


Study of the microstructure and
mechanical properties of TWIP steels

deformed by ECAP

Thesis of Doctor Degree

Wang Lei
Supervisor: Dra. Jessica Calvo Muños,

Dr. Jose Maria Cabrera Marrero

Department of Materials Science and
Metallurgical Engineering

Barcelona, 2016



II



III

Acknowledgment

Through the financial support of China Scholarship Council (CSC), I was fortunate to

study for PhD degree in Barcelona. This is an memorable experience because during

this period of my life, I learned not only theoretical knowledge, experimental skills,

and more importantly, how to remain optimistic, rigorous, realistic attitude to perform

scientific research. Now, the PhD stage is coming to end, therefore, I am extremely

grateful to those who accompany me during PhD period, because without their help, I

would not have such progress.

Firstly, my first gratitude should give to my supervisor Dr. Jose Maria Cabrera and Dr.

Jessica Calvo. It is Professor Cabrera who offer me this opportunity to fulfill one of

my dream to finish my PhD degree abroad. Dr. Jessica company me all over the

process of experiment and thesis writing. She spent huge efforts on my work and

every time when I have a discussion with her, I can be greatly benefited. Some time

when we meet problems, Prof. Cabrera will try to give helpful advice. The most

important point I learned from them is their meticulous scientific attitude, and I hope

to have chance to ask them when I meet problem in the future.

In the experiment of transmission electron microscope, Dr. Jose Antonio Benito did a

great help to me. Dr. Benito is an expert in TEM experiment and characterization, and

from the consult, every time I can learn knowledge from him. This is a valuable asset

for my future research work.

I am also grateful for all the friends who helped me in the experiment part. I should

thank Isaac López and Anna Girones who assist me about EBSD session. Kim Albo

did many efforts on assembly and maintenance of laboratory equipment which is

crucial about my experiment.



IV

In addition, I want thank all the friends in my group, Departamento de Ciencia de los

Materiales e Ingeniería Metalúrgica de la Universidad Politécnica de Cataluña. They

not only assist me in research field, but also encourage me and help me finish the

PhD.

I would also like to thank my family and friends, for their support of my study and life.

My PhD degree is also one of dream of my mother so I have done one of her dream as

well.

Finally, I should be grateful for China Scholar Council as well. It is because of

support and cultivation of my motherland, I can have such good opportunity to learn

advanced scientific and cultural knowledge from Spain. Many Thanks!



V

Abstract

In the current thesis, two TWIP steels with different chemical composition were

successfully subjected to Severe Plastic Deformation with Equal Channel Angular

Pressing (ECAP) at warm temperature (300°C), using a die with an internal angle Ф

=90°, and an outer arc of curvature ψ=37°. The maximum strain was around 4 (i.e.

four pass of ECAP) and a ultra-fine grain size microstructure was obtained.

Additionally, one pass of ECAP at room temperature was also tried for one of the

investigated TWIP steels. The microstructure was analyzed using different techniques,

more specifically, Optical microscope (OM), Electron backscatter diffraction (EBSD),

and Transmission electron microscopy (TEM). In the mean time, the mechanical

properties, before and after ECAP procedure, measured by micro-hardness and

micro-tensile test were determined as well. Furthermore, in order to better understand

the correlation between the tensile mechanical properties, as well as the

microstructure, on the twinning capability of the steels, the strain hardening behavior

was analyzed and associated with the corresponding microstructure obtained by

EBSD and TEM.

Microstructure evaluation reveled that both of the investigated TWIP steels exhibit a

relatively homogeneous microstructure composed of equiaxed grains in the heat

treated condition. After ECAP procedure at 300°C, for both TWIP steels, the grains

are elongated and the grain size decreases sharply, especially after the first pass. The

microstructure after each deformation pass consists of different fraction of the

following features: new formed grains, twin boundaries and subgrains. The fraction of

twin boundaries is reduced when increasing the number of passes, as well as low

angle grain boundaries. It can be concluded that the subgrains gradually transform to

new grains. The twin thickness also showed a decreasing trend with the number of

deformation passes. The TEM micrographs demonstrated the existence of twins in the

ECAPed condition. More specifically, in heat treated samples, straight and not tangled

dislocations can be found. After one pass, relatively wide twins with low fraction of

https://en.wikipedia.org/wiki/Electron_backscatter_diffraction
https://en.wikipedia.org/wiki/Transmission_electron_microscopy
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secondary twins is the main feature; after two passes of ECAP, the secondary twins

are more abundant while the twin thickness is lower; after four passes, extremely thin

twins and subgrains are formed. The texture detected by EBSD showed in the heat

treated condition that both TWIP steels exhibit Brass and Goss as dominant

component. After the ECAP process, the dominant component moves gradually from

A1* to BB / . In terms of mechanical properties, the micro-hardness, the yield

strength and the ultimate tensile strength increase significantly while the ductility and

tensile toughness show a downward trend during ECAP procedure for both TWIP

steels. The strain hardening capability in heat treated condition is much higher than

the ECAPed sample and the reasons are analyzed.
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1. Introduction

Austenitic high-Mn (15–30 wt.%) twinning-induced plasticity (TWIP) steels provide

great potential in applications for structural energy absorption components in the

automotive industry, due to their excellent tensile strength-ductility property

combination. These steels are typically produced by hot and cold rolling and the grain

sizes which can be obtained by this traditional route are 1.3-25 μm. For this range of

grain sizes, the deformation mechanisms which appear for these steels is twinning

combined with dislocation glide. There is discussion about the effect of a further

reduction in the grain size on the deformation mechanisms and mechanical properties.

A possible way to further reduce the grain size to the sub-micron scale is Equal

Channel Angular Pressing (ECAP). This method, which implies severe plastic

deformation, has been proven to be an effective way to reduce the grain size of

different metals and alloys. However, the research about this process on TWIP steels

is scarcely reported, and the understanding of the evolution of microstructure, texture

and mechanical properties is not profound. Therefore, further research on the effect of

ECAP, applied to different types of TWIP steels, on the relationship between

macroscopic mechanical properties and grain size, as well as the understanding of the

deformation mechanisms is extremely important. Taking this into account, the aim of

this thesis is to apply ECAP procedure to TWIP steels and detect the microstructure

and texture evolution. Moreover, the mechanical behavior of ECAPed TWIP steels

will be analyzed with regard to the microstructures generated.

Based on this overall objective, a literature review on the background of TWIP steels

and ultrafine-grained materials, as well as the effect of the grain size on their

mechanical properties and deformation mechanisms, can be found in chapter 2. This

chapter also includes a description of the different processes leading to grain size

reductions below the sub-micron scale. The objectives of the present research work

are stated in chapter 3. In chapter 4 the experimental method to obtain the materials,
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i.e. the casting procedure, is described, as well as the configuration for the ECAP

process, mechanical testing procedure and microstructural characterization techniques

used in this thesis.

Chapter 5 contains the microstructure characterization of two different compositions

of TWIP steels in the as-cast, hot rolled conditions as well as heat treated condition.

Given the difficulties of applying the process at room temperature, the ECAP routes

were applied at 300ºC and the evolution of the microstructures in terms of grain size,

presence of twins and texture, under these deformation conditions can also be found

in this chapter for the two steels. In addition, the microstructure after one ECAP pass

at room temperature, for one of the steels, is also included in this chapter.

The tensile mechanical properties of the two TWIP steels subjected to the ECAP

process can be found in chapter 6. The effect of the number of extrusion passes on

tensile properties, as well as the strain hardening behavior, will be analyzed with

regard to the evolution of the microstructure. The whole work will be summarized in

chapter 7.
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2. State of art

2.1 Reseach status of high Mn steels

2.1.1 Basic information of AHSS

Each year, there are countless car accidents all over the world. For the automobile

manufacturing industry, one of the most important aspects is to make sure that the

driver and passengers are as safe as possible through a rational design of the structural

materials. On the other hand, for the development of new types of modern vehicles,

energy consumption is another crucial point. In this sense, increasing mechanical

strength and toughness of current structural materials is the key to build lighter

body-in-white structures. When it comes to the design of car body materials, steel has

an absolute importance related to the easiness of its production, formability and

strengthening potential.

In recent years there has been an increased emphasis on the development of new

advanced high strength steels (AHSS), particularly for automotive applications. Any

progress done on the development of AHSS steels gives rise to a new “generation”.

The “first generation” of AHSS include dual phase (DP), transformation induced

plasticity (TRIP), complex-phase (CP) and martensitic (MART) steels. These

multi-phase steels have ultimate tensile strengths which range from 500MPa to more

than 1000MPa, although the improvements in the strength of the steels have lead to

ductility reductions. However, when there is a collision, certain components of the

automobile are committed to absorb energy and they will perform better the higher

their strength and ductility. Therefore, the desire to produce materials with high

strengths and high ductilities has led to the development of a “second generation” of

AHSS which is based on high Mn contents. Among them, the most representative

family is the one of austenitic TWIP (Twinning Induced Plasticity) steels.
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In Figure 2.1 and Figure 2.2, the exceptional combination of strength and ductility of

TWIP steels, are compared to other families of traditional HSS and first generation

AHSS, which either have high strength or high elongation. It can be found TWIP

steels present a combination behavior of high strength and ductility.

Figure 2.1 Plot comparing the mechanical properties of different families of the 1st

and 2nd generation of AHSS [1]

Figure 2.2 Stress-strain curves for typical 1st and 2nd generation of AHSS [2]
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2.1.2 Introduction to high Mn steels

2.1.2.1. Deformation mechanism of TRIP/TWIP steels

High manganese steels are the base of the 2nd generation of AHSS, and they usually

contain 15 to 30 weight% of Mn and additions of other elements such as C, Al and Si.

These steels exhibit high strength and exceptional plasticity and two different

deformation mechanisms can appear depending on the Mn contents: (i) for Mn

contents in the low range, multiple martensitic transformations can take place

( Ms
bcc

Ms
hcpfcc   ) leading to the so called TRIP effect (Transformation Induced

Plasticity); (ii) for higher Mn contents, extensive twin formation ( T
fccfcc   ) is the

characteristic deformation mechanism which is called TWIP effect (Twinning Induced

Plasticity). Table 2.1 relates the effect of the chemical composition on Mn and the

constituent phases prior to and after tensile testing for steels based on the

Fe-Mn-3%Al-3%Si concept. Figure 2.3 displays the volume fractions of the

coexisting phase in the undeformed state and after strain to failure.

Table 2.1

Typical chemical composition of the TRIP/TWIP steels and the constituent phases

prior to and after tensile testing at room temperature; strain rate


 =10-4s-1 [3]
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Figure 2.3 Volume fractions of the coexisting phases of the Fe-15Mn-3Al-3Si

mass%TRIP steel, Fe-20Mn-3Al-3Si mass% TRIP/TWIP steel and Fe-25Mn-3Al-3Si

mass% TWIP steel [3]

2.1.2.2 Effect of the SFE on the deformation mechanism

The stacking fault energy (SFE) has been shown to be an important parameter to

control the deformation mechanism. Depending on the relative amounts of the main

alloying elements, and their effect on the SFE, the deformation mechanism can

change from a TRIP (Transformation Induced Plasticity) effect for low SFE values [4]

to TWIP effect for intermediate values, and dislocation glide for higher SFE values

(see Figure 2.4). The main parameters controlling the values of the SFE are the

composition and the temperature.
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Figure 2.4 Schematic diagram of relationship between SFE and deformation

mechanism [5]

From a thermodynamic point of view, the TWIP mechanism occurs in stable austenite

when the Gibbs free energy G of the martensitic reaction Ms
hcp fcc is positive

with a value of about G  110 to 250 J/mol and the stacking fault energy  of

the austenite is relatively low of the order of fcc 25 mJ/m2. The TRIP effect appears

in metastable austenite when G is negative of about =-220 J/mol or less

depending upon the composition.When the stacking fault energy is relatively low, in

the order of fcc 16mJ/m2, implies the preferential formation of the ε phase [3,6].

2.1.2.3 Calculation of SFE

As discussed above, twinning-induced plasticity (TWIP effect) provide great potential

in applications for structural components in the automotive industry, owing to their

excellent tensile strength-ductility combination. According to the previous research,

this exceptional mechanical behavior is triggered by the value of the staking fault
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energy (SFE) of these particular steels [4]. Therefore, the calculation of investigated

TWIP steel is obligatory.

In fcc structures, twinning is due to stacking faults (SFs) extending in parallel

adjacent dense planes (as shown in Figure 2.5). Extending them every two planes

leads to the formation of ε-martensite. A stacking fault can be modeled by two atomic

layers of ε-martensite within the dense planes. This allows writing the SFE as [6]:

  /22  G (2.1)

where Γ is the SFE of austenite, ρ is the atomic density of the close packed plane in

FCC crystal structure, G is the difference in the chemical free energy between

austenite and epsilon martensite phase and  / is the inter-facial energy between

austenite and epsilon martensite phase. In the formula, the free molar enthalpy of

martensite formation can be written as follow:

   mgCFeMnXcFeMnX GGxGG / (2.2)

Using the regular and subregular solution model,   FeMnXG is the chemical

contribution of all the elements in substitution in the FCC lattice. The Fe–Mn excess

term is taken into account but the others involving the addition elements are neglected

because of the little quantities considered, except for silicon:

)]([)]([ SiFeSiFeMnFeMnFei
i

iFeMnX xxFExxxxDCxxGxG     (2.3a)

,TBAG iii   SiAlCrCuMnFei ,,,,, (2.3b)

with xi, the molar fraction of element i, T is the temperature and {Ai}, {Bi}, C, D, E

and F are fitting parameters.

Carbon in insertion is simply introduced as a disturbance of the former FCC solid

solution [7]. An empirical law has been improved since [8], to account for an

increasing carbon effect with manganese content:

Mn
bx

C
CFeMnX cxe

x
aG C   )1(/

 (2.4)
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where a, b and c are fitting parameters [9]. In formula (2.5),   mgG is a magnetic

term, due to the N´eel transition (para-magnetic to anti-ferromagnetic) of each phase

ϕ:


mmmg GGG   (2.5a)

where

















 







NB
m T

TfRTG 1ln  , (2.5b)

with  and 
NT , respectively. In the formula, the magnetic moment and Neel

temperature of phase , the Bohr magneton B , and f, a polynomial function which

expression can be found in Ref. [10]:

CCMnFeFeMnMnMnFeFe xxxxx    (2.6a)

CCMnMn xx    (2.6b)

 i is the contribution of element i in phase  .  ij is the excess i-j term. 
NT has

been calculated as an empirical expression of literature [11,12,13,14]:

)(720132.66.22224750)ln(250 KxxxxxxxT SiAlCrCuMnCMnN  (2.7a)

)(580 KxT MnN  (2.7b)

The parameters used in this dissertation have been summarized in Table 2.2.
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Figure 2.5 Schematic diagram of twinning mechanism [6]

Table 2.2

Summarized parameters of the model from Refs [6]

 251094.2  molm [7]

 / 29 mJm [7]

  FeG 1309.438.2243-  TJmol [7]

  MnG 1123.100.1000-  TJmol [7]

  FeMnG 11 717;2873   JmolDJmolC [6]

  CFeMnXG /
111 175,17;29.24;1246   JmolcJmolbJmola [6]

B  / CMnFeMnFe xxxx 464.062.07.0  [6]

B  / CMn xx 462.0  [6]

  AlG 152800  TJmol [6]

  SiG 18560  TJmol [6]

  FeSiG 11 3520;2850   JmolFJmolE [6]



11

2.1.2.4 Mechanical properties of TRIP/TWIP steels

Given the effect of Mn on the SFE, high Mn steels can either show a TRIP effect, for

lower Mn contents, or a TWIP effect, for higher Mn contents. Due to the different

phases, TRIP steels and TWIP steels exhibit different mechanical properties. Figure

2.6a shows that for high Mn steels containing 3% Al and 3% Si, increasing the

manganese contents from 15% wt to 25% wt, implies a decrease of the ultimate

tensile strength, Rm, from about 930MPa to 610MPa and the elongation rises from

46% to 95% (Figure 2.6b). However, when the content of Mn exceeds 25%, the total

elongation is almost unchanged or slightly lower.

Figure 2.6 Bar diagram representing the mechanical properties of TRIP and TWIP

steels. a: Yield strength (black marked bars) and ultimate tensile strength (grey

marked bars), b: Uniform elongation (black marked bars) and total elongation [3]

The relationship between strain hardening and true strain according to Mn content is

showed in Figure 2.7, and the deformation SEM micro-structure is shown in Figure
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2.8. For 15% Mn steel, the microstructure before deformation is composed of ferrite,

retained austenite, bcc-martensite and hcp-martensite, while after deformation, there

are phase transformations which leads to a microstructure mainly composed of ferrite

and martensite. For 20% Mn, the initial microstructure is similar to the previous one,

and during deformation the volume fraction of austenite gets lower while the volume

fraction of martensite increases (Figure 2.8b). However, the behavior for the steels

with 25% Mn and 30% Mn is different; the original state of steel is austenite with

annealing twins, and after deformation (Figure 2.8c and 2.8d), large amounts of

deformation twins appear within the grains.

Figure 2.7 The relationship between strain hardening and true strain [[2]

Figure 2.8 Microstructure of a deformed sample, SEM

(a) w (M n) = 15%; (b) w (M n) = 20%; (c) w (M n) = 25%; (d) w (M n) = 30% [15]
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TWIP steels show such good mechanical properties at room temperature due to the

twins which play a leading role in the deformation process. At room temperature,

twinning generates a small-scale substructure in the microstructure where twin

boundaries act by hindering the movement of dislocations (as shown in Figure 2.9).

These results in a limitation of the dislocation mean free path, promoting hardening

while the large ductility is promoted by the twinning transformation [16,17,18].

Figure 2.9 Dynamic Hall-Petch effect [19]

2.1.3 TWIP steels

Twinning induced plasticity (TWIP) [20] steels were developed at the Max Planck

Institute for Iron Research GmbH (MPIE) in Düsseldorf, Germany, in a joint venture

of the Max Planck Society and the German Steel Institute (VDEh). TWIP steels have

raised interest because of their exceptional combination of high strength and ductility,

high strain hardening index and high energy absorption capability (at 20ºC absorption

can reach 0.5 J/mm3) [21], which make them ideal for automotive structural parts.

