimens. A small exception is specimen ‘equi 3’, which exhibits a

subtle SPC at a major strain of approximately 5%. This is potentially related

to a small slide or distortion of the specimen during loading, which is not easily

observable in the recorded video but is pictured in the data. Experimental results

are compared with the simulation results, discussed in Section 4.4.1. A perfect

overlap of the simulated with the experimental data is observed for the equibiaxial

strain path, while the simulation deviates from the experiment for the uniaxial and

plane strain paths. Those deviations become apparent as the strain increases (for

the uniaxial case above 8% and for the plane above 5% major strains), whilst at

lower strains the data is in agreement.
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Figure 4.16: Strain paths obtained from biaxial deformation of TWIP steel speci-
mens. Gray data-points correspond to strains measured from out-of-focus images.
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It is highlighted that the simulation results did not take into account inherent

anisotropy in the mechanical properties of this material or the strain rate sensitivity

and were only conducted as an approximation to indicate the geometrical charac-

teristics of the test pieces and the test rig. Non-linearity effects in the simulated

results are also revealed, for the plane strain state at lower strains than the exper-

imental results, and for higher strains for the uniaxial strain case. This indicates

that the simulation predicts the experimental results well regarding the geometri-

cal characteristics of the test, however it needs to be informed by microstructural

characteristics and strain sensitivity to improve its accuracy.

The results discussed above show that the miniaturised Marciniak type test works

well regarding the application of different strain paths and can be used as a quick

method of deforming ductile materials in different strain states, and examine the

strain path sensitivity. Results showed an overall good repeatability, in spite of the

specimen small size, which allows predictability of the load vs displacement relation-

ship and thus permits the execution of interrupted tests to investigate microstructure

at elevated strains. Such investigation took place and is discussed in the rest of this

chapter.

Miniaturised specimens present an additional significant advantage over the stan-

dard sized ones; they allow the application of SPCs. This chapter ends by discussing

the results obtained from specimens initially subjected to (1) cold rolling and (2)

uniaxial tension, and then cut from the rectangular deformed area and loaded with

the flat punch in equibiaxial tension. Such examination is impossible in a lab scale,

using the conventional Nakazima or Marciniak tests.
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200 mm

50 mm

12.5 mm

Figure 4.17: SPT specimens cut from a deformed dog-bone specimen

4.6 Non-proportional strain paths

After the functionality of the in-house built miniaturised testing method was con-

firmed, two non-proportional strain paths were studied: (a) cold rolling up to 15%

strain followed by equibiaxial tension and (b) uniaxial tension up to 14% strain fol-

lowed by equibiaxial tension. Prior to any deformation, specimens were annealed at

900◦C for 30mins, to achieve similar initial microstructure to the rest of the SPT

samples. Subsequently, a rectangular sheet was cold rolled perpendicular to the RD,

up to e0=15% and a dog-bone specimen was loaded perpendicular to the RD using

an Instron 3367 tensile testing machine with a load capacity of 30 kN, up to e0=14%.

From the pre-deformed specimens, disks with diameter of 10mm were cut via EDM,

as shown in Fig. 4.17. The disks were then mechanically ground down to a thickness

of 0.3mm.

Three specimens were tested for the uniaxial and two for the rolling pre-strain

conditions. The corresponding load-displacement curves are presented in Fig. 4.18.

Cold rolling (see Fig. 4.18a) resulted in a significant increase in the yield strength in

comparison to the proportional equibiaxial loading (here referring to the behaviour
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of the yield strength and not its actual value-in reality only the force at the transi-

tion from elastic to plastic deformation can be accessed from the current data). The

ultimate tensile strength also increased while the overall ductility was decreased.

A change in the hardening behaviour can additionally be observed, for punch dis-

placements of approximately 0.2-1mm, where the curvature of the load-displacement

curve notably decreases.

A uniaxial pre-strain effect (Fig. 4.18b appears to be less significant regarding

the yield strength and the hardening behaviour, although a decrease in the curva-

ture of the load-displacement curve is also observed, however, is less distinct than

the rolling pre-strain case. YS as well as the overall strength is slightly increased

in comparison to the proportional equibiaxial loading. Ductility is also decreased,

with the final displacement being approximately the same to the one of the rolling

pre-strain condition. Those results indicate that uniaxial pre-strain is overall more

catastrophic for the mechanical properties of the material than the rolling pre-strain.

This is an uncommon result, since the forming limit for the plane strain (similar to

the deformation via rolling) is consistently lower than the uniaxial strain path for

this TWIP steel. Any discrepancies in the grain size or the thickness of the spec-

imens were also ruled out via microstructure examinations and specimen thickness

measurements respectively. In the previous chapter the effect of SPC abruptness

was discussed. Results showed that for a mild steel, where only dislocation slip was

active, abrupt SPCs had a significantly negative impact on the mechanical properties

of the material, which was also apparent in the microstructure. Uniaxial → equib-

iaxial SPC is more abrupt than the rolling → equibiaxial one, which may be one

factor for deteriorating the mechanical performance. However, further microstruc-

ture examination reported at the end of this chapter, is required to support this

statement.
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(a)

(b)

Figure 4.18: Load displacement curves of (a) rolling and (b) uniaxially pre-strained
vs non-pre-strained specimens.
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Table 4.2: Interrupted tests (proportional and non-proportional) conducted for mi-
crostructure examination. Final von Mises strain excludes the pre-strains in the
case of non-proportional strain paths.

No Type Strain path Pre-strain % Final von Mises strain %
I proportional uni - 8.43
II proportional plane - 9.99
III proportional equi - 15.25
IV non-proportional plane→equi 15 16.72 (failure)
V non-proportional uni→equi 14 10.72

4.7 Interrupted tests

In this section, the microstructure of specimens subjected to similar levels of equiv-

alent strain, following different deformation routes, are discussed. The von Mises

equivalent strain is used to refer to the ‘amount of deformation’ for each strain path,

as defined by Equation 5.1. Strain paths as well as the equivalent von Mises strain

for each one of the specimens are shown in Fig. 4.19 and are summarised in Table

4.2. A ‘jump’ between the failure and the second to failure data points is observed

for the cold rolling → equibiaxial strain path (blue curve). This abrupt increase in

the measured strains is due to a ‘freeze’ in the recorded video with some frames lost

(and hence datapoints) prior to specimen rupture. For convenience, from now on,

the strain paths will be referred at with Latin numerals (see first column of Table

4.2. In the case of non-proportional paths, the letter ‘i’ will be used to designate the

pre-straining step, and the letter ‘f’ the final deformation step. Specimen deformed

according to path IV, reached failure at the final strain. Microstructures for the

remaining specimens were examined prior to failure.

Specimen preparation for EBSD measurements within an SEM included the fol-

lowing steps: first, the deformed specimens were affixed with silver paint mixed

with super glue, onto cubes of the same material. These were then mounted to-

gether in a polymer (acrylic) media. Mounted specimens were mechanically ground

118



Chapter 4 4.7. Interrupted tests

Figure 4.19: Major vs minor strain curves for interrupted tests conducted at various
strain paths and equivalent strain levels. Dashed curves correspond to the second
deformation step of non-linear strain paths. Equivalent von Mises strain reached, is
designated for each curve.
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and polished with coloidal silica for approximately 45mins. Before removing from

the polisher, the specimens were cleaned on the polishing disk with running water

for approximately 15mins. Subsequently, the mounted specimens were affixed (us-

ing silver paint and super glue) onto aluminum stubs. For suitable conductivity, the

surface of the acrylic was completely covered with silver paint; this substantially

increases the area of the specimen touching the SEM stage, and prevents charging.

Results obtained from EBSD highlight the strain path sensitivity of the exam-

ined material. In Fig. 4.20, the microstructures of strain paths III and IV are

compared, in terms of grain orientation and band contrast. Band contrast is used

in the current Section, to identify the formation of deformation twin boundaries.

Strain path IV incorporates two deformation steps: a pre-straining via rolling (Fig.

4.20,b,e) and a reloading equibiaxially (Fig. 4.20c,f). It is easily observed that in-

tragranular curvature, demonstrated via colour gradients in the orientation maps,

is significantly higher in the cold rolled specimen (Fig. 4.20b) in comparison to the

equibiaxially deformed one (Fig. 4.20a), for the approximately the same amount of

equivalent strain (εVM ≈ 15%). Additionally, from the band contrast maps, a few

thin deformation twins appear for the equibiaxial case, preferably in grains oriented

with ⟨1̄12⟩ ∥ND (ND is specimen plane normal) and ⟨1̄13⟩ ∥ND (magenta colour)

plane. In contrast, twinning activity appears to be notably higher for the rolled

specimen, with multiple grain orientations leading to deformation twin generation.

Twins in this case are also wider and can be easily spotted in the orientation map.

Non-proportional loading incorporating rolling followed by equibiaxial tension,

results in a highly deformed microstructure, as it can be seen in Fig. 4.20,c,f. The

overall band contrast is substantially lower, all grains demonstrate high intragranular

curvature and notable thickening of the deformation twins is observed. Twinning

here is also promoted in grain orientations in which for the previous deformation step,

it was not preferable (for example grains oriented with planes between ⟨1̄11⟩ ∥ND
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and ⟨011⟩ ∥ND - ‘blue grains’).
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Band contrast is used here as an indicator of high deformation, as high intra-

granular curvature, or deformation twinning, can result in an overall lower band

contrast per grain. The relationship between band contrast and grain orientation is

examined in Fig. 4.21, for the strain paths III, IVi and IV, where the inverse pole

figures are plotted, and a colour-map is used to indicate the band contrast values.

