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Chapter 1 Introduction 

 

1.1 Background 

1.1.1 General stainless steels 

Stainless steels are iron (Fe) based alloys that include more than 11 % chromium (Cr). 

It has been widely used in a variety of engineering fields as a promising material for good 

corrosion resistivity, formability, machinability and weldability [1]. Representative types 

have been defined as austenitic, ferritic, martensitic and dual-phase stainless steels 

(duplex: austenitic and ferritic mixtures) based on their chemical compositions and phase 

structures. A series of mostly used types graded by international standards such as 

Japanese Industrial Standards (JIS), GuoBiao standards (GB), Korean Standards (KS) and 

American Iron and Steel Institute standards (AISI), and their main chemical compositions 

are listed in Table 1.1. Five main elements such as Fe, carbon (C), Cr, nickel (Ni) and 

molybdenum (Mo) have been purposely mixed for metallurgical manufacturing. 

 

Table 1.1 Category of stainless steels by grades and main chemical compositions. 

Category Grade 
Main chemical composition (%, balanced Fe) 

C Cr Ni Mo 

Austenitic 
304 ≤0.08 18.0~20.0 8.0~10.5 - 

316 ≤0.08 16.0~18.0 10.0~14.0 2.0~3.0 

Martensitic 
410 ≤0.15 11.5~13.5 ≤0.6 - 

420 0.16~0.25 12.0~14.0 ≤0.6 - 

Ferritic 
405 ≤0.08 11.5~14.5 - - 

430 ≤0.12 16.0~18.0 - - 

Duplex 329 ≤0.08 23.0~28.0 2.5~5.0 1.0~2.0 
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In industrial applications, austenitic stainless steels have been broadly employed for 

mechanical components since they contain a large amount of Ni which promotes 

stabilizing austenitic grains leading to significantly good ductility. It can lead to an 

increase in the formability required for metal forming. Martensitic stainless steels 

promote the aspects of material strength by increasing the amount of C content, which is 

designed to allow heat treatments such as quenching and tempering for strengthening 

material. Although ferritic stainless steels do not contain an amount of Ni, they are less 

costly and have comparable corrosion resistance because it still contains the amount of 

Cr. Duplex stainless steels are a kind of the most recently developed stainless steel and 

contain a large amount of Cr, which exhibits excellent resistance of stress corrosion 

cracking and also shows significant material strength owing to dual-phases in grain 

structure. As such, various stainless steels have been chosen for industrial applications by 

engineers depending on their properties. 

Figure 1.1 shows a pie chart (unit: %) explaining proportionately the usage of stainless 

steel in various application fields [2]. Main industrial applications are considered for 

chemical vessel/piping components, power engineering fields, building construction 

fields, products for the food industry and automobile industries. Their anti-corrosion 

performance with a moderate strength has been advantageously highlighted owing to the 

formation of the self-produced surface passive film. This film prevents material oxidation 

when the mechanical components experience a corrosive environment. In brief, two main 

considerations of the material for industrial purposes are corrosion resistance and material 

strength. Main elements such as Cr and Ni, as well as additional elements such as Mo, 

nitrogen (N), titanium (Ti) and copper (Cu), play an important role in material properties 

and could be purposely modified for better material and mechanical properties. 
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Fig. 1.1 General information of stainless steel. The relative percentage of the main 

application fields [2]. 

 

1.1.2 Type 316 austenitic stainless steel and its problem 

In the four types of stainless steel listed in Table 1.1, austenitic stainless steel has been 

classified as one of the frequently used stainless products. The material, which is also 

called type 300 series stainless steel, contains large amounts of key elements such as Cr 

and Ni. From the fundamental point of view, austenitized microstructures formed by 

adding the amount of Ni benefit to good ductility instead of losing their material strength. 

On the other hand, its limited material strength gives sometimes a disadvantage in the use 

of the material. Further, strengthening by heat treatment is rarely achieved due to the low 

C content, as well as strengthening by surface modification such as shot peening results 

in uni-directional microstructure near its treated surface. Thus, the aspects of material 

strength under stable microstructure are always an interesting issue for the material. 
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Type 304 austenitic stainless steel (18Cr-8Ni) as a basic type has a microstructural 

harmful issue such as pitting and has been required to modify appropriately. Pitting can 

occur when the material experiences an aggressive corrosion environment, and the self-

produced surface passive film for surface prevention is partly delaminated. The 

delaminated pitting location can significantly expose corrosion. The pitting problem has 

been solved through the thermodynamic process during metallurgical fabrication [3]. 

Adding Mo (2~3 %) contributes to enhancing the resistance against pitting. The role of 

Mo was found that the formation of a surface passive film with a more highly developed 

interfacial barrier film composed of Cr2O3 plays an important role in solving the pitting 

problem [4]. The material modified by this process reducing the pitting has been called 

type 316 austenitic stainless steel. It has been widely used for various steel structures 

owing to its excellent cost-performance ratio and advanced corrosion resistance [5].  

However, type 316 austenitic stainless steel has also metallurgical and mechanical issues 

such as metal-rich carbide and material strength even though the pitting problem has been 

solved. Especially, sensitization in austenitic stainless steels has been known to cause 

intergranular stress corrosion cracking due to Cr-rich precipitations (Cr23C6). Such 

precipitation easily forms in the surrounding of grain boundaries (GBs) and twin 

boundaries (TBs) when the material experiences a thermal process between 450 and 

900℃ or it passes slowly under this temperature range [6-11]. It can lead to Cr depletion 

near Cr23C6 in a corrosive environment. In general, when the level of Cr in the depletion 

zone falls below 12-13 wt %, it can become weak and has an adverse effect on the strength 

and fracture toughness of the material [7,8].  

To reduce the sensitization, it has been developed a modified version of type 316, which 

is called type 316L. Where L denotes a low quantity of C. In this steel, reducing the C 
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element leads to the decreased risk of formation of Cr23C6, however, it significantly loses 

its material strength. To recover its material strength, type 316LN was purposely 

developed. Where N denotes that it contains nitrogen. Although it seems to compensate 

the loss of yield and ultimate strength compared with the type 316L, strain at fracture has 

not been preserved [11,12]. Even, type 316LN gives better strength but it sometimes loses 

the strain at fracture at room temperature [13]. 

Further, in the case of type 321 fabricated by adding Ti, TiC carbides which are 

precipitated proportionally at grains and GBs instead of Cr23C6, it contributes to 

preventing intergranular stress corrosion. Uniform dispersion of TiC in grains and GBs 

plays a decisive role to improve tensile and fatigue, creep strength [14,15]. Nevertheless, 

all modification approaches are metallurgical methods, and improving the listed 

disadvantages could make fabrication costs too high. In addition, the presented methods 

cannot easily be applicable after mechanical usage of the material. It must be thought of 

in terms of re-fabrication after usage. Therefore, technical issues such as material 

strengthening and the reduction of Cr23C6 have been highlighted to be scientifically 

solved. A proposing modification method has been required, and mechanisms how to 

improve material disadvantages should be understood. 

 

1.2 Strength of materials and fracture mechanics 

1.2.1 Tensile fracture 

Fracture mechanics has first introduced approximately a hundred years ago. Griffith and 

Irwin are the pioneers of theoretical and experimental fracture mechanics that no one can 

deny until now. Griffith proposed an energetic balance between external force 𝐹  and 

actual crack length 𝑎 to explain the criterion to cracking from a pre-existing defect in 
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quasi-brittle material [16]. Irwin made historical progress in fracture mechanics by 

introducing the energy release rate and stress intensity factor (SIF) [17]. This leads to 

significant development in the field of strength of materials in terms of linear elastic 

fracture mechanics (LEFM). The main assumption of LEFM is that the deformable 

material has a cracking driving force under small-scale yielding (SSY) which is proposed 

by Rice [18]. Figure 1.2 shows the schematics of the cracking material with a plastic 

regime. Where the distance from crack tip 𝑟 and an angular degree from straight crack 𝜃 

are the locational components in polar coordinates, and X and Y are cartesian coordinates 

from the crack tip. A typical regime of plastic zone based on the uniaxial tensile state is 

displayed in Fig. 1.2 (a). In Fig. 1.2 (b), the yield stress 𝜎୷ and the length of the plastic 

yielding zone 𝑟୷ along with X are determined by the degree of material ductility. If the 

ductility is high, 𝜎୷ decreases and 𝑟୷ increases.  

 

 

Fig. 1.2 Schematic of the crack tip and corresponding plastic zone under uniaxial 

tensile state, (a) plastic zone based on coordinates at crack tip singularity, (b) yield 

stress and length of the plastic yielding zone and (c) illustration of the mode I fracture. 
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A remote tensile stress 𝜎ஶ is defined as a stress state of sufficiently far location from the 

crack tip. The mode I fracture illustrated in Fig. 1.2 (c) can be expected under uniaxial 

tensile or fatigue loading. This type of fracture mode can devise a straight crack 

propagation pattern in a direction perpendicular to the 𝐹. 

To identify quantitatively the cracking criterion for elastic-plastic fracture, a classical 

approach, so-called SSY approximation [18,19], can be used when 𝑟୷ → 0, 

 

𝜎୧୨ =
௄

(ଶగ௥)
భ
మ

𝑓୧୨(𝜃) ,                                                 (1.1) 

 

where 𝐾 is the SIF in the mode I fracture and the function 𝑓୧୨(𝜃) varies depending on 𝜃 

and the corresponding triaxial state stress 𝜎୧୨. To define correctly the value of 𝑎 as fracture 

criterion of elastic-plastic materials, a plasticity correction form by effective crack length 

𝑎∗ has been considered [20]. It can be written as follows, 

 

𝑎∗ = 𝑎 + 𝑟୷ ,                                                     (1.2) 

 

considering the common values for 𝑟୷, the 𝑎∗ can be re-written in terms of 𝐾 and 𝜎୷ [20], 

 

𝑎∗ = 𝑎 + 𝜆 ൬
௄

ఙ౯
൰

ଶ

 ,                                              (1.3) 

 

where the 𝜆 can be defined as the following three options by geometrical assumptions, 

 

𝜆 =
ଵ

ଶగ
 ,                   for plane stress          (1.4.1) 
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𝜆 =
ଵ

଺గ
 ,                   for plane strain          (1.4.2) 

𝜆 =
గ

ଵ଺ 
 ,                   for Dugdale model    (1.4.3) 

 

then it calculates the elastic-plastic fracture criterion. If we assume the limitation as 𝑟୷ ≪

𝑎, the relationship between the applied stress 𝜎௔ and 𝑎∗ can give 𝐾 = 𝛼𝜎௔  √ 𝜋 𝑎∗. Where 

𝛼 is a geometrical constant depending on a width 𝑤. It is generally applied as 1 for inside 

crack and 1.12 for surface crack. From Eq. (1.3), it can be re-expressed as follows, 

 

𝐾 = ට
గ௔ఙೌ

మ

ଵ ఈ⁄  ିగఒ൫ఙೌ ఙ౯⁄ ൯
మ

 
 ,                                            (1.5) 

 

the critical applied stress 𝜎௔ୡ can finally be calculated based on the plasticity-corrected 

critical crack length 𝑎ୡ
∗ with the critical expression in terms of fracture toughness 𝐾ୡ =

𝛼𝜎௔ୡ ඥ 𝜋 𝑎ୡ
∗ as follows, 

 

𝜎௔ୡ  =
௄ౙ

ఈඥగ(௔ౙା௥౯)
  ,                                                 (1.6) 

 

where 𝑎ୡ is the critical crack length. Equations (1.5 and 1.6) can be used to evaluate the 

𝜎௔ୡ and elastic-plastic fracture based on tensile cracking of the material in this thesis. 

 

1.2.2 Fatigue fracture 

 In terms of fatigue failure, Paris extended the theory of LEFM to the fatigue analysis in 

the middle of the 20th century [21]. Plenty of experimental validity was proposed to 

explain the fatigue crack growth (FCG) law. It describes that the FCG rate 𝑑𝑎 𝑑𝑁⁄  can 
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be related with SIF range ∆𝐾, i.e., 𝑑𝑎 𝑑𝑁⁄ = 𝑓(𝜎௔, 𝑎, 𝛼) = 𝑓(∆𝐾). Where 𝛼 and 𝑎 are 

the same symbolic expressions with 𝛼 and 𝑎 in tensile fracture but it is the crack length 

subjected by fatigue loading. 𝑁 is the number of fatigue cycles. Based on the relationship 

between 𝑑𝑎 𝑑𝑁⁄  and ∆𝐾, the following Eq. (1.7) has been widely used to assess the FCG 

behavior, 

 

ௗ௔

ௗே
= 𝐴(∆𝐾)஻ ,                                                    (1.7) 

 

where 𝐴 and 𝐵 are the intersection and the slope in the data plot of the log-log scale, 

respectively. In general, SIF can be used when SSY at the crack tip is satisfied. Because 

the ∆𝐾 requiring fatigue cracking is generally low, the plastic zone size in Fig. 1.2 (a) 

under fatigue loading is small enough for most metallic materials. In general, the FCG 

tests under a stress-controlled fatigue test have been permitted to evaluate crack 

propagation behavior in the high-cycle fatigue (HCF) regime. However, an evaluation 

way for low-cycle fatigue (LCF) analysis has been required because LCF tests need to 

perform under a strain-controlled test. Thus, the strain intensity factor 𝐾ఌ  has been 

suggested as a replacement for the SIF approach [22,23]. It assumes that the plastic strain 

component under a higher level of strain amplitude 𝜀௔  in the LCF regime is more 

dominant than elastic strain component in the HCF regime (≥ ~105 cycles). Thus, the 

strain intensity factor range Δ𝐾ఌ can be defined as the following Eq. (1.8) [22,23], 

 

Δ𝐾ఌ = 𝑓ୡ∆𝜀√𝜋𝑎 ,                                                 (1.8) 

 

where 𝑓ୡ is a constant that is set to 1 in this study. ∆𝜀 is the total strain range. The unit of 
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Δ𝐾ఌ is mm1/2. This equation with 𝑑𝑎 𝑑𝑁⁄  has been used to evaluate the FCG behavior in 

LCF analysis. 

 To assess the fatigue life, the theoretical approaches for HCF and LCF should be different. 

The Basquin-Manson-Coffin (BMC) model is one of the widely used equations to 

evaluate fatigue properties in the LCF and HCF regimes and to determine the required 

material constants at the strain ratio of 𝑅 = −1, where 𝑅 is the stress or strain ratio, 𝑅 =

𝜎୫୧୬ 𝜎୫ୟ୶⁄ = 𝜀୫୧୬ 𝜀୫ୟ୶⁄ , and here 𝜎୫ୟ୶ and 𝜀୫ୟ୶, and 𝜎୫୧୬ and 𝜀୫୧୬ are the maximum 

and minimum components for stress and strain, respectively. The expression of the 

number of reversals to failure 2𝑁୤ is practically common because one fatigue cycle has 

two affected reversals in LCF loading by high deformation. To evaluate the relationship 

between the 𝜀௔ and the 2𝑁୤, the following Eq. (1.9) can be used [24], 

 

∆ఌ

ଶ
= 𝜀௔ = 𝜀௔

ୣ + 𝜀௔
୮

=
ఙ౜

ᇲ

ா
(2𝑁୤)

ୠ + 𝜀୤
ᇱ (2𝑁୤)

ୡ ,                          (1.9) 

 

where 𝐸 is the elastic modulus, 𝜀௔ denotes the half of ∆𝜀, which is composed of 𝜀௔
ୣ as the 

elastic 𝜀௔  in the Basquin model and 𝜀௔
୮  as the plastic 𝜀௔  in the Manson-Coffin model, 

respectively. Further, b and c are the exponential constants, and 𝜎୤
ᇱ and 𝜀୤

ᇱ are the fatigue 

strength and ductility coefficients, respectively. 

 

1.3 Effect of electric current in metals 

The application of electric current in conductive materials such as metals including 

stainless steels can simultaneously induce the electron wind force (EWF) [25] and Joule 

heating. Based on these two phenomenological definitions, a microstructural change can 

be possible owing to the motion of metal atoms by momentum transfer from electron flow. 
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When a metallic material experiences the effect of electric current, an increase in a 

temperature 𝑇 (℃) induced by the Joule heating is generated. In other words, the effects 

of the EWF and the Joule heating are accompanied simultaneously and irreversibly. In 

this way, various reports have been introduced so far. Rapid microstructural modification 

due to highly raised temperature by Joule heating with the existence of EWF has been 

only regarded as one of potentiality as the effect of pulsed electric current. For example, 

cold-rolled magnesium alloy exhibits high-efficiency recrystallization compared with its 

traditional heat treatment method [26]. An aluminum alloy shows an increase in strain at 

fracture and decreases in material strength owing to the dissolution of precipitations under 

lower temperature rising compared with its traditional heat treatment [27]. Ti alloy 

presents that electric current induced recrystallization with a different type of 

microstructure could be distinguishable compared with conventional heat treatment 

temperature. The effect of pulsed electric current on NiTi alloy contributes to changing 

grain size [28]. On the other hand, the problem of existing conclusions was only a 

consequential prediction that the current application method was thought to go through 

the recrystallization process such as atomic diffusion, nucleation, recrystallization leading 

to grain growth, not a comprehensive process confirmation. Even though the EWF acts 

as an influential factor and can annihilate dislocations, it only concluded that it is different 

compared with existing heat treatments. There has been an argument what is the role of 

EWF. The effect of EWF must be clarified through experimental verifications. Further, it 

has been strongly required to establish and propose a reliable mechanism to clarify the 

role of EWF. If there is a comprehensive mechanism than the current argument, the effect 

of HDPEC has to shift to a new paradigm in terms of EWF. 