These outstanding properties are related to a specific deformation mechanism which

involves the generation of mechanical twins, in addition to the conventional

mechanism of dislocation glide.
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2.1.3.1 Typical chemical composition of TWIP steels

At present, there are three main kinds of TWIP steel: Fe-Mn-Al-Si series, Fe-Mn-C

series and Fe-Mn-Al-C series [21]. The different alloying elements have different

effects on the behavior of TWIP steels. Manganese is one of the most important

constituent elements of TWIP steels [3,22] because it has a strong effect on stabilizing

the austenite. In fact, TWIP steels must be austenitic at room temperature since twins

form within this phase; this is the reason why in TWIP steels the Mn contents are

above 18% in weight. The other parameter controlling the likeliness of the formation

of deformation twins is the SFE, as has been discussed in section 2.1.2.2. In this sense,

the above mentioned Mn contents are effective to control the stacking fault energy at

values which promote the TWIP effect. In general, with the increase of Mn content,

TWIP steels exhibit improved ductility, while the strength is decreased. Another

element frequently found in TWIP steels compositions is aluminum, which also

increases the stacking fault energy, suppressing the austenite transformation to

martensite which takes place for low SFE values. According to the results of G.

Frommeyer et al [2], iron alloys with increasing Al contents showed a clear downward

trend on density, as shown in Figure 2.10, although, the contents of this element are

usually limited to 3%. Moreover, Al is important to avoid delayed fracture [[2], which

was pointed when they were first developed. However, since aluminum is easily

oxidized, during the casting procedure it can generate oxide residues which can block

the nozzles [23]. Therefore, the addition of Al in TWIP steels is a challenge from the

industrial production point of view. On the other hand, silicon can reduce the

martensitic phase transition temperature Ms, and make a contribution to stabilize the

austenite at room temperature. Furthermore, Si strengthens the austenite by solid

solution (each addition of 1% of silicon, increases the tensile strength by about

50MPa [24]). However, silicon will reduce the stacking fault energy, resulting in an

increased number of stacking faults and an inhibition of the TWIP effect. Moreover,

high Si contents worsen the surface quality of the hot-rolled steel. Carbon can

improve the strength and hardness of steel TWIP by solid solution strengthening and
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is an austenite stabilizing element which impairs the martensitic phase transformation.

Particularly, in the Fe-Mn-C TWIP steel system, carbon plays a significant role in

obtaining a single austenite phase. However, excessive carbon content in TWIP steels

can decrease the ductility and toughness, and affect their weldability.

Figure 2.10 Density vs. Al concentration for iron-aluminum alloys [[2]

2.1.3.2 Mechanical properties of TWIP steels

2.1.3.2.1 Effect of the strain rate on the mechanical properties

At high strain rates, TWIP steels show excellent mechanical properties as well. The

yield strength, ultimate strength, uniform elongation, ultimate elongation of high Mn

TWIP steels as a function of the strain rate, are showed in Figure 2.11. It can be seen

from the figure that yield strength changes from 250MPa to 530MPa and tensile

strength changes from 600MPa to 800MPa with increasing strain rate. Uniform

elongation and ultimate elongation decrease with increasing strain rate up to 10-1s-1.

After a relative minimum, the uniform elongation is slowly decreased, while the

ultimate elongation reaches 65% at 1.5·103 s–1. However, the values are still high,

which indicate that the steel would be able to absorb energy in the event of a collision,

where high strain rates are usually involved. No phase transformation was detected by
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X-ray diffraction. The differences in the elongation behavior induced by changes in

the strain rate are due to the formation of fewer twins under dynamic deformation.

Figure 2.11 Yield strength, tensile strength, and uniform and total elongations in

dependence on the strain rate of and TWIP steels at room temperature [2]

Another very important parameter to characterize the impact behavior of deep

drawing steels for automotive bodies and frame structures is the specific energy

absorption, Espec, which is defined as the deformation energy per unit volume at a

given temperature and strain rate from 102 s–1to 103 s–1.

The block diagram in Figure 2.12 represents the specific energy absorption of the

TWIP steel in comparison with some selected conventional deep drawing steels, such

as FeP04, Z St E 180 BH, high strength IF (HS) and Q St E 500 TM, respectively. It

shows that the specific energy absorption value of the TWIP steel is about Espec = 0.5

J/mm3 and the conventional deep drawing steel qualities possess energy absorption

values between 0.16 J/mm3 and 0.25 J/mm3, which are more than fifty percent lower

than the Espec of the high crash and impact resistant TWIP steel. The extraordinary

energy absorption parameter is due to the superimposed extensive twinning formation

under high strain and strain rate condition.
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Figure 2.12 Comparison of specific energy absorption parameters of conventional

deep drawing steels with TWIP steels [[2]

2.1.3.2.2 Effect of grain size on the mechanical properties

Nowadays, many researchers focus their work on the effect of grain size on the

mechanical properties of TWIP steels. Bouaziz, et al [25] reduced the grain size of

Fe-22Mn-0.6C TWIP steel to 1.3 microns by hot rolling and cold rolling approach.

Compared to the coarse-grained TWIP steel, the yield strength and tensile strength

were significantly improved, as shown in Figure 2.13 (a). Rintaro Ueji et al. [26]

showed similar results for a Fe-31Mn-3Al-3Si steel, as observed in Fig 2.13 (b).

Different approaches to reduce the grain of TWIP steels would include the one

involving severe plastic deformation, however, there is still little information

reporting the possibility of further reduce the grain size, i.e. to the sub-micron scale,

of TWIP steels by this method.
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Figure 2.13 Relationship between grain size and mechanical curve [25,26]

Even though the research of effect of grain size on corresponding TWIP steels

mechanical properties is relatively clear, the report about severe plastic deformation

on TWIP steels is rare to find yet and this is the main purpose of current research.
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2.2 Principles and background of ECAP

2.2.1 Background of the ECAP technology

It is well known that fine-grained materials exhibit excellent properties, different from

coarse grain (ordinary) materials. Refining materials crystal arrangement is the

development trend of new high-performance materials. It has been proven that the

grain size is one of the most important factors controlling the mechanical properties.

The dependence of the yield strength with the grain size follows the relationship

established by the Hall-Petch equation:
2/1

0
 dk yy  (2.8)

According to this relationship, for most polycrystalline metallic materials, there is a

negative exponential relationship between strength and grain size. That is to say the

smaller average grain size, the strength of the material is higher. Therefore, materials

scientists have dedicated many efforts to find ways to refine the grain size.

Generally speaking, when the grain size of a polycrystalline metallic material is less

than 100nm, this kind of material is defined as a nano material (Nanocrystalline, NC);

when the grain size is within the range of 100nm - 1μm, it is defined as

ultrafine-grained material (Ultrafine Grained, UFG); when the grain size is larger than

1m, it is a coarse-grained material (Coarse Grained, CG) [27,28]. Currently, there

are five common methods to manufacture nanostructured and ultrafine-grained

materials [29,30,31]: mechanical milling plus consolidation under warm or hot

conditions, severe plastic deformation, vapor deposition, electronic deposition and

amorphous alloy crystallization.

Severe plastic deformation (SPD) [32,33], as a new method of plastic deformation,

can introduce large strains in the deformation process (traditional plastic deformation

processes rarely achieve such high strains). Therefore, SPD can generate a

microstructure of fine grains, in the sub-micron or nanometer range, for a relatively
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big amount of material. Therefore, SPD is suitable to obtain high strength and

ductility of bulk nano-structured materials.

The main mechanism of grain refinement in SPD is based on the application of a

strong shear plastic deformation, which rapidly increases the internal dislocation

density. In the high dislocation density region, dislocations rearrange, pileup and

entangle each other. The organization of dislocations forms sub-boundaries. With the

increase of the deformation, sub-boundaries gradually transform into large-angle grain

boundaries, leading to grain refinement.

The severe plastic deformation technique, as a way to generate fine-grained metallic

materials, has undergone three stages of development [34]:

1. In 1980s, the main methods of severe plastic deformation were proposed and

preliminary studies began. In 1981, V. M. Segal et al [35] proposed ECAP (Equal

Channel Angular Pressing) technology; and in 1984, V. A. Zhorin et al [36]

proposed high pressure torsion (HPT) deformation. This period was an embryonic

stage of severe plastic deformation.

2. In 1990s, the work on the subject was mainly done by R. Z. Valiev and T. G.

Langdon et al [34]. In the early 1990s, their research gradually attracted the

attention of several academics and the works on severe plastic deformation

gradually expanded worldwide.

3. In the late 1990s, the group of researchers working on severe plastic deformation

had gradually grown to a large number, and numerous papers and patent

applications emerged, and the subject became one of the hot spots in materials

science. After about ten years of intense research, some knowledge was generated

about preparation methods, materials, microstructure characterization, etc. [33],

which is a solid foundation for future industrial applications.
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Currently, the main SPD techniques to obtain bulk fine-grained materials are: Equal

channel angular pressing (ECAP) [33,37], Accumulative Roll Bonding (ARB) [38,39],

High pressure torsion (HPT) [40,41], ball milling (BM) [42,43], cyclic extrusion

compression (CEC) [44,45], multi-directional forging (MDF) [46,47], Repetitive

corrugation and straightening (RCS) [48,49], twist extrusion (TE) [50], constrained

groove pressing (CGP) [51], severe torsion straining (STS) [52], cyclic closed-die

forging (CCDF) [53], super short multi-pass rolling (SSMR) [54]. The principles of

some of these techniques can be seen in Figure 2.14. Among them, HPT and ECAP

(in Figure 2.15, which will be explained in the next sections) are the most common

and developed ones.

Figure 2.14 Principal SPD techniques
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The advantage of SPD methods is that nano-structured materials could be prepared

without change of theoretical density [55], as could be the case for other methods

such as mechanical milling plus consolidation, vapor deposition (CVD or PVD) and

amorphous alloy crystallization. In SPD, the initial dimensions of the workpiece do

not change during processing, so it could be concluded that the process can be applied

repeatedly in order to induce extremely large deformations in the material (cumulative

strain). A distinguished feature of the materials subjected to SPD methods is the

ultrafine or nano-sized grain structure and the presence of a high volume fraction of

high angle grain boundaries (HAGB) [29], which can be achieved by three

mechanisms [56]. The first one is the elongation of the existing grains during plastic

deformation, causing an increase of the area of HAGB; the second one implies the

subdivision of grains, and, finally, the shear bands which divide elongated grains can

also be considered a source of HAGB.

There is a large number of references which prove that ECAP/E (Equal Channel

Angle Pressing / Extrusion) can generate high density (bulk) ultrafine-grained

materials [29, 30], which opens a door to its application in engineering structures.

This dissertation will use the ECAP approach to refine the grain of TWIP steels.

2.2.2 Main principles of ECAP

Equal Channel Angular Pressing (ECAP) is a Soviet technology developed by

Professor Segal [37] on the basis of his work. He was trying to obtain pure shear

strain during the deformation in order to study the texture and microstructure of steels

subjected to this deformation mode. In the 1990s Valiev [41] realized that ECAP can

produce fine-grained materials with excellent performance. In the process of

deformation, ECAP has the advantages that it can effectively refine the grain without

changing the geometric dimensions of the specimen. ECAP technology can be used to

refine the microstructure of metallic materials, to improve the mechanical properties,

and to achieve super plasticity at low temperature and high strain rate. Currently,
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ECAP technology has been used in plastic deformation of copper [57,58], iron [59]

titanium and its alloys [60] and other metals. The deformation mechanism and

microstructure evolution have been well studied for these metallic materials.

In Figure 2.15, the main parameters which define ECAP molds, as well as the

geometry of the sample before and after pressing are represented. The mold for ECAP

is composed of two channels with equal sections which intersect. The geometry of the

two channels is the same, and they are fully connected in accordance with a certain

angle. Usually, the inner angle is denoted by Ф (could be between 60º and 160º) and

the outside angle is denoted by ψ. In the process of compression, the sample (mostly

bars) is introduced into the channel which has lubricated walls. Then, a punch is

moved downward, to extrude the sample, using a hydraulic machine. When the

sample passes from one channel to the other, through the accordance angle, it

undergoes pure shear deformation, as can be seen in Figure 2.15 for an intersection

angle of 90º. Because of the characteristics of the mold, the compression process will

not change cross-sectional shape and the area of the sample.

Figure 2.15 Macroscopic strain of ECAP
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The main features of ECAP are: (i) the cross-sectional shape and area of the sample

does not change during extrusion and the sample can be re-pressed, accumulating a

considerable strain [61], (ii) compared to other methods of grain refinement, ECAP

overcomes the disadvantages of dislocation density differences, as well as the

presence of pores and contamination. ECAP is a simple process to obtain more

uniform internal arrangement in clean fine-grained / ultrafine-grained materials.

Compared to other traditional technologies of plastic processing for metallic materials,

ECAP requires a lower extrusion pressure to obtain a uniform orientation and a

significant fine-grained microstructure, because the deformation process does not

change the cross-sectional area and shape of the sample.

2.2.3 Macroscopic deformation analysis of ECAP

Iwahashi et al [62] believe that, since during the ECAP process the sample

cross-sectional shape will not change, if the material fills completely the angle of

intersection of the two channels in the extrusion process, then, there is only one plane,

the X-plane, which is perpendicular to the X-axis, where deformation occurs. In this

coordinates, represented in Figure 2.16, the Y and Z planes are perpendicular to the Y

and Z axis, respectively. If the friction between the inner wall of the channel and the

sample is not considered, then, each point of the sample would flow the same distance

because each point of material goes through the same route during the ECAP

extrusion process. The shear deformation of a single cube after extrusion can be

expressed as function of the intersection and outer arc of curvature angles as follows:
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Figure 2.16 Macroscopic deformation scheme of ECAP

If the equivalent plastic strain is used to describe the extent of deformation of the

material, then:

YZ
p
eq 

3
1

 (2.10)

So the equivalent plastic strain of the material after one pass of ECAP process can be

expressed as:
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If the sample is extruded N times, the accumulative equivalent plastic strain can be

expressed as:
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2.2.4 Factors affecting ECAP

ECAP process is characterized by several key parameters such as:
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 Number of passes

 Processing routes

 Extrusion temperature

 Extrusion mold geometry

2.2.4.1 Number of extrusion passes

The accumulative amount of plastic deformation will increase with the increase in the

number of extrusion passes. From an intuitive point of view, the degree of grain

refinement should also be higher, but the experimental results do not show this effect

[63,64,65,66,67]: after a certain number of pressing passes, the proliferation and

annihilation of dislocations are dynamically balanced, the dislocation density is

saturated, and the grain size and aspect ratio does not change substantially, as can be

seen in Figure 2.17. However, in the deformation process, due to the interaction

between neighboring grains, misorientation between grains will continue, as shown in

Figure 2.18.

Figure 2.17 The grain size and aspect ratio after extrusion of different times of pure Al

[63]
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Figure 2.18 The effects of extrusion on small-angle and large-angle grain boundary

[63]

2.2.4.2 Extrusion route

Compression route will have a great impact on the grain refinement, as well.

According to extrusion direction and angle of rotation of the sample between passes,

the ECAP process can be divided into the following four extrusion deformation routes

(as indicated in Figure 2.19):

- A route: the sample does not rotate between passes, it is directly introduced

into the second compression step with no rotation;

- C route: the sample is rotated 180º between compression passes;

- BA route: the sample is rotated 90º between compression passes and the

direction of rotation is alternated;

- BC route: the sample is rotated 90º between compression passes, and the

rotation is always in the same direction.
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Figure 2.19 Four different extrusion routes [48]

Different compression routes result in different shear plane, as shown in Figure 2. 20:

in C route, each pass has the same shear plane, but in different directions; in BC route,

shear plane is similar to C route, but after each pass, slip will be offset; in BA route,

shear plane is totally different to the previous two, each time in a different shear plane;

in A route, shear plane of each pass has an angle of 90°, while the angle of shear plane

for BA route is 120°.

Figure 2.20 Shear plane of A, BA, BC, C routes [48]
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According to the research by Kiyotaka [68], compared to route A, route C is easier to

obtain large-angle grain boundaries. This is because when the material is in the

extrusion process, the sample suffers pure shear force, so that the grains rearrange and

slip, and boundaries of grain and sub-grain rotate simultaneously. The result is a

reduction of the dislocation density and the formation of large-angle grain boundaries

is accelerated. Gholinia et al [69] claim that opposite direction of shear during the

ECAP process will decrease the shear strain. A number of the dislocations are

annihilated because they react with each other. Then, the dislocation density inside the

grain is low which is not good for grain refinement. Therefore, they assume that the

best route to obtain large-angle grain boundaries is A, then BA, BC, and the last one is

C. The result of Furukawa [70] and Miyamoto [71] shows that when Ф is 90°, the

route BC shows a more efficient grain refining effect.

If the three orthogonal planes X, Y and Z are chosen like in Figure 2.21, (X is the

transverse plane perpendicular to the flow direction, Y is the longitudinal plane,

parallel to the upper surface of the channel matrix in the exit zone and Z is the parallel

to the sides of the outside zone of channel matrix), then, the shearing systems in the

material during ECAP procedure, for four different processing routes, are as shown in

Figure 2.22 [70]. The illustration depicts macroscopic distortions introduced in a

cubic element, as divided in X, Y and Z planes. In figure 2.22, one can notice that the

characteristics of route BA are similar to route A, while route BC has similar

characteristics with route C. The cubic element of route C could be restored every 2

passes while BC route needs 4 passes and using route A and BA the planes are

exacerbated. In addition, it could be noticed that when routes A and C are adopted, the

plane Y is not deformed. Therefore, routes BC and C are preferred to routes BA and A

for the restoration for the cubic volume element after a certain number of passes and

the route BC is preferred to route C due to the lack of deformation in the plane Y.
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Figure 2.21 Schematic illustration of ECAP: plane X, Y and Z [33]

Figure 2.22 Distortion introduced in cubic elements on planes of X, Y and Z for route

A, BA, BC and C from 1 to 16 passes [70]
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Figure 2.23 shows the shearing patterns in each orthogonal plane for different

processing route, using a channel angle Ф=90°, and considering the sample rotation is

performed around the axis X. The top line in Figure 2.23 shows the slip visible on the

X, Y and Z planes after 1 pass (1p) and the remaining lines show the patterns for

routes A, BA, BC and C after 2 passes, 3 passes and 4 passes, respectively.