A higher band contrast (better electron image quality) can indicate less deformed

microstructure and vice versa. Colour-map limits are the same for all the examined

strain paths.

Equibiaxial deformation up to εVM ≈ 15% (Fig. 4.21a) resulted in an overall high

band contrast and a slight increase in the fraction of grains with ⟨011⟩ ∥ND. How-

ever, reliable conclusions about texture cannot be made from such a small number

of grains. This uniformly distributed high band contrast indicates low deformation

within the grains. Contrariwise, for a similar equivalent strain, strain path IVi (Fig.

4.21b) leads to higher band contrast for specific grain orientations, indicating that

those orientations (shown with red circles in figure), do not accommodate a large

amount of deformation. This means that those orientations are characterised by

lower GND accumulation and/or limited twinning activity. A change in the strain

path, which is in this case plane strain (equivalent to cold rolling) to equibiaxial,

completely eliminates this effect and results in an overall low band contrast, re-

gardless the orientation. This uniformity in the low band contrast can be directly

associated to the failure of the corresponding specimen, as no grain orientation can

further accommodate plastic deformation.

Specimens deformed according to strain paths I and II (near uniaxial and plane

strain respectively) were also examined, at a lower level of equivalent strain (εVM ≈

10%). Microstructures of the aforementioned strain paths are shown in Fig. 4.22.

One can easily observe that, in comparison to the maps of Fig. 4.21, twinning activ-

ity is significantly lower and band contrast is notably higher. Higher intragranular
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Figure 4.21: Grain orientation vs band contrast for strain path (a,d) III, (b,e) IVi
and (c,f) IV. Designated are areas with high band contrast, indicating less deformed
grains.

curvature is observed in the case of plane strain, evidently observed as a colour

gradient within some grains (Fig. 4.22). Almost no deformation in the microstruc-

ture is observed in the uniaxial case. Grain Orientation Spread (GOS) was used to

make this result clearer. GOS for each pixel is calculated from the average of mis-

orientation angles to the grain mean orientation, and is an indicator of a deformed

microstructure by pointing out grains with high intragranular curvature. It can be

observed that in the case of plane strain, the GOS is much higher than the uniaxial

case, for most grains (see Fig. 4.22f and 4.22e respectively).

As discussed above, very few deformation twins can be observed in the band

contrast maps for strain paths I and II (Fig. 4.22c and 4.22d) in comparison to

maps obtained for strain paths III, IV and V, which were shown earlier. Mechanical

twins are indicated with red arrows. It is expected, however, that twinning occurs

much earlier in plastic deformation, but the available resolution is not high enough to

allow their clear observation. An increasing strain, results in thickening of the twins
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and therefore makes their observation much easier. Additionally, slight charging

of the specimens, impeded clear twin observation. For example, plane strain (Fig.

4.22c) results to twinning some grains (top-right) which appears to be very dull in

the band contrast map. Overall, slightly more deformation twins are formed during

plane strain than uniaxial deformation.

The effect of SPCs is also presented in Fig. 4.23 in terms of GND density

and band contrast, where the microstructures of non-proportional strain paths are

presented. The first rows include maps obtained from the rolling → equibiaxial

strain path, and the second from the uniaxial → equibiaxial strain path. From the

first deformation step (column 1), it is seen that the effect of cold rolling on the

microstructure is more significant in the cold rolling case compared to the uniaxial

case. GND densities are notably higher for the first compared to the latter, and

multiple deformation twins are observed. Fewer deformation twins can be seen for

the uniaxial pre strain. Such microstructure differences can explain the increased

YS recorded during re-loading, in the case of the rolling pre-strain, compared to

the uniaxial pre-strain (see Fig. 4.18). High GND densities are observed at grain

boundaries as well as the middle of the grains in the cold rolling case, while in the

uniaxial case they are localised closer to the grain boundaries.

During the second deformation step, the effect of SPC becomes apparent. For

rolling pre-strain, deformation twinning occurs in all grains and GND density in-

creases significantly. All grains are saturated with GNDs, an indication that no

further deformation can be accommodated; thus the specimen fractures. For the

uniaxially pre-strained specimen, twinning activity increases significantly during

the second deformation step, even though the final equivalent strain is lower than

the rolling pre-strain case (≈ 10% vs ≈ 15% respectively). In contrast with the

rolling pre-strain, uniaxial pre-strain leads to localisation of high GND density in

some grains, while the rest of the grains exhibit relatively low GND density (see
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Figure 4.22: Orientation, band contrast and GOS maps for specimens subjected to
strain paths I (a,c,e) and II (b,d,f). A few deformation twins are observed, indicated
in the band contrast maps, with red arrows.
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Fig.4.23h).

4.8 Discussion

4.8.1 Miniaturised testing setup

The primary benefit of employing a miniaturised biaxial testing setup resides in

the reduced volume of material used for biaxial testing. This can reduce both the

cost and material waste. The small size of the specimens can also facilitate non-

proportional deformation examination, something that is more difficult when using

200mm sized specimens (especially when the SPC incorporates uniaxial pre-strain).

Additionally, its adaptability within the uniaxial tensile rig makes it a very attractive

option for use in a smaller scale lab environment in contrast to the standard sized

Marciniak test which is more suited for industrial scale applications. Also, the

small diameter of the specimens makes the deformation to SEM process faster, as

no machining of specimens is required, as part of the sample preparation for SEM

examination.

Despite the numerous advantages associated with the utilisation of a miniatur-

ized test setup, it has been demonstrated to entail certain drawbacks. The smaller

specimen gauge and the low thickness means that mechanical behaviour is the result

of only a few hundreds of grains, which can lead to high deviations especially for

uniaxial tension specimens. Additionally, any deviations from the nominal specimen

geometries, introduced from machining, have a large effect on strain development

during deformation. Consequently, equibiaxial deformation specimens have exhib-

ited superior repeatability compared to uniaxial ones.

127



4.8. Discussion Chapter 4

Step 1 Step 2
R

o
ll

in
g

 𝜺
𝑽
𝑴
=
𝟏
𝟓
%

U
n

ia
x

ia
l 
𝜺
𝑽
𝑴
=
𝟏
𝟒
%

E
q

u
ib

ia
x

ia
l 
𝜺
𝑽
𝑴
=
𝟏
𝟔
.𝟕
𝟐
%

E
q

u
ib

ia
x

ia
l 
𝜺
𝑽
𝑴
=
𝟏
𝟎
.𝟕
𝟐
%

10μm

10μm

10μm

10μm

10μm10μm

10μm 10μm

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 4.23: Band contrast and GND maps for non proportional equibiaxial loading.
(a-d) Rolling pre-strain with εVM = 15% and (e-h) uniaxial pre-strain with εVM =
14%.
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Another weakness of the testing setup showcased within this chapter is the use

of a single camera for capturing specimen deformation. A single camera system

does not account for out-of-plane deformation, thus any curvature within the spec-

imen surface would lead to inaccuracies in the measured strains. Additionally, the

system used in this study, does not have the ability to auto-focus. The correction

method proposed by [138] to compensate for the magnification effect occurring dur-

ing out-of-plane movement, is only valid as long as the image remains out of focus.

Here the camera depth of field was 1.39mm, so we were limited to accepting strain

measurements only within a punch displacement range of 0 to1.39mm.

4.8.2 Microstructure and mechanical behaviour under SPCs

Fig. 4.20 revealed a strong dependence of twin formation on strain path and grain

orientation. Equibiaxial deformation, which led to multiple grains aligned with

[011] ∥ND, limited twin formation in comparison to cold rolling (equivalent to plane

strain) condition. Twin formation for equibiaxial deformation is inhibited for the

aforementioned grain orientations, while it is enhanced during cold rolling, where

the fraction of [011] ∥ND orientations is limited. An increase of the [011] ∥ND

fibre during equibiaxial deformation [68, 70] or uniaxial compression [139] has been

previously reported and correlated with a decrease in twinning activity. The present

results are thus in good agreement with the previous observations.

From the EBSD maps of Fig. 4.20 it is not obvious whether the rolling → equib-

iaxial SPC enhanced deformation twinning. Most of the grains during both rolling

and the subsequent equibiaxial deformation contain multiple deformation twins. In-

terestingly, twin growth is promoted after the SPC (twins are notably bigger in after

the SPC) and twin boundaries appear ‘distorted’. This twin ‘distortion’ has been

previously attributed [140] to interactions of twins with dislocation substructures,
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after a SPC introduced by multi-axial forging. Given that equibiaxial deformation

does not promote twinning, it is possible that twins shown in Fig. 4.20c and 4.20f

are already formed during the rolling pre-straining step.

A significant increase in the GND densities was recorded after the aforemen-

tioned SPC (see Fig. 4.23d) which could further support the above argument. In

contrast to rolling pre-strain, uniaxial pre-strain did not introduce many GNDs (Fig.