Since EWF can change essentially dislocation structures, the EWF can be expressed as 
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the following equation [29], 

 

𝐹୉୛ =
ఘౚ

ேౚ
𝑛ୣ𝑒𝑗 ,                                                 (1.10) 

 

where 𝐹୉୛  is the EWF, 𝜌ୢ  is the specific resistivity due to dislocation, 𝑁ୢ  is the 

dislocation density, 𝑛ୣ is the electron density, 𝑒 is the electron charge and 𝑗 is the density 

of electric current, respectively. Based on this concept, there have been several reports 

that the EWF could modify microstructures such as dislocation network, grain size and 

phase structure in a wide variety of materials [29-31]. 

Further, the application of electric current in a material necessarily accompanies a 

temperature rising ∆𝑇୎  (℃) by the Joule heating. Here, ∆𝑇୎  can be predicted using the 

following Joule heating equation [30], 

 

∆𝑇୎ = 𝑇 − 𝑇୰ =
ఘ௝మ௧ౚ

஼౦ ௗౣ
 ,                                          (1.11)  

 

where 𝜌 is the electrical resistivity, 𝑡ୢ is the duration time of current, 𝐶୮ is the specific 

heat capacity, and 𝑑୫ the density of a material, respectively. A raised temperature 𝑇  (℃) 

can be determined by the summation of ∆𝑇୎ and the room temperature 𝑇୰ (℃). 

 

1.4 Research objectives 

In the aspects of material strength, the material is often limited by its relatively low 

strength, and methods strengthened by heat treatment are costly as well as rarely achieved 

due to the low C content. Therefore, there were several attempts to overcome the strength 
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limitations through chemical and mechanical processes. For example, nitrogen-

containing in the metallurgical process gives an improved material strength [32], and 

surface nanocrystallization by shot peening could contribute to strengthening 316L owing 

to surface grain refinement and compressive residual stress [33,34]. Nevertheless, most 

methods lead to losing the ductility of the material with increased strength. The strength-

ductility trade-off has been thought nature limitation of materials. To break this rule is 

one of a standing scientific interest in material science [35]. In the aspects of Cr23C6, the 

reduction of Cr23C6 is also the main requirement to prevent sensitization. Metallurgical 

processes and thermodynamic dissolution are costly and do not respond to requests for 

modification during the use of mechanical parts. Thus, post-treatment has been limited. 

Figure 1.3 shows the schematics of general requirements for type 316 stainless steel and 

conventional methods to overcome the disadvantages of the material based on the 

literature survey presented in sub-chapter 1.1.2. 

 

 

Fig. 1.3 Schematics of general requirements for type 316 stainless steel, a series of 

conventional methods and proposal of HDPEC. 
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Recent reports emphasize that the fatigue and fracture properties of metallic materials 

could be improved by the application of high-density pulsed electric current (HDPEC) 

[36-43]. It leads to the delay of FCG based on the crack healing phenomenon and 

microstructural modification such as the annihilation of dislocations. The investigated 

method has been interestingly regarded as one of the modification ways to improve 

mechanical properties. Based on methodological simplicity and cost-performance, the 

HDPEC method become a promising way in the maintenance of mechanical components 

in industrial sites. Especially, the main advantages are less requirement of time-

consuming and less effort to disassemble components of a running mechanical system. 

In this thesis, it has been elaborated to prove the potentiality of the HDPEC application 

based on its effects. It is stated whether the effect of HDPEC can solve the previously 

described disadvantageous issues such as the material strength and the reduction of Cr23C6. 

A series of tensile and fatigue tests are conducted to demonstrate the improvement of 

mechanical properties as the effect of HDPEC. Characterizing understandable 

microstructural evidence is an important work to define describable mechanisms. 

Mechanisms associated with improved mechanical properties and desirable 

microstructures will be proposed in this thesis. The effect of EWF and Joule heating will 

be discussed under an assumption of temperature-controlled and enhanced EWF. Further, 

this thesis aims also to report for the enhancement of material strength without loss of 

strain at fracture based on dislocation motion, change of grain size, crystal texture and 

phase structure, as well as the reduction of Cr23C6. Finding new phenomena to describe 

strengthening the material and the dissolution of Cr23C6 by the effect of HDPEC is main 

interesting. It is emphasized that the effect of HDPEC is a post-treatment way without 

metallurgical processes and thermodynamic dissolution. 
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1.5 Thesis organization 

In Fig. 1.4, the flowchart of the working procedure for this thesis is introduced to 

demonstrate the effect of HDPEC in the material. The main hypothesis is the modification 

of mechanical properties and microstructure under the controlled ∆𝑇୎ . In chapter 1, 

unsolved problems in the range of improvement of mechanical properties and conditions 

of HDPEC are classified based on literature surveys. Although fatigue damage recovery 

in the range of HCF has been extensively demonstrated [36-43], some cases such as 

tensile fracture and LCF regime remain unclear and it should be clarified with HDPEC 

conditions such as 𝑗 , 𝑡ୢ  and the number of pulses 𝑝 . In chapter 2, experimental, 

theoretical and simulation approaches are explained to demonstrate tensile and fatigue 

tests. Geometrical aspects such as the presence or absence of notches and cracks were 

also examined. From chapters 3 to 6, stress/strain relations and fatigue properties are the 

main issues to determine the effect of HDPEC. Accordance with theory and simulation 

based on experimental results will be shown as a series of outputs. If proper agreements 

come, achievements in the improvements of tensile and fatigue properties will be 

explained microstructural features. A series of assessments and evaluations will be 

performed with the explanation of matching between material properties and 

microstructure. The efficiency of HDPEC methods will be discussed based on results in 

fatigue analysis and fatigue crack healing. Finally, in chapter 7, this thesis proposes that 

the effect of HDPEC can give several advantages in the modification of mechanical and 

material properties, thereby proposing microstructural mechanisms. A step-by-step 

explanation to overcome the disadvantages of the material will be presented. 
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Fig. 1.4 Schematic diagram of the working procedure for the organization of the thesis. 
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Chapter 2 Experimental approach 

 

2.1 Material and sample preparation 

Commercial type 316 stainless steel (SUS316), standardized according to JIS G 4305, 

has been used for a series of research works presented in this thesis. Table 2.1 lists its 

chemical composition. All samples for tensile and fatigue tests were cut using electro-

discharge machining (EDM) for dumbbell-shaped geometry. After cutting the samples, 

annealing heat treatment was applied to release the residual stress induced by the EDM 

process and to generalize the microstructure of samples. The temperature was gradually 

increased to 900 °C for 4 h, kept for 10 min, and cooled to room temperature in a furnace. 

After that, the samples were mirror-like polished with emery papers of grades 180–2000. 

DiaPro-Mol 1 and 3 μm (Struers, Denmark) were purposely used to be able to observe 

microstructures. 

 

2.2 Investigation of mechanical properties 

A series of tensile and fatigue tests were performed using a Shimadzu servo-pulser 

(EHF-EV051K1, Japan), which generates tensile or fatigue loading through uniaxial 

tension and sinusoidal cyclic amplitudes at room temperature. 

 

Table 2.1 Chemical composition of type 316 austenitic stainless steel. (wt %) 

C Si Mn P S Ni Cr Mo Fe 

≤0.08 ≤1.00 ≤2.00 ≤0.045 ≤0.03 10.0～14.0 16.0～18.0 2.0～3.0 Bal. 

 



23 

 

2.2.1 Tensile tests 

The detailed geometry for the tensile tests is illustrated in Fig. 2.1 (a). The HDPEC was 

applied to both ends of the sample using copper electrodes. Then, a series of tensile tests 

was performed to demonstrate the effect of HDPEC on mechanical properties compared 

with the untreated sample. The tensile speed was controlled by the crosshead speed of the 

tensile machine and uniquely applied as 0.03 mm/sec. The true tensile stress 𝜎 and strain 

𝜀 were measured using the following approximation under an assumption of uniform 

deformation, 𝜎 = 𝜎ୣ(1 + 𝜀ୣ) and 𝜀 = ln(1 + 𝜀ୣ). Where 𝜎ୣ  and 𝜀ୣ are the engineering 

stress and strain, respectively. 

Typical mechanical properties of the untreated sample after the heat treatment are listed 

in Table 2.2. Based on the presented tensile properties, this thesis seeks specified 

conditions of HDPEC to improve the mechanical properties. In Fig. 2.1 (b), the geometry 

of a single-center notch was introduced. It is additionally processed at one edge of the 

center in the geometry of Fig. 2.1 (a) if the notch is purposely required. 

 

 

Fig. 2.1 Illustration of the sample for tensile tests and application method of HDPEC, 

(a) geometry of sample and (b) geometry of notch. 

 



24 

 

Table 2.2 Mechanical properties of the material from the tensile test. 

True yield 
stress (MPa) 

True ultimate 
stress (MPa) 

True strain at 
fracture 

Elastic modulus 
(GPa) 

Poisson’s 
ratio 

363±13 698±30 0.477±0.008 195 0.295 

 

2.2.2 Fatigue tests 

Figure 2.2 (a-c) shows schematics of the fatigue tests, the notch geometry and the sample 

geometry with applying method of HDPEC. A single notch with a length of 2 mm and a 

radius of 0.15 mm was made to induce Mode I FCG. To assess the LCF properties, strain-

controlled fatigue tests were applied as the most accessible approach [1]. All fatigue tests 

were conducted under a frequency of 1 Hz. The strain ratios of 𝑅 = −1 and 0.5 were 

purposely examined. The definition of fatigue regimes is summarized in Table 2.3 [2]. 

 

 

Fig. 2.2 3D schematics associated with the fatigue tests, (a) illustration of the fatigue 

test machine, (b) that of the notch geometry and (c) that of sample geometry with 

applying HDPEC method. 
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Table 2.3 Definition of fatigue regimes and typical types of application methods. 

Regimes Failure cycle Control method Dominant deformation type 

LCF ≤105 Strain Elastic and plastic 

HCF 105 to 107 Stress Elastic 

VHCF ≥107 Stress Elastic 

 

2.3 Application of HDPEC 

Tensile and fatigue properties were evaluated based on the conditions of HDPEC. An 

electric current machine (Miyachi, MDA-8000B, Japan) was used to apply the HDPEC. 

The main factors of HDPEC Conditions such as 𝑗, 𝑡ୢ and 𝑝 were purposely considered to 

be dealt with in corresponding chapters. The effectiveness of the HDPEC application 

determined by the main factors is evaluated. The application of HDPEC is always 

accompanied by ∆𝑇୎ due to Joule heating. To consider the controlled temperature method 

assumed in this thesis, the prediction of  ∆𝑇୎ by Eq. (1.11) of chapter 1 and measurement 

of 𝑇  using an infrared thermometer (GTL, OPTEX FA, Japan) were performed. The 

measurement accuracy is ±0.1℃ and the sampling frequency is 1000 Hz. The 

measurement of 𝑇  was performed more than twice to identify exceptional errors due to 

instantaneously and locally occurring ∆𝑇୎. 

 

2.4 Microstructure observation 

The field-emission scanning electron microscopy (FESEM, JSM-7200F, JEOL, Japan) 

was preferentially used to characterize microstructure features in both tensile and fatigue 

tests.  
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Table 2.4 Definition of misorientation-angles of GBs. 

LAGBs (°) HAGBs (°) ∑ 3 TBs (°) 

3-15 15-63 60±1 

 

For the corresponding crystallographic analysis, the electron backscatter diffraction 

(EBSD) mappings were performed using the EBSD detector (NordlysNano, Oxford, 

United Kingdom) equipped with FESEM. EBSD samples were prepared by chemical 

polishing after mechanical polishing, and then Ar ion milling was conducted on the 

selected samples requiring a high-quality surface finish. Each EBSD scan was performed 

with a step size of 1 μm. The post-process of scanned EBSD data was carried out using 

M-TEX 5.3 software. GB definitions are applied as typical misorientation angles of GBs 

in stainless steels as listed in Table 2.4. Typical types of GBs such as low angle grain 

boundaries (LAGBs), high angle grain boundaries (HAGBs) and ∑ 3 TBs are defined. 

Additionally, ∑ 3n coincidence site lattice (CSL) boundaries such as ∑ 9 (38.94° around 

<110>), ∑ 27a (31.59° around <110>) and ∑ 27b (35.43° around <210>), which are 

usually presented in this material, were also considered [3-5]. 

For elemental analysis, the energy-dispersive X-ray spectroscopy (EDS, 151MS, JEOL, 

Japan) was used for the top view of the selected grain. A cross-sectional area (CSA) 

perpendicular to current flow was examined based on the scanning transmission electron 

microscopy (STEM) configuration using the transmission electron microscopy (TEM, 

JEM-2100F, JEOL, Japan) equipped with a high-angle annular dark-field. EDS mappings 

of CSA were also conducted in the TEM environment. 
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2.5 Formulation of finite element analysis 

In a material domain Ω given by a force 𝑓ஐ, a surface force 𝑇ୱ on a boundary 𝜕Ω୘ and a 

displacement 𝑑 on a boundary 𝜕Ωୢ  can be considered. The equilibrium of continuous 

material can be defined as 𝑑𝑖𝑣 𝜎 + 𝑓ஐ = 0 on Ω, 𝜎. 𝑛 = 𝑇 on 𝜕Ω୘, and 𝑢 = 𝑑 on 𝜕Ωୢ, 

where 𝜎 and 𝑢 are the stress and displacement fields, respectively. A series of constitutive 

equations can be expressed based on elastic and plastic strains (𝜀୧୨
ୣ + 𝜀୧୨

୮) as follows, 

 

𝜀୧୨ = 𝜀୧୨
ୣ + 𝜀୧୨

୮
  ,                                                (2.1) 

 

𝜎୧୨ = 𝐸୧୨୩୪𝜀୩୪
ୣ = 𝔼: ∇ୱ𝑢 + 𝜎୮  ,                                    (2.2) 

 

where 𝔼 is the elasticity tensor with the matrix 𝐸୧୨୩୪, ∇ୱ𝑢 is the symmetric gradient from 

𝑢, which is related with the elastic strain 𝜀୩୪
ୣ , and 𝜎୮ is plastic stress. Then, the von Mises 

yield criterion can be expressed by Eq. (2.3), where 𝜎ଵ, 𝜎ଶ, and 𝜎ଷ denote respectively the 

principal stresses of triaxial state, 

 

𝑓 ቀ𝜎୧୨, 𝜀୧୨
୮

ቁ = ට
ଵ

ଶ
[(𝜎ଵ − 𝜎ଶ)ଶ + (𝜎ଵ − 𝜎ଷ)ଶ + (𝜎ଶ − 𝜎ଷ)ଶ] − 𝜎୷𝜀୧୨

୮
= 0.         (2.3) 

 

Thus, finite element discretization in mesh domain Ω୦ on Ω can be given by Eq. (2.4), 

 

𝜈୦(𝑥) = ∑ 𝜈୧୧ 𝑁୧ (𝑥) ,                                               (2.4) 

 

the displacement field of mesh 𝜈୦ on Ω୦ can be discretized to the displacements 𝜈୧ by an 

interpolation function 𝑁୧ (𝑥). Thus, finite element formulation can be given by Eq. (2.5), 
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∫ 𝑇𝑁 𝑑𝑆
 

డஐ౞ + ∫ 𝑇𝑁 𝑑𝑆
 

డஐౚ
౞ + ∫ 𝑓𝑁 𝑑𝑉

 

ஐ౞ − ∫ 𝜎୮∇𝑁 𝑑𝑉
 

ஐ౞ = ∫ 𝔼 𝑢୨∇𝑁୧∇𝑁୨ 𝑑𝑉
 

ஐ౞ ,    (2.5) 

 

𝐾ୣ. 𝑈 = 𝐹ୗ + 𝐹ୖ + 𝐹୚ − 𝐵. 𝜎୮ ,                                     (2.6) 

 

where 𝐾ୣ is the elastic stiffness, and 𝑈 is the displacement in mesh nodes. Equivalent 

nodal forces are constructed by a surface nodal force 𝐹ୗ, volumetric nodal force 𝐹୚, 

reaction nodal force 𝐹ୖ on the imposed displacement and interior plastic term 𝐵. 𝜎୮. 
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Chapter 3 Tensile fracture behavior modified by HDPEC 

  

This chapter elaborates on the evaluation of tensile fracture behavior modified by 

HDPEC. Based on the fracture criterion like critical fracture strength and fracture 

toughness, improved fracture thresholds owing to the effect of HDPEC were 

demonstrated using tensile tests and finite element analysis (FEA). It has been written 

based on the copyright permission of the following published article: Evaluation of 

electric current-induced improvement of fracture characteristics in SUS316, Materials 

Transactions. 62 (2021) 748–755. 