Figure 2.23 Shearing patterns on planes X, Y and Z for processing paths.A, BA, BC

and C when pressed for 1-4 passes: red, blue, orange and black colors correspond to

the first, second, third and fourth pass, respectively [33]

2.2.4.3 Extrusion temperature

ECAP is usually applied at room temperature because at this temperature grain

refinement potential is optimal. If plastic deformation temperature is increased,
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deformed metals are in an unstable state of high free energy, and prone to reach a

low-energy state, so recovery can easily occur, leading to low-angle grain boundaries

and the grain size is relatively large [72,73,74] (Figure 2.24). Moreover, deformation

mechanisms, in some metals, are also temperature dependent [75], i.e. metals which

would deform by twinning in the nanoscale will deform by dislocation glide if the

grain size grows.

However, it should be noted that, although the high extrusion temperature is not

beneficial for the formation of equiaxed fine grains, for some poor toughness high

strength metals and hexagonal materials which have limited slip plane systems, such

as magnesium alloys, titanium alloys or tungsten alloys, high temperature extrusion

can avoid sample damage under intense shear deformation [75,76].

Figure 2.24 TEM figure of ECAP-ed pure aluminum at different temperature [64]

2.2.4.4 Extrusion speed

A large number of experiments [33,77,78,79,80] show that ECAP extrusion speed has

little effect on grain refinement, as seen in Figure 2.25 which shows the impact of

extrusion speed on the yield strength. However, if the temperature is increased, at low
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extrusion speed, the time for recovery would be longer and more dislocations could be

absorbed at grain boundary, leading to a more equiaxed grains microstructure.

Figure 2.25 Impact of extrusion speed on yield strength [80]

2.2.4.5 Extrusion mold geometry

During extrusion, the geometry of the mold is also an important factor affecting grain

refinement. It is considered that the inner and outer angles are the main geometric

parameters which have to be taken into consideration. From a macroscopic

deformation perspective, mold geometry changes will make samples experience

different equivalent plastic strain during each pass, as expressed in Eq (2.12). From

the microscopic point of view, the mold angle geometry will lead to changes in the

shear plane, having a direct impact on the activation of different slip systems during

plastic deformation. The selection of different inner and outer angle combinations can

modify the shear strain applied to the material in each pass. When the shear strain is

relatively low in each pass, a higher accumulative equivalent strain can be obtained by

repeatedly pressing the sample.
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The inner angle of the channel, Ф, is the most important experimental factor since it

has a greater effect in deformation imposed in each pass than the outer angle, ψ, as

shown in Figure 2.26. However, the importance of ψ becomes more significant when

the inner angle Ф is reduced. In principle, the ECAP matrix could be designed with

inner angles between 60° and 160°, but according to Eq. (2.12), the smaller the angle

Ф, the greater deformation produced by each pass. In practice, the smaller the angle Ф,

the greater the force imposed for each pass, and therefore, needs more resistance of

materials. Despite the fundamental importance of this angle, most experiments are

designed to use values from 90° to 120° [33].

On the other hand, Ф has a direct influence on the nature of the microstructure

obtained after processing. Nakashima et al [79] selected a combination of four

different inner angles and the results showed that in order to get a more homogeneous

distribution of equiaxed grains, which have large angle grain boundaries, the sample

should have experienced relatively strong plastic deformation during each pass.

Although approximately equal accumulative strain could be obtained by repeated

pressing, the effect of grain refinement was different.
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Figure 2.26 Variation of the equivalent strain with the inner angle of channel: the

deformations are shown for one pass where N = 1 [33]

Even though an angle of 90° is the most effective condition for producing ultrafine

grain materials during the ECAP process, visible cracks of catastrophic brittle fracture

resulting from intense deformation may occur. In this case, a greater angle Ф may be

used, such as 110° or 135°.

The outer angle Ψ denotes the outer arc at the intersection of the two channels. The

role of this angle is important because it has the technological function of facilitating

the flow of material during molding. This angle could also influence the deformation

imposed on the sample. Figure 2.27 summarizes the relationship between equivalent

deformation with outer angle Ψ for four different inner angles (90°, 105°, 120° and

135°) [81]. It can be observed that deformation decreases with increasing angle Φ, as

well as Ψ. However, the equivalent deformation is non-sensitive to Ψ when in the

inner angle Ф is big, but as Ф is reduced, the influence of Ψ on the equivalent

deformation becomes more important. From a processing point of view, the use of a

matrix with small angle Ф combined with an outer angle Ψ with high curvature is the



36

best solution, because this configuration allows not only a great deformation, but also

the possibility to extrude low ductility materials [82]. The outer angle Ψ is associated

with friction during processing ECAP as well (as shown in Figure 2.28). Segal [83]

proposed a model for ECAP deformation using a simple model if the matrix is

rounded. In this approach, the deformation is by simple cutting and is located in a

narrow area around the plane of intersection where the two channels are connected to

an angle Φ, given the assumption that no friction in both channels. However, in most

practical cases there are different conditions of friction on both channels. The flow

lines can be very rounded, and that can be interpreted as a sign deviation by simple

cut. These flow lines can be described by the model range. The area of slip lines

includes a fan zone area and a rigid rotation around a center, separated by circular arcs

(Figure 2.28). Also, local areas of linear tension and compression may appear around

corners. The extension of the free surfaces depends on the compressive forces on the

boundaries which may disappear angles of 90° and perceptible friction or pressure

which exists in the second channel. However, there may be a different situation if the

material exhibits strain hardening.

Figure 2.27 The relationship between equivalent deformation with outer angle [81]
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Figure 2.28 The area of slip lines of ECAP process: (a) without friction, (b) with

friction [83]

2.2.5 Improvement of the mechanical properties

Fine-grained materials, compared to conventional coarse-grained materials, exhibit

higher yield strengths, although the strain hardening rate, ductility, strain rate

sensitivity, et al. are lower. Generally speaking, this is because in fine-grained

materials the grain boundary density is higher and grain boundaries interact with

dislocation motion and any microstructure feature which inhibit dislocation motion

leads to a strengthening of the material. Furthermore, the finer the grain, the more

tortuous is the path which a crack must follow to propagate. Therefore, grain

refinement is an interesting way to improve the strength of metallic materials.

2.2.5.1 Strength

Hall-Petch strengthening (or Grain boundary strengthening) is a method

of strengthening materials by changing their average grain size. It is based on the

observation that grain boundaries inhibit the movement of dislocation and that the

https://en.wikipedia.org/wiki/Strength_of_materials
https://en.wikipedia.org/wiki/Grain_boundaries
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number of dislocations piled-up near the grain boundary have an effect on how easily

dislocations can traverse grain boundaries and travel from grain to grain. So, by

changing grain size one can influence dislocation movement and yield strength.

In Hall-Petch strengthening, the grain boundaries act as pinning points impeding

further dislocation propagation. Since the lattice structure of adjacent grains differs in

orientation, it requires more energy for a dislocation to change directions and move

into the adjacent grain. The grain boundary is also much more disordered than inside

the grain, which also prevents the dislocations from moving in a continuous slip plane.

Impeding this dislocation movement will hinder the onset of plasticity and hence

increase the yield strength of the material.

Under an applied stress, existing dislocations and dislocations generated

by Frank-Read sources will move through a crystalline lattice until encountering a

grain boundary, where the large atomic mismatch between different grains creates a

repulsive stress field to oppose continued dislocation motion. As more dislocations

propagate to this boundary, dislocation 'pile up' occurs as a cluster of dislocations

which are unable to move past the boundary. As dislocations generate repulsive stress

fields, each successive dislocation will apply a repulsive force to the dislocation near

the grain boundary. These repulsive forces act as a driving force to reduce the

energetic barrier for diffusion across the boundary, such that additional pile up causes

dislocation diffusion across the grain boundary, allowing further deformation in the

material. Decreasing grain size decreases the amount of possible pile up at the

boundary, increasing the amount of applied stress necessary to move a dislocation

across a grain boundary. The higher the applied stress needed to move the dislocation,

the higher the yield strength. Thus, there is an inverse relationship between grain size

and yield strength, as demonstrated by the Hall–Petch equation. However, when there

is a large direction change in the orientation of the two adjacent grains, the dislocation

may not necessarily move from one grain to the other but instead create a new source

of dislocation in the adjacent grain. The theory remains the same that more grain

https://en.wikipedia.org/wiki/Dislocation
https://en.wikipedia.org/wiki/Yield_strength
https://en.wikipedia.org/wiki/Grain_boundary
https://en.wikipedia.org/wiki/Pinning_points
https://en.wikipedia.org/wiki/Frank-Read_Source
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boundaries create more opposition to dislocation movement and in turn strengthens

the material.

To understand the mechanism of grain boundary strengthening one must understand

the nature of dislocation-dislocation interactions. Dislocations create a stress field

around them given by:

r
Gb

 (2.13)

where G is the material's shear modulus, b is the Burgers vector, and r is the distance

from the dislocation. If the dislocations are in the right alignment with respect to each

other, the local stress fields they create will repel each other. This helps dislocation

movement along grains and across grain boundaries. Hence, the more dislocations are

present in a grain, the greater the stress field felt by a dislocation near a grain

boundary:

ndislocationdislocatioappliedfelt n   (2.14)

where τ is stress field and n is number of dislocations. The relation between yield

stress and grain size is described mathematically by the Hall-Petch in Eq. (2.8).

where σy is the yield stress, σo is a materials constant for the starting stress for

dislocation movement (or the resistance of the lattice to dislocation motion), ky is the

strengthening coefficient (a constant specific to each material), and d is the average

grain diameter. There are many results which confirm the Hall-Petch theory for

materials deformed by ECAP. For example, it has been reported that for ordinary

low-carbon steels [84,85,86], a grain refinement from 30 μm to 0.2 μm, after ECAP,

led to a yield strength increase from 307MPa to 900MPa and a tensile strength

increase from 450MPa to 941MPa, and in pure aluminum, the compressive yield

strength could be increased to 150MPa [87].

https://en.wikipedia.org/wiki/Shear_modulus
https://en.wikipedia.org/wiki/Burgers_vector
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2.2.5.2 Fatigue life

In materials science, fatigue is the weakening of a material caused by repeatedly

applied loads. It is the progressive and localized structural damage that occurs when a

material is subjected to cyclic loading. The nominal maximum stress values that cause

such damage may be much less than the strength of the material typically quoted as

the ultimate tensile stress limit, or the yield stress limit.

From previous study, the fatigue life can also be improved by ECAP, as shown in

[89,90,91] for aluminum and in [92] for Ti. In this later case, by comparing the

ultra-fine grain (0.3 μm) condition with the annealed coarse-grained (35 μm)

condition, the fatigue limit increased from 238MPa to 380MPa.

2.2.5.3 Strain hardening rate

Almost all test results have shown that, when comparing the strain hardening rate of

an ultrafine-grained material to the one of the corresponding coarse-grained material,

a significant decrease takes place, and the curves even show the approximate "elastic -

perfectly plastic" deformation behavior (Figure 2.29) under compression. Generally, it

is believed that this behavior is related to the high dislocation density inside the

material [30,93]. Experiments show that through severe plastic deformation, the

dislocation density of ultrafine-grained materials can be as high as 1015 m-2 [94],

much higher than the one generated during hot rolling, cold rolling and other

conventional plastic deformation processes. Due to the high dislocation density, the

dynamic recovery rate of ultra-fine grained materials during the deformation process

is much higher than for the coarse-grained material, reaching easily the dynamic

equilibrium by the proliferation and annihilation of dislocations. Under these

conditions, the strain hardening capacity of the material is almost lost [30, 94,95]. The

strain hardening capacity loss is a direct cause of the decrease in ductility when the

material is tensile tested.

https://en.wikipedia.org/wiki/Materials_science
https://en.wikipedia.org/wiki/Stress_(physics)
https://en.wikipedia.org/wiki/Tensile_strength
https://en.wikipedia.org/wiki/Tensile_strength
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Figure 2.29 Tensile and compress true stress-strain curve of typical ultrafine-grained

materials [16]

2.2.5.4 Ductility

When grains are refined to the nanometer scale, the strength is greatly increased but

the elongation is decreased. Koch et al [96,97] assume that the main factors that affect

toughness are: the formation of defects such as pores and small cracks during the

processing to obtain fine-grained materials, tensile instability, crack nucleation or

shear instability. For bulk ultrafine-grained materials prepared by SPD, the number of

defects introduced during processing is relatively low, so these routes to obtain

ultrafine-grained materials have a smaller effect on ductility than processes such as

deposition techniques.

Usually, the deformation tensile instability condition under tensile condition is

expressed as [98]:


















(2.14)
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This equation shows that the ductility of the material is related to strain hardening

rates under uniaxial tensile testing. When strain hardening rate is lower than the

corresponding true stress under a certain strain rate, tensile instability will happen,

and thus “necking” could occur in the sample which would affect the ductility. The

ultrafine-grained materials prepared by severe plastic deformation have a high density

of dislocations, close to saturation, resulting in material strain hardening capacity

significantly reduced, almost lost. The material is therefore more sensitive to

non-uniform deformation under tensile testing and the toughness, compared with

coarse-grained materials, is significantly reduced. However, in 2002, Wang et al [99]

reported, the use of cold rolling with instantaneous annealing to obtain copper with a

bimodal grain size distribution. The mechanical tests performed to this material

produced by this method (Figure 2.30) showed that toughness had been greatly

improved: the elongation reached 65% at room temperature (curve E in the figure),

close to the elongation of coarse-grained annealed copper (curve A). However, the

tensile strength of Bi-modal structure copper had only decreased slightly when

compared to the cold work material. This finding breaks the precept that the strength

and toughness of a metal cannot be improved simultaneously Therefore, more and

more attention is being focused on increasing the toughness of ultrafine-grained

materials [100,101].
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Figure 2.30 Tensile stress-strain curves of Bi-modal structure material: Curve A,

annealed, coarse-grained Cu; B, room temperature rolling to 95% cold work (CW); C,

liquid-nitrogen temperature rolling to 93% CW; D, CW +180°C, 3 min; and E, 93%

CW+200°C, 3 min [98]

2.3 Research Status of severe plastic deformation on TWIP

steels

Currently, the information about severe plastic deformation on TWIP steels is still

scarce. Bagherpour et al [102] carried out extrusion on TWIP steels using 30º and 45º

of simple shear extrusion (SSE) die (Figure 2.31), and compared the results with the

sample after one pass of ECAP. SSE is based on pressing the specimen through a

direct channel with a specific shape. As the specimen passes through the channel it

deforms gradually while its cross-section area remains constant. This allows repeating

the process successively which is one of the main requirements of SPD processes. The

results showed that ECAP will lead to cracking in the surface of sample due to flow

localization, and SSE can obtain complete bar more easily; after one pass of SSE, the



44

microstructure of sample contain a large number of deformation twins. Moreover,

Timokhina et al [103] fulfilled four passes of ECAP at 400ºC on a

0.61C-22.3Mn-0.19Si-0.14Ni-0.27Cr (wt %) TWIP steel, and studied the strain

hardening and mechanical properties. They found out that, compared with

coarse-grained material, the yield strength and tensile strength of ECAP-TWIP steels

showed a sharp increase, as shown in Figure 2.32. Furthermore, they found

deformation twins in ultrafine-grained samples, which have a great impact increasing

the strain hardening and mechanical properties of the steel.

Figure 2.31 Schematic representations of one-half of the SSE die (a) Photographs of

the SSE die in the opened (b) and closed (c) situations [101]
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Figure 2.32 Engineering stress vs. engineering strain tensile curves for the samples

processed by ECAP (a); sample in as-received condition (b) [102]
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3 Objectives

A state of the art on TWIP steels has been presented in the previous chapter, where the

many aspects related to TWIP steels processing, properties and deformation

mechanisms have been presented. Currently, the procedure of grain refinement is

based on hot rolling followed by cold rolling, but other way to further refine the gain

size have not been intensively explored. In particular, there is not enough knowledge

about the viability of applying Equal channel angular pressing (ECAP) to TWIP steels

to refine their microstructure. Furthermore, the effect of grain refinement on the

mechanical behavior and deformation mechanisms of TWIP steel is not clear.

Therefore, the general purpose of this work is to perform grain refinement by ECAP

on TWIP steels and evaluate its effect on the mechanical properties and deformation

mechanism.

The specific goals for current research are:

1. Performed four passes of ECAP procedure at high temperature on two TWIP steels

in order to compare the impact of number of passes. In the meantime, one single pass

at room temperature of TWIP steels will be also tried.

2. Through Electron backscatter diffraction (EBSD) analysis and Transmission

electron microscopy (TEM) analysis, try to detect the microstructure evolution of

TWIP steels during ECAP procedure. The microstructure information include grain

size calculation, grain boundary fraction (include ∑3 grain boundary) calculation,

twin morphology illustration etc.

3. By means of applying micro-tensile testing, attempt to comprehensively analyze

the effect of ECAP on mechanical behavior of TWIP steels. For ruptured samples,

fracture surface will be also researched by Scanning Electron Microscopy (SEM).

Study the relationship between microstructure evolution and mechanical properties,

especially strain hardening capability.

https://en.wikipedia.org/wiki/Electron_backscatter_diffraction
http://serc.carleton.edu/research_education/geochemsheets/techniques/SEM.html
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The attractive points of current research are:

1. Many research found that when high strain are imposed on TWIP steels, they will

show different twin systems, and some twins could reach nano scale. In present work,

ECAP can induce high level of strain, and nano twins will try to be found.

2. The ECAP procedure applied at room temperature on TWIP steels has not been

reported and the effect of temperature will be discussed in the current research.
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4 Experimental method and materials

This chapter deals with the methods and procedure followed to produce TWIP steels,

characteristics of the heat treatment procedure, description of the ECAP die and

preparation of the ultra-fine grained steels. Moreover, the different microstructural

and mechanical characterization methods are outlined as well. The overall flowchart

is shown in Figure 4.1. Initially, the work was based on the design of TWIP steel

composition and production of the materials. The compositions were selected based

on different amounts of Mn, Al, Si and C which are the main elements controlling the

stabilization of the austenite and the deformation mechanisms. After casting, the real

composition of TWIP steels was determined. Next, materials were cut into ECAP

sample with specific size and they were homogenized. Different routes and number of

passes were applied to the samples. Given the intrinsic high tensile strength of TWIP

steels, the pressing was performed at high temperatures. The microstructure generated

in the different steels by different ECAP passes was evaluated, as well as the

mechanical properties. Fracture surface of the tensile tested specimens was

characterized, and the corresponding strain hardening capability was calculated.
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Figure 4.1 Flow diagram of experiment in current research

4.1 Materials

Two different TWIP steels have been used for ECAP in this dissertation, which have

been named TWIP 1 and TWIP 2.