4.23g). Additionally, only a few deformation twins were observed during uniaxial

pre-strain (Fig. 4.23e) in contrast to rolling pre-strain. Information about discrep-

ancies of twinning between uniaxial and plane strain deformation on TWIP steels is

very limited. In a work from Lü et al. [141] a higher fraction of deformation twins

was observed for uniaxial tension in comparison to plane strain which is not in good

agreement with the results presented here. It appears that for the uniaxial → equib-

iaxial strain path twinning is promoted during the second deformation step, which

is a peculiar result, given that it is known that equibiaxial deformation inhibits twin

formation. However, given that GND densities measured for uniaxial deformation

are also low, it is expected that the shear stress accommodated by the lattice may not

be adequate to promote deformation twinning during the first deformation step, but

as strain increases, many twins are generated during the second deformation step.

As twins are generated during the second deformation step, and as GND densities

remain relatively low (at least lower than for rolling pre-strain), twin boundaries

do not show any distortion like the one observed for the rolling→equibiaxial strain

path.

According to Fig. 4.18, an increase in the yield strength with a simultaneous

decrease in ductility in comparison to proportional equibiaxial deformation, was

observed for the second deformation step of the rolling → equibiaxial strain path.

Microstructure examination revealed a high twinning and GND activity after pre-

straining via rolling, which can explain the overall increased strength of the cor-
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responding specimen. The significant increase in GND density for εVM = 16.72%,

which was globally high for all grain orientations, can explain the early fracture of

the pre-strained compared to non-pre-strained specimen. On the other hand, uni-

axial pre-straining does not introduce a remarkable influence in the yield strength,

however, it results in important ductility and UTS reductions, which cannot be ex-

plained by the microstructure evolution. As shown in the previous chapter, high

GND accumulation far from the grain boundaries can indicate early fracture of the

specimens. In this case, GND densities are mostly still localised close to the grain

boundaries and are, in general, remarkably lower than the GND densities measured

for the rolling pre-strained specimens. One possible reason could be the stress lo-

calisation at a subgrain level, introduced due to the more abrupt SPC (uniaxial to

equibiaxial rather than cold rolling to equibiaxial). However, this argument cannot

be supported by the present data and further investigation is required to explain

this effect.

4.9 Summary

In this chapter a miniaturised version of the standard Marciniak test was devel-

oped to facilitate biaxial loading with simultaneous DIC measurements via a single

camera. Specimens of different geometries were fabricated from DX54 and TWIP

steel sheets. Results from the measured strains follow the typical major vs minor

strain behaviour expected for the specimen geometries used, however, effects of non-

linearity in the strain paths examined, were more pronounced for the miniaturised

test rig in comparison to the standard-sized test rig. Good repeatability of the load-

displacement measurements was observed. Highest deviations were observed for the

uniaxial specimens, which were attributed to a small number of grains in the narrow

gauge width.
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The miniaturised setup used here presented the following limitations: specimen

deformation is limited to low strains due to 1) loss of focus after a 1.39mm displace-

ment of the specimen surface and 2) strain localisation occurred far from the central

area of the specimens. Additionally, microstructure examination was proven chal-

lenging using the mounting method described earlier, as charging of the specimens

impeded a good observation of fine features like deformation twins. This was taken

into account before any result interpretation.

Interrupted tests were conducted on TWIP steel specimens subjected to pro-

portional (uniaxial, plane and equibiaxial) strain paths and non-proportional strain

paths (rolling → equibiaxial and uniaxial → equibiaxial). Microstructure examina-

tion was conducted via EBSD, where the different characteristics of each one of the

deformed specimens were revealed. Cold rolling at εVM = 15% resulted in a highly

deformed microstructure characterised by high GND densities, low band contrast

and the formation of multiple deformation twins. Twinning activity appeared to

be the highest during cold rolling followed by the uniaxial and equibiaxial strain

paths. [011] ∥ND appeared to be the least favourable for twin formation. After a

rolling → equibiaxial SPC, twins formed during the first deformation step exhibited

considerable growth and distortion. Distortion was associated with twin-dislocation

substructure interactions. The same effect was not apparent for a uniaxial pre-strain.
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Chapter 5

Non-proportional loading effect on a

TWIP steel studied via neutron

diffraction

This chapter is the result of collaborative work. Individual contributions are listed
below:

Anastasia Vrettou: Methodology, Data collection (in-situ neutron diffraction and
EBSD), Data analysis, Dr James Ball: Data collection (in-situ neutron diffrac-
tion), Mohammed (Wakib) Said: Data collection (in-situ neutron diffraction), Dr
Jan Capek: Data collection (in-situ neutron diffraction), Dr Efthymios Polatidis:
Data collection (in-situ neutron diffraction), Dr David Collins: Conceptualisation,
Supervision, Funding acquisition

5.1 Introduction

In the previous chapter, the effects of strain path and SPCs on the mechanical

properties and microstructure of a high Mn TWIP steel were examined, via a com-
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bination of the modified SPT and EBSD. A notable strain path dependence of the

microstructure to the macroscopic response was observed, which was further influ-

enced by the SPC abruptness. In this chapter, the same alloy was examined via

in-situ time-of-flight neutron diffraction in order to facilitate further, in-depth inves-

tigation of the microstructure evolution during proportional and non-proportional

strain paths. This investigation included examination of the lattice strains, nor-

malised peak intensity changes and peak broadening evolution in-situ, where data

were collected from a probed volume covering thousands of grains. Post-mortem,

the final microstructure was further investigated via EBSD, which allowed localised

information about the microstructure to be obtained.

5.2 Experimental process

5.2.1 The examined material

The same alloy used in the previous chapter was examined here via neutron diffrac-

tion. A hot-rolled plate of the TWIP steel, with thickness of 10mm, provided by

ThyssenKupp, was used. To confirm the similarity of the composition with the

thinner plates used in the previous chapter, specimens from the thick plate were

measured using WDS on a JEOL 7000 FEG SEM. The conditions replicated those

described in Section 4.2.1(20 kV voltage and 14.9 nA beam current). Results shown

in Table 5.1 confirm a high similarity between the two plates.

The microstructure of the thick plate was examined via EBSD on the same

SEM, using a 30 kV voltage. The EBSP binning was set to 4×4 and the step-

size to 0.6 µm. An average grain size of 15.94 µm, was obtained using the method

described in Section 5.1.1. This is very close to the 14.76 µm grain size obtained
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50μm

RD

TD

Figure 5.1: Z-axis orientation map (top), (111) and (110) pole figures (middle) and
z-axis inverse pole figure (bottom). RD and TD lie on specimen plane.
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Element Fe C Mn Al Si V Cr Ni Ti Cu

wt. % Balance 0.30− 0.60 19.15 1.08 0.46 0.02 2.55 0.31 0.1 0.06

Table 5.1: Chemical composition of the examined TWIP steel. The carbon content
was provided by ThyssenKrupp as it could not be accurately measured in-house.

post-annealing at 900◦C (conditions for the SPT specimens), hence a comparison

between the mechanical properties of specimens from the two chapters is valid.

The as-received material possesses a very weak Brass-type texture ({110}⟨11̄2⟩), as

shown in Fig. 5.1. The orientation map shows some signs of deformation, observed

as colour gradients within the grains, in the orientation map. This is expected from

the prior hot-rolling process during the plate manufacturing.

The as-received TWIP steel sheet was cut into cruciform shaped specimens with

a water jet machine, using a geometry specifically designed for POLDI biaxial load

frame[23]. Specimen geometry is shown in Fig. 5.2. It is common that such shape

results in the development of high strain concentrations at the corners between the

arms and the central area, instead of the specimen center. To compensate for this

effect, the central thickness of the specimens is reduced to locally reduce the cross

sectional area, thereby creating a region of highest stress in the specimen gauge.

Here, thickness of the central area, was reduced to 2mm. A lower thickness than

the one proposed by [23] was used, allowing for high strains to be reached in the

central area of the specimens. This is particularly necessary due to the high work

hardening rate of the examined material. However, thinner samples reduces the

probed volume from which scattered neutrons / time unit can obtain data, thus

high collection times were required to obtain suitable signal to noise ratios.
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Figure 5.2: Cruciform specimens designed for the POLDI biaxial load frame.

5.2.2 In-situ TOF neutron diffraction and strain measurement

Neutron diffraction experiments were performed at the Pulse Overlap Diffractometer

(POLDI), which is part of the Swiss Spallation Neutron Source (SINQ) at PSI,

Switzerland. The experimental setup is presented in Fig. 5.5. The test rig includes

four main parts: a biaxial load frame, a dual optical camera system, the incident

beam and the detector. The biaxial load frame, manufactured be Zwick, has a load

capacity of F1,max =100 kN on the vertical axis and a load capacity of F2,max =50 kN

on the horizontal axis. The detector was fixed at a 45◦ to the specimen plane

and at 90◦ to the incoming beam. The Aramis dual camera system facilitates 3D-

strain field measurements. During in-situ deformation, specimens were subjected to

interrupted loading at a rate of 40N/s. The acquisition time for each diffraction

pattern was 23min, at predefined load intervals, during which the load was held

constant. The incident beam had a cross-section of 3.8 × 3.8mm2 and was normal

to the central specimen area. Specimens were spray-painted in a black and white

stochastic pattern, as described in the previous chapter. Two cameras were placed

at approximately ±15◦ to the sample plane normal; images were used to calculate
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strain components along the specimen plane, from the central area of the specimen

(area probed by the beam) at a rate of 1 frame/s. The accumulated plastic strain,

or Von Mises strain, was automatically calculated via the Aramis GOM software

according to

εVM = εp =

∫ √
2

3
dεpijdε

p
ij (5.1)

where εpij are the 3-dimensional strain tensor elements (i, j = 1, 2, 3). From the

calculated data, the mean average Von Mises strain (εVM) was used.