 

3.1 Introduction 

The prediction of crack initiation and propagation is important for the reliability of 

mechanical and material systems since most materials are finally broken starting from a 

tiny pre-existing crack [1-3]. For assessments of fracture criterion in the material, an 

analysis of elastic-plastic behavior at the crack tip is important because crack propagation 

is determined by stress distribution near the crack tip. Although it is not easy to enhance 

the fracture thresholds of materials, there exist feasible methods that have been broadly 

used. For instance, crack resistance by the crack tip dulling can slow crack propagation 

in certain loading conditions [4-6], and improvements of fracture strength and toughness 

owing to metallurgical reorganization can increase fracture thresholds [7-8]. 

The application of HDPEC in metals, which is introduced in chapter 1, has become one 

of the possible methods to improve fracture properties from a few decades ago [9-13]. To 

optimize conditions of HDPEC for a given material has recently been required to improve 

the efficiency of HDPEC application. Improved material properties by HDPEC 
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application depend on the applied conditions such as 𝑗 , 𝑡ୢ  and 𝑝, which can lead to 

different fracture characteristics. To estimate the degree of modified qualities, FEA is one 

of the broadly used methods because it is a low-cost approach to describe a fracture model 

in a material [14]. 

In this chapter, the prediction of mechanical responses such as 𝜎୷ and strain hardening 

exponent 𝑛, which can be modified by the application of HDPEC, is the main interesting 

issue to understand fracture behavior of the material. Based on the framework of fracture 

mechanics [15-19], fracture parameters were assessed based on a combination between 

the fracture theory and the FEA. Modified material properties were obtained by a series 

of tensile tests under various conditions of HDPEC. The obtained mechanical properties 

were used to determine modified fracture properties. FEA was used to evaluate modified 

fracture strength near a crack tip. The evolution of increased fracture criterion by HDPEC 

was provided. In addition, crack profiles such as the crack opening displacements (CODs) 

and the crack tip opening displacements (CTODs) were predicted to demonstrate the 

fracture threshold improved with the application of HDPEC. 

 

3.2 Analysis procedure 

The flowchart of investigated analysis for this chapter is shown in Fig. 3.1. Starting with 

the HDPEC application on samples, a series of tensile tests was performed. The 𝐸, 𝜎୷ and 

𝑛 with a coefficient 𝑚 were respectively obtained from the tensile tests. Elastic-plastic 

fracture theories were considered to predict the value of 𝐾ୡ. The analytical outputs such 

as 𝜎௔ୡ, 𝑟୷ and 𝑎ୡ were used to perform the FEA with the isotropic hardening model. Each 

FEA calculation was repeatably conducted to quantify a series of data sets.  
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Fig. 3.1 Flowchart of investigated simulation procedure in chapter 3. 

 

The FEA model was investigated to calculate the local stress distribution by von Mises 

stress 𝜎୴୫ and its critical value 𝜎ୡ୫  near a crack tip. Increased ratio 𝜎ୡ୫ 𝜎ୡ୫
୭⁄  by HDPEC 

application was verified based on a comparison with its initial value 𝜎ୡ୫
୭ . Ratio 𝐾ୡ 𝐾ୡ

୭⁄  

between enhanced 𝐾ୡ and its initial value 𝐾ୡ
୭ was determined. The CODs and CTODs 

were supplementally simulated to explain the enhanced fracture thresholds. Evaluation 

based on the original and the fracture parameters enhanced by the application of HDPEC 

was demonstrated. 

 

3.2.1 Tensile test 

Tensile tests were performed based on samples without the notch to identify tensile 

properties changed by the application of HDPEC. Different HDPEC conditions were 

applied to demonstrate the effect of HDPEC. The conditions of HDPEC such as 𝑗, 𝑡ୢ and 

𝑝 were listed in Table 3.1.  
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Table 3.1 Case definitions by the condition of HDPEC in tensile tests. 

Cases A B C D E 

Density (𝒋), A/mm2 Untreated 150 150 300 300 

Duration time (𝒕𝐝), ms - 5 10 5 10 

Applied number (𝒑), times - 2 1 2 1 

 

The untreated sample was denoted by case A. The treated samples were denoted by cases 

B, C, D and E. Based on the same total applied time (𝑡ୢ × 𝑝 = 10 ms), cases B and D are 

divided by 2 𝑝 with 𝑡ୢ of 5 ms whereas cases C and E are applied by 1 𝑝 with 𝑡ୢ of 10 

ms. 

 

3.2.2 Finite element analysis 

In fracture theories, equation (1.6) in chapter 1 can be used to determine the relationship 

between 𝜎௔ୡ and a given 𝑎ୡ in FEA. Figure 3.2 (a) represents the generated meshes and 

the investigated half-cut model for FEA. A two-dimensional model under plane stress 

assumption was considered because the geometry used for the tensile test is a thin plate. 

At the right upper side, which is equal to the center of the full model, a single notch under 

the same geometry used for the tensile tests was designed to describe the cracking model. 

Displacement boundary conditions were applied, 𝑢 (y) = 0 for symmetric boundaries and 

𝑢 (x) = 0 for directional fixation boundaries. A simulation case for illustrating deformed 

meshes and their calculated stress contours is depicted in Fig. 3.2 (b). A mesh refinement 

box in Fig. 3.2 (c) shows the calculated contour of 𝜎୴୫ distribution based on an arbitrarily 

given 𝜎௔ୡ and 𝑎ୡ.  
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Fig. 3.2 Investigated FEA model, (a) finite element meshes based on half-cut geometry 

with a single notch, (b) half-cut stress distribution and (c) detailed mesh refinement box 

including the crack tip. 

 

The FEA model with the mesh refinement area was designed, which includes a crack. 

In the refinement box, 1152 elements were used based on the quadratic interpolation 

function. If the 𝑎 varies, it can be moved in the corresponding location including further 

crack tip. The meshes as much as available were considered under our calculation 

resources. The data sets were analyzed based on the two-dimensional von Mises yield 

criterion. 

 

3.3 Results 

3.3.1 Evaluation of fracture toughness 

The true stress-strain results are plotted in Fig. 3.3. The modified mechanical properties 

affected by the conditions of HDPEC were listed in Table 3.2. A series of 𝜎୷  was 

determined from the 0.2 % proof stress. Plasticity constants such as 𝑚  and 𝑛  were 

estimated by the data-fitting based on the following working hardening rule [2], 
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 𝜀 =
ఙ

ா
+ ቀ

ఙ

௠
ቁ

ଵ ௡⁄

.                                                 (3.1) 

 

Here, the 𝐸 was determined by elastic rule 𝜎 = 𝐸 𝜀ୣ. Based on Table 2.2 of chapter 2, 

𝐸 =195 GPa and 𝜈 = 0.295 [9] were used for FEA evaluations. The tensile result of case 

D could be deemed as the most effective application manner. It was caused by increasing 

the 𝑝 under the same total applied time. 

 

Table 3.2 Material properties determined by the fitting with tensile results. 

Cases A B C D E 

𝜎୷ (MPa) 352.3 360.1 366.4 408.1 390.2 

𝑛 0.363 0.366 0.358 0.313 0.323 

𝑚 1272.1 1280.1 1285.7 1338.2 1282.6 

 

 

Fig. 3.3 True stress-strain results from the tensile tests for cases A, B, C, D and E. 
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Uncertainty of the curve fitting in the elastic regime was shown. It has been reported in 

quasi-ductile materials [20]. Nonetheless, a prediction of the plasticity constants by the 

fitting can provide a practical application to reduce the calculation cost of FEA. Based on 

the variables such as 𝐸 , 𝜈 , 𝜎୷  and 𝑛  depending on 𝑚 , the simulation inputs were 

determined and the corresponding analysis made it possible. Numerically predicted 𝐾ୡ 

for each condition of HDPEC was plotted in the inset figure of Fig. 3.4. Typical 𝐾ୡ of 

case A was used as the reference value of this material, which is approximately 101 

MPa∙m1/2 [21]. To predict the modified values of 𝐾ୡ by the applied HDPEC, a crack 

length calculated by the evaluation of case A was substituted to the Eq. (1.5) in chapter 

1, thereby could be calculated for other cases. 

Figure 3.4 illustrates the predicted relationship between 𝜎௔ୡ and 𝑎ୡ based on Eq. (1.6) 

of chapter 1 and FEA calculation. Where the 𝑟୷ was predicted by a combination of Eq. 

(1.2) of chapter 1 and 𝑟୷ = 1/[6𝜋(1 + 𝑛)](𝐾/𝜎୷)ଶ. The data-sets plotted by symbols 

indicate the calculated values in FEA as the critical fracture. 

 

 

Fig. 3.4 Evaluated results for the relationship between critical applied stresses and 

critical crack lengths. Inset: bar plot of evaluated fracture toughness. 
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The evaluated 𝐾ୡ increases with increasing the 𝑗, that is, higher 𝜎௔ୡ at the given 𝑎ୡ is 

required to reach the corresponding 𝐾ୡ. The higher 𝑗 (cases D and E) has a better effect 

than that of the lower one such as case B and case C. In terms of critical fracture 

conditions, it can suggest that a higher 𝑗  induces higher 𝜎௔ୡ  in threshold cracking. 

Furthermore, the evaluated result shows that the HDPEC condition of two pulses such as 

case D has more effectiveness than that of one pulse such as case E, even though they 

were the same total applied time (𝑡ୢ × 𝑝 = 10 ms). The evaluated results indicate that the 

modified mechanical properties play a significantly crucial role in the evaluated values 

of 𝜎௔ୡ and 𝑎ୡ. 

 

3.3.2 Improved fracture thresholds 

Based on the evaluated critical fracture values in Fig. 3.4, the stress distribution near the 

crack tip at fracture was calculated with the FEA. Figure 3.5 shows the calculated values 

of 𝜎୴୫ based on Eq. (2.3) as a function of the distance 𝑟 along with X-direction from the 

crack tip, which is the propagation direction (𝜃 = 0). A constant value of 𝑎ୡ = 1 mm was 

used to make typically an example of fracture crack for this simulation. The evaluated 

values of 𝜎୴୫ in cases B, C, D and E were higher than those of case A under any distance. 

The calculated values of 𝜎୴୫  were plotted in the range of 𝑟 ≥ 𝑟୷ . An assumption by 

singularity-dominated condition was used as follows [3], 

 

𝜎୴୫ =
ఙೌ (௔ା௥) 

√ଶ௔௥ା௥మ
                    ൫𝑟 ≥ 𝑟୷൯ .               (3.2) 

 

Thus, the values of 𝜎ୡ୫ could be evaluated by the calculated values of 𝜎୴୫ at 𝑟 = 𝑟୷.  
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Fig. 3.5 Calculated stress distribution by von Mises criterion as a function of the 

distances from crack tips at 𝜃 = 0. 

 

Figure 3.6 illustrates the determination of 𝜎ୡ୫ 𝜎ୡ୫
୭⁄ , i.e., 𝜎ୡ୫ normalized by 𝜎ୡ୫

୭  from 

𝜎ୡ୫ of case A. The repeat calculations for different crack lengths could give data-sets of 

𝜎ୡ୫ 𝜎ୡ୫
୭⁄ , thereby the enhanced values were determined, where 𝑎 𝑤⁄  is a series of 𝑎 per 

𝑤  in the geometry of FEA. To evaluate quantitatively the effectiveness of fracture 

resistance, the inset equation of Fig. 3.6 was used. The inset figure depicts the increased 

ratio of 𝜎ୡ୫  based on the HDPEC condition. The increasing effect of HDPEC was 

verified. The increased ratio of cases B, C, D and E is entirely higher than the ratio of 

case A. Remarkably, case D reveals the increased ratio of 17.2 % which can be thought 

of as the best HDPEC condition. 
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Fig. 3.6 Calculated FEA results for normalized local fracture strength as a function of 

normalized crack length. Inset: increased ratio of local fracture strength of each case. 

 

To evaluate quantitatively the value of 𝐾ୡ, the following equation can be proposed [3,22], 

 

𝐾 = 𝜎௔√𝜋 𝑎 𝑓(
௔

௪
) ,                                               (3.3) 

 

then critical conditions of Eq. (3.3) gives Eq. (3.4), 

 

𝐾ୡ ∝ 𝜎ୡ୫ඥ𝑎ୡ 𝑓 ቀ
௔

௪
ቁ ,                                           (3.4) 

 

where the location function 𝑓(𝑎 𝑤⁄ )  depending on 𝑎  and 𝑤  can be used with an 

assumption for periodic collinear cracks, 𝑓(𝑎 𝑤⁄ ) = [2 𝑤/(𝜋𝑎) tan(𝜋𝑎 (2 𝑤)⁄ )]ଵ/ଶ. The 

inset figure of Fig. 3.7 depicts the evaluated values of 𝐾 versus the 𝑎 𝑤⁄  with analytical 
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and FEA results. It shows an agreement between the two approaches. Because typical 

fracture can occur when the 𝐾 reaches the 𝐾ୡ as a critical value, i.e., 𝐾 𝐾ୡ⁄ = 1, equation 

(3.5) can be proposed to decide the increased ratio as the effect of HDPEC, 

  

௄ౙ

௄ౙ
౥ =

ఙౙౣ

ఙౙౣ
౥ ට

௔ౙ

௔ౙ
౥ ,                                                                         (3.5) 

 

where 𝐾ୡ
୭, 𝜎ୡ୫

୭ , and 𝑎ୡ
୭ are the initial values of 𝐾ୡ, 𝜎ୡ୫, and 𝑎ୡ. Figure 3.7 indicates the 

evaluated values of 𝐾ୡ 𝐾ୡ
୭⁄ . The increased ratio is plotted as a bar scale in Fig. 3.8. The 

enhancement of 𝐾ୡ/𝐾ୡ
୭ in cases B, C, D, and E is successfully revealed. The increased 

ratio of case D was evaluated to be 16.26 % as the highest one. It would be thought that 

the improvement of 𝐾ୡ could be achieved under the HDPEC condition of case D. 

 

 

Fig. 3.7 Evaluation of normalized critical fracture toughness along with crack length. 

Inset: evaluated values of 𝐾 based on FEA and analytical results. 
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Fig. 3.8 Increased ratio (%) of improved fracture toughness compared with original 

fracture toughness. 

 

3.3.3 Evaluation by crack profiles 

In terms of fracture parameters to understand the level of improvement, the CTODs (𝛿) 

can also be taken into account. Equation (3.6) yields the relationship between 𝐾 and 𝛿 

based on the values of 𝐸 and 𝜎୷ [3], 

 

𝛿 =
௄మ

ఉ ா ఙ౯
 ,                                                      (3.6) 

 

where 𝛽 indicates a non-dimensional constant. The critical values of CTOD (𝛿ୡ) can be 

calculated based on the strip-yield assumption as follows, 

 

 𝛿ୡ =
௄ౙ

మ

ఉ ா ఙ౯
=

଼ ఙ౯ ௔ౙ

ఉ గ ா
ln sec (

గ ఙೌ

ଶ ఙ౯
)  .                              (3.7) 

 

It is a criterion by crack profiles at fracture. A fracture occurs when 𝛿 reached 𝛿ୡ. 



41 

 

 

 

Fig. 3.9 COD profiles calculated by FEA. Inset: comparison of critical CTODs using 

FEA and theoretical approaches. 

 

Figure 3.9 illustrates the simulated profiles of COD in cases A, B, C, D and E. Here, the 

𝑎ୡ of 4 mm was used. The calculated values of cases B, C, D and E were larger than case 

A at any crack position. In the inset figure of Fig. 3.9, a comparison of CTODs between 

the analytical and FEA results was shown. The resulted values of 𝛿ୡ in the theory-axis of 

the inset figure were calculated by Eq. (3.7). Where 𝛽 = 2 was assumed.  The analytical 

predicted by Eq. (3.7) and FEA results have an agreement, in which the values of 𝐾ୡ and 

𝜎୷ are associated with crack tip dulling. In Fig. 3.10, the critical values of CTOD were 

simultaneously plotted with the predicted lines of cases A and D based on Eq. (3.7). The 

values of CTOD obtained in cases B, C, D, and E are larger than those of case A. In 

general, a crack tip tends to be blunted because of the dominant plasticity. These 

simulation results show the dulling near the crack tip due to their plasticity. 
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Fig. 3.10 Critical CTOD calculated by FEA as a function of critical crack length. The 

predicted lines of cases A and D are simultaneously plotted. 

 

The prediction in Fig. 3.10 could provide an alternative approach in terms of fracture 

parameters. The calculated FEA results show a gradual increase in 𝛿ୡ. The CODs are 

determined by equivalent state between 𝜎௔ୡ and 𝑎ୡ. The increase in 𝜎୷ would provide 

higher crack tip dulling than initial material, which means the improvement of resistance 

in crack propagation. 