TWIP 1 was cast in the Department of Metallurgical and Materials Engineering of the

Federal University of Minas Gerais, Belo Horizonte, Brazil and provided by professor

Dagoberto B. Santos. The material was received as a hot-rolled plate of 15mm in

thickness.



51

TWIP 2 was in-house designed and cast following the procedure explained in the next

section.

4.1.1 Design of the alloy

TWIP steels are usually alloyed with Mn, C, Al and Si. Originally, two different

alloying concepts were used, one based on the Fe-Mn-C system, and the other one

based on the Fe-Mn-Al-Si system. The composition designed for this work was

intermediate between the two concepts, to see whether variations in the main alloying

elements could still promote the desired twinning effect.

In order to be sure that the new alloy design corresponded to a TWIP composition,

two main points had to be verified: (i) the steel had to present an austenitic

microstructure at room temperature and, (ii) the SFE calculated according to Eq. 2.1

had to be between 15-40 mJ/m2.

In order to verify the first point, thermodynamic calculations were done with the

FactSage® software. Calculations were performed for typical compositions of the

main two different concepts, as well as for the intermediate composition designed for

this project, as specified in Table 4.1. According to the results in Figure 4.2, TWIP 1

and TWIP 2 shows similar thermodynamic curve with standard TWIP steels. During

extremely enough time, there could be ferrite in the investigated steels, but in current

research, timely water quenching can prevent the phase transformation.
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Figure 4.2 FactSage® diagrams of thermodynamic calculations: (a) Fe-22Mn-0.6C, (b)

Fe-25Mn-3Al-3Si, (c) investigated TWIP 1, (d) investigated TWIP 2

Table 4.1

Designed chemical composition of TWIP 2 (%)

Fe Mn Si Al C

Weight % Bal. 25 1.5 1.5 0.3

Moreover, the SFE calculated according to Eq. 2.1 was 25.6 mJ/m2 for the new

composition. Therefore, the objective chemical composition of Fe-25Mn-1.5Si-

1.5Al-0.3C could be considered a TWIP steel.

4.1.2 Production of TWIP 2

As explained in the previous section, the theoretical chemical composition for the

TWIP 2 steel to be tested in this project was Fe-25Mn-1.5Si-1.5Al-0.3C. The process

selected to produce this material was Vaccum Induction Melting (VIM) using the
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furnace at the Fundació Eduard Soler in Ripoll, Spain. In order to achieve the desired

chemical composition, different raw materials were used. The raw materials were bars

of F-1020 steel, powder of ferroalloys such as Fe-Mn and Fe-Si and pure aluminum in

the shape of small cubes cut from a bar. The exact composition of the initial raw

materials is specified in Table 4.2.

Table 4.2

Chemical composition of the initial raw materials (%)

Fe Mn C Si Al

Fe1020 Bal. 0.45 0.2 - -

FeMn powder 17 81 0.75 1.25 -

FeSi powder 57.5 - - 42.5 -

Pure Al cube - - - - 100

According to the size of the crucible and capability of the casting furnace, a feedstock

to obtain an 8 kg ingot was prepared. The total amount of the different raw materials

is shown in Table 4.3. All feedstock was introduced in a crucible which was placed

inside the furnace. Once inside, the furnace was closed, a purge of argon was applied

and the induction system was turned on. The material was melted two times to

homogenize the composition. The image of the ingot can be seen in Figure 4.3a.

After casting, the ingot was send to the “Centro Nacional de Investigaciones

Metalúrgicas” (CENIM), in Madrid, for its breakdown forging, with the objective of

closing possible pores and shrinkage and homogenizing the chemical composition and

microstructure of the material. The forged ingot can be seen in Figure 4.3b.
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Table 4.3

Quantity of each element for casting TWIP 2

Fe1020 Fe-Mn Fe-Si Al

5.26kg 2.43kg 0.19kg 0.12kg

Figure 4. 3 the cast ingot (a) and the forged ingot (b) of TWIP 2

4.1.3 Chemical composition of the alloys

The chemical composition of TWIP 1 and TWIP 2 can be seen in Table 4.4. The

measurements were performed by Spark Spectrometry at the Fundación CTM Centre

Tecnològic in Manresa, Spain. In the case of TWIP 2, the deviation between the

objective and the real composition was small, so the casting practice could be

considered successful.
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Table 4.4

Chemical composition of TWIP steels (%)

Chemical

ingredient

Fe Mn Si Al C

TWIP 1 Weight % Bal. 20.1 1.23 1.72 0.5

TWIP 2 Weight % Bal. 25 1.66 1.23 0.27

According to SFE calculation model which is described in section 2.1.2.3, the

corresponding SFE value was calculated. The value for TWIP 1 is 27.3 mJ/m2 and for

TWIP 2 is 24.5 mJ/m2. Based on previous study [6,7,8,9], there are no phase

transformations under conventional processing conditions in these two TWIP steels

and according to the SFE of the compositions, twinning will be active as a

deformation mechanism [16].

4.2 ECAP sample preparation

From the hot rolled slab of TWIP 1 and the forged ingot of TWIP 2, cylindrical

samples with 60 mm in length and 8 mm in diameter were machined. The dimensions,

as well as the image of one of the samples can be seen in Figure 4.4.
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Figure 4.4 Dimension of ECAP samples

Once machined, the samples followed a reheating treatment to homogenize the

microstructure chemically and in terms of the grain size. This homogenization

procedure was conducted in tubular furnace, as shown in Figure 4.5. The tubular

furnace consists of three parts: Furnace is the main part for heating, and it comprises a

program setting section which can realize heating automatically; alumina tube is for

maintaining the samples and argon system provides protective gas. All samples were

annealed for 60 min at 1200°C in a protective Ar inert atmosphere followed by water

quenching.



57

Figure 4.5 Furnace for heating treatment

4.3 ECAP process

Compared to other common methods for the preparation of bulk ultrafine-grained

materials, such as high pressure inert gas, high-energy ball milling and amorphous

crystallization, the ECAP process is easier to carry out and can generate high purity

products with large geometric dimensions. Therefore, in recent years, many

researchers have used this method for preparing a variety of ultrafine-grained

materials and, in this work, it has been selected as the process to refine the

microstructure of high resistance, high ductility TWIP steels.
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4.3.1 ECAP system

The ECAP system used to press the samples consisted of a 10T hydraulic press

equipped with an ECAP mold and a radiation furnace (as shown in Figure 4.6). The

mold consists of an insert placed inside a die to give stiffness to the system. The insert

is formed by two pieces, as seen in Figure 4.7, which contain an equal channel with a

inner angle Ф=90º and the outer angle Ѱ=37º. Therefore, the true strain applied during

each extrusion pass is almost one (ε~ 1). The cross section of the channel is circular

with 8 mm diameter.

Figure 4.6 ECAP system and mold dimensions
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Figure 4.7 ECAP insert dimensions and photograph

4.3.2 Extrusion conditions

4.3.2.1 Extrusion routes

In section 2.2.4.2, the different routes which can be followed during ECAP were

explained. Among them, the Bc process route, which implies a 90º rotation of the

sample between two subsequent extrusion passes, always in the same direction, has

been shown by many researchers to be adequate to obtain grain refinement. Therefore,

this is the route which was selected for grain refinement of TWIP steels.

4.3.2.2 Extrusion speed

The extrusion speed rate is 0.002 m/s and is controlled by speed monitor attached the

hydraulic testing machine (see Figure 4.8). Molybdenum disulfide was used as a

lubricant. The corresponding initial strain rate is 3.3×10-2 s-1.
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Figure 4.8 Speed control machine

4.3.2.3 Extrusion temperature and number of passes

Ideally, ECAP should be performed at room temperature. However, for high strength

materials, the temperature can be increased in order to facilitate the process. In fact,

Bagherpour et al [101] conducted ECAP on TWIP steels using a die with =120ºat

room temperature, and they showed the presence of a large number of cracks. On the

other hand, Timokhina [102] showed that TWIP steels can be pressed by ECAP at

400ºC.

In the present research, the selected pressing temperature was 300 ºC, lower than the

ones previously used. The maximum number of pressing passes applied was four, and

samples with one and two passes were also evaluated. Furthermore, in order to

investigate the properties of samples ECAPed at room temperature, one pass of ECAP

procedure at room temperature was applied to TWIP 1.
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4.4 Characterization of microstructure

The methods used for the characterization of the microstructure are optical

microscopy, transmission electron microscopy, and scanning electron microscopy.

4.4.1 Optical microscopy

Metallography is a branch of materials science, mainly represented by optical

microscope and stereo microscope, which analyzes and characterizes the

microstructure of metallic materials. It considers not only the evaluation of the

microstructure by qualitative and quantitative imaging, but also the required sample

preparation. It mainly reflects grain size and distribution, as well as some non-metallic

inclusions or crystal defects.

The optical microscope used in this dissertation is Olympus GX51 (as shown in

Figure 4.9). Both micro structure of initial samples and ECAP-ed samples are

analyzed through optical microscopy.

Figure 4.9 Optical microscope



62

Before observation in the optical microscope, proper sample preparation was

performed by grinding, polishing and etching steps. For grinding, sandpaper of 600 #,

800 #, 1200 #, and 2500 # were used. Then, the specimens were polished using

diamond particle suspensions of 6 μm, 3 μm and 1 μm, until the surface showed no

scratches under optical microscope.

After this procedure, the samples were etched using 5% nitric acid (solution

consisting of 5% nitric acid diluted in ethanol) to reveal the microstructure. The

samples were then washed with water and dried. Finally, the samples were ready for

their observation through optical microscopy.

4.4.2 Transmission electron microscopy

In order to observe dislocation structure and morphology, as well as mechanical twins,

grain boundaries and characteristic features of TWIP steels deformed by ECAP, a

Philips C2100 transmission electronic microscope operating at 200 kV was used, as

shown in Figure 4.10. The main part of TEM is an electron gun which emits an

electron beam that passes through the condenser along the optical axis of the vacuum

channel. This beam converges into a bunch of shrill and bright beam which could go

through the sample. The transmitted electrons contain the information about the

sample, so that in a sample of less thickness, more electrons can go through it.

Through a converging lens and focusing the primary amplification, the electron beam

steps into intermediate lens and first and second projection zoom lens for integrated

imaging. Eventually, the electron image is magnified onto the screen panel for

observation.

The index of plane and the plane of twinning is decided through Selected area

electron diffraction (abbreviated as SAD or SAED) pattern. SAED is a kind of

crystallographic experimental technique that can be performed inside a TEM. The

https://en.wikipedia.org/wiki/Crystallography
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typical thickness of TEM specimens are around 100nm thick, and electrons have

energy of 100-400 kiloelectron volts. When the electrons pass through the sample,

electrons can be treated as wave-like, rather than particle-like (according

to wave-particle duality). The atoms will act as a diffraction grating to the electrons,

which are diffracted, because wavelength of high-energy electrons is a few thousands

nanometers and the spacing between atoms in a solid is about a hundred times.

Namely, some fraction of them will be scattered to particular angles which could

determine the particular plane index. As a result, the image on the screen of the SAED

will be a series of spots—the selected area diffraction pattern, SADP, each spot

corresponding to a satisfied diffraction condition of the sample's crystal structure.

Sample preparation for TEM evaluation consisted on cutting the sample into sheets

with thicknesses of 0.3 ~ 0.5mm, which were then manually polished using sandpaper

down to a thickness of 40 μm. These thin sheets were punched into a disc with a

diameter of 3mm. The disks were further thinned using sandpaper until more or less

30 μm. Finally, the samples are thinned by twin-jet electron polishing in an electrolyte

solution of 95 vol% acetic acid glacial and 5% perchloric acid at room temperature.

https://en.wikipedia.org/wiki/Electron_volt
https://en.wikipedia.org/wiki/Wave-particle_duality
https://en.wikipedia.org/wiki/Diffraction_grating
https://en.wikipedia.org/wiki/Diffraction
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Figure 4.10 transmission electron microscopy

The spot calibration of SAED pattern was done using software Digital Micrograph (as

shown in Figure 4.11). The software could give the zone axis and corresponding index

of spots directly.
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Figure 4.11 Software for SAED pattern calibration
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4.4.3 Scanning electron microscope

The principle of Scanning electron microscope JEOL JSM-7001F (see Figure 4.12) is

based on the interaction between electron and substances. When a beam of electrons

with certain energy, bombard the surface of a material, the excited area will generate

different electrons containing the information of the sample: secondary electrons,

Auger electrons, characteristic X-ray, back-scattered electrons, transmitted electrons,

and visible, ultraviolet, infrared light, generating electromagnetic radiation. Through

these data of the interaction between electrons and the sample, it is possible to know a

variety of physical and chemical properties, such as morphology, composition, crystal

structure, electronic structure, etc…

In this dissertation, SEM is mainly used to observe the microstructure characteristics

and fracture surface of tensile samples.

Figure 4.12 Scanning electron microscopy
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4.4.3.1 Electron Backscattered Diffraction, EBSD

Since the 1990s, the assembly of the SEM with the electron backscatter pattern

(Electron Back-scattering Patterns, referred to as EBSP) has made a great progress in

the characterization of crystal orientation and crystal structure. Now it is a

micro-analytical technique which has been widely used in the material microstructure

and micro texture characterization. This technique is also known as electron

backscatter diffraction (Electron Backscattered Diffraction, referred to as EBSD) or

orientation imaging microscopy (Orientation Imaging Microscopy, referred to as

OIM).

Nowadays, computer analysis could finish the scan of sample and collect data

automatically. This allows EBSD procedure to be processed more quickly. From the

data collected, orientation imaging map, pole figures and inverse pole figure, as well

as orientation distribution functions, can be obtained. So in a very short time, a great

deal of information of sample can be obtained. In the Chanel 5 software, there are

three different sections: Tango, Mambo and Salsa. These different sections have

different functions, that is Tango is for the characterization of grain map (include

inverse pole figure grain map and grain boundary map etc.), Mambo is for pole figure

and inverse pole figure, and Salsa is for orientation distribution function.

Figure 4.13 illustrates the schematic diagram of mounting the sample for the

application of the EBSD technique. For the operation of this technique, the sample

prepared for EBSD (Figure 4.14) is placed within the chamber of a SEM, and put a

small angle between the incident electron beam and the sample surface (typically 20°).

This angle is used to improve the fraction of backscattered electrons. The

backscattered electrons escape from the sample surface towards the phosphor screen

located on the detector equipment producing a diffraction electron pattern (EBSP)

known as Kikuchi band which is directly related to crystal lattice structure in the

region analyzed.
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Figure 4.13 Sample prepared for EBSD

Figure 4.14 Schematic diagram of the sample mounting for EBSD

The images obtained by this technique are constructed point by point from

measurements of orientation of the crystals on the surface of the analyzed sample, as

shown in Figure 4.15.
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Figure 4.15 the scanning process of EBSD

 Texture and misorientation analysis

In materials science, texture is defined as the distribution of crystallographic

orientations of a polycrystalline sample. If the orientation inside the sample is fully

random, it refers to have no distinct texture. However, if the crystallographic

orientations are not random, but have some preferred orientation, then the sample has

a weak, moderate or strong texture. The degree of texture is dependent on the

percentage of crystals having the preferred orientation. Texture can be seen in almost

all engineered materials, and can have a great influence on materials properties.

EBSD is not only able to measure the orientation proportion of the sample, but also

could know the distribution of these orientations in the microstructure. This is a new

method for texture analysis. Presently, EBSD technique can measure micro texture,

and then the texture gradient can be analyzed as well. Macro texture can also be

obtained after numerous micro-regions texture analysis. Texture orientation is usually

represented by Orientation distribution function (ODF), Pole figure and Inverse pole

figure which are obtained by conventional EBSD analysis.

i) Orientation distribution function: The ODF is defined as the volume fraction (V) of

grains with a certain orientation g:

https://en.wikipedia.org/wiki/Materials_science
https://en.wikipedia.org/wiki/Polycrystalline
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dg
gdV

V
gODF )(1)(  (4.1)

ODF is normally identified using three Euler angles. The Euler angles can transform

the sample’s reference frame into the crystallographic reference frame of each

individual grain. The distribution of different Euler angles is described by ODF. All

pole figures can be derived from the ODF.

ii) Pole figure: Pole figure is a kind of graphic representation of crystal orientation

distribution. The same orientation composed the isolines to form the graph. The entire

orientation should be represented by a complete three-dimensional figure, but a polar

stereographic projection of two-dimensional figure (See Figure 4.16) is more

convenient and popular.

Figure 4.16 Schematic diagram of pole figure imaging principle

iii) Inverse pole figure (IPF): inverse pole figure is more convenient in some

situations. It mainly treat crystallographic direction as the reference coordinate system,

especially act the important low-index crystal orientation as the reference coordinate

system (as shown in Figure 4.17). The directions plotted are the stereographic

projection of crystal directions parallel to the normal direction (ND), rolling direction

https://en.wikipedia.org/wiki/Euler_angles
http://www.ebsd.com/popup/javascript:newwindow('stereographic_projection.htm')
http://www.ebsd.com/popup/javascript:newwindow('stereographic_projection.htm')
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(RD) or transverse direction (TD) in the sample. The inverse pole figure can help

understand certain types of textures easily.

Figure 4.17 Schematic diagram of inverse pole figure imaging principle

 Grain size and morphology analysis

Traditional measurement of grain size is based on etching the grain boundaries. Since

the emergence of EBSD, it is clear that not all grain boundaries can be revealed by

conventional etching, especially those who are called "special" grain boundaries, such

as twinning and small-angle grain boundaries. In severe twinned samples (such as

TWIP steels), the measurement of grain size by conventional methods is difficult.

EBSD could also realize the automatic measurement.