Strain measurement data presented in this chapter were directly provided from

the GOM software. Whilst using a non-contact measurement method eliminates

displacement measurement deviations due to the instrument compliance to defor-

mation, DIC can introduce different types of errors. Camera positioning and lens

distortion can ‘distort’ the specimen surface images and result in displacement mea-

surement deviations. These deviations can be minimised by frequently conducting

appropriate calibration of the optical system. For example, for the experiments de-

scribed in this chapter, the optical system was re-calibrated when there was any

possible movement of the camera or lights during specimen loading. Additionally,

the lighting itself can be source of error in the optical measurement, as a less bright

surface can obstruct accurate measurement of the specimen surface displacements.

Between the measurements described here, any contact with the lighting system was

avoided to obtain consistent strain measurements. Finally, specimen surface prepa-

ration is also crucial in DIC measurements. While spray painting the specimen

surface with black spots, which are ideally randomly distributed on a white back-

ground, areas of high or low spot density can occur. Nevertheless, Von Mises strains

presented here are averaged within the captured region of interest to eliminate these

effects.
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Paint quality and painted surface roughness play a crucial role in the success-

ful strain measurement. One problem encountered during these experiments was

the delamination of the spray paint at high strains. At high levels of deformation

cracking of the paint resulted in unreliable strain measurements, thus data obtained

in-situ and presented here against strain, are in most cases up to the maximum strain

measured with accuracy. However, to estimate the maximum strain reached during

deformation, the knowledge of which is necessary for ex-situ result interpretation

(EBSD measurements), an approximation method was used. Here, the first and last

images of the recorded video were extracted. Images were imported to the Ncorr

software, and εxx, εyy and εxy strains were re-calculated, within a circular region

of interest. Fig. 5.3 shows the strain distribution for a painted surface that is full

of cracks. Far from the cracks, the strain distribution is uniform and corresponds

to the ‘real’ strain of the specimen. To obtain an approximate value for the actual

strain of the specimen, a histogram with 10 bins was plotted to summarise the εxx

distribution (see Fig. 5.4). Only strain data obtained from the bin with the maxi-

mum number of occurrences was then used for the average strain calculation. The

Von Mises strain was then calculated as described in Section 4.4.4. The same pro-

cess was repeated for the second camera. Differences between the strains from the

two cameras were negligible. The final average Von Mises strain was then calculated

from the Von Mises strains obtained for the two cameras:

εVM =
εVM,left + εVM,right

2
(5.2)

where εVM,left and εVM,right are the strains for the left and right cameras respectively.

The main disadvantage of this method is that, even though strains developed here

are in-plane, so a 2D deformation analysis software is safe to use, the slightly angled

view of the specimen surface is expected to result in a magnification error, similar

to the one described in the previous chapter. A similar compensation to the one
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Figure 5.3: εxx measured via Ncorr for a deformed specimen. Areas of high strain
are originated in cracks on the paint and not in the deformed specimen.

Figure 5.4: Histogram of εxx as measured from a single camera of the Aramis system.
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Figure 5.5: Experimental setup at POLDI. (a) Biaxial load frame and dual-camera
DIC system. (b) Geometry of the diffracting beam and sample [23].

described in the previous chapter was not possible, since the distance between the

cameras and the specimen could not be obtained with high accuracy. However, due

to the small size of the area captured, and the high distance between the specimen

and the cameras, the error is expected to be small, and for this examination, it can

be ignored.
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Figure 5.6: Strain paths followed for the TOF neutron diffraction experiment. Black
is used to illustrate proportional, and red for non-proportional strain paths. Dashed
lines correspond to the pre-straining step, which was performed ex-situ.

5.2.3 Strain paths examined

Deformation processes studied in this chapter include proportional and non propor-

tional strain paths. For non proportional strain paths, two deformation steps were

used. A microstructure examination was conducted in-situ during the second (final)

deformation step, and ex-situ, after completion of the deformation process. Due to

the high strength of the material studied, and the limited load capacity of the biaxial

load frame, mechanical behaviour and the effect on microstructure were studied at

the early stages of plastic deformation, up to approximately 10% equivalent strain.

Fig. 5.6 summarises the strain paths used for this experiment. Non-proportional

strain paths are designated with red lines, and proportional deformation with black

lines. Dashed lines are used to designate the pre-strain step. During the pre-strain,

no neutrons were collected to reduce the overall measurement time.
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5.2.4 Ex-situ EBSD

The resulting microstructure for all the examined specimens was examined ex-situ

via EBSD. Square samples of approximately 15×15mm2 were cut from the specimen

gauge section, and then mounted in conductive bakelite. The samples were then

mechanically ground and polished for approximately 45min with colloidal silica.

For the EBSD data a JEOl 7000 FEG SEM was used. Data were collected at a 70◦

angle, using a voltage of 25 kV and a 0.12 µm step size. For the diffraction pattern

collection, a 4×4 binning and a 10.5ms exposure time were used. In all cases,

specimens were probed normal to the deformation plane (plane of load application).

5.3 In-situ neutron diffraction

5.3.1 Load-strain dependence

The load-strain results measured via DIC are presented here. Fig. 5.7 shows the

load-Von Mises strain relationships for all the examined strain paths. Pre-strain

values were added to the strains shown here. Curves are grouped so that results

from all in-situ uniaxial (Fig. 5.7a) and in-situ equibiaxial (Fig. 5.7b) strain paths

are presented in the same plot, to directly compare the effect of pre-strain on the

macroscopic mechanical properties. From Fig. 5.7a it is observed that the effect

of equibiaxial pre-strain on the resulting load-strain curve (EQ-UN) is far more

significant compared to the effect of uniaxial pre-strain on perpendicular direction

(UN F1 - UN F2). A slight increase in the yield load is recorded for the EQ-UN

strain path, followed by a notable increase in the work hardening rate compared to

the corresponding proportional strain path. In contrast, the yield load and work
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(a) (b)

Figure 5.7: Load-average Von Mises strain curves for all the examined strain paths.
Only the second deformation step is shown, during which neutron collection took
place. In (a) uniaxial strain paths (proportional with solid and non-proportional
with dashed lines) and in (b) equibiaxial strain paths are shown. Pre-strain is
added to the strain values.

hardening rate of the UN F1 - UN F2 strain path are approximately the same to

the UN strain path, indicating that uniaxial pre-strain with a 90◦ change in the

loading axis, has almost no effect in the macroscopic material properties. This can

be associated to the abruptness of the SPC, which in case of UN F1 - UN F2 is less

significant in comparison to EQ-UN.

In Fig. 5.7b, results from the EQ and UN-EQ strain paths are shown. Comparing

the proportional strain paths (EQ vs UN), it is observed that the EQ strain path

is characterised by higher yield load and work hardening rate compared to the UN

strain path. In contrast to the UN F1- UN F2 strain path, it is observed that the

uniaxial pre-strain notably influences the yield strength and work hardening rate

of the subsequent equibiaxial loading, even though the pre-strain for the UN-EQ

path is lower than the one of the UN F1 - UN F2 path. Further microstructure

examination is expected to reveal the mechanisms behind this macroscopic effect.
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5.3.2 Effects of deformation in the diffraction patterns

Neutron diffraction patterns were saved in the format of intensity (neutron counts) vs

scattering vectors (Q), and were processed using the software MATLAB 2021a. The

evolution of the diffraction patterns for increasing strain is shown in in Fig. 5.8 and

5.9, for proportional uniaxial (UN) and equibiaxial (EQ) strain paths, respectively.

The normalised intensity is shown here, which has been calculated by dividing the

absolute values with the sum of all counts per measurement step. An effect of

deformation is evident for both strain paths. As strain increases, the reflections

shift towards lower Q, indicating an increase in the lattice spacing d (Q ∝ d−1).

Additionally, an increase in the peak width is observed as strain increases, indicative

of an increase in the dislocation density and the deformation twinning generation

rate. Finally, peak intensity gradually changes, as a result of texture formation

during deformation.

Austenitic steels, in addition to dislocation glide and deformation twinning, of-

ten exhibit a martensitic transformation during deformation. The examined material

does not show any signs of phase transformation up to εVM ≈ 10%, however, even

if a small fraction ε-martensite was formed during deformation, the instrument res-

olution was inadequate for its detection. EBSD measurements also did not indicate

martensitic transformation in deformed specimens. Hence, only slip and twinning

are accounted for in the microstructure effects discussed in the rest of this chapter.
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5.3.3 Lattice strain

In Fig. 5.10 the lattice strains obtained from the first four diffraction peaks are

presented ({111}, {200}, {220} & {311}) for all the examined strain paths. Peaks for

higher scattering vectors were ignored as their low intensity and the high background

signal prohibited accurate fitting (i.e. high errors were obtained). It is expected that

the lattice strains will behave similarly for equivalent planes (e.g. {200} and {400}).

Similar to the results presented in Chapter 3, {200} planes are characterised by

the highest lattice strains during in-situ uniaxial deformation (Fig. 5.10 a-d), due

to their lowest atomic density. In contrast, {111} planes appear to be the least

compliant to deformation for all uniaxial strain paths, exhibiting the lowest lattice

strain values. Hardening rates for the ε111 and ε200 are higher than those of ε311

and ε220. The latter, exhibits a saturation post-yielding for both the proportional

and non-proportional strain paths, where the final deformation step was uniaxial

tension.