 

3.4 Discussion 

This chapter has been elaborated on fracture mechanics-based FEA evaluation of the 

improved fracture parameters by the application of HDPEC. The material properties 

obtained in tensile tests were used to evaluate critical fracture parameters such as 𝜎ୡ୫, 𝐾ୡ, 

and CTOD. Based on the presented results, the following discussion can be made. 
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3.4.1 Evaluation of improved fracture parameters 

To assess the improved quality of critical fracture affected by HDPEC, the following 

equations can be used, 

 

௄ౙ

௄ౙ
౥  > 1 ,                                                       (3.8) 

 

௄ౙ

௄ౙ
౥ = 1 ,                                                       (3.9) 

 

௄ౙ

௄ౙ
౥  < 1 .                                                    (3.10) 

 

Equations (3.8-3.10) describe whether the material has an improved critical value of 

fracture or not. Based on the improved and original states of critical value, i.e., 𝐾ୡ/𝐾ୡ
୭, if 

𝐾ୡ/𝐾ୡ
୭ > 1, the 𝐾ୡ is improved by the application of HDPEC. By contrast, 𝐾ୡ/𝐾ୡ

୭ < 1 

indicates that damage to the material can be caused. As shown in Fig. 3.8, the 

improvement of 𝐾ୡ was demonstrated. It could provide a method to evaluate the degree 

of improved 𝐾ୡ  by the application of HDPEC. This simulation results with changed 

material properties showed an increase in ductility as the effect of HDPEC. Dulled crack 

tip indicates the increment of ductility. In general, residual compressive stress at the crack 

by the application of HDPEC plays a significantly important role in the resistance of crack 

propagation, while residual tensile stress has a harmful effect [23]. The increase of 

ductility presented in this chapter can coexist with the effect of residual compressive 

stress, thereby both effects could resist crack propagation. 

 



44 

 

3.4.2 Strengthening role of HDPEC 

As the effect of HDPEC, getting a higher value of 𝜎୷ and a lower value of 𝑛 was verified. 

When the 𝑗 is high, the improved fracture property is high. The cases of 150 A/mm2 were 

not significantly influenced by the type of applied 𝑝 of HDPEC, whereas the different 

improvement was revealed in cases of 300 A/mm2 even though the total applied time of 

HDPEC was the same. One reason resulted in the different results, which is induced by 

different densities of HDPEC, can be thought due to ∆𝑇୎. Based on the Eq. (1.11) of 

chapter 1 [24] with material constants (𝜌 = 7.4 × 10ି଻ Ω ∙ m, 𝐶୮ = 502 J/(kg K), and 

𝑑୫ = 7.87 × 10ଷ kg/mଷ) and 𝑡 = 10 ms, the values of ∆𝑇୎  for 150 A/mm2 and 300 

A/mm2 were predicted as 42.1 and 168.6℃, respectively. The higher ∆𝑇୎ could often have 

more energy, thereby could promote the modification of material properties. On the other 

hand, the high-density electric current can induce the collective drift electrons. The EWF 

defined in chapter 1 can push atoms as a force to promote their motion [25]. It has been 

demonstrated that the microstructures such as dislocation, crystal texture, grain size, and 

phase structure could be changed by the high-density electric current [9-13,24,26,27]. 

Thus, the most important factor for the effect of HDPEC is considered to be owing to 

EWF. The increased effect of EWF with increasing the 𝑗 increases the improvement of 

material strength. Furthermore, cases of two pulses could increase the EWF compared 

with one pulse owing to the abrupt increment of voltage under the same total applied time 

of HDPEC. 

 

3.5 Summary 

In this chapter, the improvement of fracture characteristics of the material by the 

application of HDPEC was demonstrated based on a combination of a fracture mechanics-
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based theoretical framework and cracking simulation using FEA. 

The 𝜎୷  was increased and the 𝑛  decreased with the increased 𝑗 . The improved 

mechanical properties can be considered to be owing to the EWF because EWF can 

modify the microstructure and necessarily accompanies changes in mechanical properties. 

Results from the FEA depict that the distribution of  𝜎ୡ୫ near the crack tip was increased 

with the increased 𝑗. The modified degree by higher 𝑗 and more 𝑝 of HDPEC shows the 

higher improvement of 𝜎ୡ୫ . Cases applied by HDPEC need more stress to further 

propagate a crack than those without the application of HDPEC. The improvement of 𝐾ୡ 

was also demonstrated by FEA. It shows the best efficiency under the higher 𝑗  and 

multiple 𝑝 of HDPEC. The results of CTODs indicate the plasticity-induced dulling of 

the crack tip. An agreement between the theory and FEA was verified. 

Consequently, the application of HDPEC could give advantages to resist crack 

propagation based on the modified material properties. The improvement of 𝜎ୡ୫ near the 

crack tip, 𝐾ୡ and 𝛿ୡ was achieved. 
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Chapter 4 Material strengthening through the modification of 

microstructure 

  

In this chapter, it has been elaborated to understand why the application of HDPEC could 

improve mechanical properties such as 𝜎୷, ultimate strength 𝜎୳ and strain at fracture 𝜀୤  

based on the tensile results of chapter 3. Optimized conditions of HDPEC were examined. 

Microstructure observations were performed to find out the comprehensive mechanisms, 

which explain the improved tensile properties such as 𝜎୷ and 𝜎୳ with an increase in 𝜀୤. 

Based on grain boundary engineering (GBE), elemental analysis associated with phase 

transformation, advantages of HDPEC application for the material strength and the 

reduction of Cr23C6 are proposed in this chapter. The ∆𝑇୎ by Joule-heating is controlled 

to make the effect of EWF stand out. 

 

4.1 Introduction 

Over the past few decades, GBE has been regarded as one of the effective methods to 

improve mechanical properties because intergranular properties play important roles to 

determine the strength of the material. Many researchers have attempted to ensure better 

mechanical properties in various stainless steels through modifications of GB 

characteristics [1-5]. Typical types of GBs such as LAGBs, HAGBs and ∑ 3 TBs defined 

by different misorientation angles have been purposely modified with various treatment 

methods. Creating favorable GB characteristics for the material strength contributes to 

resolving one of the disadvantages of the material as presented in chapter 1. 

In addition, decreasing Cr23C6 in the surrounding of GBs and TBs is the other 
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requirement to ensure better material properties of the material. From a thermal process 

point of view, it has been reported that controlling heat processes induces the dissolution 

of Cr23C6 because the material exhibits thermodynamic equilibrium between austenite 

grains, ferrite grains and Cr23C6 [6]. The reduction of Cr23C6 by the thermal process 

improves the material properties, but this can only be considered in metallurgical 

manufacturing and heat treatment processes. To meet the needs for simple and rapid 

modification of the material properties, treatment methods without metallurgical 

manufacturing and heat treatment processes have been always required in industrial sites. 

As introduced in Chapter 1 for the effect of HDPEC in metals, this process generally 

accompanies a ∆𝑇୎ by Joule heating. High ∆𝑇୎ in metals inevitably changes metallurgical 

state so that it should be explained in conjunction with the thermally activated 

modification of material properties rather than that by EWF. In this manner, a 

comprehensive mechanism in the variation of grain size was recently introduced [7]. The 

determination of grain refinement or growth depends on conditions of pulsed electric 

current. Grain refinement can be expected in the relatively lower 𝑗 whereas grain growth 

occurs in higher 𝑗 [7]. Higher ∆𝑇୎ by a higher 𝑗 can often have a synergistic effect with 

EWF. Remarkably, both effects describe the potential of applied electric current for the 

modification of microstructures. Many reports show advantages of electric current 

both/either the Joule-heating and/or EWF [7-10], and a recent report proposed a new 

avenue, namely thermal phonon effect instead of the effect of EWF and Joule-heating 

[11]. It was shown to demonstrate the thermal phonon effect through a comparison 

between under matching temperatures and under steady current levels below 200, 70 and 

40 A/mm2 for copper, iron and titanium, respectively. Nevertheless, microstructure 

evolution under pulsed electric current instead of steady current conditions was still not 
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understood to identify the effects of EWF. Abruptly increased pulse effects should be 

discussed. Further, if the 𝑇  by the application of electric current is significantly 

controlled below certain temperatures of materials, the effect of EWF can be increased 

and contribute mainly to the modification of microstructure. Thus, it needs to prove that 

the effect of EWF dominantly contributes to the modification of microstructure. 

In addition, it remains still unclear and has not been reported how grain size could be 

changed, what mechanisms could contribute to the improvement of material strength, and 

what is the role of electric current in materials. Furthermore, modification of 

microstructure by dislocation motion through EWF [8,12,13] could give a motivation to 

induce strengthening of the material. Thus, it has been required to prove the role of EWF 

acting in microstructures of the material and to propose a reasonable description of 

modifications of GB characteristics presented in grains and GBs by the HDPEC. 

In this chapter, the modification of microstructure by the EWF-enhanced HDPEC effect 

was demonstrated. The 𝑇  by HDPEC was significantly confined below a certain 

temperature of the material so that the effect of Joule-heating can be negligible. In terms 

of GBE, evolutions of microstructure were examined based on the grain boundary 

characteristics distribution (GBCD) among LAGBs, HAGBs and ∑ 3 TBs using the 

EBSD method. A selected area was observed using FESEM to verify changed GB 

characteristics in the GBCD plot. The STEM was used to support the explanation of the 

results in microstructural evolutions. EDS was also used to examine elemental 

rearrangements (Cr, Ni and C) in the surrounding of the grains (top view) and CSA of the 

associated grains. Evolutions of Cr23C6 and δ-ferrite were confirmed in EDS and EBSD 

phase maps. The eutectoid formula, Cr23C6, + γ ↔ δ, was employed to explain variations 

of Cr23C6 and δ-ferrite between γ-austenite grains. Mechanisms based on microstructure 
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evolutions were proposed to explain how to achieve the strengthening of the material with 

an increase in 𝜀୤ as the effect of HDPEC. 

 

4.2 Tensile tests under controlled temperature rising 

Uniaxial tensile tests were performed to obtain modified mechanical properties such as 

𝜎୷, 𝜎୳ and 𝜀୤. In Table 4.1, a series of applied conditions of HDPEC and corresponding 

maximum 𝑇  are listed. The 𝑗 , 𝑝  and 𝑡ୢ  are defined as treatment parameters. The 

untreated sample is denoted as S1. The treatment through 1 𝑝 by 𝑗 of 200 A/mm2, the 

treatment through 1 𝑝 by 𝑗 of 400 A/mm2 and the treatment through 2 𝑝 by 𝑗 of 400 

A/mm2 are denoted as S2, S3 and S4, respectively. Thus, not only the effect of 𝑗  is 

distinguished by S1, S2 and S3 but also the effect of 𝑝 of HDPEC is considered by S1, S3 

and S4. The 𝑇  in Table 4.1 was measured at the center of the sample geometry. It should 

be noted that a cooling time between two pulses applied to S4 was sufficiently taken to 

reach the 𝑇୰ after the initial pulse. In the predicted  𝑇 , equation (1.11) of chapter 1 was 

used based on 𝑇୰ of 25℃. Where the values in this calculation are 𝜌 = 7.4×10-7 Ω∙m, 𝐶୮ 

= 502 J/(kg∙K)) and 𝑑୫ = 7870 kg/m3. 

 

Table 4.1 Applied conditions of HDPEC and the corresponding temperature rising. 

Group 
Density 

(𝒋), 
A/mm2 

The number 
of pulses (𝒑), 

times 

Duration 
time (𝒕𝐝), 

ms 

Maximum raised temperature 
(𝑻𝐑), ℃ 

Prediction Measurement 

S1 Untreated 

S2 200 1 5 62.5 66.5 

S3 400 1 5 174.8 185.0 

S4 400 2 10 174.8+174.8 185.0+185.0 

Remark: the second pulse was applied after the sample reached to 𝑇୰. 
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4.3 Results 

4.3.1 Grain boundary characteristics and grain refinement 

Figure 4.1 shows the inverse pole figures (IPFs) and corresponding {101} pole figures 

(PFs) with the measured GBCD and the mechanical properties in uniaxial tensile tests. 

The entire tendencies were examined based on the EBSD maps of Fig. 4.1 (a and b). The 

rolling direction (RD), transverse direction (TD) and normal direction (ND) are denoted. 

In Fig. 4.1 (a), the IPFs of S3 and S4 revealed noticeable changes in crystal orientation 

and grain size while the IPF of S2 showed a slight difference compared with that of S1. In 

Fig. 4.1 (b), the {101} PFs of S2 and S3 display a gradual increase in the maximum 

intensity of the {101} orientations, that is, an increase in the texture intensity was induced 

by the increased 𝑗. Especially, a significant crystallographic re-orientation of {101} was 

revealed by the pulse effect in the S4 of Fig. 4.1 (b). It means that the increases in 𝑗 and 𝑝 

of the HDPEC simultaneously contribute to the increase of the orientations. The 

corresponding evolutions of GBCD are shown in Fig. 4.1 (c). In the general category, 

fractions of LAGBs, HAGBs and ∑ 3 TBs were taken into account as defined in Table 

2.4 of chapter 2. Relatively high fractions of HAGBs and ∑ 3 TBs and a lower fraction 

of LAGBs were reached through the heat treatment beforehand. After the HDPEC 

treatment, a significant increase of the fractions of HAGBs was observed with the 

decrease of the fraction of ∑ 3 TBs. Meanwhile, the fraction of LAGBs is slightly 

increased with the enhancement of HDPEC treatment. There were no significant changes 

in others, ∑ 3n CSL boundaries such as ∑ 9 (38.94° around <110>), ∑ 27a (31.59° around 

<110>) and ∑ 27b (35.43° around <210>).  
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Fig. 4.1 Evolution of the microstructure at the center of sample based on EBSD results 

and their uniaxial tensile properties, (a) IPFs, (b) PFs and bar-plot of the maximum 

intensity of {101} orientations, (c) corresponding GBCD plot (Inset: measured grain 

sizes) and (d) engineering stress-strain curves. 
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In Fig. 4.1 (d), the results of uniaxial tensile tests show not only an increase in 𝜎୷ and 𝜎୳ 

but also a slight increase in 𝜀୤. It can be thought that the effect of HDPEC contributes to 

improving overall mechanical properties. Invalidation of the strength-ductility trade-off 

was demonstrated in the stress-strain curves affected by HDPEC. In the inset of Fig. 4.1 

(c), measured grain sizes from Fig. 4.1 (a) were plotted with error bars. As the increased 

effect of HDPEC, the grain size decreases. These results can be explained by the GBCD 

plot shown in Fig. 4.1 (c). The fractions of LAGBs and HAGBs under the same mapping 

area increase with the increased effect of HDPEC. Therefore, 𝜎୷ can be increased with 

the decrease of grain size due to the Hall-Petch strengthening [14,15], which has been 

successfully used to estimate theoretical 𝜎୷ and related Hall-Petch grain size 𝑑ୌ୔, namely, 

𝜎୷ = 𝜎଴ + 𝑘ୌ୔ ඥ𝑑ୌ୔⁄ , where 𝜎଴ and 𝑘ୌ୔ are the material constants. As a result, HDPEC 

induced Hall-Petch strengthening effect with the increase of LAGBs and HAGBs, which 

thereby increases the strength of the material owing to grain refinement. 

 

4.3.2 Effect of pulse number 

Since the 𝑇  by Joule heating is controlled as listed in Table 4.1 below the certain 

temperature of the material. The temperature setting in this chapter (≤185℃) was 

significantly below typical temperatures that could have metallographic effects in the 

material such as austempering (≈ 350℃) and the minimum intended temperature in the 

phase diagram of austenitic stainless steel (≈ 400℃). Even there was no holding time at 

the 𝑇  increased by HDPEC. Thus, we assume that the EWF owing to abruptly increased 

pulse is one of the main sources for the modification of microstructure. The modification 

process of microstructure between S1 and S3 and S4 could be estimated based on the 

results in crystal texture, GBCD and strength of the material were related to grain size.  
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Fig. 4.2 FESEM images showing the variation of the grain by the pulse effect of 

HDPEC, (a) S1, (b) S3, (c) S4 and (d-f) enlarged view for the area of interest. 

 

The FESEM images in Fig. 4.2 (a-c) show the variation of GBs as the effect of 𝑝 of 

HDPEC (enlarged in Fig. 4.2 (d-f)). As etched (Fig. 4.2 (a)) after heat treatment and 

polishing, the HAGBs and the Cr23C6 in the surrounding of the grain were highlighted. 

Once the HDPEC treatment was applied, new HAGBs with losing of the integrity of ∑ 3 

TBs occur and grain refinement happens, which is shown in Fig. 4.2 (b and e) by the 

white arrows. As the 𝑝 of HDPEC was increased, strong grain refinement was made as 

shown in Fig. 4.2 (c and f). This phenomenon clarifies the variation of the GBCD plot in 

Fig. 4.1 (c).  
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Fig. 4.3 Highlighted area for the grains (G1, G2: Grains and T: Twin) showing the 

transformation of misorientation-angles between GBs, (a-b) FESEM images of S1 and 

S4, (c) corresponding EBSD map of S4, (d) misorientation-angle plots, (e) profile plots 

along with the line AB and (f) that of the line CD. 