 Analysis of grain, sub-grain, and twin boundaries

In the grain boundary part of EBSD, different kinds of grain boundaries could be

detected. After getting the information of misorientation between two adjacent regions

by EBSD, the following information can be identified: grain boundaries, sub-grain

boundaries, phase boundaries, twin boundaries and special interfaces (coincidence site

lattice CSL, etc.).
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 Identification of phases

Diffraction pattern also contains information of crystal symmetry (cubic, hexagonal,

etc.), and the crystal lattice parameters, such as the angle between the crystal surface

and the zone axis. Therefore, these data from EBSD can be used for phase

identification. However, in the current work, TWIP only present austenite phase.

 Calculation of dislocation density

In order to identify how dislocation density changes with the process of ECAP, a

calculation of dislocation density has been done. The calculation is based on the

model of He et al [104] which obtain the value through conventional EBSD

orientation maps. Dislocations are two-dimensional defects causing a relative

displacement of the crystalline lattice. They can be described by a line vector t, which

indicates their direction, their Burgers vector b, which characterizes the displacement,

and a position vector r0. Nye’s dislocation density tensor, αij, can be written as [105]:

)rr( 0  jiij tb (4.2)

Kroner [106,107] gives the direct relation between the dislocation density tensor and

the geometry of the distorted lattice (curl is a vector calculus):

elplT curlcurl   (4.3)

where βpl and βel are the plastic and elastic distortion tensors. βel can be written as the

sum of the elastic strain tensor εel, and the local lattice rotation tensor ω. Therefore,

the components of the dislocation density tensor can be expressed as:

)( ,,, kil
el
kiljkl

el
kiljklij   (4.4)

In order to simplify, in the absence of elastic strain, εel=0 and the lattice

rotation milmil   :

kkijijkmilmjklkiljklij ,,,,   (4.5)

With the lattice curvature tensor ijji ,  , the dislocation density tensor can be

written as:
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kkijjiij   (4.6)

And the curvature tensor κ is finally obtained with conventional EBSD [108,109].

The microstructure and texture in the current thesis were characterized by EBSD on

the transverse plane (xy plane), as shown in Figure 4.18. The samples were cut from

the center of the ECAP specimens and mechanically polished using 0.02 μm colloidal

silica solution. EBSD measurements were carried out through a scanning electron

microscope (SEM) with a Field Emission Gun JEOL JSM-7001F (at a voltage of 20

kV) operating with the Oxford Instruments HKL Channel 5 software.

Different step sizes were used for two different TWIP steels. For TWIP 1: 3 μm for

the annealed TWIP steels, 0.2 μm for the samples with 1 ECAP pass (0.08 μm for the

samples with 1 ECAP passes at room temperature), 0.05 μm for the samples with 2

ECAP passes and 0.03 μm for the samples with 4 passes. On the other hand, for TWIP

2: 2 μm for the annealed TWIP steels, 0.2 μm for the samples with 1 pass sample,

0.08 μm for 2 passes and 4 passes samples.

The orientation coloring code used in this paper is given by the standard triangle of

inverse pole figure (IPF): grains misoriented with respected to the <100>, <110>,

<111> orientation are red, green and blue, respectively.

Figure 4.18 Die configuration and the corresponding system used in current research
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The steps followed for the analysis by EBSD in the current research in given in Figure

4.19.

Figure 4.19 Flow diagram of EBSD analysis in current research

4.5 Mechanical characterization

4.5.1. Micro-hardness testing

Hardness is often used to represent the resistance of a material to the plastic

deformation caused by the indentation of a foreign object. For most materials, there is

an approximate proportional relationship of hardness and flow stress [110]:

fkH  (4.2)

where H is the hardness of material, k is a proportionality coefficient, usually taken to

be 3.0 in steel, σf is the flow stress. Because a micro-hardness indenter size is very

small, it is possible to use this technique to measure the hardness of the material in
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different phases or regions, and treat these results as a basis for analysis of

micro-structural features.

In this dissertation, a micro-hardness testing machine AKASHI MVK-HO-type micro

Vickers hardness tester (as shown in Figure 4.20) was used, and the indenter was a

pyramidal diamond indenter with a side angle of 136°, and the holding time was 10s.

Before hardness testing, specimens had been polished.

Figure 4.20 AKASHI MVK-HO-type micro Vickers hardness tester

Hardness values change with the load applied, which affects the hardness test results

and the variation of the micro-hardness values with the load are sensitive to the nature

of the material. However, micro-hardness values are relatively stable when the load is

large [111]. Therefore, the hardness should be measured in the large load range. In

this dissertation, 0.5kg load was chosen for micro-hardness measurements and 10

measurements in different areas of sample were done for average value calculation.
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4.5.2. Microtensile testing

Many research results [112] showed that after ECAP, the deformation distribution

within the sample is not uniform, and the effect of grain refinement is slightly

different in different regions. In particular, in the central region of ECAP sample,

grains underwent severe deformation, showing more grain refinement. On the other

hand, near the edge of the samples, there is relatively less grain refinement. Therefore,

the samples used for tensile testing should avoid effects due to material

inhomogeneity. So the tensile testing specimens were machined from the middle of

the rod cross-sectional sample (as shown in Fig 4.21). Tensile samples were machined

with the deformation axis following the longitudinal direction of the extruded bars.

Since the dimension of ECAPed material is reduced, standard tensile sample cannot

be machined from the bars. Instead, in the present study, micro-tensile sample, with a

gauge length of 3 mm, was taken out from the middle of the rod cross-sectional

sample. The samples were machined using wire cutting.

Figure 4.21 Schematic diagram of sampling and dimension of tensile mechanical

properties test sample

In order to evaluate the evolution of mechanical properties after different number of

ECAP passes, the materials were tensile tested in the initial (annealed condition), after

1 pass, 2 passes and 4 passes. The tensile testing was carried out in a Micro-test

DEBEN machine (as shown in Fig 4.22) with a cross head speed of 3.3·10-3 mm/s
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(quasi-static loading conditions). The fracture surfaces were analyzed under scanning

electron microscope with a Field Emission Gun JEOL JSM-7001F (FE SEM)

operated at 20 kV.

Figure 4.22 Micro-test DEBEN machine
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5 Characterization of the Microstructure and Texture

analysis

This chapter provides a microstructural analysis of the materials under study taking

into account the statistics provided by the optical microscope, EBSD measurements

obtained by the Oxford Instruments HKL software Channel 5 as well as transmission

electron microscope (TEM). The microstructures of materials before and after ECAP

process are presented.

5.1 Characterization of material before ECAP procedure

5.1.1 As-cast microstructure (TWIP 2)

TWIP 1 was obtained as a hot-rolled condition, and, therefore, it was not analyzed in

its as-cast condition. In this section only TWIP 2 casting microstructure is

characterized.

In Figure 5.1, the microstructure of TWIP 2 in the as-cast condition can be observed.

The microstructure shows the typical dendritic features of as-cast metallic materials

and no significant differences are observed between the top and the bottom of the

ingot which are given in Figure 5.1 (a) and (b) respectively. This confirms that the

casting procedure was substantially uniform. On the other hand, strong segregation

can also be observed in the microstructures. In fact, Mn has a big tendency to

micro-segregate and the homogenization of its composition requires long heat

treatments after the casting operations. In some inter dendritic regions, shrinkage

cavities can be identified, also typical in as-cast microstructures. These cavities will

be “welded” during the subsequent forging operations.
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Figure 5.1 Microstructure in casting condition for TWIP 2: (a) top of the ingot; (b)

bottom of the ingot

5.1.2 As-hot rolled microstructure

Hot rolling is usually applied to reduce the dimensions of the slab. Moreover, the

reheating of the material and subsequent deformation is helpful for the

homogenization of the composition (high Mn steels are usually very segregated in

their as-cast condition, as was seen in Figure 5.1). The deformation at high

temperatures is also effective to “weld” or close the shrinkage cavities and pores and

to recrystallize the microstructure, generating an overall more homogeneous

microstructure, which is beneficial in terms of mechanical properties.

Figure 5.2 illustrates the microstructure of TWIP 1 after hot rolling and the arrows

indicate the rolling direction. In general, the microstructure is heterogeneous with big

grains oriented in the rolling direction and groups of recrystallized fine grains.
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Figure 5.2 Microstructure of condition in hot rolling condition for TWIP 1: (a) general

image; (b) magnification of (a)

5.1.3 Heating treatment for homogenization of TWIP 1 and TWIP 2

As seen in previous sections, after casting and hot deformation, the microstructure of

TWIP steels can be very heterogeneous. In order to homogenize the microstructure, a

heat treatment was applied to the steels. This homogenization heat treatment was

optimized for TWIP 2 (a similar behavior is expected for TWIP 1 given the

similarities in the composition). Figure 5.3 shows how the grain size changes with the

reheating temperature. That is the grain size is bigger in higher heat treated

temperature. The selected homogenization conditions were reheating of the steels to

1200ºC for one hour of treatment.
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Figure 5.3 Microstructure of TWIP 2 in heat treated condition: (a) 1000ºC, (b) 1200ºC

5.2 Microstructure characterization by EBSD analysis

5.2.1 Microstructure of homogenization condition of TWIP 1 and

TWIP 2

5.2.1.1 Microstructure characterization of TWIP 1

Figure 5.4 shows the optical microscope image and Figure 5.5 gives more detailed

EBSD information of TWIP 1 after the homogenization heat treatment. As noticed in

Figure 5.4 and Figure 5.5 (a-c), the microstructure in terms of grain size is

homogeneous. In particular, the average grain size is 69.2 μm taking twin boundaries

into account and 99 μm when twins are not considered. By EBSD, the nature of
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different boundaries, i.e, grain boundary, sub-grain boundary and twins, can be

identified, according to the missorientation. In this study, grain boundaries are

identified as high angle boundaries with a missorientation above 15º, while sub-grain

boundaries are low angle with a missorientation below 15º. Twin boundaries have a

specific missorientation of 60º over the <111> axis. A color code has also been

applied to identify the different boundaries by EBSD: grain boundaries correspond to

the black lines, green lines are sub-grains and twins appear as white lines. The nature

of the boundaries in TWIP 1 after the homogenization heat treatment can be seen in

Figure 5.5 (b). In this case, almost no subgrains are noticed. and special grain

boundaries of twin type are obvious. These twin boundaries are associated to the heat

treatment and are considered annealing twins. Annealing twins can be easily identified

because they appear as straight lines in the microstructure and often appear in pairs of

parallel lines due to their characteristics stacking sequence. Figure 5.5 d shows the

grain area distribution for TWIP 1 in heat treated condition, it can be noticed that the

grains consist of different size but most of them in similar size level.

Figure 5.4 Optical microscope image of TWIP 1 in condition of annealing
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Figure 5.5 EBSD analysis of TWIP 1 in condition of annealing: inverse pole figure

(IPF) grain map; (b) grain boundary map; (c) quality grain map; (d) grain size

distribution

(black: line-high angle grain boundary, green: line-low angle grain boundary, white:

line-twin boundary)

5.2.1.2 Microstructure characterization of TWIP 2

Figure 5.6 illustrates the optical metallographic image of TWIP 2 in the heat treated

condition. As can be seen, it consists of equiaxed grains with different sizes as well.

The grain size of TWIP 2 is bigger than TWIP 1. This is confirmed by EBSD analysis

as shown in Figure 5.7 a-c, and the average values are 123.5 μm (with twin

boundaries) and 199.6 μm (without twin boundaries), respectively. The grain size

distribution of TWIP 2 (Figure 5.7d) is relatively similar with TWIP 1 while the
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fraction of large grains is higher. Moreover, the mean thickness of annealing twins is

also higher for TWIP 2 than TWIP 1, 47.2μm for the former and 93.1μm for the later.

Figure 5.6 Optical microscope image of TWIP 2 in condition of annealing

Figure 5.7 EBSD analysis of TWIP 2 in condition of annealing :(a) inverse pole figure

grain map; (b) grain boundary map;(c) quality map; (d) grain size distribution

(in grain boundary map: black line-high angle grain boundary, green line-low angle

grain boundary, white line-twin boundary)
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5.2.2 Microstructure of TWIP 1 deformed at room temperature

There is scarce information regarding ECAP applied to TWIP steels at room

temperature. Only Bagherpour et al [101] conducted ECAP for TWIP steels in an

ECAP die of Ф=120°, resulting in a large number of cracks. They concluded that flow

localization was in the basis of the onset of fracture. Taking this into account and

given the high strength of TWIP steels, it is predictable that their processing by ECAP

at room temperature will be difficult. In order to further clarify the characteristics of

applying SPD by ECAP in TWIP steels at room temperature, the procedure was tried

for TWIP 1 and one pass could be conducted. The microstructure is analyzed in this

section.

After one ECAP pass at room temperature, the microstructure is very heterogeneous,

with the presence of mechanical twins in some regions and very fine grains in other

regions of the sample (see Figure 5.8a). In fact, all mechanical twins appear with the

same orientation (this is also evident in the grain boundary map in Figure 5.9a). The

orientation of the twins is related to the initial orientation of the grains and the fact

that all twins appear with the same orientation indicates that they have all formed

inside the same original grain. In Figure 5.8b some details are given about the twins.

After one pass at room temperature, the fraction of new fine grains is higher than for

the sample ECAPed at 300ºC. From Figure 5.8c and Figure 5.9a, it can be seen that

fine grains are located in regions with high fractions of low angle grain boundaries,

indicating that fine grains appear by the transformation of previous subgrains. The

comparison of Figure 5.9a and the IQ map in Figure 5.9b shows that the indexation of

the sample was good. The grain size distribution of sample ECAPed at room

temperature is give in Figure 5.10.
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Figure 5.8 microstructure of one pass sample ECAPed at room temperature (a):

general grain map, (b): deformation twins (c): new formed fine grains
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Figure 5.9 (a): grain boundary map and (b) quality map of 1 pass at room temperature

of TWIP 1

(black line: high angle grain boundary, green line: low angle grain boundary,

white line: twin boundary)

Figure 5.10 Grain size distribution of one ECAP pass at room temperature sample

5.2.3 Microstructure of TWIP 1 deformed at high temperature

The isothermal 4 passes of ECAP were successfully performed at 300°C for TWIP 1.

The microstructure characterization is illustrated in Figure 5.11 to Figure 5.14.

The general view of first pass sample is given by IPF grain map in Figure 5.11a. As

can be seen, large elongated grains are noticed together with very fine equiaxed grains.

The fine grains appear mainly surrounding the big grains. Moreover, twinning is

active as a deformation mechanism. In Figures 5.11b-d, more detail is given from
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specific regions of Figure 5.11a by showing a magnification of the IPF map with the

corresponding grain boundary map in their right hand side. The twin magnification

(Figure 5.11b) shows that in a big elongated grain, there is a relatively high fraction of

deformation twins (twin boundaries are shown with white lines in the grain boundary

map). There are a few fine grains formed during one pass of ECAP procedure, as

shown in Figure 5.11c. Even though the proportion of fine grains is not high, the grain

size of these new formed grains is less than 5 microns. These fine grains usually form

between two neighboring big elongated grains (grain boundaries are represented as

black lines). Another feature in one pass sample is the formation of numerous low

angle grain boundaries in some big elongated grains, as shown by white lines in

Figure 5.11d and green lines in the corresponding grain boundary map. The fraction

of low angle grain boundaries can reach 59.5%.



90

Figure 5.11 microstructure characterization of one pass sample, (a): general grain map,

(b): deformation twins (c): new formed fine grains (d): low angle grain boundaries

c

b

d



91

After 2 ECAP passes (see Figure 5.12a) the microstructure still shows some

heterogeneity, although the overall fraction of equiaxed grains formed around the

large grains seems to have increased. The twin fraction after the second ECAP pass is

severely reduced and only in regions such as the one show in Figure 5.12b some twin

boundaries, the white lines in grain boundary map, can be detected. The size of the

fine grains has been reduced to 1-2 microns (see Figure 5.12c). Moreover, it can be

seen that some of the new formed grains are inside the big grains, e.g. the grains in

Figure 5.12c are within a big grain with an initial (101) orientation, indicating that

these fine grains are transformed from subgrains and the big grain is under a

refinement process. The formation of subgrains, as shown in the magnification in

Figure 5.12d reveals that there are still numerous low angle grain boundaries in large

grains.
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Figure 5.12 microstructure of two passes sample, (a): general grain map, (b):

deformation twins (c): new formed fine grains (d): low angle grain boundaries

b

c

d
b
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After 4 passes (see Figure 5.13a), the heterogeneous microstructure remains, although

less elongated grains are noticed and the presence of new fine grains are more

extensive. No generalized twinning can be observed after 4 passes, but in some

residual areas grain boundaries with the typical twinning misorientation can be found,

such as the region represented in Figure 5.13b. In some parts of microstructure, the

fine grains start to show an equiaxed morphology with grain size less than 1 micron,

as shown in Figure 5.13c. Figure 5.13d reveals that some of the subgrains are

transforming into new fine grains. That means that increasing the number of ECAP

passes could promote a larger amount of high angle grain boundaries, and therefore,

larger strength could be expected.
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Figure 5.13 microstructure of four passes sample, (a): general grain map, (b):

deformation twins (c): new formed fine grains (d): low angle grain boundaries

c b

d



95

In order to make sure that the features described previously were not artifact of the

data processing, the Image Quality (IQ) mapping was compared to the grain

boundaries mapping in Figure 5.14. According to the Image Quality (IQ) mapping as

shown in Figure 5.14, some regions appear dark. These regions can be related to the

presence of grain boundaries or bad indexation. If Figure 5.14 is compared to grain

boundary map, it can be seen that most dark regions in the IQ are related to the

presence of either LAGB (green lines) or HAGB (black lines), and only residual

zones presented indexation problems.

Figure 5.14 EBSD IQ mapping and grain boundary map of (a): 1 pass sample, (b): 2

passes sample and (c): 4 passes sample for TWIP 1(black line: high angle grain

boundary, green line: low angle grain boundary, white line: twin boundary)
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In the Figure 5.15, the grain size distribution of ECAPed TWIP 1 is illustrated (The

grains which are not closed within the scan range are not considered). In all passes of

ECAPed TWIP steels, grains with small dimensions constitute the most important

fractions. More specifically, from 1 pass to 4 passes, the number of larger grains is

showing a downward trend. In 4 passes samples, the grains less than 1 μm accounts

for more than 90%.