In agreement with the macroscopic load-strain dependence, the 90◦ change in

the loading direction of the UN F1 - UN F2 strain path, has a weak effect on the

lattice vs macroscopic strain relationship. The most notable differences post SPC

are seen for the ε200, which is decreased after uniaxial pre-straining, while ε220 is

only slightly increased. Equibiaxial pre-strain led in all cases to an increase in the

lattice strain, however, only the {200} and {311} planes exhibited hardening during

the second deformation step, while the other planes resist any further deformation;

the lattice strain remains either constant or decreases.

The aforementioned trends differ for equibiaxial deformation (Fig. 5.10). ε111,

ε200 and ε311 are lower than ε220, however, they exhibit higher hardening rates.

Uniaxial pre-straining results in a notable increase of ε200 and ε311 while ε111 and

ε220 remain almost unchanged. Hardening of the latter replicates the behaviour
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of proportional equibiaxial deformation, showing an increase post-yielding while

ε200 and ε311 exhibit a rapid decrease, followed by a stagnation in the hardening

rate, indicating competing effects of deformation mechanisms taking place after pre-

straining.

5.3.4 Peak broadening and intensity changes

In addition to peak shifts linked to changes in the lattice strains during deforma-

tion, an increase in the peak broadening is also apparent, illustrating an increase of

defects. The peak broadening effect was studied here in terms of FWHM evolution

during deformation. In Fig. 5.11 the FWHM vs average Von Mises strain behaviour

is presented, for all strain paths. Very distinct differences are shown, especially

between uniaxial and equibiaxial strain paths. Uniaxial proportional deformation

(UN) resulted in an almost linear increase of the FWHM in respect with εVM for

{111}, {200} and {311} planes (Fig. 5.11a,b,d). In contrast, FWHM of the {220}

planes, slightly increases post yielding and it soon saturates, at εVM ≈ 5.5%. An

increase in the FWHM can reflect both the increase in dislocation densities as well

as deformation twin generation. However, as twin growth is promoted, and the twin

size increases, the mean free path of dislocations decreases and the FWHM is re-

duced [52]. A saturation in the FWHM of the {111} and {220} planes, is recorded

for the EQ strain path, while the {200} and {311} planes show a monotonic increase.

This effect could indicate a faster twin growth during equibiaxial in comparison to

uniaxial deformation.

To examine discripancies between dislocation densities and twinning for the uni-

axial and equibiaxial strain paths, the modified Williamson-Hall plot was used. Ac-

cording to the Williamson-Hall theory, line profile broadening is a combination of

broadening originated by the pollycrystalline solid, inversely proportional to the
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 5.10: Lattice strains as calculated from the first four diffraction peaks vs
the average Von Mises strain. Results presented here were obtained from (a-d)
uniaxial and (e-h) equibiaxial strain paths, both proportional (solid line) and non
proportional (dashed line).
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(a) (b)

(d)

(e)

(c)

(f)

(g)(h)

Figure 5.11: FWHM as calculated from the first four diffraction peaks vs the average
Von Mises strain. Results presented here were obtained from (a-d) uniaxial and (e-
h) equibiaxial strain paths, both proportional (solid line) and non proportional.
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average grain size and to the dislocation induced strain field. Simply:

FWHM =
0.9

D
+∆Qρ (5.3)

where 0.9 is a constant used for cubic crystal structures, D is the average grain

size and ∆Qρ is the dislocation induced broadening. Equation 5.3 assumes that the

instrument induced broadening has been subtracted from the measured FWHM.

Ungar and Borbley [142] reached to the following expression via calculating the

dislocation induced broadening:

FWHM =
0.9

D
+ A

(
πb2

2

)1/2

ρ1/2(QC̄1/2) + A∗S1/2

(
πb2

4

)1/2

(QC̄1/2)2 (5.4)

where A and A* are coefficients related to the dislocation arrangement, and can

be only obtained via Fourier analysis, b is the Burgers vector and C̄ is the average

contrast factor for dislocations. S is a correlation factor related to “two-particle

correlations” [142], in the ‘sea’ of dislocations in the material. An approximation of

this value is the variance of dislocation density: S∗ = ⟨ρ∗2⟩ − ⟨ρ∗⟩2.

Ungar and Borbley [143] also calculated contribution of stacking faults and twin-

ning to broadening. By taking into account this contribution, Equation 5.4 can be

re-written as

FWHM− β′W (Q) = 0.9/D + (πAb2/2)1/2ρ1/2(QC̄1/2) +O(QC̄1/2)2 (5.5)

where β′ is related to the density of stacking faults and twins, andW (Q) ∝
√
h2 + k2 + l2,

where h, k, l are the Miller indices of each diffracting plane.

Using equations 5.4 and 5.5, discrepancies between the strain paths examined

here can be investigated. At first, calculation of the contrast factors for the exam-

ined material is required. The contrast factors were calculated using the method
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C̄111 C̄111 C̄111 C̄111

0.1124 0.2365 0.1434 0.1781

Table 5.2: Average contrast factors as calculated for the {111}, {200}, {220} and
{311} planes.

described in [144]. According to the aforementioned method, the average contrast

factors for the individual reflections for a cubic crystal are dependent on the Miller

indices and the elastic constants of the material. The average contrast factor for

each diffracting plane can be calculated from

C̄ = C̄h00(1− qH2) (5.6)

where

q = α∗[1− exp(−Ai/b
∗)] + cAi + d∗ (5.7)

and

H2 =
h2k2 + k2l2 + h2l2

h2 + k2 + l2
(5.8)

The constants a∗, b∗, c and d∗ as well as C̄h00 were obtained from [144]. The elastic

constant ratio, c12/c44 ≈ 1 and the elastic anisotropy Ai ≈ 2 values were used,

obtained from [145], where the above values were calculated for a Fe-18Mn-1.5Al-

0.6C alloy, a TWIP steel with a similar composition to the one for the TWIP steel

examined in this work. An equal contribution for edge and screw dislocations in

broadening was assumed and the contrast factors obtained are shown in Table 5.2.

Via the calculations described above, the modified Williamson-Hall plot was con-

structed at εVM = 10.74% for UN and εVM = 9.42% for EQ strain paths, shown in

Fig. 5.12. To remove the effect of instrumental broadening, the vertical axis includes
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the values of ∆FWHM = FWHMεVM=0.1−FWHMεVM=0, which represents the differ-

ence between the FWHM value at the unloaded state subtracted by the FWHM at

εVM ≈ 10%. From Fig. 5.12a it can be seen that the overall broadening of EQ strain

path is higher than the UN one. Considerable scattering is observed, impeding a

good parabolic fitting of the experimental data. For reference, the FWHM of a Si

powder standard used for calibration of the instrument is also plotted in Fig. 5.12b,

revealing the parabolic relationship between the FWHM and Q. A similar parabolic

plot is expected for the modified W-H plot, however the instrument settings at the

time of the experiments, resulted in high instrument broadening, and only qual-

itative comparisons can be made using the current experimental data. However,

regardless the scattering, the FWHM for the EQ strain path is consistently higher

than UN, indicating an increased number of defects for the same strain path.

In addition to broadening, diffraction peak fitting can provide information about

texture changes via peak intensity changes. The integrated peak intensity results are

presented here, in Fig. 5.13. Results are plotted in the form of integrated intensity

changes to remove any discrepancies in the initial texture of the specimens. In

contrast to data obtained from X-ray diffraction, information obtained using neutron

diffraction is limited to a single macroscopic direction, defined by the scattering angle

of the neutrons. The integrated intensity is presented as a function of average Von

Mises strain in Fig. 5.13. A rapid increase in the {111} and {200} peak intensities

are observed for UN strain path, accompanied by a rapid decrease in the {220} peak

intensity, while {311} intensities remain almost unchanged. No significant effects

in the peak intensity change are observed after pre-straining for Fig. 5.13a-d. UN

F1 - UN F2 strain path, results in a similar trend in peak intensity changes as

UN strain path, highlighting that uniaxial pre-straining at 90◦ does not influence

the microstructure development during the second deformation step. This result

was also highlighted by broadening and lattice strains for the same strain path.
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Figure 5.12: (a) Modified Williamson-Hall plot for proportional uniaxial and equib-
iaxial strain paths, as obtained at εVM = 10.74% and εVM = 9.42% respectively.
(b)FWHM as a function of Q for an Si-standard.
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Contrariwise, equibiaxial pre-straning (EQ-UN strain path) leads to increased {111}

and {200} peak intensity changes, whilst the {220} shows a distinctive decrease.

Changes in the peak intensities during equibiaxial deformation are notably lower

than uniaxial deformation, nevertheless the trends are similar. The {111} peak

intensity increases while {220} decreases. Due to scatter in the data, no trends are

evident for the {200} and {311} peaks. A uniaxial pre-strain is seen to most strongly

influences the {111} and {220}, with little influence on the {200} and {311} peaks.

5.4 Ex-situ characterisation via EBSD

In-situ characterisation offers valuable information regarding the microstructure de-

velopment for the bulk material. In this section, the microstructure of the deformed

specimens was examined ex-situ via EBSD. Localised information regarding the

grain orientations, GND structures and twinning development is provided. The re-

sulting interpretation accounts for any dissimilar final strains of the specimens. In

all cases, the middle area of the cross-shaped specimens is observed.