 

In Fig. 4.3, the EBSD map and the misorientation angles of GBs would help explain the 

process of grain refinement. The variation of misorientation angles in GBs is depicted 

with a color bar in Fig. 4.3 (d). In Fig. 4.3 (e), the corresponding profile of misorientation 

angles crossing over the refined GB was measured through line A-B of Fig. 4.3 (c). The 

variation in the plot describes the different angles between the G1-T and T-G2. In Fig. 4.3 

(d), the refined HAGB from ∑ 3 TBs (between T and G2) shows a lower misorientation 

angle than that of the ∑ 3 TBs between G1 and T. Variation of the profile helps explain 

the misorientation angle plot in Fig. 4.3 (f). The misorientation angles along line C-D 

show an increasingly fluctuating angle within low angles (misorientation angle < 5°). It 

indicates that the variation of strain contour in the G2 could be made by dislocation motion, 

and such strain field consequently modified the distribution of misorientation angles in 
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GBs, which led to the increase in HAGBs with the reduction of ∑ 3 TBs as analyzed in 

Fig. 4.1 (c). The other interesting point is that the fraction of LAGBs in Fig. 4.1 (c) can 

be explained as due to a higher strain field from dislocation motion (5° < misorientation 

angle). Once the HDPEC is applied, dislocations would move due to the EWF. In the 

dislocation pile-up model, moved dislocations inside of grains tend to be located near 

some structural sources such as GBs, TBs, solid solutions and precipitations. It can be 

thought that the number of dislocations increases near HAGBs, and add up to create one 

large LAGBs. The EBSD maps of Fig. 4.4 (c and d) show an increase in LAGBs (<1 μm) 

by the increased 𝑝 of HDPEC. An increasing fraction of LAGBs contributes partly to the 

grain refinement with the creation of new GBs (Fig. 4.4 (c and d)).  

 

 

Fig. 4.4 Evolution of LAGBs by the pulse effect, (a) EBSD map of S1, (b) the state of 

GBs of S1 with few LAGBs after the annealing and (c-d) evolution of LAGBs by the 

effect of pulses for S3 and S4. 
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Fig. 4.5 TEM observation (CSA view) without and with the application of HDPEC, (a) 

TEM image of S1 and SAED pattern and (b) that of S4 as the effect of HDPEC. 

 

Figure 4.5 (a) shows the TEM images (CSA view) and their selected area electron 

diffraction (SAED) patterns of S1 as annealed. Typical ∑ 3 TBs were recognized. Where 

Z1 is inside the grain and Z2 is the selected area between inside the grain and twin. The 

SAED pattern in Z2 depicts a typical crystallographic orientation of 60° owing to ∑ 3 TBs. 

On the other hand, the STEM images and its SAED pattern of S4 (Fig. 4.5 (b)) show 

different aspects. Crystallographic changes were revealed and their orientation is no 

longer 60° by ∑ 3 TBs. In the EBSD map of Fig. 4.3 (d and e), changed HAGB from ∑ 

3 TBs was shown as approximately 50°. The SAED pattern in Z4 shows consistency with 

that of Fig.4.3 (e). Further, the creation of new LAGBs is shown in Fig. 4.4 (c and d) was 

also confirmed in TEM observation. Several LAGBs near GBs were newly formed as the 
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effect of HDPEC. In general, LAGBs have been specified as high-energy GBs and are 

known as a source for pinning dislocations. The newly formed LAGBs play a role in the 

strengthening of the material. 

 

4.3.3 Dissolution of Cr23C6 

The red arrows in Fig. 4.2 show the local dissolution of Cr23C6 as the effect of the 𝑝 of 

HDPEC. Elemental analysis was employed for the given grain since the chemical feature 

of GBs is one of the assessment requirements to explain a variation of Cr23C6 for 

austenitic stainless steels. 

 

 

Fig. 4.6 FESEM-EDS elemental analysis of C-ⅰ, Cr-ⅱ, Ni-ⅲ, and Cr23C6-ⅳ (C-Cr 

layered) for the densities and the number of HDPEC, (a) S1, (b) S3 and (c) S4. 
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Figure 4.6 (a-c) shows elemental evolutions (top view) in C, Cr, Ni and C-Cr stacked 

(Cr23C6) maps under the conditions of HDPEC of the S1, S3 and S4. In the C map of S1 (ⅰ 

of Fig. 4.6 (a)), it can be seen that plenty of C along with GBs formed. When the HDPEC 

is applied as S3 and S4 (ⅰ of Fig. 4.6 (b and c)), the amount of C was decreased near GBs. 

The deepened black along with GBs indicates that C atoms tend to move to the inside of 

the grain as an effect of 𝑝 of HDPEC. On the other hand, the tendency of Cr was different. 

The corresponding Cr maps (ⅱ of Fig. 4.6 (a-c)) present the gradual increase of the amount 

of Cr near GBs as the 𝑝 of HDPEC increases. In addition, Ni maps show decreasing 

tendencies along with GBs (iⅱ of Fig. 4.6 (a-c)). As the 𝑝 of HDPEC increases, an amount 

of Ni moves into grains from GBs. Based on the elemental evolution in iv of Fig. 4.6 (a-

c), the decrease of Cr23C6 could be observed as the effect of the increased 𝑝 of HDPEC.  

To demonstrate elemental rearrangement in the interface (CSA view) between LAGBs 

and Cr23C6, STEM-EDS was used in the newly formed interface indicated by the red box 

in Fig. 4.5 (b). Figure 4.7 (a) shows the typical Cr23C6 and surrounding element states 

based on S1. The count of elements in location B by the line plot indicates the base 

elemental distribution of Cr23C6. Compared with the line plot of Fig. 4.7 (a), figure 4.7 

(b) depicts the changed distribution of elements. An increase in Cr and a decrease in Ni 

were revealed, that is, elemental changes explained in Fig. 4.6 are consistent with TEM-

EDS observation in CSA. The elemental rearrangement in the surrounding of the grain 

shows the process of dissolution of Cr23C6 (a decrease in C, an increase in Cr and a 

decrease in Ni along with the GBs). The application of HDPEC made Cr23C6 dissolved 

and the dissolved Cr is located near reduced Cr23C6 whereas the amounts of Ni and Fe 

lost their location instead of the increase in Cr. This elemental change induces crystal 

rearrangement, thereby new LAGBs, which lead to creating subgrains, could be formed. 
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Fig. 4.7 TEM-EDS elemental analysis the interface (CSA view) between LAGBs and 

Cr23C6, (a) typical elemental distribution of Cr23C6 (S1) and (b) that changed by Cr23C6 

dissolution as the effect of HDPEC (S4). 
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Fig. 4.8 EBSD phase maps for the evolution of δ-ferrite phase, (a-d) S1, S2, S3 and S4, 

respectively, and (e) fraction plot of δ-ferrite phase. 

 

In addition, the EBSD phase maps of Fig. 4.8 (a-d) scanned from the dashed squares of 

Fig. 4.1 (a) show the evolution of δ-ferrite. The fraction of δ increases as the effect of 

HDPEC increases, namely, 0.77 % for S1, 4.70 % for S2, 9.73 % for S3 and 13.77 % for 

S4, respectively. Uniquely, the small amount of cementite phase was revealed in S4 of Fig. 

4.8 (d). 

 

4.4 Discussion 

4.4.1 Strengthening mechanism 

Fig. 4.9 summarizes the modification process of the material as the effect of HDPEC 

based on the results of GBCD and elemental analysis. The fraction of ∑ 3 TBs decreased 

significantly, whereas the increases in LAGBs and HAGBs were revealed (Figs. 4.1-4.4). 

In general, ∑ 3 TBs have been categorized as low-energy boundaries, as contrasted with 

high-energy boundaries such as LAGBs and HAGBs [1]. The GB movement from low-



64 

 

energy ∑ 3 TBs to high-energy HAGBs by the effect of HDPEC could be demonstrated 

under the control of low-temperature without thermally-activated processes. It could be 

thought of as the EWF-induced GB refinement. The modification of microstructure could 

still be available without considering the joule heating effect in the material. The contour 

of strain fields by pulse effect helps explain the change of GB characteristics from the ∑ 

3 TBs to the HAGB (Figs. 4.2 and 4.3). Furthermore, the increased fraction of LAGBs 

was demonstrated for the grain refinement by dislocation motion since the LAGBs are 

composed of numerous dislocations. Dislocation motion by EWF participated in creating 

the subgrains. The increased 𝑝 of HDPEC mainly contributes to forming new LAGBs. 

Consequently, the EWF promotes the variation of GBCD as a source of fluctuating force. 

When the level of HDPEC treatment is higher, the grain refinement becomes stronger, in 

which the 𝑝 of HDPEC plays a more important role as presented in this chapter. 

 

 

Fig. 4.9 Schematics of the modification process in the grains affected by the HDPEC. 
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To evaluate the degree of the material strengthening based on the modification of 

microstructure, the following equations include the Hall-Petch strengthening term with a 

quantity of δ-ferrite phase in the values of 𝜎୷, which is the so-called Irvine equation [16]. 

This regression formula has been used to calculate the values of 𝜎୷ and 𝜎୳ [17-20], 

 

𝜎୷ = 67.8 + 354.2 (C) + 20.0 (Si) + 3.7 (Cr) + 14.5 (Mo) + 2.5 (δ) + 7.1 𝑑ିଵ/ଶ , 

                                                                       (4.1) 

 

𝜎୳ = 446.6 + 523.6 (C) + 41.6 (Si) + 2.0 (Ni) + 18.5 (Mo) + 13.9 𝑑ିଵ/ଶ , 

(4.2) 

 

where the chemical quantities can be substituted by the weight percent. In Eq. (4.1), the 

amount of δ-ferrite is included, and the amount of δ-ferrite increases in the EBSD phase 

maps of Fig. 4.8 (a-d) as an effect of HDPEC. Based on the increased amount of δ-ferrite 

of Fig. 4.8 (e) and the measured grain size, the improvement of 𝜎୷ and 𝜎୳ can be expected, 

which agrees well with the stress-strain relationship. 

 

4.4.2 Reduction of Cr23C6 

Based on the elemental evolution in ⅳ of Fig. 4.6 (a-c), a process of the dissolution of 

Cr23C6 could be explained. There have been reports concerning the presence of 

thermodynamically transformed δ-ferrite between two austenite grains [6,21]. It has been 

known that the transformation of the phase structure leads to an increase in Cr and a 

decrease in Ni near GBs [21]. This metallurgical modification could be connected with 

the process of phase transformation from γ-austenite to δ-ferrite, so-called Cr23C6 + γ ↔ 
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δ eutectoid reaction. In general, the reaction of Cr23C6 + γ ↔ δ requires a thermally-

activated process. On the other hand, the 𝑇  in this study was controlled significantly 

below the certain temperature associated with the metallurgical process of the material. 

In addition, locally changed 𝑇  by small line defects due to Cr23C6 can be generally low, 

thereby it can be assumed that the gap of 𝑇  near line defects by Cr23C6 is negligible 

because the line defect area per given area is sufficiently small. Thus, the effect of EWF 

could mainly contribute to the transformation of the phase structure resulting in the 

dissolution of Cr23C6 and the increase of δ-ferrite near GBs as shown in Figs. 4.6, 4.7 and 

4.8. In a recent report, the dissolution of Cr23C6 below the thermodynamic dissolution 

temperature of the material was achieved through numerous applications of pulsed 

electric current [22]. Different from the report, our findings show that a few 𝑝 of HDPEC 

still play a modification role in the dissolution of Cr23C6. The dissolution process was 

distinguished between 1 𝑝 and 2 𝑝 and could be achieved for the modification of the 

microstructure. Further, the dissolution of Cr23C6 by a few 𝑝 of HDPEC exhibited the 

reaction in the form of Cr23C6 + γ ↔ δ. A significant variation in both δ-ferrite and the 

dissolution of Cr23C6 was demonstrated by the effect of HDPEC without a thermally 

activated process. 

 

4.4.3 Role of EWF 

The role of EWF could be summarized into the following mechanisms in overcoming 

the strength-ductility trade-off by the effect of HDPEC. An increase in HAGBs and the 

newly formed LAGBs contribute mainly to the Hall-Petch strengthening by grain 

refinement. There was a decrease in ∑ 3 TBs, but it does not lead to a decrease in 𝜎୷ and 

𝜀୤ because the heat-treated material state used in this thesis contains initially a lot of ∑ 3 
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TBs (> 40 %). In addition, this is probably expected to have been achieved owing to an 

increase in strain hardening capacity by a decrease in Cr23C6. Losing ductility by 

decreasing ∑ 3 TBs could be compensated by the decrease in Cr23C6. 

In general, the application of HDPEC inevitably accompanies the increase of ∆𝑇୎ . 

Higher ∆𝑇୎ can sometimes promote a decrease of the potential energy barrier to modify 

the microstructure of materials. The dominant effect of EWF could be assumed under a 

significantly low ∆𝑇୎. A fluctuating force can be generated by the collective drift electrons, 

which are caused by the EWF of HDPEC, and can thereby push atoms to activate their 

dislocation motion. Thus, the EWF contributes mainly to modify the microstructure of 

the material. The HDPEC of 2 𝑝 could better promote both dislocation-activated and δ-

ferrite induced strengthening processes than that of 1 𝑝 owing to an abrupt increment of 

voltage. 

 

4.5 Summary 

In this chapter, a series of experimental works was performed to clarify the strengthening 

mechanisms in type 316 austenitic stainless steel. The effect of HDPEC contributes to 

modifying the GB characteristics that could be explained by the GBCD plot. ∑ 3 TBs 

lose their misorientation angle resulting in the transformation into HAGBs. In addition, 

the fraction of LAGBs was increased as an effect of HDPEC. Dislocation motion induced 

by EWF could result in the accumulation of dislocations around the GBs, thereby forming 

some new GBs. It could lead to the formation of small grains. This partial grain 

refinement can decrease the average size of the grain, thus increasing the strength of the 

material. Both the 𝑗 and the 𝑝 of HDPEC contribute to achieving the improvement of 𝜎୷, 

𝜎୳  and 𝜀୤ . The strength-ductility trade-off could be overcome through the HDPEC 
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conditions used in this chapter. 

Two phenomena by elemental kinetics were observed. One is the dissolution of Cr23C6 

with a decrease in C, an increase in Cr and a decrease in Ni. The other is the increase in 

δ-ferrite. The decrease of Cr23C6 and increase of δ-ferrite could be explained by the 

eutectoid reaction Cr23C6 + γ ↔  δ. The dissolution of Cr23C6 below the certain 

temperature of the material was achieved by the proposed conditions of HDPEC. The role 

of EWF could be explained through the condition of HDPEC. The modification of 

microstructure by dislocation motion owing to EWF was successfully demonstrated 

without a thermally activated process. The pulse effect by abruptly increased voltage 

results in the strengthening of the material. 
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Chapter 5 Low-cycle fatigue behavior improved by HDPECs 

 

In this chapter, the improvement of LCF properties by multiple applications of HDPEC 

was experimentally demonstrated. The effect of HDPEC in the material damaged by 

fatigue loading due to repetitive structural responses is different compared with that by 

tensile loading. Especially, the high loading amplitude in the LCF regime accompanies 

higher deformation, which can significantly generate dislocation networks, than that of 

HCF. In the point of view of multiple applications of HDPEC and its application timing, 

this chapter proposes an effective way to improve the LCF properties of the material. 

Microstructural evidence such as ductile striation and welded area is provided. The 

annihilation of dislocations owing to the effect of EWF by multiple HDPECs can make 

the material ductile after getting brittleness due to the accumulation of dislocations by 

fatigue loading. It has been written based on the following published article: Improvement 

of low-cycle fatigue life of austenitic stainless steel by multiple high-density pulsed 

electric currents, International Journal of Fatigue. 106639 (2021). It has been confirmed 

supported journal policy that, as one of the authors for this article, I retain the right to 

include it in a thesis or dissertation, if it is not provided commercially. 

 

5.1 Introduction 

In many industrial sites, the mechanical components are frequently exposed to 

repetitively high 𝜀௔  that can fail by the low 𝑁 . To assess the fatigue properties of 

materials under high 𝜀௔ , the LCF approach is more favorable compared to the HCF 

approach [1,2]. 

Many scientists have attempted to set improved fatigue properties in a variety of 
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materials. For instance, the fatigue properties of carburized austenitic stainless steel were 

improved by making the discontinuity of surface crack initiation. The carburized material 

layer leads to tiny surface cracks that precede the initiation of large ductile cracks in the 

base material. It gives supplementary fatigue lives under any circumstance such as stress 

level and environmental conditions [3]. Austenitic stainless steel manufactured by 3D 

printing has an improved fatigue limit than the material state as rolled owing to modified 

microstructures [4]. The improved surface hardness and fatigue strength in the nitride 

material were achieved by fine particle peening [5]. In these ways, most modification 

techniques have been developed based on mechanical and chemical methods [6]. 

Over the past decades, the application of HDPEC has been considered a promising 

method for the improvement of the fatigue properties in metals [7–13]. So far, it has been 

employed for stainless steel [7,8], high-strength steel [9], drawing quality steel [10], 

polycrystalline copper [11] and aluminum alloy [12]. The electric current could make 

microstructural changes such as the dislocation motion, grain size and phase structure 

[8,13–15] based on the presence of the induced EWF and Joule heating [16] as introduced 

in chapter 1. Although the light has been shed on pertinent mechanisms, improvement in 

the methodology for the electric current application and its influence on the fatigue 

properties have not yet been sufficiently addressed. Assessments in methodology are 

required to determine how this treatment can be properly applied and how much fatigue 

life can efficiently be improved under given circumstances. 