Figure 5.15 Grain size distribution of deformed TWIP 1

(a): 1 pass sample, (b): 2 passes sample, and (c): 4passes sample

5.2.4 Microstructure of TWIP 2 deformed at high temperature

TWIP 2 was also deformed by ECAP at 300°C for four passes. Figure 5.16 to Figure

5.19 show the microstructural characterization of ECAPed TWIP2 by EBSD. Figure

5.16 a-c show the detailed characterization of the one pass sample. From the general
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view of IPF grain map (Figure 5.16a), elongated big grains with the presence of twins,

(more evident in some regions such as the one identified in Figure 5.16b) can be

noticed, besides, several new formed fine grains are observed in some regions,

typically at the boundaries of the big elongated grains (Figure 5.16c). Following the

same procedure explained for TWIP 1, the new formed fine grains are associated with

low angle grain boundaries, as shown in Figure 5.16c.

Figure 5.16 microstructure characterization of one pass sample, (a): general grain map,

(b): deformation twins (white lines in the right-hand image) (c): new formed fine

grains

b
c
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After the second pass of ECAP procedure, the microstructure is further refined when

compared to the one pass sample (see Figure 5.17a). The typical straight twin

boundaries are rare to find in the microstructure and only in some regions, such as the

one shown in Figure 5.17b, can be observed. On the other hand, the fraction of new

formed fine grains has raised, as well as the density of low angle grain boundaries, as

detailed in Figure 5.17c. The new formed grains start to show equiaxed morphology

compared to the corresponding one pass sample.

Figure 5.17 microstructure characterization of two passes sample, (a): general view,

(b): deformation twins (c): new formed fine grains with low angle grain boundaries

b

c
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The microstructure of the four passes sample is given in Figure 5.18a and b. In

general, the presence of fine grains is more extended, and therefore the average grain

size is significantly reduced. Furthermore, most of the new formed grains are

equiaxed. In this severely deformed microstructure, twin boundaries are hard to find.

Figure 5.18 microstructure characterization of four passes sample, (a): general view,

(b): new formed fine grains with low angle grain boundaries

The IQ map and entire grain boundaries map are shown in Figure 5.19, and it has

been proved that the indexation is comparatively high.

The grain size distribution diagram of TWIP 2 is given in Figure 5.20. The overall

trend of distribution in each pass shows similar behavior with TWIP 1, only fine

grains take slightly less proportion.

b
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Figure 5.19 EBSD grain boundary map of (a): 1 pass sample, (b): 2 passes sample,

and (c): 4passes sample for TWIP 2

(black line: high angle grain boundary, green line: low angle grain boundary,

white line: twin boundary)



101

Figure 5.20 Grain size distribution of deformed TWIP 2

(a): 1 pass sample, (b): 2 passes sample, and (c): 4passes sample

5.3 Texture evolution by EBSD analysis

Texture is defined as polycrystalline orientation and the apparent deviation from a

random distribution. In this dissertation, the texture will be illustrated through pole

figure and orientation distribution function (ODF).

5.3.1 Texture evolution of TWIP 1

5.3.1.1 Texture of TWIP 1 in homogenized condition

 Pole figure

The initial texture of cubic materials could range from random (with intensities

between 1.2-1.4), moderate (with intensities 2-3) and strong without symmetry (with
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intensities >5-6) [113]. In order to clarify the texture of initial TWIP steels, the pole

figure was analyzed first. The ideal component of FCC materials used as comparison

pattern in planes {100}, {110}, and {111} are shown in Figure 5.21.

Figure 5.22 shows the pole figure of TWIP 1 in the heat treated condition. As can be

seen from the pole figure, the texture components of homogenization annealed TWIP

1 has moderate intensities (with values from 3 to 6). As for the preferred orientation,

in plane {100}, the presence of <101> and <111> directions could be noticed; in plane

{110}, the material shows more intensities in <110> and <111>; as for plane {111},

the direction of <111> and <110> have higher intensities. This analysis is important in

particular to explain the degree of anisotropy of the material processed by ECAP since

the presence of some moderate texture in the original material could greatly influence

the behavior of the material after the deformation procedure.

Figure 5.21 Stereographic projection patterns

(a) {100} plane, (b) {110} plane and (c) {111} plane
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Contour isolevels: 0.78/1.33/3.88/5.43/6.98

Figure 5.22 Pole figure of TWIP 1 in annealed condition

 Orientation distribution function (ODF)

Humphrey et al [114] have summarized the most significant orientations position for

the recrystallization texture of FCC materials, as shown in Table 5.1.

The texture developed during hot rolling procedure of steel shows FCC “fibers” as

illustrates in Figure 5.23. The two fibers: α fiber and β fiber can be noticed, where the

α fiber consists of all orientations lying between the Goss {110} <001> component

and Brass {110} <112> component. The second fiber, known as the β fiber, consists

of the Cu {112} <111> component, S {123} <634> and Brass component, as well as

all the intermediate component located on the fiber [115].
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Figure 5.23 Three dimension view of FCC steel rolling fiber, illustrating the main

texture components

In the current dissertation, the investigated materials were analyzed in triclinic

symmetry to identify the initial symmetry. Figure 5.24 shows the ODFs for TWIP 1

steel in heat treated condition, prior to the ECAP process. It can be observed, as

expected, that the material presents monoclinic symmetry, that is, a repetitive

behavior of the texture each φ1=180º [116].

Table 5.1

Miller indices and Euler angles for common re-crystallization texture of FCC

materials [113].

Notation {hkl}<uvw> Euler angles (deg)

φ1 Ф φ2

Cube (C) {001}<100> 0/90 0/90 0/90

45 0 45

Rotated Cube (RC) {001}<110> 0/90 0 45

Cube RD {013}<100> 0 22 0/90

Cube ND {001}<310> 22 0 0/90

Goss (G) {011}<100> 0 45 0/90
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{110}<001> 90 90 45

Rotated Goss (RG) {110}<110> 90 45 0

0 90 45

Copper (Cu) {112}<111> 90 35.26 45

Rotated Copper

(RCu)

{112}<110> 0 35.26 45

Brass (B) {011}<211>

{110}<112>

35 45 0/90

55 90 45

Rotated Brass (RB) {110}<111> 35.26 90 45

55 45 0/90

P {011}<122> 65 45 0/90

Q {013}<231> 58 18 0

ϕ2=0° ϕ2=45°

Contour isolevels: 1/3.4/6.79/10.2

Figure 5.24 ODF figures of (a) ideal component [115] (b) initial conditions of TWIP 1

In the ODFs plots, the high fraction of components which belong to α fiber, such as

Goss (G) and Brass (B), can be observed. This result is consistent with Haase et al

[117] and Barbier [118], who indicated that low SFE metals in heat treated condition

develop Brass and Goss type texture. Furthermore, with reducing SFE, Brass

orientation intensifies with a spread to Goss component, thus forming the
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characteristic α fiber [119,120,121]. In the case of β fiber, relatively high fraction of

Copper and Brass components can be noticed as well. This texture component is

usually found in hot rolled FCC metals and it has also been described for low SFE

metals in rolled condition. In this case, after the last annealing step and the increase of

annealing twins, the presence of Goss and β-fiber texture components has practically

disappeared and the brass texture components seems to have been reinforced. It

should be noted that in low SFE materials, twinning has a certain degree of influence

on texture evolution, that is, a transition from Copper to Brass-type texture [120,122].

Figure 5.25a summarizes the intensity values of every component. As shown, in initial

TWIP steels, the dominant texture component are Goss, Brass followed with Copper.

With respect to the degree of anisotropy of the initial TWIP materials, the prevalence

of <110>||Y fiber can be observed, with a slightly lower rate of the <110>||Z and

<111>||X fiber, as shown in Figure 5.25b.

Figure 5.25 (a) Frequency of the texture components and (b) Fiber texture of initial

TWIP 1

5.3.1.2 Texture of TWIP 1 in ECAPed condition

The texture of materials after ECAP procedure were analyzed in triclinic symmetry

(0°<ϕ1<360°) as well, and the ideal orientations of deformation by simple shear was
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suggested according to Beyerlein et al [123] and Li et al [124], which are summarized

in Table 5.2.

Table 5.2

Ideal texture orientations of FCC materials deformed by simple shear [122,123]

Notation {hkl}<uvw> Euler angles (deg)
ϕ1 Ф ϕ2

*
1A (111)[ 211 ]

35.26 45 0/90
125.26 90 45

*
2A (111)[ 211 ]

144.74 45 0/90
54.74 90 45

A
( 111 )[110]

0 35.26 45

A ( 111 )[ 011 ]
180 35.26 45

B
( 211 )[110]

0/120 54.74 45

B ( 211 )[ 011 ]
60/180 54.74 45

C {001}<110> 90 45 0/90
0/180 90 45

Figure 5.26 shows the texture evolution of TWIP steels deformed by 1, 2 and 4 ECAP

passes, where monoclinic symmetry can be observed (the components are symmetric

every 180°). The intensities of texture component BB / and A/Ā are almost identical.

Beyerlein et al [122] indicated that in first pass of simple shear, monoclinic symmetry

is noticed, especially in Ф=90° mold. Furthermore, in subsequent passes, the

symmetry should be only observed in ECAP routes A or C, rather than BC. However,

Suwas et al [125] and Higuera-Cobos et al [115] showed that after several passes, the

monoclinic symmetry is still maintained, and explained that the texture after several

ECAP passes using a die with the external angle ψ>0° will exhibit some typical

component with a continuous distribution along the orientation fibers, so that

symmetrical areas could be observed. The results reported in this work are in

agreement with these later authors.
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The ideal orientation position for FCC materials deformed by simple shear is shown

in Figure 5.26a. For the sample after 1 pass (see Figure 5.26b), the presence of the α

fiber, with a relatively strong component of A1* and A2*, was noticed. This

phenomenon is consistent with EBSD observation because A1* and A2* belong to {111}

<112> twin orientation. However, after 2 and 4 ECAP passes, there is a sharp

decrease in the intensity of A1* and A2* components accompanied by a softer decrease

in C component, and the TWIP steel present a simple shear texture with a preference

to deform in the β fiber since BB / orientation are gradually strengthened, as shown

in Figure 5.26c and d. Beyerlein [122] found that for low SFE material, in one pass

condition, A/Ā and A1* or A2* will increase with strain, and C component will be

replaced by {112}<110> component (B component). According to limited previous

studies, such as the one by Suwas [124], the texture evolution of low SFE metals

during ECAP could be compared to the texture development in cold rolling procedure,

and proposed the correspondence: S→A1, Cu→C, Brass→B. Therefore, C component

is expected to decrease while BB / components will become stronger [124]. On the

other hand, BB / components will be strengthened gradually by increasing the

number of ECAP passes, indicating the presence of a more stable and regenerated

structure. Hughes [126] also confirmed that B component can be strengthened with

large deformations for a wide range of SFE values [115,122].
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Ф2=0° Ф2=45°

Ф2=0° Ф2=45°

Ф2=0° Ф2=45°
Contours isolevels: 1/3/7/10

Figure 5.26 (a): Ideal components in triclinic symmetry of FCC materials deformed

by simple shear [115], (b)-(d):Texture components of investigated TWIP steels after

(b) 1 pass of ECAP, (c) 2 passed of ECAP, and (d) 4 passes of ECAP

5.3.2 Texture evolution of TWIP 2

5.3.2.1 Texture of TWIP 2 in homogenized condition

 Pole figure

The pole figure of TWIP 2 in the heat treated condition is shown in Figure 5.27. As

can be noticed, in the homogenization heat treated condition, TWIP 2 shows a texture

orientation similar to the one of TWIP 1. More specifically, they both show moderate

intensities of texture and analogous preferred orientation: in {100} plane, direction

<101> and <111> are preferred, in {101} plane, dominating direction are <101> and

<100>, while in {111} plane, favored direction are <111> and <100>.
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Contour isolevels: 0.78/1.33/3.88/5.43/6.68

Figure 5.27 Pole figure of TWIP 2 in annealed condition

 Orientation distribution function (ODF)

Figure 5.28 illustrates the ODF features of TWIP 2 in the heat treated condition, and

Figure 5.29 shows the intensities value of each texture component and corresponding

texture fiber. In the heat treated condition of TWIP 2, the dominant components are

Brass, Goss and Rotated brass, but some other components such as Copper and P

show relatively high fraction as well. The degree of anisotropy in the initial materials

is shown in Figure 5.29b. The prevalence of <110>||Y and <110>||Z could be found in

both TWIP steels with a slight lower intensity of <110>||X. The proportion of Goss

and Brass in TWIP 2 is not as high as in TWIP 1 since the hot rolling procedure

applied in TWIP 1 could intensify the Goss and Brass components [114].
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Contour isolevels: 1/2.4/5/6.5/7.89

Figure 5.28 ODF figures of (a) ideal component [115] (b) initial conditions of TWIP 2

Figure 5.29 (a) Frequency of the texture components and (b) Fiber texture of initial

TWIP 2

5.3.2.2 Texture of TWIP 2 in ECAPed condition

The texture of TWIP 2 after ECAP procedure is analyzed by triclinic symmetry ODF

pattern (0°<φ1<360°), as previously done for TWIP 1. Figure 5.30 represents the ODF

figure of ECAPed TWIP 2 steel. Firstly, monoclinic symmetry can be observed for 1

pass, 2 passes and 4 passes, because the components are repeated every 180°. This is a

common point for the two investigated TWIP steels and is related to the mold used, as

confirmed by Suwas et al [124] and Higuera-Cobos et al [115], in BC route. However,

with respect to the preferable texture component, after one pass, a relatively strong



112

component of A1*, A2*and C can be noticed, while B component shows a much lower

intensity than for TWIP 1. This is probably due to the lower SFE value for TWIP 2

[122]. As for two passes and four passes samples, BB / orientations are gradually

strengthened.

Ф2=0° Ф2=45°

Contour isolevels: 1/3/7/10

Figure 5.30 (a) Ideal ODFs in triclinic symmetry of FCC materials deformed by

simple shear [115], (b) TWIP 2 steels after 1 pass of ECAP, (c) TWIP 2 steels after 2

passes of ECAP and (d) TWIP 2 steels after 4 passes of ECAP

5.4 TEM analysis

5.4.1 TEM analysis of TWIP 1 in homogenization condition

A bright field TEM image of the annealed material is shown in Figure 5.31. Long

straight dislocations with few interactions between them can be observed which

results in a low initial dislocation density.
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Figure 5.31 TEM bright field images of initial condition TWIP steels

5.4.2 TEM analysis of one pass TWIP 1 sample deformed at room

temperature

TEM images of the sample subjected to 1 ECAP pass at room temperature can be seen

in Figure 5.32. In general, primary twins are located in some regions of the sample

forming bundles (Figure 5.32a). Moreover, different twin orientations can be found in

some grains (Figure 5.32b-e). Babier [117] describes three different types of

secondary twin system: (i) two systems sequentially activated (as shown in Figure

5.32b); (ii) two twinning systems simultaneously activated (Figure 5.32c); (iii) two

systems activated in different regions (Figure 5.32e). Therefore, all three types of

secondary twins can be identified in the sample ECAPed at room temperature.

Dislocations
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Second twin system

Two twin system in different region

Twin bundles

Second twin system

Second twin system

Figure 5.32 TEM micrographs of one pass at room temperature: (a) general view of

twins; (b) secondary twinning are crossing; (c) another kind of second twin system; (d)

magnification graph of (c); (e) two systems activated in different regions

5.4.3 TEM analysis of TWIP 1 sample deformed at 300°C

Figure 5.33 shows the TEM information of TWIP1 one pass sample deformed at

300°C. Figure 5.33a shows the general view of twins in the one pass samples. As
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displayed in EBSD studies, great changes in the microstructure were observed after

one ECAP pass, with some austenite grains containing bundles of twins (Figure 5.11).

The twin thickness in this stage ranged between 400 and 800 nm. One of these grains

can be observed in Figure 5.33a. The corresponding selected area electron diffraction

(SAED) and indexed pattern are shown in Figure 5.33b. This SAED pattern provides

proof of the existence of the twin system, and it is formed on the ( 111 ) plane. This

primary twin system is consistent with Barbier et al [117]. From their viewpoint, the

twin system network is obtained by a 180° rotation of the matrix reciprocal lattice

around the *]111[ reciprocal direction, which is consistent with current research. A

careful observation allows viewing the high dislocation density inside the twins

(Figure 5.33f). This fact has been described before [102] and it has been related to the

large kinematic hardening observed in TWIP steels. Grains with a more refined twin

structure were also found, although less often than the grains with coarse twins

exposed in Figure 5.33a. In these cases secondary twinning was frequently observed

(Figure 5.33c and d). The corresponding selected area electron diffraction (SAED) is

shown in Figure 5.33e. The experimental SAED pattern enables to relate the extra

diffraction spots to two different perpendicular twin systems formed on the (11-1) and

(-111) planes [117]. This kind of structure has also been described in TWIP steels

deformed by ECAP at 300 °C in other study [102].
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Twin bundles

Zone axis=[617]

Twins

Twins

(11-1)

Second twin system Second twin system

Twin 1

(11-1)

Twin 2

(-111)

Dislocations

Figure 5.33 TEM micrographs of one pass at 300°C: (a): general view of twins; (b):

SAED pattern of (a); (c): graphs of two twin system; (d): high magnification of (c);

(e): SAED pattern of (d); (f): high density of dislocations

The TEM images corresponding to the samples after two ECAP passes are shown in

Figure 5.34. In this stage an overall refinement of the microstructure was noted by the

EBSD analysis (Figure 5.12). On the other hand, in the EBSD analysis less presence

of twins comparing with one ECAP pass samples was observed. However, it was
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fairly easy to find grains in which bundles of twins were identified (Figure 5.34a).

