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Chapter 1 Introduction 

1.1 Metal forming and formability enhancement by electric current 

1.1.1 Metal forming and strain hardening 

Metal forming is the metalworking process of components through plastic 

deformation induced by external forces and stresses exceeding the yield stress of the 

materials, which is also the so-called deformation process. Typically, the forming 

processes include stamping, rolling, drawing, extrusion, forging, etc. Since the 

material is rearranged to produce the shape, instead of cutting away the unwanted 

regions, the amount of waste can be substantially reduced. However, the formed 

pieces tend to possess high strength but low ductility, the so-called strain hardening, 

which requires the high forming forces and weakens the life of equipment and molds. 

Moreover, in terms of the temperature during forming, the metal forming is divided 

into two groups: hot forming and cold forming [1,2]. The hot forming is a 

temperature-dependent process, as listed in Table 1-1, including forming temperature 

above the recrystallization temperature and less than the recrystallization temperature.  

Table 1-1 Types of metalworking processes regarding the forming temperatures [2]. 

Category Temperature Merits Drawbacks 

Hot forming 

Over TR* (0.7TM* < T 

< 0.8TM) 

Soften the strength 

Enhance the ductility 

No work-hardening 

High investment in 

equipment 

Poor surface finish 

Safety management 
Less than TR (0.3 TM 

< T < 0.5TM) 
Partial work-hardening 

Cold forming 
Room temperature or 

less than 0.3 TM 

Work-hardening 

Good finished surfaces 

High size precision 

High forming force 

* TR= recrystallization temperature  TM= melting temperature 

During the process at the forming temperature above the recrystallization 

temperature, the dynamic recrystallization and grain recovery occurred, and hence the 
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strain hardening has been suppressed. The partial strain hardening remained for the 

forming temperature less than recrystallization temperature. The relief of strain-

hardening during hot forming helps the materials being shaped easily. The challenge 

is that the use of high temperatures and molten products requires vast furnaces, and an 

enormous investment is needed to buy the machinery. Most metals experience surface 

oxidation at elevated temperatures, resulting in a poor surface finish.  

 

Fig. 1-1 Schematic diagram of multi-step forming. (a) Bulk material rolled to a thin 

plate, (b) hot rolling, and (c) cold rolling with intermediate annealing. 

In contrast, cold forming usually results in better, more attractive finished surfaces 

with closer tolerances. In addition, cold-formed metals can be stronger than hot-

formed metals due to strain hardening. For this reason, cold forming requires greater 

force and easily causes the failure of molds. Hence, only the materials with good 
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ductility, such as low carbon steels, austenitic stainless steels, pure titanium, some 

aluminum alloys, copper alloys, and Inconel alloys, can be cold-formed [2].  

For severe deformation cases, multi-step forming is usually used. Fig. 1-1 shows 

the multi-step rolling from bulk material to a thin plate. For the case of hot forming, 

due to the good ductility at high temperature, the process can be smoothly performed. 

For the case of cold forming, intermediate annealing is commonly performed during 

the processing of a piece to restore the ductility lost through repeat working [1]. After 

intermediate annealing, the ductility of the work-hardened components is recovered, 

and it can be formed further without breaking.  

Although hot forming and cold forming with intermediate annealing have been 

enhanced the formability of materials by removing the strain hardening, they also 

bring some critical problems, such as energy-inefficient, laborious, etc. 

 

1.1.2 Formability enhancement by electric current 

Since the 1960s, Troitskii [3–6] and Okazaki [7] and their coworkers have presented a 

flow stress drop phenomenon during deformation when applying the electric current 

through the materials. It was therefore termed as the “electroplastic effect” by the 

authors, and they attributed the electroplasticity to the impact of electrons on 

dislocations, which promotes the dislocation motion and enhances the ductility. 

Afterward, plenty of research has been conducted on the electroplasticity of numerous 

materials. Conrad and coworkers [8–25] found that the electroplasticity occurred in 

metals, ceramics as well as nanocrystalline materials after applying electric current or 

electric field. Other researches involving the formability of Al alloys [26–34], Ti 

alloys [35–43], Mg alloy [44–53], Cu alloys [54–57], and steels [58–60] by electric 

current were also carried out. Since the electric current is capable of softening the 

metals and enhancing the formability, this method is now utilized in the 

manufacturing field, known as the electrically-assisted (EA) forming, which is the 
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most promising technology with the merits of energy-efficient and short time [61]. 

The EA-forming involves forging, rolling, drawing, punching, etc., as shown in Fig. 