In this chapter, the effects of multiple HDPECs were demonstrated based on a series of 

LCF tests. FCG tests were first conducted to determine the favorable 𝑗. LCF tests under 

strain control approach were performed to assess the LCF life changed by the 𝑝  of 

HDPEC and its application timing. The properties of LCF were evaluated using classical 
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fatigue models. The BMC and Smith-Watson-Topper (SWT) mean stress models were 

relevantly used [1,17]. Microstructures in fracture surfaces presented by LCF loading 

were examined using FESEM. Microstructural variations in fatigue fracture surfaces were 

determinatively correlated with the improvement of LCF life as the effect of multiple 

HDPECs. 

 

5.2 Application methods of HDPEC for fatigue tests 

In Fig. 5.1, applying the methods and application timing for the multiple HDPECs are 

shown. The details in the conditions of multiple HDPECs and the fatigue tests are 

correspondingly listed in Table 5.1. 𝑡ୢ for each pulse application was applied samely as 

5 ms in the treated groups by HDPEC. In the FCG tests (groups I-IV), the group I denotes 

for the sample without HDPEC, and groups II, III and IV denote the samples with multiple 

applications of HDPEC under the 𝑗 of 100, 150 and 200 A/mm2, respectively. The initial 

application of multiple HDPECs for groups II, III and IV was investigated after a pre-

crack was made. Multiple HDPECs with a cycle pitch 𝑁୮ were further applied. 

 

 

Fig. 5.1 Schematics of the application methods of multiple HDPECs for fatigue tests. 
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 In the LCF tests, group A is denoted as the case without HDPEC, and the groups with 

multiple HDPECs are consist of three types. Group B was applied with a single pulse 

before the fatigue test is started. Group C was treated with a single pulse at every 𝑁୮ after 

the fatigue cycles reach the half-life of group A. Group D was applied with a single pulse 

before the fatigue test and at every cycle of 2𝑁୮ through the entire fatigue period. The 𝑝 

of multiple HDPECs in groups C and D was investigated to be equal. 

 

Table 5.1 Conditions of multiple HDPECs related to FCG and LCF tests. 

Test 
group 

Density 
(𝒋), 

A/mm2 

Duration 
time 

(𝒕𝐝), ms 

Application 
methods 

Applied 
number 

(𝒑), times 

Strain 
ratio 
(𝑹) 

Strain 
amplitude 

(𝜺𝒂) 

FCG 

I - - - - 

0.5 0.00275 
II 100 5 

After fatigue 
pre-crack 

3 

III 150 5 4 

IV 200 5 5 

LCF 

A - - - - 
0.5 

0.00175–
0.00375 

–1 

B 200 5 
Single pulse 

before fatigue 
1 

0.5 

–1 

C 200 5 
During crack 
propagation 

2–17 
0.5 

–1 

D 200 5 
Over the entire 

period 
2–15 

0.5 

–1 
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The 𝑁୮  was pre-determined as 2000 cycles based on the accessible 𝑝  of multiple 

HDPECs in the predicted LCF life. The 𝑝 of multiple HDPECs was considered as less 

than or equal to 17 under the lowest 𝜀௔. The groups I–IV in FCG tests were precedently 

performed to decide a favorable 𝑗 of multiple HDPECs between 0 and 200 A/mm2 under 

𝜀௔ = 𝜀୫ୟ୶ − 𝜀୫୧୬ =  0.00275 and 𝑅 = 𝜀୫୧୬ 𝜀୫ୟ୶⁄ =  0.5. Based on a specified 𝑗 

determined by the FCG tests, the LCF tests (groups A–D) were conducted to valorize the 

failure cycles from the variation of the 𝑝 of multiple HDPECs and its application manner. 

The applied 𝜀௔ was assumed as 𝜀௔ = ∆𝜀 for the LCF tests of 𝑅 = 0.5  and as 𝜀௔ = ∆𝜀 2⁄  

for the LCF tests of 𝑅 = −1. 

 

5.3 Results 

5.3.1 Fatigue crack growth behavior 

Fatigue pre-cracks near the notch were made by mode I fatigue loading into the direction 

perpendicular to the loading. Figure 5.2 (a) depicts the 𝑎 versus 𝑁, where the red arrows 

indicate the application timing of multiple HDPECs. The results in groups II-IV showed 

that the applied multiple HDPECs could contribute to the delay of FCG compared to the 

result in group I. The delay effect is temporal because FCG behavior returned to the 

original state after several hundred or thousand cycles, i.e., the effectiveness remains a 

different duration which depends on the condition of HDPEC. The degree of delay in 

FCG curves depends obviously on the increased 𝑗. As a result, the delay effect was best 

when the 𝑗 was 200 A/mm2, while the efficiency was less when it was 100 A/mm2. The 𝑗 

of 150 A/mm2 depicted an equivalent but slightly low efficiency compared to that of 200 

A/mm2. To evaluate FCG behavior in LCF analysis, the strain intensity factor has been 

broadly employed. Here, an evaluation of FCG was performed based on Eq. (1.8) as 
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introduced in chapter 1. Where 𝑓ୡ in Eq. (1.8) was applied as a constant set to 1. Figure 

5.2 (b) depicts the relationship between 𝑑𝑎 𝑑𝑁⁄  and Δ𝐾ఌ. The data-fitting in Fig. 5.2 (b) 

was obtained from the 𝑑𝑎 𝑑𝑁⁄   data-set of group I (0 A/mm2), i.e., the Paris’ law 

𝑑𝑎 𝑑𝑁⁄ ∝ Δ𝐾ఌ
ଶ.଺଻ . The results in groups II-IV showed that multiple applications of 

HDPEC contributed to an overall reduction of 𝑑𝑎 𝑑𝑁⁄  compared to group I (0 A/mm2). 

This effect in groups III and IV was generally more prominent than that in group II, i.e., 

higher 𝑗 such as 150 and 200 A/mm2 played a more important role in the resistance of 

FCG. On the other hand, too high or too low applications of HDPEC, which depends on 

the material properties, would result in less efficiency in the improvement of fatigue 

properties [12]. Thus, we choose one 𝑗 condition as 200 A/mm2 to perform the LCF tests. 

 

  

Fig. 5.2 Effect of multiple applications of HDPEC presented by FCG testing, (a) 

surface fatigue crack length as a function of the number of fatigue cycles and (b) FCG 

rate as a function of the strain intensity factor range. 
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5.3.2 Low-cycle fatigue properties 

As commonly employed in fatigue analysis for LCF behavior, the strain-life concept 

was used to assess the LCF properties resulting from multiple HDPECs [1]. 

In Fig. 5.3, the experimented LCF data-sets under 𝑅 =  0.5 indicate how much the 

concerned application methods contribute to the improvement of LCF life. The degree of 

increased LCF life for group C is better than that of group D under the same 𝑝 of HDPEC. 

The application method of group B results in a slightly increased LCF life. The inset 

figure of Fig. 5.3 shows the enhancement of mean increased ratios (%) in LCF life. Not 

only for groups C (94 %) and D (55 %) were improved but also a lesser extent for group 

B (19 %) was also achieved. Where the percentage ratios (%) were calculated based on 

the fatigue life 𝑁୤, (𝑁୤ in groups B, C and D – 𝑁୤ in group A)∕ (𝑁୤ in group A) × 100. 

 

 

Fig. 5.3 Strain-life curves under 𝑅 = 0.5 by the application methods of HDPEC. Inset: 

mean increased ratios (%) based on LCF life of groups B, C and D compared with 

untreated group A. 
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In the range between 𝜀௔ = 0.002 and 𝜀௔ = 0.003, the LCF life was noticeably improved 

in group C compared to that of group D. It implies that the multiple applications of 

HDPEC are much more efficient during the crack propagation than during the crack 

initiation. Nonetheless, the effect of group B could not be negligible since the HDPEC 

application before starting fatigue slightly contributed to improving the LCF life at a 

relatively high 𝜀௔. The application method of group D could also improve the LCF life in 

the range of 𝜀௔ between 0.003 and 0.00375 as much as improved LCF life of group C. 

In usual fatigue analysis for 𝑅 =  0.5, the mean stress effect can be considered as a 

significant factor due to the existence of non-zero stress between 𝜎୫ୟ୶  and 𝜎୫୧୬  by 

asymmetric fatigue loading [1]. To further evaluate the improved LCF life presented in 

Fig. 5.3, it is mandatory to be examined for the fatigue results at 𝑅 = −1. Therefore, 

additional series of LCF tests at 𝑅 = −1 were performed in the same range of 𝜀௔ as those 

for 𝑅 = 0.5. As a prediction theory, the SWT mean stress model [1,17,23] was used to 

comprehensively compensate for the LCF results affected by mean stress. Since the SWT 

model requires the fitting values of material constants determined by the elastic and 

plastic components, the classical BMC model was employed to decide the fitting values 

with the experimented LCF data at 𝑅 = −1. To describe the LCF curves based on the 

experimental data-sets of 𝜀௔ and the 2𝑁୤, the Eq. (1.9) of chapter 1 can be practically used 

[1].  
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Fig. 5.4 LCF properties for 𝑅 = −1, (a) strain-life curves and (b) decomposition of 

elastic and plastic terms in groups A and C. 
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Table 5.2 Determined material constants using the BMC equation. 

Group 𝐛 𝐜 𝝈𝐟
ᇱ  𝜺𝐟

ᇱ  

A –0.1998 –0.1936 354.79 0.0220 

B –0.1987 –0.1915 361.37 0.0219 

C –0.1402 –0.2087 375.06 0.0267 

D –0.2007 –0.2029 398.40 0.0255 

 

Figure 5.4 (a) shows the experimented LCF results of 𝜀௔ as a function of 2𝑁୤ at 𝑅 = −1 

together with the fitting lines that are plotted using the listed values b , c , 𝜎୤
ᇱ  and 𝜀୤

ᇱ  in 

Table 5.2. A comparable tendency with the results at 𝑅 = 0.5 presented in Fig. 5.3 was 

depicted in terms of the improvement of LCF life. The application method of group C 

could also be deemed the best treatment way. Figure 5.4 (b) displays the relationship 

among the 𝜀௔, 𝜀௔
ୣ and 𝜀௔

୮ versus 2𝑁୤. It was practically deduced based on the proportional 

decomposition of 𝜀௔
ୣ and 𝜀௔

୮ at the half-life [1]. The LCF results in groups A and C were 

selectively plotted. The dominance of 𝜀௔
୮ component was demonstrated for both groups A 

and C. This kind of predominance has been known as the LCF property of the material 

[18–20]. 

By using the determined material constants listed in Table 5.2, the strain-life curves of 

Fig. 5.3 can be modified using the following SWT model [1,17,23], 

 

𝜎୫ୟ୶𝜀௔ =
(ఙ౜

ᇲ)మ

ா
(2𝑁୤)

ଶୠ + 𝜎୤
ᇱ𝜀୤

ᇱ (2𝑁୤)
ୠାୡ,                                   (5.1) 

 

where 𝜎୫ୟ୶ is the summation of the 𝜎௔ and the mean stress. It is measured at half-life in 
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each 𝜀௔. The SWT parameter 𝜎୫ୟ୶𝜀ୟ in left term of Eq. (5.1) can be considered as the 

compensation of non-zero mean stress presented for 𝑅 =  0.5, which can measure the 

degree of LCF life. By the substitution of the material constants (b, c, 𝜎୤
ᇱ and 𝜀୤

ᇱ in Table 

5.2) at 𝑅 = −1, equation (5.1) can provide the prediction of the LCF life presented at 

𝑅 = 0.5. The 𝜎୫ୟ୶𝜀௔ versus of 2𝑁୤ is plotted in Fig. 5.5 using the LCF data-set presented 

in Fig. 5.3 and SWT mean stress model. Because the mean stress compensation depends 

on the values of 𝜎୫ୟ୶, group C could be regarded to be the most effective treatment. A 

comparison between the experimental life and predicted life based on the SWT model is 

illustrated in Fig. 5.6. The comparison plot displays an agreement within the twice 

scattering error band. 

 

 

Fig. 5.5 SWT mean stress parameter as a function of reversals to failure based on the 

experimental and predicted results. 
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Fig. 5.6 Comparison between the experimental and predicted LCF life. 

 

Figure 5.7 (a) depicts the increased LCF life as a function of 𝜀௔ based on the LCF results 

of 𝑅 = 0.5. In group C, the increased LCF life noticeably reached a peak at 𝜀௔ = 0.0025. 

Then it followed by a gradual decrease with a decrement in 𝜀௔. It implies that the over-

application of multiple HDPECs would not guarantee better effectiveness for the 

improvement of LCF life. A similar tendency could be observed in group D, on the other 

hand, the result in group B did not significantly depend on the level of 𝜀௔. It is believed 

that the main mechanism is correlated with the deformation behavior of the material at 

the crack tip [7]. Applying multiple HDPECs plays also an important role in the synergetic 

effect with the main mechanism. In Fig. 5.7 (b), a comparison of groups C and D was 

presented. The plotted data sets were distinguished based on the increased fatigue cycles 

𝑁୍ and 𝑁୤ versus the 𝑝 of multiple HDPECs and the corresponding 𝜀௔. The results in 𝑁୍ 

depends incrementally on the 𝑝 of multiple HDPECs and 𝜀௔ (the 𝑝 of HDPEC depends 

on the 𝜀௔). 𝑁୍ of group C as a function of 𝜀௔ at 𝑅 = 0.5 and 𝑅 = −1 is illustrated in the 

inset figure of Fig. 5.7 (b). The results in 𝑁୍ correspondingly increased regardless of 𝑅 
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values. It means that the effect of multiple HDPECs did not be sensitive to the 𝑅 values. 

 

 

 

Fig. 5.7 Comparison for improvement of LCF life, (a) ratios of increased fatigue life as 

a function of the strain amplitude (groups B, C, and D) and (b) increased and failure 

fatigue cycles versus the applied strain amplitude and the number of multiple HDPECs, 

respectively. Inset: increased fatigue cycles of group C as a function of the strain 

amplitudes for 𝑅 = 0.5 and 𝑅 = −1. 
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5.3.3 Fractography 

Microstructural aspects were examined using FESEM to comprehensively explain the 

LCF results since the fractography induced by fatigue damage can provide 

understandable evidence generated by fatigue damage. The fracture surfaces obtained 

under the fatigue conditions of 𝑅 =  0.5 and 𝜀௔ =  0.002 were observed because the 

corresponding crack paths did not friction owing to the asymmetric fatigue loading. 

Period lengths of the striations 𝑙ୱ  were measured to be compared with the results of 

𝑑𝑎 𝑑𝑁⁄ . 

Figure 5.8 (a–h) depicts the FESEM images of the fracture surfaces traced along the 

fatigue crack paths in the samples of groups A and C. The entire fracture surfaces, shown 

in Fig. 5.8 (a) and (b), were obtained through an assemblage of consecutively captured 

FESEM images. Symbols 𝑝଴ − 𝑝ଽ in Fig. 5.8 (b) indicate the applied positions of multiple 

HDPECs which are the locations affected by multiple HDPECs, and the locations 𝑜଴ −

𝑜ଽ in Fig. 5.8 (a) depict the corresponding locations of the sample without the effect of 

multiple HDPECs. Locations 𝑜଴ − 𝑜ଽ  were decided based on the locations 𝑝଴ − 𝑝ଽ . 

Enlarged FESEM images are shown in Fig. 5.8 (c–h), which are obtained by the high 

magnification of locations shown in Fig. 5.8 (a) and (b). In Fig. 5.8 (b), crack initiation 

was given by fatigue loading without the application of multiple HDPECs, and the first 

application of HDPEC was performed when the 𝑁 reached at the half-life of 𝑁୤ in the 

sample without the application of multiple HDPECs. Its location denotes 𝑝ଵ.  
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Fig. 5.8 Microstructural evolution of the period lengths of striations as the effect of 

multiple HDPECs (𝑅 = 0.5 and 𝜀௔ = 0.002), (a) entire fracture surfaces for group A 

and (b) that for group C, (c–e) obtained ductile striation of locations 𝑜ଶ , 𝑜ହ  and 𝑜଼ 

(without HDPEC), (f–h) those for 𝑝ଶ , 𝑝ହ  and 𝑝଼  (two, five and eight pulses, 

respectively), (i) measured mean lengths of striations and FCG rate for the locations of 

group A and (j) those for group C. 
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Figure 5.8 (f–h) displays the varied striations as the effect of multiple HDPECs. 

Compared with 𝑙ୱ  of 𝑜ଶ , 𝑜ହ  and 𝑜଼  (Fig. 5.8 (c–e)), 𝑙ୱ  of p2, p5 and p8 were noticeably 

reduced. On the other hand, the depth of striations seemed like be increased. Since the 

effect of HDPEC could be regarded most pronounced in the regions before half-crack, 

the differences of 𝑙ୱ  between p2 and p5 were more compared to 𝑙ୱ  between o2 and o5. 

Generally, the spaces of ductile striation like 𝑙ୱ varies on a basis of cycle-by-cycle [24–

26], i.e., the spaces of striation are dependent on the level of FCG based on each cycle. 

Moreover, fractography presented by asymmetric fatigue loading such as 𝑅 =  0.5 

provides a clear observation of a cycle-by-cycle morphology than that at 𝑅 = −1 [27]. 