A method of final von Mises strain approximation for specimens were in-situ

DIC was not possible due to paint delamination, as described in Section 5.2.2. To

assist the reader, the final equivalent strain values as calculated via this method, are

summarised in Table 5.3. The pre-strain values are excluded from the calculation.

Figure 5.14 includes the orientation and the band contrast maps of the UN, UN

F1-UN F2 and EQ-UN strain paths. In all cases, high intragranular deformation

is observed, exhibited as colour gradients in the orientation maps. In addition,

multiple fine deformation twins can be seen, which are easier to distinguish in the

band contrast maps. For the examined strain levels (εVM=12.8% for the UN, 11.9%
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(a) (b)

(c) (d)

(e) (f)

(h)(g)

Figure 5.13: Integrated intensity change for (a-d) uniaxial in-situ and (e-h) equibi-
axial in-situ strain paths.
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Strain path εVM

UN 12.81 %
UN F1-UN F2 11.92 %

EQ-UN 6.89 %
EQ 8.71 %

UN-EQ 7.10 %

Table 5.3: Equivalent strains as calculated using the approximation method de-
scribed in section 5.2.2

for the UN F1-UN F2 and 6.9% for the EQ-UN strain paths) multiple twins have

formed in almost all grains in the corresponding maps, and no grain orientation

stands out as most favourable for twin formation. In the case of equibiaxial pre-

straining (Fig. 5.14e-f), fewer deformation twins are observed. One of the reasons

behind this result may be the lower εVM reached for the corresponding specimen

in comparison to the other two. However, the twins generated for this strain path,

appear to be thicker than the ones for the UN and UN F1-UN F2 strain paths, which

could indicate that twin growth is more rapid for equibiaxial deformation.

Microstructures of the specimens deformed following the EQ and UN-EQ strain

paths, are shown in Fig. 5.15. Deformation twinning appears to be less significant

for these strain paths compared to the UN, UN F1-UN F2 and EQ-UN ones, and

some orientations, such us the [011]∥sample plane normal (or ND), appear to be

much less favourable for twinning in comparison to others. For example, grains

orientated with [001]∥ND, include multiple deformation twins. This indicates that

twin orientation dependence is more significant for equibiaxial deformation than for

uniaxial deformation. Additionally, twins formed for equibiaxial deformation (Fig.

5.15a-b) are thicker than the ones for uniaxial deformation (Fig. 5.14a-b), an effect

also observed for the EQ-UN strain path.

Neutron data collected from only one macroscopic direction (one detector avail-

able) are not advantageous for texture evolution investigation. Hence, EBSD was
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Figure 5.14: Orientation maps (z-axis∥normal direction) and band contrast maps
for in-situ uniaxial strain paths: (a,b) UN at εVM = 12.8%, (c,d) UN1-UN2 at
εVM = 11.9% and (e,f) EQ-UN at εVM = 6.9%. Loading direction is indicated at
the bottom left of the figure. Von Mises strain refers to the strain developed during
the second deformation step, for the non-proportional strain paths.
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Figure 5.15: Orientation maps (z-axis∥normal direction) and band contrast maps
for in-situ equibiaxial strain paths: (a,b) EQ at εVM = 8.7%, (c,d) UN-EQ at
εVM = 7.1%. Loading direction of the pre-straining step is indicated at the bottom
left of the figure. The von Mises strain refers to the strain developed during the
second deformation step, for the non proportional strain path.
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used to obtain texture information post-loading. Even though initial texture of spec-

imens appeared to be quite weak, to account for any discrepancies between initial

textures of the specimens both the initial and the final textures were examined per

specimen. As stated earlier, texture investigation requires hundreds of grains within

a scanned area. Since the areas shown in Fig. 5.14 and 5.15 are quite small, addi-

tional maps from areas of ≈ 400×400µm2 were captured using a step size of 0.6 µm.

To obtain this measurements, the beam was focused at the exact same regions of

interest as per Fig. 5.14 and 5.15, but were zoomed out. The rest of measurement

settings were maintained the same, as described in the experimental section.

In Fig. 5.16, the inverse pole figures for the UN, EQ, UN-EQ and EQ-UN strain

paths are presented for both the initial (prior to loading) and the deformed state.

For the non-proportional strain paths, UN-EQ and EQ-UN, only the final state

was examined (no microstructure and texture information is available after the pre-

straining step). The minimum and maximum values, as shown by the colour scale,

are the same for all plots. Discrepancies between initial textures of the examined

specimens may appear dramatic, however it should be highlighted that the maximum

limit of 1.5 is very low, and is an indicator of a very weak texture. The final texture

post-loading appears to be completely independent of the initial texture, a result

that is more obvious for the EQ-UN strain path. Uniaxial deformation results in

a strong pole at the [011]∥ND direction, with [013]∥ND and [012]∥ND directions

being also favourable for a small fraction of grains. In contrast, EQ loading leads to

a clear increase of grains where [011]∥ND. In cases where a SPC was incorporated

(Fig. 5.16e-f and g-h) an increased spread of the grain orientations is observed. The

spread is more obvious for the UN-EQ strain path compared to the EQ-UN one. The

texture for the UN-EQ strain path and the texture formed after uniaxial deformation

are in agreement. The EQ-UN strain path leads to a characteristic strengthening of

the [011] pole, with a spread of orientations close to the [012] and [1̄35] poles. This
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Figure 5.16: Inverse pole figures (ND) obtained for the initial (left column) and
the deformed state (right column) for (a,b) UN, (c,d) EQ, (e,f) UN-EQ and (g,h)
EQ-UN strain paths.
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spread resembles a mixture of uniaxial and equibiaxial proportional textures. The

above results indicate that texture changes during uniaxial deformation are more

significant than equibiaxial deformation, a result that aligns with the peak intensity

change data summarised in Fig. 5.13.

Microstructure characteristics of the deformed specimens were examined ex-situ

in terms of GND density development. Fig. 5.17 and Fig. 5.18 show the GND den-

sities obtained from uniaxial and equibiaxial (proportional and non-proportional)

strain paths respectively. It is evident that the GND densities are overall higher for

uniaxial strain paths (Fig. 5.17), however, it should be highlighted that the equiv-

alent strains for the UN and UN F1 - UN F2 strain paths are substantially higher

than the rest of strain paths (≈12% for uniaxial opposed to ≈7-8% for equibiaxial).

Additionally, in those two cases, high GND densities are detected in the intragran-

ular area, while for the rest of strain paths, high GND densities are found primarily

close to the grain boundaries. Between the uniaxial strain paths, it is clear that in

the cases of UN and UN F1 - UN F2 strain paths, the distribution of dislocation

substructures are uniform, while for the EQ-UN path, a distinct area of high GND

density is apparent in the middle of the map, indicating that an abrupt SPC can

lead to more localised deformation characteristics.

Maps shown in Figs. 5.17 and Fig. 5.18 do not reveal any unquestionable

dependence of twin nucleation sites and GND density, although in some grains a

preferential twin generation at areas of lower GND density is observed (grains shown

in circles). In many cases, especially for the UN and UN F1- UN F2 strain paths,

where the equivalent strain is higher, dislocations appear to cross twin boundaries,

indicating that the energy barriers imposed by the twin boundaries, are not adequate

to impede dislocation movements, an effect that has previously been observed for a

TWIP steel at similar strain levels [56].
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Figure 5.17: GND density maps for the (a) UN (εVM = 12.81%), (b) UN F1-UN F2
(εVM = 11.92%) and (c) EQ-UN (εVM = 6.89%) strain paths.
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Figure 5.18: GND density maps for the (a) EQ (εVM = 8.71%) and (b) UN-EQ
(εVM = 7.10%) strain paths.
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5.5 Discussion

5.5.1 Twinning activity and grain orientation

The EBSD results revealed a strong dependence of twinning on grain orientation,

an effect that is more pronounced for equibiaxial strain paths. Strengthening of the

[011] ∥ND fibre, which was observed here for equibiaxial deformation (see Fig. 5.16)

has been previously described in other works [68, 70]. According to the aforemen-

tioned works, this fibre has been also associated with a decreased twinning activity,

which is aligned with the findings presented in the current thesis. An investigation

of the effect of grain orientation dependence on twinning was conducted using the

Taylor factor [36]. Taylor’s theory assumes that each crystal in a polycrystalline

specimen undergoes the same amount of stress as the specimen as a whole. It also

assumes, that all slip systems require the same amount of shear stress to be activated

and for those activated, result in the minimisation of deformation energy dissipated

from each crystal. This way, Taylor factor can be used as a measure of deformation

accommodated from each grain in a specimen under load.