1-2. For the EA-forging, the forgeability was significantly enhanced by electric 

current, and the overall force was highly decreased [62,63]. Regarding the EA-rolling, 

Xu et al. [64] and Lu et al. [65] found that the pressure was evidently reduced during 

rolling, and the deformation ability of the materials was highly enhanced. The EA-

drawing was carried out on the materials such as stainless steel [66,67], copper [68], 

and cast-iron [69], and the results show that the drawing force was decreased and 

drawing speed was increased. Wang reported [70] that the magnesium alloy cups were 

successfully formed after applying an electric current due to the dynamic 

recrystallized grains occurred at a lower temperature, and the EA-punching showed a 

low energy consumption compared with conventional hot forming. 

 

Fig. 1-2 Schematic diagrams of (a) EA-forging, (b) EA-rolling, (c) EA-drawing, and 

(d) EA-punching. 

In brief, due to the efficient dislocation removing and rapid grain recovery, the 

strain hardening caused by forming was highly relieved by electric current treatment 



Chapter 1 Introduction 

- 5 - 

 

[23–25,34,36–40,42–57,59,60,71–76]. Consequently, the forming force was decreased 

evidently, and the forming efficiency was significantly enhanced with a low cost. 

However, some issues regarding the strain-hardening relief induced by electric current 

treatment are still unclear. For example, all the studies have found that the 

microstructure evolution happened after electric current treatment. For example, the 

dislocation density was reduced, grain was refined, and grain orientation was 

modified. But still, how these microstructure evolutions affect strain hardening is 

rarely studied. In other words, the microstructure-mechanical properties relationship 

of the electric current treated samples was also unclear. Moreover, how the 

microstructure evolution (e.g., dislocation elimination and grain recovery) improved 

by the electric current is also seldom studied. Only a few studies found that the 

dislocation annihilation may be related to the combination of dipole dislocations and 

entanglement at grain boundaries (GBs) promoted by electric current. Additionally, 

the defect-free grains were formed after electric current treatment, but how the 

deformed grains recovered step by step is still not clear. Most importantly, the 

difference between electric current treatment and the traditional heat treatment in 

strain-hardening relief need to be clarified. 

 

1.2 Fatigue fracture and fatigue life enhancement by electric current 

1.2.1 Fatigue fracture 

The fracture of engineered components and structures during fatigue load is a 

significant phenomenon in materials science. Even though the component or structure 

works within the safe load, fatigue damage can still occur, which is related to the 

intrinsic defects (e.g., porosity and impurity) or geometric discontinuity (e.g., joint, 

notch, and welding) in materials that causes the stress concentration near the defects 

or discontinuity and initiates the crack and finally causes the failure [77]. The crack 

initiation is associated with the plastic zone ahead of the defects or discontinuity, 
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where the dislocation multiplication and slip band are activated, and with the plastic 

accumulation, the slip bands in the plastic zone provide the site for crack initiation 

[78], as shown in Fig. 1-3. Actually, there are numerous microscopic cracks nucleated 

at the very beginning and then developed into one or several main cracks (crack 

initiation) after continuous fatigue load. Afterward, the primary cracks propagate and 

then lead to fracture of components. Hence, the fatigue life can be separated into two 

periods: the crack initiation and propagation period, respectively, as shown in Fig. 1-3, 

which can be denoted as the crack initiation life Ni and propagation life Np.  

 

Fig. 1-3 Schematic diagram of fatigue life Nf of notched components with the 

definition of crack initiation life Ni and crack propagation life Np. 

For the proportion of these two periods, Nishitani et al. [79] found that the crack 

initiated (~10 μm) at approximately 20% of the fatigue life and the life of crack 

propagation from 10 μm to 1 mm occupied 70% in an annealed 0.45% C steel. 

Moreover, Motomichi et al. reported that the crack initiation life (several tens of μm) 

occupied approximately ~30% of the fatigue life in a Fe–C fully ferritic steel. Some 

researches were carried out to study the fatigue life of the weld joint, and the results 

show that the crack initiation life occupied a range from 40% to 70% [80,81]. 
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Therefore, based on the above investigation, crack initiation life occupied 

approximately 30%-70% of the total fatigue life, which plays an equal role with the 

crack propagation life. 

 

1.2.2 Fatigue life enhancement by electric current 

During the previous several decades, many efforts have been carried out to prevent 

crack initiation and propagation of engineered materials by mechanical surface 

treatment, such as shot peening [82,83], laser shock peening [84,85], which introduce 

the beneficial compressive residual stresses onto the surface of materials. Although 

these methods are an effective way to improve fatigue life, they also have limitations 

for the irregular structures with notches or grooves, where the internal surfaces are 

difficult to treat.  