Under the assumption, a series of 𝑙ୱ was measured to understand the effect of multiple 

applications of HDPEC. In Fig. 5.8 (I and j), the measured evolutions of 𝑙ୱ and 𝑑𝑎 𝑑𝑁⁄  

are depicted in the unit of nm/cycle. A series of 𝑙ୱ plotted in Fig. 5.8 (j) is shorter than 

those plotted in Fig. 5.8 (i). Both 𝑙ୱ and 𝑑𝑎 𝑑𝑁⁄  show mostly falling within error bars. 

The results of multiple HDPECs present a certain non-linear evolution. The 𝑙ୱ of p1−p5 in 

Fig. 5.8 (j) was significantly reduced as well as that of p6−p9 displays a slight decrement 

compared with o0−o9 in Fig. 5.8 (i). It could improve the LCF properties as the effect of 

multiple HDPECs. 

 

5.3.4 Pitch effect 

The applied method of group C was deemed to be more effective than that of group D. It 

is found in both cases of 𝑅 =  0.5 and 𝑅 = − 1 as shown in Figs. 5.3 and 5.4 (a). 

Nonetheless, the 𝑁୮ in group D was applied twice compared with that of group C because 

the same number of multiple HDPECs was assumed. Thus, supplementary LCF tests were 

performed to verify whether 𝑁୮ affects the results in the determination of LCF life. Figure 
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5.9 displays the 𝑁୤ versus five 𝑁୮values (ranges between 1000 and 5000 cycles) with the 

error bars. The level of 𝜀௔ remain unique as 𝜀௔ = 0.0025 for both 𝑅 = 0.5 and 𝑅 = −1 

with the same application method as that investigated for group C. Therefore, the first 

HDPEC was applied at the half-life in group A, i.e., 7000 cycles for 𝑅 = 0.5, and 12000 

cycles for 𝑅 = −1. Eight pulses were subjected to each case of 𝑁୮. As a result, results of 

𝑁୤  by different 𝑁୮  was barely notable both 𝑅 =  0.5 and − 1. It suggests that the 

application of multiple HDPECs during the period of crack propagation presented more 

effective than that during crack initiation, thereby the effect of 𝑁୮  could be regarded 

negligible. 

 

 

Fig. 5.9 LCF life versus the cycle pitch under 𝜀௔ =  0.0025 at 𝑅 =  0.5 and 𝑅 = − 1. 

Where 𝑁୮ of group C: 2000, 𝑁୮ of group D: 4000. 
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5.4. Discussion 

5.4.1 Delay in fatigue crack growth 

Distinguished fracture surfaces along with the crack paths, which were presented during 

fatigue, could be observed using FESEM. Ductile striations are generally microstructural 

indicators that can measure the level of ductility. An increase in ductility can make 

striations thin and deep [28]. In this chapter, the effect of multiple HDPECs contributed 

to an increase in the depth of striations as well as a decrease in the 𝑙ୱ, which results in 

more clear morphologies of ductile striation bands than samples without the application 

of HDPEC. An increase in 𝑁ୢ  in Eq. (1.10) of chapter 1 would be presented when 

stainless steels experience fatigue damage [29–32]. By contrast, the application of 

HDPEC could make an annihilation of dislocations [8,13]. Therefore, a decrement of 𝑁ୢ 

after the application of HDPEC would increase the ductility owing to the annihilation of 

dislocations. It could result in morphological evidence through an increase in the depth 

of striations as well as a decrease in the 𝑙ୱ . Different fatigue fracture patterns by the 

application of multiple HDPECs could contribute to the fluctuation of crack paths. It 

consequently led to the delay effect of the FCG to improve the LCF life. Further, the 

change in microstructure such as the formation of small grains and dissolution of Cr23C6, 

which is shown in chapter 4, made it possible to simultaneously increase the strength and 

ductility of the material. The formation of small grains can be achieved owing to 

dislocation motion, thereby improving fatigue performance. Change in phase structure by 

the dissolution of Cr23C6 is also acknowledged for the formation of small grains. 

 

5.4.2 Effectiveness of multiple HDPECs 

The improved LCF life could successfully be achieved with multiple applications of 
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HDPEC under the investigated application method. One of the important factors is the 𝑝 

of applied HDPEC. It would be noticeably verified that a smaller 𝜀௔ can lead to a higher 

𝑁୤, thereby more 𝑝 of HDPEC are feasible to be applied for the improvement of the LCF 

life. The degree of improved LCF life showed similarly both 𝑅 = 0.5 and 𝑅 = −1. By 

contrast, the continuing improvement of the LCF life by increasing the 𝑝  of multiple 

HDPECs could not guarantee due to a non-linearity of the HDPEC effects. Further, the 

efficiency of the improved LCF life is dependent on the application timing and methods. 

Even though the LCF life was entirely increased by the application of multiple HDPECs 

during crack initiation and crack propagation (group D), the application during the period 

of crack propagation (group C) was more effective under the application method based 

on the same number of HDPECs. Thus, it can be better to apply multiple HDPEC at the 

crack propagation stage than during crack initiation under the same 𝑝  of multiple 

HDPECs. 

 

5.5. Summary 

In this chapter, the effects of multiple HDPECs and their application manner were 

investigated. The improvement of the LCF life in the material was successfully achieved. 

Based on the presented results, the following issues can be summarized. First, the 𝑗 of 

200 A/mm2 with multiple applications of HDPEC was regarded as the appropriate 𝑗. It is 

verified based on the FCG test. The delay effect in FCG could be demonstrated as the 

effect of multiple HDPECs, in which each application could contribute to decreasing 

𝑑𝑎 𝑑𝑁⁄ . Second, the 𝑝 of multiple HDPECs is crucial for the improvement of the LCF 

life. On the other hand, it could not guarantee a continuous increase in LCF life. 

Increasing the 𝑝 of multiple HDPECs could lead to high effectiveness in the improvement 
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of the LCF life, however, too many applications of HDPECs lead to reducing their 

efficiency. The 𝑁୮ in multiple applications of HDPEC could not affect the LCF life. Third, 

controlling the application timing during the crack propagation stage is a better approach 

than that at the period of crack initiation for the improvement of LCF life within the same 

𝑝  of HDPECs. The application way before the fatigue loading resulted in a slight 

improvement in LCF life. Nevertheless, all investigated methods give the improvement 

of LCF life. Finally, more strong ductile striations in the fatigue fracture surface were 

observed than those without HDPEC as the effect of multiple HDPECs. An increase in 

the depth and a decrease in the 𝑙ୱ  of ductile striations were shown owing to multiple 

applications of HDPEC. The effect of multiple HDPECs contributed to decreasing the 𝑁ୢ, 

then the degree of ductility could be increased, thereby increasing the LCF life. 
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Chapter 6 Fatigue crack healing based on crack-tip 

temperature-controlled method 

 

 This chapter was dedicated to investigating the fatigue crack healing process through 

multiple HDPECs under the crack tip temperature-controlled method. In chapter 4, the 

improvement of tensile properties was successfully demonstrated with the temperature-

controlled method. However, unlike the tensile tests, fatigue loading generally generates 

the initiation of cracks that lead to a propagating crack, thereby the 𝑎 of the propagating 

crack increases as 𝑁 increases. It leads to different thermal concentrations occurring near 

a crack tip when the application of HDPEC. In addition, the efficiency of improved 

fatigue properties was differentiated depending on the type of fatigue stages such as crack 

initiation and propagation as shown in chapter 5. Application of multiple HDPECs during 

crack propagation state could be deemed as the best approach. As a result of the changed 

𝑎  in a propagated crack, the distribution of ∆𝑇୎  due to the Joule heating can change 

remarkably near the crack and far from the crack. This causes different thermal 

compressive stress leading to advantageous effects such as crack closure and bridging. 

Herein, it has been tried that the 𝑇   according to the 𝑎  is measured and controlled 

significantly below a certain temperature. A fatigue crack healing method investigated in 

this chapter proposes a way to increase the effectiveness of the EWF and thermal 

compressive stress rather than direct thermal effects by the Joule heating. 

 

6.1 Introduction 

Crack initiation and propagation generally precede fracture of material and accompany 
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microstructural kinetics with a significant effect on fatigue properties [1,2]. Several 

parameters such as grain size, slip band, crystallographic orientation, porosity, inclusion 

and surface roughness influence mainly fatigue cracking behavior in most structural 

metals [3]. Crack initiation and early-stage crack propagation of the material strongly 

depend on slip character by dislocation accumulation due to repeated alternating fatigue 

loading [4], while crack propagation tends to rely on the crack profiles such as sharpness 

of crack determined by crack closure and bridging [5]. As such, different microstructure 

features in different unit scales can be presented to be characterized the fatigue properties. 

Replacement or repair of the mechanical components by cracking is often determined 

through the evaluation of the cost performance aspect. Since the replacement is 

sometimes costly, engineers choose an easy way to repair it. Crack retardation by the 

arrest of cracks can be considered as repairing of the components because an increase in 

remaining life indicates extension of component life. Thus, several treatments have been 

developed to induce crack retardation by the arrest of cracks [6-8]. For example, an abrupt 

increase of stress concentration by overload during fatigue could make fatigue crack 

propagation slow owing to crack tip dulling [6]. Surface residual stress by pulsed laser 

peening induces retardation of crack initiation and propagation in austenitic stainless 

steels [7]. Drilling an artificial hole in the vicinity of a crack tip enables arresting crack 

propagation [8]. Nevertheless, most are indirect crack arrest methods and do not induce 

the resistance of crack propagation through direct modification of microstructure such as 

crack closure and bridging. 

As introduced in chapter 1, the application of electric current in metals is relatively 

efficient to modify microstructures owing to the presence of EWF and Joule heating 

[9,10]. Based on two mechanisms, the thermal compressive stress induced by different 
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locational temperature gradients due to Joule heating and the dislocation motion by the 

EWF has been regarded as a source of the resistance of crack propagation leading to crack 

retardation. Crack closure, bridging and annihilation of dislocations could mainly 

contribute to improving fatigue properties as the effect of HDPEC [11-14]. In addition, 

local vanishment of slip bands could be achieved with a similar mechanism [15]. They 

also explained that the main factor is the thermal compressive stress and dislocation 

motion. Both mechanisms play an important role in the improvement of fatigue 

performance. To improve the efficiency of crack healing, this process needs to apply 

multiple HDPECs, but it accompanies surface oxidation along the crack surface due to 

high 𝑇  by the Joule heating. How to avoid surface oxidation and maximize the efficiency 

are recently main interesting issues in fatigue crack healing by the application of HDPEC 

[16]. Further, because the ∆𝑇୎ depends on 𝑎 𝑤⁄  and crack depth, fatigue crack healing by 

the effect of HDPEC under different crack profiles should be reported. 

Thus, this chapter investigates a method to improve the quality of fatigue crack healing 

by the application of HDPEC under temperature control near the crack tip. A series of 

experiment works is organized to verify the method. Changed 𝑇  by different crack 

profiles was first discussed. An application manner determined by the measurement of 

𝑇  was evaluated in terms of microstructure observation. The efficiency of fatigue crack 

healing in short and long cracks was examined. A series of CODs were measured to 

evaluate the degree of the crack closure. Characterized microstructure features near the 

crack tip are discussed with several effects of HDPEC. Controlled conditions of HDPEC 

such as 𝑗  and 𝑝 depend on crack profiles and play an important role in temperature-

controlled fatigue crack healing. Appropriate application manners are controllable. 
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6.2 Investigation of temperature-controlled fatigue crack healing 

The sample geometry used in this chapter was the same as shown in Fig. 2.1 of chapter 

2. The notched samples were used. To determine the appropriate 𝑗 and 𝑝, the 𝑇  in the 

basic shape without a notch was first measured at the center of sample geometry using a 

thermal camera. Then, measurements of 𝑇  via three different geometries as described in 

Fig. 6.1 were performed because the 𝑇  can be concentrated in a shape gradient such as 

notch and crack tip. The measured positions are indicated by positions 1-6 as shown in 

Fig. 6.1. Each position was measured based on the maximum 𝑇  defined by ∆𝑇୎+25℃. 

Changed crack tip temperature rising ∆𝑇ୡ୲ between position 1 (nearest the notch) and 

position 2 (5 mm away from the notch), ∆𝑇ୡ୲ between position 3 (nearest the short crack) 

and position 4 (5 mm away from it) and ∆𝑇ୡ୲ between position 5 (nearest the long crack) 

and position 6 (5 mm away from it) were calculated respectively. 

 

 

Fig. 6.1 Measured positions (+) for the determination of maximum raised temperature 

by the application of HDPEC. 
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The quality of fatigue crack healing was evaluated in terms of microstructure 

observation. Table 6.1 lists the applied conditions of HDPEC for different crack profiles. 

The effects of different 𝑝 and 𝑗 of HDPEC are distinguished based on the group for short 

crack (cases A-F) and long crack (cases I-V). The 𝑝 of HDPEC was limited to 10 times 

or less, and it was completely cooled reaching 𝑇୰ before the next HDPEC application. 

Microstructural evolution in the same locations was observed using FESEM. EDS was 

purposely used to demonstrate the elemental changes along with surface fatigue cracks. 

 

Table 6.1 Applied conditions of HDPEC for short and long cracks. 

Group Case 
Density (𝒋), 

A/mm2 
Duration 

time (𝒕𝐝), ms 
The number of 

pulses (𝒑), times 
Type of cooling 
between pulses 

Short 
crack 

A - - - - 

B 200 5 1 

Reach to room 
temperature 

C 200 5 4 

D 200 5 7 

E 200 5 10 

F 400 5 1 

Long 
crack 

I - - - - 

II 200 5 1 

Reach to room 
temperature 

III 200 5 4 

IV 200 5 7 

V 200 5 10 
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Table 6.2 Fatigue test conditions for making pre-cracks such as short and long cracks. 

Case 
𝒇 

(Hz) 
𝑹 𝑵𝐬 

𝝈𝐦𝐚𝐱 
(MPa) 

𝝈𝐬 
(MPa) 

𝒂 (m) 𝒂 𝒘⁄  
𝑲𝐜 

(MPa∙m1/2) 

A-F 
10 0.5 

1.28×104 247 186 0.00186 0.258 15.92 

I-VI 1.81×104 249 150 0.00301 0.418 16.33 

 

To make the short and long cracks, strain-controlled fatigue tests were performed as 

listed in Table 6.2. The 𝑓  and 𝑅  remain constant. Fatigue loading was stopped after 

making a crack profile of 𝑎 𝑤⁄ =  0.258 for the short crack and that of 𝑎 𝑤⁄ = 0.418 for 

the long crack. At stop cycles 𝑁ୱ, stress at fatigue stop 𝜎ୱ and 𝜎୫ୟ୶ were measured. The 

𝐾ୡ under fatigue loading can be defined by 𝐾ୡ = 𝛼𝜎ୱ√𝜋𝑎  [17]. Where 𝛼 was added as 

1.12 for geometrical correction. 𝑎 𝑤⁄  of ≥ 0.5 was not taken into account because the 

crack propagation over half-crack length progresses unexpectedly quick and is regarded 

as close to failure in the analysis of the crack propagation. 

 

6.3 Results 

6.3.1 Measured raised temperature 

Figure 6.2 shows the variation of maximum 𝑇  and ∆𝑇ୡ୲ with respect to the 𝑝 of HDPEC. 

Based on geometry without the notch, the ∆𝑇୎ without thermal gradient was considered. 

The plotted lines of Fig. 6.2 (a) and (b), which are theoretical and steadily 𝑇  by Joule-

heating equation of Eq. (1.11) in chapter 1, were compared with experimental 

measurements of the maximum 𝑇 . The values of ∆𝑇୎ were estimated with the constants 

of the material, i.e., 𝜌 = 7.4×10-7 Ω ∙ m, 𝐶୮ = 502 J/(kg K) and 𝑑୫ = 7.87×103 kg/mଷ. 

In Fig. 6.2 (a), the 𝑗 of 300 A/mm2 and 400 A/mm2 results in a significant increase of 

maximum 𝑇   due to one or two pulse applications. On the other hand, for the 𝑗 of 200 
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A/mm2, the maximum 𝑇  was controlled even multiple HDPEC was applied. In addition, 

in Fig. 6.2 (b), it seems that the maximum 𝑇  was greatly affected by the cooling time 

between pulses. The cooling time increases as the effect of controlled temperature 

increases. Especially, a stop time of approximately 40 sec between pulses leads to 

complete cooling conditions. In Fig. 6.2 (c), the maximum 𝑇  calculated by the positions 

described in Fig. 6.1 was plotted to explain the degree of thermal compressive stress due 

to both the presence or absence of cracks and the crack profiles such as short and long 

cracks. In the shape without cracks, there was not much temperature difference enough 

to cause thermal compressive stress, but as the 𝑎  was increased, the maximum 𝑇  

between the crack tips and the positions 5 mm far from the crack tip was increased. In 

addition, when continuous pulses with a cooling time of 1 sec were applied, the ∆𝑇ୡ୲ 

between positions contributing to the thermal compressive stress was reduced. This 

means that the thermal compressive stress can be maximized by the first pulse application. 