The Taylor factor has been previously used for TWIP steels to indicate which

grain orientations are favourable for twinning [74, 68, 146] where it was reported

that a high Taylor factor is required for deformation twins to form at early stages

of plastic deformation. More specifically, according to Beladi et al. [74] deformation

twins were observed for grains oriented with the ⟨111⟩ ∥tensile axis, which were

characterised by a Taylor factor of M≈3.67. In general, a high Taylor factor suggests

that a large amount of strain has to be accommodated from the grain to facilitate

lattice rotations under loading. This means, that higher dislocation densities are

expected in grains with higher Taylor factors.
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Here, the Taylor factor is used to investigate the influence of grain orientation on

twin formation for different strain paths. The normalised strain tensors were used

for the Taylor factor calculations, which were defined as follows:

εUN =

∣∣∣∣∣∣∣∣∣∣
−g

2
0 0

0 g 0

0 0 −g
2

∣∣∣∣∣∣∣∣∣∣
(5.9)

for uniaxial, and

εEQ =

∣∣∣∣∣∣∣∣∣∣
g 0 0

0 g 0

0 0 −2g

∣∣∣∣∣∣∣∣∣∣
(5.10)

for equibiaxial stress states, where g =
√

2/3 for uniaxial or g = 1/6 for equib-

iaxial loading. These tensors describe a loading process where the tensile axis is

parallel to y-axis for uniaxial, and the loading directions align with the x− y plane

for equibiaxial strain states. Taylor factors were calculated via MTEX software,

for the slip of the {111}⟨110⟩ perfect dislocations. Fig. 5.19 shows the orientation

dependence of the Taylor factor for (a,b) uniaxial and (c,d) equibiaxial deformation

as calculated for ≈ 2000 random orientations. Here, y-axis (loading axis) and z-

axis (ND) inverse pole figures are presented. Uniaxial deformation results in higher

Taylor factor values for [1̄11] ∥loading axis and [011] ∥loading axis, while the lowest

values are observed for [001] ∥loading axis. This is in good agreement with the liter-

ature [74, 146, 117]. Equibiaxial deformation, leads in similar tendencies, however,

the differences of Taylor factor values between the different orientations are smaller.

Looking at the y-axis (∥ to one of the loading axes) inverse pole figure, one can

observe that the fraction of orientations with high Taylor factor issmaller than the

one for uniaxial deformation (for the same inverse pole figure). According to Mishra

et al. [68], the [011] ∥ND fibre is characterised by the lowest Taylor factor for biaxial
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Figure 5.19: Taylor factor distributions plotted on y-axis (loading axis) and z-axis
(ND) for (a,b) uniaxial and (c,d) equibiaxial deformation.

deformation, however, this contradicts the results shown in Fig. 5.19d. Our results

are in better agreement with [147], where the [011] ∥ND is characterised by a high

Taylor factor.

To investigate the grain orientation influence on twin formation, Taylor factor

maps were plotted for all strain paths. The maps are shown in Fig. 5.20 and 5.21,

for uniaxial and equibiaxial strain paths respectively. As already discussed in the

EBSD results section, twinning activity is more prominent for the UN strain path,

and most grains contain deformation twins regardless the Taylor factor, while a

greater orientation dependence on Taylor factor is observed for equibiaxial strain
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paths. This becomes apparent via a comparison of UN and EQ strain paths (Fig.

5.20a and 5.21a). One reason behind this result is the higher von Mises strain of

the UN strain path (εVM = 12.81% for UN vs εVM = 8.71% for EQ). Interestingly,

for the UN strain path twins appear in a few grains with the lowest Taylor factors

while simultaneously, other grains with higher Taylor factors do not contain twins.

This effect is much more pronounced for equibiaxial strain paths. For the EQ and

the UN-EQ strain paths, deformation twins are observed only in grains with low

Taylor factors. This unexpected result contradicts prior studies, which associate a

high Taylor factor with deformation twin generation [74, 68, 146]. The exact reason

behind that effect is unclear, however, some speculations can be made. Accord-

ing to Fig. 5.19 higher Taylor factor values are observed for orientations close to

[001] ∥loading axis for the EQ strain path in comparison to UN strain path. This

can mean that, orientations which are in other cases unfavourable for twin gener-

ation, are less unfavourable in the case for equibiaxial deformation. Additionally,

Taylor factor analysis has been extensively used to describe orientation dependence

of deformation twinning for uniaxial strain paths, however, its application to study

this effect for equibiaxial deformation is very limited. Mishra et al. [68] showed that

grains with high Taylor factors are favourable for deformation twinning, however,

the orientations characterised by lowest Taylor factor (⟨101⟩ ∥ND) are in not in

agreement with the findings of the current thesis.

The above analysis indicates that the simple assumption that deformation twin-

ning will take place in grains where easy slip is inhibited, is not true for the examined

system. Even though twins appear preferably on grains of the [001]∥ND orientation

for equibiaxial deformation, which is in good agreement with literature [68, 148],

association of the Taylor factor with the twin generation does not well capture this

effect. One has to consider that applying Taylor analysis assumes a random texture,

however, texture rapidly develops during deformation, at it was shown in Fig. 5.16,
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Figure 5.20: Taylor factor maps for the (a) UN (εVM = 12.81%), (b) UN F1-UN F2
(εVM = 11.92%) and (c) EQ-UN (εVM = 6.89%) strain paths. The uniaxial loading
direction is indicated at bottom right of the figure.
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Figure 5.21: Taylor factor maps for the (a) EQ (εVM = 8.71%) and (b) UN-EQ
(εVM = 7.10%) strain paths.
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which can influence the accuracy of the analysis. Furthermore, the above Taylor

factor was calculated here for the {111}⟨110⟩ slip system, to indicate the ease of

dislocation slip, using the assumption that deformation twins will form where slip

is unfavourable. However, in the case of twinning, Schmid analysis may be more

appropriate due to the nature of the twinning mechanism. As described in Chapter

2, deformation twins will form when the 1
2
⟨110⟩ dislocation dissociates to 1

6
⟨211⟩ and

1
6
⟨121̄⟩ partial dislocations. Polatidis et al. [148] used the Schmid factor to predict

the ease of martensite formation in a TRIP steel, by assuming that, for example in

tension, the leading partial dislocation should have a higher Schmid factor than the

trailing partial dislocation for the martensitic twin to form. A similar methodology

may be more appropriate for the TWIP steel examined here.

5.5.2 Strain path sensitivity

Load vs Von Mises strain diagrams presented in Fig. 5.7 revealed small but char-

acteristic differences between the mechanical response of the TWIP steel specimens

subjected to five different strain paths: (a) UN, (b) UN F1-UN F2, (c) EQ-UN,

(d) EQ and (e) UN-EQ. In all cases of non-proportional deformation, the yield load

was increased compared to the yield load of the corresponding proportional strain

paths. The UN F1-UN F2 strain path had the lowest influence in the yield load

and almost no influence in the work hardening rate. This aligns with the results

obtained from the microstructure examination, which showed only insignificant dif-

ferences between UN F1-UN F2 and the UN strain paths. This is also the strain

path with the least abrupt SPC, so results are in good agreement with the results

of the previous chapters of non-abrupt SPCs.

Between the UN and EQ strain paths, the latter exhibited a slightly higher yield

load and work hardening rate. As twinning is expected to initiate after a critical
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plastic strain level has been reached [49, 50, 51], this increase in the yield load can

only be related to dislocation activity, which is expected to be higher for the EQ

strain path. This strain path also resulted in a higher broadening at εVM = 9.42%

compared to the UN strain path at εVM = 10.74%. From EBSD results it was

shown that twinning activity was limited for the EQ strain path compared to the

UN strain path. One could argue that this could be an effect of the difference in

the final Von Mises strains of the corresponding specimens (εVM = 8.71% for EQ vs

εVM = 12.81% for UN), however via comparison of the twinning activity of the EQ-

UN (εVM = 6.89%) and UN-EQ (εVM = 7.10%), where the final strains are similar,

one can see that twinning is remarkably more pronounced for EQ-UN strain path.

Given that for the low strains introduced during the pre-straining step twinning

activity is expected to be limited, most of the twins have to be generated during

the second deformation step. The above results indicate that increased broadening

of EQ strain path can only be associated with higher dislocation densities in the

corresponding specimens. This result is also supported by the Taylor factor analysis

presented in the previous section. Even though the Taylor factor alone fails to

predict the grain orientations favourable for twin generation, it is a good indicator for

identifying the crystal orientations where a high GND accumulation is expected. As

shown in Fig. 5.19, a [011] ∥ND fibre is characterised by a high Taylor factor, while

at the same time, equibiaxial deformation leads to strengthening of this texture.

Hence, a higher GND accumulation is expected for the equibiaxial deformation.

For the non-proportional strain paths, the GND densities measured after an

equibiaxial pre-strain are higher than the GND densities measured for uniaxial pre-

strain (EQ-UN vs UN-EQ), as it can be seen in Fig. 5.17 and 5.18. The discussion

above postulates that equibiaxial pre-straining leads to higher GND densities than

are present after uniaxial pre-straining. However, during re-loading, the GND in-

crease which is expected for equibiaxial deformation in the UN-EQ strain path, does
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not happen. In contrast, high GND densities for the EQ-UN strain path are ob-

served. The reason behind this result is not clear, however, the scanned area is quite

small to allow generalised assumptions, and high GND densities area in Fig. 5.18b

are localised. Grains for rest of the map around this area are characterised by high

GND densities at the grain boundaries, but not in the intragranular area. This could

indicate that an area of high residual elastic stresses, remnant from prior processing,

is present. For future studies, alternative characterisation methods should be used

to quantify their presence, if any.