In the last decade, the electric current method has been applied to enhance the 

fatigue life of metallic materials, and fruitful achievements have been obtained. 

However, almost all the studies are focused on the fatigue life enhancement in the 

crack propagation period, namely, aims to restore the crack by electric current 

treatment and realize the fatigue life enhancement [86–102]. As shown in Fig. 1-4, 

owing to the detour characteristics of electric flow near the crack, the current tends to 

concentrate near the crack and raise the local heating (or melting, bridging) and local 

compressive stress, thereby resulting in the crack closure and healing, as listed in 

Table 1-2. Although the crack initiation period (occupied 30%~70% of fatigue life) 

plays an equal role as the crack propagation period, as depicted before, the crack 

initiation life enhanced by an electric current is still seldom studied. Tang et al. 

[103,104] found that the residual strain, dislocation density, and micro-hardness 

within the plastic zone ahead of notch root were reduced by electric current in 

stainless steel SUS316, thereby realizing the delay of crack initiation. Despite Tang's 

pioneering work, many issues still need to be clarified. For example, how is the 
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plastic zone distributed near the notch root, and how does electric current affect the 

plastic zone? What is the relationship between the plastic zone and the current field? 

These issues still remain unclear. 

Table 1-2 Fatigue life enhancement induced by electric current treatment. 

Fatigue life enhancement by electric current treatment 

Crack initiation life Ni enhancement 

Mechanisms: Dislocation annihilation, 

slip bands recovery, and plastic 

deformation recovery. (Rarely studied) 

Crack propagation life Np enhancement 

Mechanisms: crack healing (local heating, 

melting, bridging, thermal stress, etc.) and 

dislocation annihilation. (Well studied) 

 

Fig. 1-4 Fatigue life enhancement by electric current treatment. (a) Before crack 

initiation, and (b) after crack initiation. 

 

1.3 Thermal and athermal effects 

Although extensive research regarding strain-hardening relief and fatigue life 

enhancement improved by electric current has been reported, it still controversies over 

the mechanisms of how the electric current promotes the microstructure evolution or 

what is the driving force for dislocation motion.  

The previous studies proposed two primary views regarding the mechanisms of 
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driving force: thermal effect and athermal effect. Thereinto, the thermal effect is 

related to the Joule heating, while the athermal effect is mainly associated with 

electron wind force (EWF) due to the impact of electrons on atoms. Since the driven 

electrons collide with atoms during electric current flowing, the atomic thermal 

vibration of the treated sample is increased by momentum transfer (thermal effect), 

the so-called Joule heating, which is non-directional [105]. Firstly, the most 

significant effect of the thermal is to increase the thermal vibration of the atoms and 

soften the material. In other words, the thermal effect reduces the resistance force of 

dislocation motion. In addition, the other significant contribution is to improve 

dislocation motion (i.e., climb), which provides the driving force for microstructure 

evolution [106]. Since the dislocation climb is related to the atom or vacancy 

diffusion, dislocation movement is also non-directional. Moreover, the athermal effect 

is related to the conducted electrons colliding with the atoms and exerting a force on 

atoms, the so-called EWF. From the beginning of the discovery of the impact of 

electric current on materials properties, the mechanism of EWF on driving dislocation 

motion has received wide interest. Theoretical estimates of EWF on the dislocation 

motion can be divided into two general equations: (1) the equation concerning the 

dislocation resistivity [107] and (2) the other one based on quantum mechanics [108]. 

For details, please see Appendix 1. 

Although a lot of research concerned the mechanisms of electric current on 

materials properties changes was carried out, the results obtained so far are mainly 

focused on the qualitative analysis, and their contributions are still unclear. Only a 

few studies have been conducted to evaluate the effect of thermal and athermal on the 

relief of strain hardening and plastic strain. Jiang et al. [46] studied the effect of 

electric current treatment on the microstructure change of the strain-hardened 

magnesium alloy, and the result indicates the athermal effect was the main reason that 

contributed to the rapid recrystallization. Xu et al. [47] also reported that the athermal 

effect is more dominant in recrystallization than the thermal effect. Hence, it is not 
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enough that only seldom studies examine the contributions of these two effects, and 

only qualitative conclusions are given. Moreover, some studies [109,110] simply add 

up all of the above effects arithmetically to investigate the effects of electric current 

treatment on the dislocation motion, regardless of their directions or effects. Hence, in 

this study, all the effects were considered and clarified.  