Figure 6.2 (d) supports the results presented in Fig. 6.2 (c). The relationship between the 

∆𝑇ୡ୲  associated with the crack length and the 𝑝  of HDPEC. Certainly, any shape can 

produce a greater ∆𝑇ୡ୲ related to thermal compressive stress in the first application of 

HDPEC, i.e., it was evaluated that it was better to apply a single pulse under an 

appropriate 𝑗 for thermal compressive stress that promotes fatigue crack healing. Further, 

surface oxidation due to maximum 𝑇  in the material can occur at approximately 300℃. 

Based on the results expected in Fig. 6.2, it could be deemed that applying a single pulse 

under the 𝑗  of 200 A/mm2 can maximize thermal compressive stress while preventing 

surface oxidation regardless of 𝑎 𝑤⁄ . Thus, the crack tip temperature-controlled method 

used in this chapter is determined as the application manner that applies the next multiple 

pulses through complete cooling under a single pulse application with the 𝑗 of 200 A/mm2. 
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Fig. 6.2 Variation of temperature rising depending on sample profiles, (a) maximum 

raised temperature versus the number of HDPEC pulses based on HDPEC density in 

the geometry without the notch, (b) that based on stop time between two consecutive 

pulses, (c) maximum raised temperature versus the number of HDPEC pulses in the 

geometry with notch excluding a crack and with notch including short and long cracks 

and (d) variation of crack tip temperature rising in the geometry of (c). 

 

6.3.2 Fatigue crack healing 

Figure 6.3 illustrates the FESEM results in fatigue crack healing based on the application 

manner proposed by the results in Fig. 6.2. The microstructure observation for the 𝑝 of 
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multiple HDPECs listed in Table 6.1 was performed by applying every single pulse after 

complete cooling. Based on the untreated sample of Fig. 6.3 (a) (case A), it is revealed 

that the fatigue cracks were healed gradually by increasing the 𝑝 of HDPEC (Fig. 6.3 (b) 

and (c)). In enlarged FESEM images of Fig. 6.3 (d, e, and f), the degree of the healing 

quality of the crack tip is shown. When the 𝑝 of HDPEC applications is high, fatigue 

crack healing is strong. 

 

 

Fig. 6.3 FESEM images of fatigue crack healing, (a) untreated sample (case A), (b) 

after HDPEC treatment of four pulses under 200 A/mm2 (case C), (c) that after ten 

pulses (case E), (d) enlarged images of (a), (e) that of (b) and (f) that of (c). 
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Fig. 6.4 FESEM images of fatigue crack healing near the crack tip, (a) untreated sample 

(case A), (b) after HDPEC treatment of one pulse under 200 A/mm2 (case B), (c) that 

after four pulses (case C), (d) that after seven pulses (case D), (e) that after ten pulses 

(case E) and (f) that by one pulse of 400 A/mm2 (case F). 

 

A series of FESEM images for the fatigue crack healing in the vicinity of the crack tip 

is shown in Fig. 6.4. In Fig. 6.4 (a-e), the main crack closure, the partial bridging, the 
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secondary crack healing, the homogenization of slip bands and the filling material at the 

main crack tip were featured. Interestingly, a single pulse condition, which is a crack tip 

temperature-controlled condition, could make the changed crack profile as shown in Fig. 

6.4 (b). Not only did the shape of the main crack tip significantly change but also bridging 

at the secondary crack tip was revealed. Notably, the homogenization in fatigue slip bands 

increases also as the 𝑝 of HDPEC increases. In Fig. 6.4 (e), material migration at the main 

crack, which has a maximum size of ≈ 800 nm, leads to filling material between crack 

faces by increasing the 𝑝 of HDPEC. These features near the crack tip can be thought of 

owing to the thermal compressive stress and the EWF. It plays an important role in 

temperature-controlled fatigue crack healing. However, in Fig. 6.4 (f), significant welding 

near the crack tip occurred due to the high 𝑇   by the 𝑗  of 400 A/mm2. Severe partial 

recrystallization together with creating intermetallic compounds was shown near the pre-

existing crack tip. That is, although the crack was partially welded, irregularity according 

to the location was appeared. This kind of irregularity cannot be thought that it will be 

improved microstructure feature as the advantage of HDPEC. 

In Fig. 6.5, a series of COD profiles was measured based on FESEM images of short 

crack (cases A-E) and long crack (cases I-V). The evolution of healed CODs at the half 

crack length is plotted in the inset figure of Fig. 6.5. In cases of the short crack, the degree 

of crack closure increases and the COD decreases as the effect of the increased 𝑝  of 

HDPEC. In cases of long crack, on the other hand, crack closure by the effect of the 

increased 𝑝 of HDPEC was not efficiently achieved. Uniquely, Case II applied by one 

pulse exhibits a decrease in COD at half-crack but applying more than that 𝑝 opens the 

crack further. The effect of multiple HDPECs was not efficiently valid. 
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Fig. 6.5 A series of COD profiles measured by FESEM images for short (A-E) and long 

(I-V) cracks. Inset: evolution of measured CODs at half crack length. 

 

The reason for the presented results in Fig. 6.5 can be explained by Fig. 6.6. As the 𝑝 of 

HDPEC increases, crack closure by thermal compressive stress could not be properly 

affected in-between crack faces as shown in Fig. 6.6 (a-c). It can be thought that the 

locational irregularity along with the crack faces could occur due to reverse compressive 

stress, i.e., multiple applications of HDPEC in long crack could make different thermal 

compressive forces in different locations along with crack, thereby fatigue crack healing 

could not efficiently be achieved, and it can lead to the adverse effect of fatigue properties. 

In addition, even at short cracks, locational irregularity appears as shown in Fig. 6.4 (f) 

and Fig. 6.6 (d) when overflowing 𝑗 is applied. It can be explained with a recent report. 

Even at the crack initiation stage, which has less temperature concentration, excessive 𝑗 

could not improve the fatigue properties of aluminum alloy [18]. The present results 

suggest that it is important to design the conditions of HDPEC. The conditions such as an 

appropriate manner, 𝑗 and 𝑝 of HDPEC can be regarded as adjustable factors to improve 

the quality of fatigue crack healing based on crack profiles. 
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Fig. 6.6 Locational irregularity due to over-application of HDPEC. (a) FESEM image 

of the untreated sample having a long crack, (b) that after four pulses, (c) that after ten 

pulses and (d) presence of locational irregularity in short crack by over-application of 

the density of HDPEC. 

 

Figure. 6.7 presents the EDS results for the elemental irregularity of short crack due to 

the over-application of the 𝑗 of HDPEC. Main elements of this material such as Fe, Cr, 

Ni, Mn, Mo and Si were analyzed. In Fig. 4 (a), the application of a single pulse of 

HDPEC with the 𝑗 of 200 A/mm2 (case B) did not show creating intermetallic compounds, 

and the recrystallization because the 𝑇   near the crack tip was not reached. A stable 

fatigue crack healing owing to thermal compressive stress and the EWF can be expected. 

Case F, on the other hand, became a severe elemental rearrangement due to high 𝑇  by 

the 𝑗 of 400 A/mm2 and allowing the material to be recrystallized only with a single pulse. 
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That is, irregularities of major alloy compositions such as Fe, Cr, Ni, Mn, Mo and Si were 

revealed and would result in creating intermetallic compounds. It is certainly due to a 

sudden high 𝑇  and a state rapidly cooled to 𝑇୰ near the crack tip. Creating intermetallic 

compounds from alloys due to elemental rearrangement can adversely affect the 

successful fatigue crack healing of the material. 

 

 

Fig. 6.7 Elemental rearrangement, (a) after one pulse of 200 A/mm2 (case B) and (b) 

after one pulse of 400 A/mm2 (case F). 
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6.3.3 Evaluation of efficiency of fatigue crack healing 

Based on the changed COD by multiple applications of HDPEC, the efficiency of fatigue 

crack healing was evaluated as shown in Fig. 6.8. Each crack area was obtained by direct 

measurement from FESEM images. The obtained crack area could give the efficiency of 

fatigue crack healing, i.e., using a percentage ratio (%) based on the reduced crack area 

compared to the area of the untreated crack. In the inset figure of Fig. 6.8, the closure 

ratios at half 𝑎  were calculated by the obtained COD profiles. Both the plotted crack 

healing ratios were gradually increased in the group of short crack, while the efficiency 

of long crack decreased after one pulse application. 

 

 

Fig. 6.8 Efficiency of fatigue crack healing as a function of the number of multiple 

HDPECs. Inset: crack closure ratio versus the number of multiple HDPECs based on 

the evolution of COD at half crack length. 



111 

 

 

Even in the case of short crack, it has been found that too many applications of HDPEC 

show a decrease in the efficiency of fatigue crack healing. This once again reminds us of 

the disadvantage of excessive application of HDPEC. If too many 𝑝 are applied or too 

high 𝑗 is applied, it is judged that it will show low efficiency or disadvantages compared 

with appropriate conditions of HDPEC. 

 

6.4 Discussion 

6.4.1 Microstructure features 

The main point of the temperature-controlled method investigated in this chapter is to 

realize simultaneously the improved efficiency and the high-quality fatigue crack healing. 

In general, it is desirable to maintain an appearance other than a crack before the 

application of HDPEC rather than specific adverse effects by HDPEC, such as surface 

oxidation. Based on the HDPEC conditions proposed by the temperature measurements 

shown in Fig. 6.2, the method presented in this chapter could make the advanced fatigue 

crack healing. Especially, the microstructure features near the crack tip were revealed that 

crack closure, partial bridging, secondary crack healing, homogenization of slip bands 

and filling material between crack faces could be presented, thereby can give an 

improvement of fatigue properties. Under the investigated application manner and short 

crack profiles, when the 𝑝 of HDPEC is high, fatigue crack healing is strong. On the other 

hand, an overflowing 𝑗 of HDPEC can cause severe partial recrystallization together with 

creating intermetallic compounds, as well as an over-application of the 𝑝 can make a 

decrease in the efficiency of fatigue crack healing, which depends on crack profiles. 
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6.4.2 Efficiency of fatigue crack healing 

It was experimented and verified to understand what the presented results mean 

according to the crack profiles. If multiple 𝑝 of HDPEC were applied to the fatigue crack 

under the condition that the maximum 𝑇  was controlled below a certain temperature. It 

has been found that it is efficient to allow from applying multiple HDPECs if the crack is 

short, while multiple pulses more than one pulse have refrained if the crack length is long. 

This can be inferred from the temperature measurement results of sub-chapter 6.3.1. In 

different shapes in the notch and cracks, it was found that the long crack had a more 

severe thermal gradient under the same HDPEC condition than that of a short crack. The 

potential to have multiple 𝑝 of HDPEC in a crack depends strongly on crack profiles. In 

terms of the efficiency of fatigue crack healing, it is recommended for a short crack, while 

it is better to refrain from a long crack. 

 

6.4.3 Irregularity from over-application of HDPEC 

In any crack profile, the locational irregularities appear when the 𝑗 and/or 𝑝 of HDPEC 

are excessively applied. In general, it is preferable to induce uniform fatigue crack healing 

along the crack faces. The 𝑗 of 200 A/mm2 proposed in this chapter would be fine if only 

one pulse was applied in any crack profiles, but multiple 𝑝 of HDPEC would result in 

shape constraints, higher shape constraints such as long crack could make the high 

irregularity of fatigue crack healing. In addition, the formation of intermetallic 

compounds occurs near the crack tip when excessive 𝑗 is applied. This never benefits 

fatigue properties. Adjusting the appropriate 𝑗 and 𝑝 of HDPEC in a given crack profile 

is necessary for optimized fatigue crack healing. 
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6.5 Summary 

A series of experimental works was performed to be proposed high-quality fatigue crack 

healing by the crack tip temperature-controlled method. High-quality fatigue crack 

healing was achieved under specific HDPEC conditions and crack profiles. The results 

presented in this chapter can be summarized as follows: First, the 𝑗 of 200 A/mm2 and a 

single pulse application can be deemed as the best condition in any crack length within 

𝑎 𝑤⁄ ≤ 0.418. Multiple 𝑝 of HDPEC at the same place is limited to the short crack within 

𝑎 𝑤⁄ =  0.258. The shorter the crack profile, the stronger condition of HDPEC is required, 

and the longer the crack profile, the weaker condition of HDPEC is recommended. 

Second, the microstructure features near the tip of the short crack shows crack closure, 

partial bridging, secondary crack healing, homogenization of slip bands and filling 

material. These features can play a positive role in the improvement of fatigue properties. 

The potentiality of multiple 𝑝 of HDPEC depends strongly on crack profiles. The method, 

which is that the maximum 𝑇  was controlled below a certain temperature, can contribute 

to optimizing thermal compressive stress leading to the efficiency of fatigue crack healing. 

Finally, the locational irregularities appear when the over-application of 𝑗  and 𝑝  is 

applied. Abruptly increased and rapidly cooled temperature with a shape gradient will be 

expected the effect of HDPEC application. Strong effects are good when a shape gradient 

is weak, but restrained and controlled application manners are also important to promise 

high-quality fatigue crack healing. In order to apply this method in industrial sites, 

sometimes, a simpler but relatively enough efficient method is recommended than the 

most strong method for improving fatigue properties. Whether it is optimized efficiency 

or cost performance in a simple manner will be an option for engineers. 
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Chapter 7 Conclusions 

 

Type 316 austenitic stainless steel is the most widely used steel in various industrial 

applications such as chemical vessel and piping, power engineering, building construction, 

etc. In this material, in contrast to excellent anti-corrosion and cost-performance, 

improvements in tensile strength and fatigue properties have been required but it has not 

been easily achieved. In that sense, the improvement ways by HDPEC application 

presented in this thesis is a promising method to replace conventional methods introduced 

in chapter 1.  

This dissertation has been elaborated to aim to establish and evaluate the improvement 

of mechanical properties using the HDPEC. Experimental, theoretical and simulation 

approaches have been purposely used to verify such improvements. The main assumption 

of material modification is considered to be due to the effect of EWF but not the raised 

temperature induced by Joule heating. If there is no EWF and pulse effects induced by an 

abruptly increased voltage, this assumption may be useless and the effect of temperature 

rising should be considered. The results shown in this thesis reasonably verify the 

assumption. Based on the conclusions described below, the advantages of the HDPEC 

treatment method are emphasized. 

 

1. In chapter 3, based on a combination of fracture mechanics and FEA, the 

improvement of fracture characteristics was assessed. The yield stress was increased 

and the strain hardening exponent was decreased with the increased HDPEC density. 

The application of HDPEC could give advantages to resist crack propagation 

subjected to tensile loading owing to the modified mechanical properties. The 
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improvements of local fracture strength near the crack tip, fracture toughness and 

critical CTOD were achieved. The increased density and number of HDPEC pulses 

made it efficient. 

2. Based on the tensile behavior presented in chapter 3, strengthening mechanisms of 

the material as the effect of HDPEC under controlled temperature rising was 

established in chapter 4. Modification of the GB characteristics and the elemental 

kinetics were discussed. Interestingly, the partial grain refinement could increase the 

strength of the material whereas the dissolution of Cr23C6 could prevent a decrease in 

their ductility, thereby improving simultaneously the yield stress and strain at fracture. 

The strength-ductility trade-off could be overcome owing to the enhanced role of 

EWF instead of a thermally activated process. 

3. In chapter 5, the improvement of the LCF life in the material was achieved. Multiple 

applications of HDPEC during fatigue were the best approach for the improvement 

of LCF properties. Increasing the number of multiple HDPECs and controlling the 

application timing during the crack propagation stage could significantly lead to high 

effectiveness in the improvement of the LCF life under the same application number 

of HDPECs. More strong ductile striations in the fatigue fracture surface were 

observed than those without HDPEC. The effect of multiple HDPECs could 

contribute to increasing the degree of ductility owing to the annihilation of 

dislocations, thereby increasing the LCF life. 

4.  In chapter 6, the application manner under the temperature-controlled method was 

proposed to ensure high-quality fatigue crack healing. High-quality fatigue crack 

healing was achieved under specific HDPEC conditions and crack profiles. The 

shorter the crack length, the stronger the application condition of HDPEC is required, 
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on the other hand, the longer the crack length, the weaker condition of HDPEC is 

recommended. The microstructure features near the tip of the short crack show 

successfully the crack closure, the partial bridging, the secondary crack healing, the 

homogenization of slip bands and the filling material. These features can play an 

important role in fatigue crack healing. The presented application manner under an 

appropriate crack profile can contribute to improving the efficiency of fatigue crack 

healing. Abruptly increased and rapidly cooled temperature with a shape gradient will 

be the expected effect of HDPEC application. 

 

Finally, the conclusions listed above describe the advantages of HDPEC treatment for 

the improvement of tensile and fatigue properties. A series of microstructural advantages 

were simultaneously proposed. It can not only overcome the relatively low tensile 

strength, which is a typical disadvantage of this material, but also contributes to struggling 

microstructural disadvantages. This method has a good cost performance and can also be 

easily applied to industrial sites. Further, it can be a post-processing method used for 

running mechanical components. However, it remains still difficult to fully understand a 

series of complex phenomena associated with various factors. Therefore, it is believed 

that the presented method must be interestingly dealt with a wide range of materials, 

structural responses and application methods. 
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