The measurement of twin thickness revealed a decrease of the mean value with

respect one pass samples up to 200 ± 50 nm, which agrees with the statement that the

twin thickness declines as the grain size decreases. Inside these primary twins two

features can be mentioned. The first one is that the dislocation density was again very

high as in the case of one pass ECAP samples (Figure 5.34b); the corresponding

SAED pattern is shown in Figure 5.34c. The second feature is the presence of

numerous nano-twins (Figure 5.34d and e), which can be detected in the experimental

SAED pattern in Figure 5.34f. The formation of a secondary twinning system inside

primary twins has been well described in some ECAPed TWIP steel [102], but it

seems to be less frequent in others, since in the last case the presence of nano-twins

was mainly described inside shear bands and subgrains. Besides, another feature of

the two passes sample is the preliminary formation of dislocation cells, as shown in

Figure 5.34g.
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Figure 5.34 TEM micrographs of two passes at 300°C: (a) general view of twins; (b)

high magnification of twins (c) SAED pattern of (a); (d) graphs of two twin system; (e)

high magnification of secondary twin system; (f) SAED pattern of (d); (g) formation

of cells
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After four ECAP passes at 300°C, the microstructure has been refined again

comparing with two ECAP passes, but in this case some parameters as the dislocation

density and the grain size change with a lower rate. This implies that the capability of

material to increase the density of defects is less and that the material is closer to a

saturation level. The highly disordered microstructure of four ECAP passes is

depicted in Figure 5.35a, and the corresponding SAED pattern is given in Figure

5.35b. In most of the grains the presence of subgrains with sizes that are around 100

nm and even lower can be observed. Other grains present thin and short twins with a

thickness within a range of 30-40 nm.

Figure 5.35 TEM micrographs of four passes at 300°C: general view of twins and

formation of subgrains; (b): SAED pattern of (a)

5.5 Discussion

5.5.1 Effect of ECAP temperature

In current research, TWIP 1 was deformed by one ECAP pass at different

temperatures, i.e. room temperature and 300ºC. The information regarding the size of

the new grains, as well as the fraction of the different grain boundaries of one pass

samples ECAPed at different temperatures, obtained from the EBSD results, is

summarized in Table 5.3. The main outcome of this comparison is that the grain size

of the fine grains formed during ECAP is reduced with the ECAP temperature.
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The twin thickness of one pass TWIP steel is shown in Figure 5.36. After ECAP

process at room temperature, the twin thickness is lower than the one for the sample

ECAPed at 300 ºC, and the average value is around 0.4 μm. In comparison with

annealing twins (0 pass), mechanical twins induced during ECAP, either at room

temperature or 300ºC, are always thinner and with more homogeneous values. In fact,

from the viewpoint of the SFE, at 300ºC its value is ~75 mJ/m2 [127], above the

range of 12-35 mJ/m2 which are the values needed to promote twinning as the

deformation mechanism. The results show that under severe plastic deformation, the

SFE is not the only property controlling the formation of twins, and twins can be

observed even when the deformation is applied at high temperatures.

Table 5.3

Microstructure characterization information of the investigated materials

ECAP
condition

Grain size of new
formed grains (μm)

3 grain
boundary

(%)

Misorientation

HAGB (%) LAGB (%)

0 pass 99.0 41.3 92.9 7.1
1 pass at room
temperature

1.9±1 14.8 40.1 59.9

1 pass at 300°C 4.1±2 13.4 41.3 58.7

Figure 5.36 Twin thickness after one ECAP pass in steel TWIP 1
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It should be noted that TEM, rather than EBSD, is more conclusive regarding the

characteristics of the twins formed during the ECAP process. If TEM results of one

ECAP pass at room temperature are compared with one ECAP pass at 300ºC for

TWIP 1, everything seems to indicate that the sample pressed at room temperature

shows a bigger fraction of twins and the twins are thinner. Additionally, deforming at

room temperature activates secondary twinning systems. As mentioned earlier, all

secondary twinning systems, as described in the literature, can be found for the

sample ECAPed at room temperature, whereas only the sequentially activated

twinning system was detected for the sample pressed at 300ºC. This can be explained

in terms of the strain accumulation achieved at the different deformation temperatures:

at 300ºC the accumulated strain is lower because there is possibility for a certain

degree of dynamic recovery and in less probability, dynamic recrystallization. The

higher the accumulated strain, the easier the activation of secondary twining systems,

as reported by Barbier et al [117]. In fact, even at 300ºC different secondary twinning

systems could be activated when the number of ECAP passes was increased, as shown

in Figure 5.33. However, the formation of twins is more difficult, based on the SFE

values, so both primary and secondary twinning mechanism are more rarely found in

the sample ECAPed at 300ºC [128, 129].

5.5.2 Effect of ECAP composition

5.5.2.1 Microstructure comparison

In current dissertation, two kinds of TWIP steels were processed by ECAP, and the

main difference is the chemical composition (as shown in Table 4.4). Before and after

ECAP procedure, the corresponding microstructure demonstrates different features.

The microstructure characterization information for TWIP1 and TWIP 2 after ECAP

procedure is given in Table 5.4 and Table 5.5 respectively. Firstly, as can be noticed,

the heat treated condition grain size (0 pass) for TWIP 2 is much higher than TWIP 1.
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However, after ECAP process, the new formed grains almost reached the same size.

The grain size of TWIP1 and TWIP2 steels, generated by dislocation driven grain

fragment and twining fragment, is small compared to the grain size of other metallic

materials ECAPed under similar conditions. These differences can be explained in

terms of the SFE, and it has been proven that materials with a higher SFE would

generate coarser grains after ECAP [130]. When it comes to the fraction of grain

boundaries, it seems that two TWIP steels display almost same fraction of low angle

grain boundaries, high angle grain boundaries, as well as ∑3 grain boundary. After

four passes, the LAGBs have gradually transformed into HAGB and therefore the

proportion of new grains increases with the number of deformation passes. It should

be noted that in these tables, the fraction of twin grain boundaries may be slightly

affected by the step size used for the EBSD scanning.

Table 5.4

Microstructure characterization information of as-annealed and ECAPed TWIP 1

samples

ECAP
PASS

Grain size of new formed
grains (μm)

∑3 grain
boundary

(%)

Misorientation

HAGB (%) LAGB (%)

0 pass 99.0 41.3 92.9 7.1
1 pass 4.1±2 13.4 40.5 59.5
2 passes 1.2±0.6 4.1 41.3 59.7
4 passes 0.4±0.2 3.5 51.1 48.9

Table 5.5

Microstructure characterization information of as-annealed and the ECAPed TWIP 2

samples

ECAP
PASS

Grain size of new formed
grains (μm)

3 grain
boundary

(%)

Misorientation

HAGB (%) LAGB (%)

0 pass 199.6 43.6 94.6 5.4
1 pass 2.0±0.3 22 35.8 64.2
2 passes 1.1±0.4 8 41.6 59.4
4 passes 0.5±0.2 3.4 51 49
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The twin thickness evolution during ECAP procedure for two TWIP steels is

illustrated in Figure 5.37 and Figure 5.38. The main trend for twin thickness is

decreasing for both TWIP steels. However, in heat treated condition, TWIP 2 contains

thicker twins, probably due to initial bigger grain size. After ECAP procedure, the

twin thickness gradually reaches the same level of thickness.

Figure 5.37 Twin thickness of investigated TWIP 1 samples

Figure 5.38 Twin thickness of investigated TWIP 2 samples

5.5.2.2 Texture component comparison

Figure 5.39 and Figure 5.40 show the frequency of texture component after ECAP

process. In one pass sample, the presence of A1* and A2*, which is part of α fiber can
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be noticed in both TWIP steels. This phenomenon is indicative of the presence of

twinning, which is consistent with observation of 1 pass IPF map. However, in one

pass of TWIP 1, other components such as A/Ā and BB / , show relatively high

fraction as well, and this cannot be observed in TWIP 2. When 2 passes and 4 passes

were applied, the intensities started to change. The common point for two TWIP steels

is that the components BB / are strengthened since they are a more stable structure

[131]. However, TWIP 1 demonstrates high intensities of A/Ā as well, which cannot

be found in TWIP 2.

Figure 5.39 Frequency of texture component of TWIP 1 after ECAP process

(a) 1pass, (b) 2 passes and (c) 4 passes
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Figure 5.40 Frequency of texture component of TWIP 1 after ECAP process

(a) 1pass, (b) 2 passes and (c) 4 passes
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6 Mechanical behaviors of investigated TWIP steels

In terms of the mechanical behavior, considerable research results have shown that the

grain refinement obtained after severe plastic deformation processes can lead to an

increase of the strength and modification of the deformation mechanisms [29, 30].

However, the increase in the strength is typically associated with a pronounced loss of

ductility. TWIP steels combine high strength with an excellent ductility. Given their

high ductility, they seem good candidates to be processed by severe plastic

deformation methods to maximize their strength, maintaining a certain degree of

ductility.

In previous sections, the microstructural evolution of two different TWIP steels

processed by ECAP was evaluated. In this chapter, the effects on the mechanical

properties will be analyzed. First, a comparative analysis of the impact of extrusion

passes on the tensile mechanical behavior of ECAP-TWIP steels was performed and

the reason for the increase in the strength was evaluated. A quantitative analysis of the

dislocation density and twinning behavior changes during ECAP will be performed in

order to explain the loss of strain hardening in TWIP steels.

6.1 Micro-hardness testing

6.1.1 Micro-hardness of steel TWIP 1

Micro-hardness is often used to represent the resistance to plastic deformation caused

by foreign objects pushing on a metal surface. Many researchers measure

micro-hardness at different regions of a specimen and treat it as basic information for

microstructure analysis. Figure 6.1 shows the relationship between Vickers-hardness

values (HV) and the number of pass for TWIP 1. It could be seen that the

micro-hardness of TWIP steels increase with the number of passes. Table 6.1 gives the
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exact hardness values. As can be noticed, the hardness values increase significantly

after the first pass of ECAP, from 312 HV0.5 to 478 HV0.5, and then the increase is

less pronounced in the following passes.

Figure 6.1 Variation of micro-hardness at room temperature with the number of passes

for steel TWIP 1

The dislocation density is calculated based on the model give in [100], and the

method is showed in 4.4.3.1. Table 6.1 gives the value of dislocation density before

and after ECAP procedure. It is obvious that the dislocation density increased with the

number of ECAP passes, and the most significant increase appears after the first

deformation pass. In low SFE materials, cross slip of dislocations is more difficult, so

that dislocation movement is restricted. Therefore, pile-up and proliferation of

dislocations can take place easily, and, therefore, dislocation density increases

drastically. The growing dislocation density can result in improvement of hardness

values due to strain hardening [132] due to the interaction of dislocations [133] and

the interaction of dislocation with twin boundaries [134].
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Table 6.1

Micro-hardness values (HV) of TWIP 1 steel of different passes and the

corresponding dislocation density

Number of pass 0 pass 1 pass 2 pass 4 pass
Hardness values 312±10 478±24 515±20 555±10

Dislocation density(m-2) 1.31×1013 7.65×1014 2.64×1015 4.33×1015

6.1.2 Micro-hardness of steel TWIP 2

The Vickers-hardness values of steel TWIP 2 are illustrated in Figure 6.2 and Table

6.2. As can be seen, the trend of micro-hardness is similar to the one of TWIP 1, i.e.

the micro hardness increases with the number of ECAP passes, especially after the

first ECAP pass. It also could be noticed that in initial condition and first two passes

samples, TWIP 2 shows lower hardness value.

Figure 6.2 Variation of micro-hardness at room temperature with the number of passes

for steel TWIP 2

Table 6.2

Micro-hardness values (HV) of TWIP 2 steel of different passes and the

corresponding dislocation density

Number of pass 0 pass 1 pass 2 pass 4 pass
Hardness values 140±15 395±12 415±31 532±15

Dislocation density(m-2) 1.02×1013 3.47×1014 8.76×1014 2.05×1015
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6.2 Micro-tensile testing

6.2.1 Tensile properties of steel TWIP 1

6.2.1.1 Strength increase of ECAP at high temperature

The Micro-tensile test results of steel TWIP 1 in the annealed and ECAP-ed (at 300°C)

conditions are shown in Figure 6.3 and Table 6.3. The yield strength (YS) and the

ultimate tensile strength (UTS) of the samples increase with increasing number of

passes. This is in agreement with earlier research [135]. For the initial heat treated

condition, the material exhibits relatively low yield strength of 590.6±5 MPa, a high

ultimate tensile of strength of 1370.5±5 MPa and a ductility of 40%, which is an

expected behavior for a TWIP steel. After one ECAP pass at 300°C the yield strength

increases to 1150.4±10 MPa and the ductility is reduced to 19%. After each

subsequent pass, the yield strength is increased and the ductility decreased, up to 4

passes (the maximum number of passes applied) for which the yield strength reaches

1490.9±10 MPa with a remaining ductility of 7% (see Figure 6.3). According to this,

the yield strength of steel TWIP 1 can be increased between 95% (after one pass) and

152% (after 4 passes), with respect to the annealed condition, by submitting the

material to ECAP extrusion. Another important parameter which characterizes the

mechanical behavior of steels is the YR ratio (yield strength to ultimate tensile

strength ratio). For some industrial applications, a maximum ratio is defined in order

to guarantee that the material will be able to deform plastically and uniformly before

fracture. With increasing the number of ECAP passes, the YR ratio also increases and

the value after 4 passes is 0.93. The energy absorption ability, represented by the

tensile toughness (measured as the area of the stress-strain curve [131]) decreases

with the increase of the number of passes, as well. However, the energy absorption

ability after 1 and 2 passes is still appealing and reaches the level of some

conventional deep drawing steels, such as FeP04, Z St E 180 BH, high strength IF

(HS) and Q St E 500 TM [2].
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Figure 6.3 Tensile true strength - true strain curves of the TWIP1 steel before and after

ECAP

Table 6.3

Yield stress, tensile strength, YS/UTS ratio (YR), elongation and toughness (area

below the tensile curve) of TWIP 1 in different conditions

ECAP
schedules

YS
(MPa)

UTS
(MPa)

YR Total
Elongation

(%)

Tensile
toughness ×
103 (J/m3)

Reduction
of area
(%RA)

As-receiv
ed

590.6±5 1370.5±5 0.43 40 489.3 64%

1 PASS 1150.4±10 1400.1±5 0.82 19 256.5 36%
2 PASS 1390.4±5 1520.2±5 0.91 14 224.4 28%
4 PASS 1490.9±10 1600.6±10 0.93 7 97.5 19%

Figure 6.4 shows the image of the fracture surfaces of heat treated and ECAP-ed

TWIP 1 steel. As can be seen, with increasing the number of ECAP passes, the

percentage reduction of area decreases gradually (the specific value is given in Table

6.3), and this is consistent with the elongation results in tensile test. The fracture

surfaces also show that the fracture morphology of annealed coarse-grained steels and

ECAP-ed TWIP steels is somehow different: for initial condition sample the fracture

surface consists of a large number of approximately circular equiaxed dimples and the

dimples are large and uniformly distributed; however, for ECAPed samples, the

dimples are narrower. The fracture surface indicates that the ductility of
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coarse-grained annealed steels is significantly better than ECAP-ed one, which

correlates with the tensile tests results. It is worth mentioning that the fracture

surfaces of ECAPed samples also show ductility mechanisms even though the

cleavage facets are still present in some area. The limited dislocation motion, joined

to the twinning mechanism can still promote some ductility which is shown by the

very small size of the voids and dimples observed in the ECAPed samples, especially

those of 2 and 4 passes. According to Yanagimoto et al. [136], there are two different

types of dimples for ductile fracture: the larger dimples are formed by the decohesive

mechanism in the inclusion-matrix interphase and the smaller dimples are caused by

the dislocation interaction mechanism [137].

Figure 6.4 Fracture surface of TWIP 1 steel: (a) initial condition, (b) 1 passes samples,

(c) 2 passes samples, and (d) 4 passes samples

Figure 6.5 illustrates the strain hardening rate vs. true strain for all samples. In the

heat treated condition, the TWIP steel has a high capability of strain hardening. At
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very low strains, the hardening rate is quite high but decreases very rapidly at

increasing strain. Then, at a strain of 0.07 (approximately) an upward trend followed

by a constant stage can be observed up to a moment in which it drops quickly until

fracture. In the severely deformed samples the strain hardening drops after the initial

deformation reaching lower values with increasing number of passes. Changes in the

strain hardening can be observed during deformation until a final drop takes places at

strains which are lower the higher the number of ECAP passes.

Figure 6.5 Strain hardening rate vs. true strain for steel TWIP 1

6.2.1.2 Strength increase of ECAP at room temperature

The true stress-strain curves of the heat treated TWIP 1 steel and the one pass samples

(both ECAPed at room temperature and at 300°C) are shown in Figure 6.6, and the

corresponding data are summarized in Table 6.4. As can be seen from the figure, the

tensile curve of TWIP 1 ECAPed at room temperature has the highest yield strength

and ultimate tensile strength, but with the lowest ductility among these three samples.

This is expected since strength and ductility are inversely related [131]. The energy

absorption capability decreases sharply after one pass at room temperature as well. It

is also worth mentioning the significant increase of yield strength (from 590.6 to

1295.3 MPa) from the heat treated state to the severely deformed at room temperature.

Another important feature is that all three steels attain a similar UTS value, around

1400MPa indicating that a saturation UTS can be achieved in all three conditions.
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Figure 6.6 Tensile true stress-strain curves of the TWIP steels in different conditions

Table 6.4

Yield stress, tensile strength, YS/UTS ratio (YR), elongation and toughness (area

below the tensile curve) of TWIP 1 in different conditions

ECAP
schedules

YS
(MPa)

UTS
(MPa)

YR Total
Elongation

(%)

Tensile
toughness
× 103

(J/m3)

Reduction
of area
(%RA)

As-received 590.6±5 1370.5±5 0.45 40 489.3 64%
1 PASS at
300°C

1150.4±10 1400.1±5 0.82 19 256.5 36%

1 PASS at
room

temperature

1295.3±5 1440.7±5 0.90 13 176.16 19%

The fracture surface characteristic of TWIP 1 deformed by ECAP (1pass) at room

temperature is shown in Figure 6.7. As mentioned above, the heat treated (annealed)

sample displays a large ductility, and fracture occurring by void growth and

coalescence. Lower amount of dimples are observed in the ECAPed samples, where

some cleavage as well as a subcell structure (typical of fine-grained material) is

apparent for sample ECAPed at room temperature. After ECAP pressing, the size of

the dimples is finer and more diversified (see Figure 6.4 b-d and Figure 6.7), with

more small dimples in the fracture surface of ECAP-ed samples. Furthermore, it could

be noticed that the sample after one pass at 300°C shows higher ductility than the
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sample pressed at room temperature and this can be related to a larger size of its

cavities. The percentage of reduction of area (%RA) of the 1 pass sample ECAPed at

room temperature is 19% which is lower than the value deformed at 300°C.