5.6 Summary

This chapter aimed to reveal the effect of strain path and SPC on the mechanical

properties and the microstructure development at the early stages of plastic defor-

mation. The TWIP steel examined exhibited two deformation mechanisms up to

εVM ≈13%, comrpising twinning and slip. No martensitic transformation was ob-

served up to this strain level. Load-strain results showed that the yield strength

and the work hardening show considerable strain path sensitivity, with equibiax-

ial proportional deformation being characterised by a higher yield stress and work

hardening rate over uniaxial proportional deformation. This was mainly associated

with dislocation accumulation rather than deformation twinning. The abruptness

of SPC plays a big role in the macroscopic and microscopic effects, corroborating

the findings in previous chapters. Here, UN F1 - UN F2 strain path which is the

least abrupt strain path, has only a very small effect on the properties of the ma-

terial. Contrariwise, the effect is more significant for the more abrupt strain paths,

EQ-UN and UN-EQ. Between the two, the EQ-UN strain path appeared to have the

biggest influence on the work hardening due to a combination of higher dislocation

density which is expected to be obtained during equibiaxial pre-straining followed
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by a pronounced twin generation during the subsequent uniaxial loading.

Multiple fine deformation twins were formed in most grains during uniaxial defor-

mation. The effect of grain orientation on twinning activity for uniaxial deformation

is insignificant. In contrast, twin generation was unfavourable for the [011] ∥ND ori-

entations during equibiaxial deformation, however, twin growth occurs at a lower

plastic strain compared to the uniaxial strain paths. This effect is evident not only

in the orientation maps captured via EBSD but is also recorded as a stagnation in

the peak broadening for {111} and {220} planes at εVM ≈ 7.5%. Such stagnation is

not observed during uniaxial deformation.
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Conclusions and future work

This thesis investigated the role of non-proportional deformation on the macroscopic

and microscopic characteristics of two high-formability steels: a DX54 low carbon

steel and a high Mn TWIP steel. The effect of strain path and SPCs on the mi-

crostructure was examined via SXRD, EBSD and neutron diffraction, aiming to

provide a better understanding of the microstructure configuration at the meso- and

microscale.

The micromechanics of the DX54 steel were investigated for specimens subjected

to a cold rolling → uniaxial tension sequence, for a variety of pre-strain magnitudes

and two perpendicular pre-strain directions. It was found that the often overlooked

effect of the initial sheet texture plays an important role on the developing tex-

ture and microstructure during pre-straining. More specifically, for a relatively low

pre-strain level (e0 =14%) high GND densities developed for specimens rolled per-

pendicular to the initial rolling direction of the examined sheets, as a result of the

large texture changes the material underwent. Those high GND densities and large

texture changes resulted in a decrease of the lattice strains and a saturation of lattice
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strain hardening rates during the second deformation step, when the uniaxial tension

direction was perpendicular to the pre-straining direction. Overall, abrupt SPCs led

in a highly deformed microstructure and a remarkable reduction in ductility.

The same effects were then investigated for a TWIP steel under a variety of

strain paths and SPCs, via a miniaturised test rig, replicating the Marciniak test.

Specimens were subjected to five different strain paths: 1) near-uniaxial, 2) plane

strain, 3) equibiaxial, 4) cold rolling → equibiaxial and 5) uniaxial → equibiaxial.

Measurements obtained via the miniaturised test rig exhibited good repeatability,

especially for the equibiaxial and plane strain conditions. Deviations were observed

for the uniaxial strain specimens, which were attributed to the effect of the small

specimen size. Microstructure examination proved more challenging for the minia-

turised specimens due to charging originating in the mounting method. However,

EBSD results showed that cold rolling (equivalent to plane strain) resulted in sig-

nificantly higher GND densities, compared to uniaxial and equibiaxial deformation

and was also characterised by higher twinning activity. The effects of microstruc-

ture development during cold rolling were directly associated to the subsequent

load-displacement behaviour of the equibiaxially deformed specimens. Uniaxial pre-

strain did not lead to significant GND accumulation, hence the subsequent yield

strength of the uniaxially pre-strained sample remained almost unchanged to a non-

prestrained specimen. Twinning activity was also lower for uniaxial pre-strain. A

ductility and tensile strength reduction was also observed for uniaxially pre-strained

specimens, which could not be associated with the microstructure configuration of

these specimens. Further work on this strain path was conducted on the last part

of this work to clarify this effect.

In-situ neutron diffraction and ex-situ EBSD were utilised in the last part of

this thesis to further investigate the microstructure characteristics of TWIP steel

specimens under uniaxial and equibiaxial, proportional and non proportional defor-

177



6.1. Future work Chapter 6

mation. It was found that non-proportional deformation in all cases resulted in a

higher yield strength in the second deformation step. The smallest influence was

observed for a uniaxial-to-uniaxial strain path change, where the two tensile axes

were perpendicular. The highest influence was obtained for equibiaxial pre-strain

followed by uniaxial deformation. The yield strength and hardening rate was the

highest for this strain path. The effects of equibiaxial pre-straining were attributed

to the dislocation density development rather than twining, due to the low pre-strain

magnitudes. Twinning activity was found to be lower and more sensitive to grain

orientation, in equibiaxially deformed specimens compared to uniaxially deformed

specimens. For [011]∥ND orientations, which was shown to be the developing fibre

for equibiaxial deformation, were proven to be the least favourable for twin devel-

opment. However, a faster twin growth was observed for equibiaxial deformation

in comparison to uniaxial deformation, an argument supported by both EBSD and

FWHM measurements. The influence of the as-received sheet texture was much less

significant for the TWIP steel in comparison to the DX54 steel. However, this is

due to the very weak initial texture of the former compared to the latter material.

6.1 Future work

The current investigation of the DX54 low carbon steel alloy confirmed the detri-

mental effect of abrupt SPCs on the properties of the material, and it highlighted

the often overlooked effect of texture changes in the microstructure development

and macroscopic material response. The hardening behaviour of this material under

non-proportional strain paths has been previously examined [16, 149] via SXRD and

crystal plasticity modeling, in a work that highlighted the important role of texture

and the influence of GND densities in the hardening of this material. The GND

density vs distance from grain boundary distribution as well as the lattice strain
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hardening saturation observed for highly pre-strained specimens and abrupt SPCs

can be used to further inform the aforementioned model.

Within this thesis, strain path sensitivity of a TWIP steel was investigated at

low to intermediate plastic strains, where primary twinning systems are mostly ac-

tive [22]. Further work is required to provide a better understanding of deformation

characteristics of the examined TWIP steel at higher strain levels. Such examina-

tion can incorporate in-situ or ex-situ interrupted testing along with microstructure

examination. In any case, it is important to take into account the high strain hard-

ening rate which can lead to limitations due to the rig load capacity. Additionally,

it was shown that employing Taylor factor analysis and assuming that a high Tay-

lor factor will lead to deformation twin generation is not valid for the examined

alloy. A different analysis using crystallographic orientations is proposed to be used

to examine twinning favourability of different orientations, similar to the one em-

ployed by [148], to describe strain path sensitivity of martensitic transformation.

Furthermore, the effect of sub-grain strain fields and residual stresses on the GND

and twin development was not examined within this work. Additional investigation

of such effect is required so that a better understanding of the material properties

is obtained. Finally, information regarding the influence of non-proportional defor-

mation on TWIP steels is very limited. Results obtained from this work can be

utilised within CPFE or VPSC models to better describe the hardening response of

this alloy family under non-proportional deformation.

It is known that composition and hence SFE controls the work hardening via

the ratio between slip and twinning deformation mechanisms in TWIP steels [150].

A suggested test matrix would include testing of three TWIP steel alloys with dif-

ferent SFEs; a low, an intermediate and a high SFE. Interrupted or in-situ tests

during uniaxial deformation and microstructure examination could reveal twinning

vs dislocation density development. The investigation could then be extended to the
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material behaviour in other strain paths, proportional, and non-proportional. Addi-

tionally, the effect of the pre-strain magnitude in TWIP steel properties is a subject

that has not been yet investigated. Given that twinning vs dislocation activity varies

depending on the work hardening stage [50, 54, 55, 151], different pre-strains could

be used and the material behaviour after an SPC could be examined.

The miniaturised testing method employed in Chapter 4 was proven as a good al-

ternative to the standard sized Marciniak test. Further optimisation of this method

is required so that better repeatability is achieved. Results of this work advised that

the 10mm overall specimen diameter may lead to deviations in the load-displacement

measurement especially for the narrowest specimen gauges (e.g. the ones used for

uniaxial deformation). It is suggested that the diameter is increased to at least

20mm and a larger thickness of 0.5mm, so that the number of grains within the

gauge region at least doubles. Additionally, a dual camera system can be utilised for

strain measurement, which can accurately record strains even for out-of plane dis-

placement. Regardless, the issues that arose from the use of the miniaturised testing

method, with further optimisation, could be an excellent alternative to the conven-

tional sized biaxial testing methods. Conventional tests use large material volumes,

which inevitably limits the number of tests that could be feasibly carried out in a

laboratory environment. For developmental alloys, where only small material vol-

umes are likely to be produced (< 100 g), the miniaturised testing method would

offer an efficient use of material for mechanical testing under multiaxial loading.
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[64] K. Kitayama, C. N. Tomé, E. Rauch, J. Gracio, and F. Barlat, “A crystal-

lographic dislocation model for describing hardening of polycrystals during

strain path changes. application to low carbon steels,” International Journal

of Plasticity, vol. 46, pp. 54–69, 2013.

[65] W. Wen, M. Borodachenkova, C. Tomé, G. Vincze, E. Rauch, F. Barlat, and
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