Figure 6.7 Fracture surface of TWIP steel ECAPed 1 pass at room temperature

The strain hardening rate vs true strain is shown in Figure 6.8 for the present one pass

TWIP 1 steel. The sample ECAPed at room temperature shows a quite low strain

hardening capability, as it only reaches a extremely short plateau after a small region

of strain and then falls to zero. These observations can be explained in terms of

dislocation interactions. In the annealed condition, a large grain size, relatively free of

dislocations promotes a large strain hardening related to the activation of twinning

and interaction between dislocations and twins. However, in the ECAPed conditions,

some twinning capability of the steels has already been consumed, and therefore, the

mean free path of dislocations during the subsequent deformation is reduced, and the

strain hardening becomes very limited. This effect is less pronounced in the sample

ECAPed at 300°C where twinning is reduced, when compared to room temperature,

and partial recovery has taken place.
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Figure 6.8 Strain hardening rate vs. True strain for samples in initial conditions and

samples processed by one pass of ECAP in steel TWIP 1

6.2.2 Tensile properties of steel TWIP 2

Figure 6.9 shows the true stress-strain curves of the investigated TWIP 2 steel with

different number of ECAP passes at 300°C, and Table 6.5 gives the detailed

information. From the figure, significant increases of both YS and UTS can be noticed,

which is similar with TWIP 1. Especially for the one pass sample, the corresponding

yield strength sharply increases near 5 times, from 188.2 MPa to 1018.2 MPa. The

maximum yield strength and ultimate tensile strength are obtained in 4 passes TWIP

steels as well, and the values are 1530.9 and 1603.0 MPa, respectively. However, after

ECAP procedure, the ductility decreases gradually. Yet the 8.5% elongation of 4

passes samples is still appealing. This type of behavior could be attributed to the

strain hardening related to the interaction between dislocations and twins [138]. In

general, the whole strength level of steel TWIP 2 is somehow lower than steel TWIP 1

(especially for heat treated condition samples).
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Figure 6.9 Tensile true stress-strain curves of the TWIP2 steels before and after ECAP

Table 6.5

Yield stress, tensile strength, YS/UTS ratio (YR), elongation and toughness (area

below the tensile curve) of TWIP 2 in different conditions

ECAP
schedules

YS
(MPa)

UTS
(MPa)

YR Total
Elongation

(%)

Tensile
toughness ×
103 (J/m3)

Reduction
of area
(%RA)

As-receiv
ed

188.2±5 1103.4±5 0.17 37 346.1 58%

1 PASS 1018.2±10 1204.8±5 0.85 19 237.9 30%
2 PASS 1148.0±10 1268.5±5 0.91 11 189.7 26%
4 PASS 1530.9±10 1603.0±10 0.96 8.5 101.4 23%

Figure 6.10 illustrates the strain hardening rate vs. true strain for steel TWIP 2 in

different deformation conditions. In a similar way to what was found for steel TWIP 1,

the heat treated samples show a relatively high strain hardening capability. In detail,

after a pronounced decrease up to strain of 0.05, the strain hardening capability starts

to rise up and reaches a constant level in the intermediate strain; then it shows a slight

decrease and reaches the second platform after strain of 0.25. Finally, over 0.32 true

strain, the strain hardening rate decrease again until the specimen rupture.

On the other hand, the strain hardening capability of ECAPed samples reduces

gradually with the amount of total strain applied by ECAP. The one pass sample
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shows a reducing trend of strain hardening with the strain and reaches a nearly

constant value at strain of 0.06, and the stain hardening rate reaches zero at 0.13 true

strain; for the second pass sample, the constant period is only maintained in a small

strain range of 0.03-0.06 strain, and then reaches zero at a strain of 0.08; for 4 passes

sample, there is almost always softening in the plastic region and the strain hardening

quickly reaches zero after a strain of 0.02.

Figure 6.10 Strain hardening rate vs. true strain for steel TWIP 2: in initial conditions

(a); and samples processed by ECAP (b)

The fracture surface images are shown in Figure 6.11. The heat treated sample

displays a large ductility, and fracture occurring by void coalescence and growth.

However, lower amount of dimples could be observed in the ECAPed samples. After

ECAP pressing, the size of the dimples is finer and more diversified (see Figure 6.11

b,c and d) which is similar with steel TWIP 1, and there are more small dimples in the

fracture surface of ECAP-ed samples. Regarding the reduction of area (%RA) of the

fractured specimen, the ECAP procedure results in a significant decrease of the %RA

in the specimen (detailed information is given in Table 6.5). The trend is considerably

similar with the tensile testing.
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Figure 6.11 Fracture surface of steel TWIP 2: (a) initial condition, (b) 1 passes

samples, (c) 2 passes samples, and (d) 4 passes samples

6.3 Discussion

6.3.1 Stages of deformation in the annealed condition

Figure 6.12 illustrates the true stress-strain curve for the two investigated TWIP steels.

As discussed above, steel TWIP 1 shows higher yield strength and ultimate tensile

strength, and their elongation are almost in same level.
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Figure 6. 12 Tensile true stress-strain curves of TWIP1 and TWIP2 in heat treated

condition

The ln(dσ/dε)-lnσ plot of the annealed sample of both TWIP steels are shown in

Figure 6.13. As can be seen, the plastic deformation can be divided into five stages.

For steel TWIP 1, first, a dramatic decrease of the strain hardening rate in the strain

range of 0-0.07 (stage A); second, a slight upward trend until strain of 0.13 (stage B),

then a sharper increase up to 0.2 strain (stage C); fourth, a nearly constant level

(actually a slight decrease) until 0.32 (stage D), and finally, over 0.32 strain, the strain

hardening rate starts to drop until the failure of the specimen (stage E). However, the

strain hardening behavior for steel TWIP 2 in heat treated condition is somehow

different. More specifically, after the stage A (strain of 0-0.05), the strain hardening

rate shows a upward trend in a longer strain range of 0.05-0.18, which is stage B, then

a slight decrease period described as stage C can be found (strain range of 0.18-0.24).

After that, in strain of 0.24-0.32, the plots show again a slight increase, and this is

stage D. Finally, the strain hardening rate drops. According to different authors

[125,139] these stages can be related to the following mechanisms: The transition

point from stage A to stage B corresponds to the onset of twinning within grains

deformed by multi-slip; the increase period of stage B can be due to the primary

deformation twins; then the stage C and stage D is attributed to the secondary

deformation twins (downward trend is because of lower twinning rate); the stage E

finally takes place when the slowdown of twinning activity and the plastic instability

occur.
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The difference between steels TWIP 1 and TWIP 2 in heat treated condition is that

stage B of TWIP 2 is sustained until a higher value of strain. Furthermore, stage C of

TWIP 1 shows an increase trend while in TWIP 2 this higher rate of secondary twin

behavior is reflected in stage D. Interestingly, the secondary twinning appears at

almost same level of stress. The reason for these differences is that the higher content

of aluminum in TWIP 1 steel increases the SFE which promotes an overall decrease in

the mechanical twinning [102], and it is reflected in shorter and smoother stage B in

TWIP 1 steel [102,107] as well as an increasing stage D in TWIP 2. In the case of the

TWIP steel without Al (FeMnC series), the overall strain hardening runs above the

present TWIP steel (with aluminum) values [102] which can be again related to the

larger twinning activity of FeMnC TWIP steels [103].

Figure 6. 13 The plot of ln(dσ/dε) vs. lnσ of TWIP 1 and TWIP2 in heat treated

condition

6.3.2 Effect of ECAP passes

The ln(dσ/dε)-lnσ plot of the steels TWIP 1 and TWIP 2 after different ECAP passes

are shown in Figure 6.14. As compared with heat treated condition sample, the strain

hardening behavior (as given in Figure 6.5) and the ln(dσ/dε)-lnσ plots of ECAP-ed

samples show different characteristics. However, in steel TWIP 1, the trend of

different passes sample is comparably similar. The plots for two passes and four
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passes samples appear in the right side because of higher strength they have. In detail,

the strain hardening behavior of all samples after ECAP procedure show that after a

downward trend, a slight increase in a short range of strain can be noticed, then it

drops. The stages division is not similar with corresponding heat treated sample

because the twinning capability is exhausted in a certain degree after ECAP process,

and only the transient rise can be attributed to twinning behavior. However, in four

passes sample of steel TWIP 2, the strain hardening seems dropped extremely

severely indicating a lower twinning capability in these samples.

Figure 6. 14 The plot of ln(dσ/dε) vs. lnσ of (a) TWIP 1 after different ECAP passes

and (b) TWIP 2 after different ECAP passes

Regarding the strain hardening of steel TWIP 1 one pass sample (as shown in Figure

6.5), the material hardens up to a true strain of 0.15. From the analysis of

microstructure by EBSD in Figure 5.11, it is clear that although there are a significant

number of elongated grains with subgrains or mechanical twins, other grains show

less defects. Therefore, the material during the tensile test at room temperature is still

able to deform by mechanical twinning and dislocation slip. This analysis agrees with

the one exposed in [135] for a TWIP steel with aluminum. In the case of two ECAP

passes at 300°C, the same trend is observed. The strain hardening behavior can be

related to the evolution of the microstructure by EBSD in Figure 5.12 which shows a

significant reduction of the grain size together with an increase of the number of fine

subgrains as a result of a high dislocation activity. Twinning activity was also
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observed in the TEM analysis in Figure 5.34, where a large presence of nanotwins

inside the primary twins due to secondary twinning was pointed out, and these

detected twins are related to the inflection in the ln(dσ/dε)-lnσ plots. Finally, in the

evolution of the strain hardening rate during tensile test after four ECAP passe, the

analysis by EBSD and TEM showed that a large refinement of the microstructure has

been achieved. Many subgrains formed in previous ECAP passes has led to new fine

grains with equiaxed morphology, the remaining dislocation cells have reduced the

diameter up to 100 nm or less and mechanical twins appear distorted and with twin

thicknesses around 30-40 nm. In addition, the evolution of dislocation density in

Table 6.1 shows that the dislocation density has increased at a very low rate during the

third and fourth passes. All these observations led to the conclusion that after 4 ECAP

passes the present steel TWIP 1 is reaching the saturation level and that a little

number of defects could be introduced during tensile test. According to this, the

strength for the four ECAP passes samples is the highest one whereas the elongation

is the shortest one. In this case, the strain hardening rate decreases continuously

during tensile test.

6.3.3 Effect of ECAP temperature

The ln(dσ/dε) vs lnσ plots of steel TWIP 1 ECAPed at room temperature for one pass

are shown in Figure 6.15. As can be noticed, the temperature of ECAP procedure

significantly affects the strain hardening behavior. The sample after ECAP at room

temperature illustrates lower capability of strain hardening than the one pass sample

ECAPed at 300ºC since the curve falls to lower values (as shown in Figure 6.8).

Through the EBSD and TEM analysis as shown in Figure 5.8 and Figure 5.32, less

number of deformed grains without defects are formed. Therefore, when tensile test is

performed, the capability of deformation by mechanical twinning and dislocation slip

for room temperature ECAPed sample is lower, so the corresponding strain hardening

capability is worse.
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Figure 6. 15 The plot of ln(dσ/dε) vs. lnσ of steel TWIP 1 after ECAP at room

temperature

6.3.4 Effect of chemical composition

The comparison for ln(dσ/dε) vs lnσ plots of steels TWIP 1 and TWIP 2 in different

ECAP procedure are shown in Figure 6.16. The strain hardening capability of one

pass sample for two TWIP steels are very close, more specifically, one pass sample of

TWIP 2 hardens until true strain of 0.13 (as shown in Figure 6.10). It can be expected

that the tensile test can produce deformation twins along with dislocation slip as

mechanism in those elongated grains. Two different TWIP steels in one pass condition

represent same level of ductility while the ultimate tensile strength of TWIP 2 shows

lower value (the corresponding ln(dσ/dε) vs lnσ plots shown in left side). The strain

hardening behavior of second pass sample of TWIP 2 also follows the same trend with

corresponding sample of TWIP 1, while as discussed above, the strain hardening

capability is lower than one pass. However, after four pass of ECAP process, TWIP 2

shows extremely limited strain hardening capability as compared with TWIP 1. This

was also can be found in Figure 6.9 where the tensile stress-strain curve of four pass

sample shows a certain degree of softening.

Compared the strain hardening of TWIP 1 steel in current research with TWIP steel in
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[135], although the evolution of the microstructure is similar in both steels, maybe the

greater ease of activation of the secondary twinning in the present steel can help to

explain this difference. Secondary twinning systems in the present steel have been

observed in the samples after one and two ECAP passes, more commonly after two

passes, and this process could have been repeated during tensile test giving to the

present steel a period in which the strain hardening rate increases. Another possible

cause for this difference could be the different equivalent strain achieved after one

ECAP pass in both cases: 1 for the present steel due to the presence of an outer arc of

curvature (Ѱ=37°) and 1.155 in [135].

Figure 6. 16 The comparison for plot of ln(dσ/dε) vs. lnσ of steels TWIP 1 and TWIP

2 in different ECAP passes
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7 Conclusions

In order to fully understand the mechanical properties and corresponding strain

hardening capability of ultrafine-grained TWIP steels, as well as the microstructure

evolution, the Equal Channel Angular Pressing procedure for two different TWIP

steels was conducted at high temperature (one pass at room temperature could also be

applied to TWIP 1). Through optical microscopy, EBSD analysis, and TEM analysis,

systematic studies of microstructure and texture evolution were done. On the other

hand, micro-hardness and micro-tensile test were carried out so as to detect the

mechanical behavior of the studied ECAPed TWIP steels. The main results and

conclusions are as follows.

7.1 Microstructure characterization

1) The chemical composition of the two investigated TWIP steels was determined

and the corresponding stacking faults energy was calculated. The values were 27.3

mJ/m2 and 24.5 mJ/m2 for TWIP 1 and TWIP 2, respectively. Both steels could allow

twinning as the favored deformation mechanism.

2) TWIP 2 was in house fabricated and according to the optical microstructure for

as-cast condition, it consisted of characteristic dendritic structure with segregated

interdendritic regions. After casting, the steel was forged to break the casting

structure.

3) Both TWIP 1 and TWIP 2 were heat treated with the objective of homogenizing

the microstructure. After this annealing treatment, steel TWIP 1 exhibited a relatively

homogeneous microstructure composed of equiaxed grains with an average grain size

of 99 μm and a number of annealing twins. On the other hand, steel TWIP 2 showed
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similar characteristics in terms of grain structure but with a bigger grain size (average

grain size was 199.6 μm).

4) Steel TWIP 1 was successfully subjected to 1 ECAP pass at room temperature.

After extrusion, the grain size was reduced significantly; the fraction of Σ3 grain

boundaries and secondary twin system was higher than the corresponding ones for the

one pass sample ECAPed at high temperature. However, the mean twin thickness was

lower than the one at high temperature.

5) After 300ºC ECAP procedure, the grain size of both TWIP steels decreased sharply,

and the microstructure of each pass sample consisted of three different features: new

formed grain, twin boundaries and subgrains. The fraction of Σ3 grain boundaries was

reduced with increasing number of passes, as well as low angle grain boundaries. It

could be noticed that the subgrains were gradually formed into new grains. The twins’

thickness also showed a reducing trend. The TEM micrographs demonstrated the

existence of twinning in all samples. More specifically, in heat treated samples,

straight and not tangled dislocations could be found. After 1 pass, relatively wide

twins with low fraction of secondary twins was the main feature; after two passes of

ECAP, the secondary twinning system was more abundant while the twins’ thickness

was lower; after four passes, extremely thin twins and subgrains formed.

7.2 Texture evolution

1) Steel TWIP 1 in the heat treated condition exhibited Goss and Brass as the

dominant component, and the prevalence of <110>||Y fiber could be observed. After

ECAP procedure, the dominant component moved gradually from A1* to BB / .

2) Steel TWIP 2 showed relatively similar characteristics with steel TWIP 1. However,

in the annealed condition, P and Rotated Brass (RB) components were prevalent as

well. While after ECAP procedure, as same as TWIP 1, the dominant components
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moved gradually fromA1* to BB / .

7.3 Mechanical behavior

1) Micro-hardness of steel TWIP 1 and steel TWIP 2 increased significantly during

ECAP procedure, especially after one pass. Based on EBSD analysis, dislocation

density of every sample was calculated, and the value showed a upward trend as well.

2) Regarding the micro-tensile capability of steel TWIP 1, the yield strength and

ultimate tensile strength increased with the number of passes. However, the ductility

and tensile toughness showed a downward trend. One pass sample showed a

comprehensive tensile behavior, that is high strength with enough ductility, and the

toughness could be comparable to the one of some conventional steels.

3) The percentage of reduction of area of steel TWIP 1 decreased with the number of

passes, and the heat treated condition samples and one pass samples showed typical

ductile rupture mechanism while in two passes and four passes samples, the ductility

dimples started to narrow and vanish.

4) The strain hardening capability of steel TWIP 1 in the heat treated condition is

much higher than the ECAPed steel TWIP 1. According to previous study, the strain

hardening curve of all samples was divided into different stages, which could be

related to different deformation mechanisms.

5) ECAP procedure when conducted at room temperature had a bigger effect on yield

strength increment (from 590 to 1290 MPa). Simultaneously, the elongation and

tensile toughness decreased more sharply for the sample deformed at room

temperature than ECAPed at high temperature. Furthermore, the strain hardening
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capability reduced further when ECAP was applied at room temperature as well. The

fracture surface photograph showed the same results.

6) With respect to micro-tensile properties of steel TWIP 2, it had lower strength in

the heat treated condition than steel TWIP 1. When ECAP procedure was applied, the

yield strength and ultimate tensile strength increased gradually. The appealing point

was that when four passes were conducted, the elongation was still 8.5%. The strain

hardening capability of ECAPed steel TWIP 2 was lower than the one for steel TWIP

1, especially for the four passes samples, which almost showed softening in the plastic

deformation region. The fracture surface image and percentage reduction area

confirmed the tensile results.
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