Moreover, the previous research concluded that the recovery of strain hardening 

caused by the electric current treatment was attributed to the recrystallization, where 

the dislocation elimination and nucleation rate was highly promoted by the electric 

current treatment [23–25,34,36–40,42–57,59,60,71–76]. However, recrystallization is 

usually a slow process, and generally, it needs to heat the component to an elevated 

temperature and maintain a long time to realize the microstructure recovery by 

dislocation climb and the following nucleation and growth. In contrast, the electric 

current treatment is a more rapid and efficient method for grain recovery, which is 

different from the recrystallization caused by traditional heat treatment. The previous 

research has been tried to explain the microstructure healing caused by the electric 

current treatment via the theory of crystallization kinetic. But it is still unclear how 

the dislocation is eliminated and how the deformed grain is recovered caused by the 

electric current treatment. Thus, those issues should be elucidated. 

 

1.4 Research objective 

The above sections presented and summarized the research regarding the effect of the 

electric current treatment on strain-hardening relief and fatigue life enhancement, and 

also pointed out some potential problems or unclear issues that urgently need to be 

clarified. Hence, the research objectives of this thesis are presented below: 

First of all, for solving the possible forming difficulties in the plastic processing 

field, this study aims to propose a low-cost and high-efficient method of high-density 

pulsed electric current (HDPEC) treatment as an alternative method of intermediate 
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annealing to relieve the strain hardening created by plastic deformation. A systematic 

and detailed investigation was carried out on the strain-hardening relief of pre-

deformed Ni-based superalloy Inconel 718 (IN718) with various HDPEC treatment 

conditions. The mechanism of strain-hardening relief induced by HDPEC and the 

microstructure-mechanical properties relationships of HDPEC-treated pieces were 

clarified, which can guide us to choose suitable HDPEC parameters to modify the 

microstructure and alter the mechanical properties of strain-hardened pieces.  

In addition, for clarifying the unclear issues regarding the microstructure evolution 

induced by HDPEC, this thesis aims to reveal the microstructure changes induced by 

HDPEC and figure out the effects of thermal and athermal on the microstructure 

evolution. The quasi-in-situ EBSD observation before and after HDPEC was carried 

out to investigate how the microstructure change, such as dislocation motion and GBs 

evolution. Furthermore, the contributions of thermal and athermal effects on strain-

hardening relief by HDPEC treatment were quantitatively analyzed by several 

equivalent HDPEC-treated and rapidly heated samples. Most importantly, the 

difference between HDPEC treatment and traditional heat treatment in strain-

hardening relief was revealed in this study. 

Moreover, as mentioned before, almost all the studies regarding fatigue life focus 

on crack healing in the crack propagation period by the electric current treatment, and 

however, the effect of electric current on the plastic zone ahead of defects or 

discontinuity before crack initiation is still rarely studied. Hence, another research 

objective of this study is to heal the plastic zone or plastic deformation ahead of the 

notch before crack initiation and to examine the improvement of crack initiation life 

of notched samples utilizing HDPEC. Numerous fatigue tests under various HDPEC 

treatment conditions were conducted to investigate the enhancement of crack 

initiation life, and the microstructure characterization was also performed to reveal the 

mechanism. 
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1.5 Thesis organization 

The thesis organization is shown below: 

Chapter 1 presents the general introduction of the research background of metal 

forming and fatigue fracture, while the effect of HDPEC on metallic materials was 

summarized. The potential problems and unclear issues regarding the effect of 

HDPEC on strain-hardening relief and microstructure evolution were pointed, and the 

research objectives of this study were presented. 

Chapter 2 introduces the material and experimental method of this study. The 

experimental conditions of the tensile and fatigue test were presented, and the 

application conditions of HDPEC were also given. To evaluate the effect of HDPEC 

on the sample, the finite element method (FEM) simulation involving the electric field 

analysis, thermal field analysis, and stress field analysis was described. The FEM 

procedure was self-developed on the commercial software MATLAB, and the 

graphical user interface (GUI) was also presented. In addition, the evaluation methods 

of the changes in mechanical properties and microstructure, such as hardness test, 

residual stress and dislocation density analysis carried out by X-ray diffraction (XRD) 

measurement, local deformation and crystallographic properties analysis conducted 

by electron backscatter diffraction (EBSD) measurement, and surface morphology 

and fractography observation performed by scanning electron microscope (SEM) 

measurement, were introduced. 

In Chapter 3, the effects of HDPEC on the strain-hardening relief of deformed 

IN718 under various HDPEC treatments were investigated. First of all, the 

temperature rise of the sample during HDPEC treatment was measured using thermal 

sensors, and the simulation result was also presented for comparison. The mechanical 

properties and microstructure evolution of the HDPEC-treated samples were 

examined. The results show that the strain hardening was successfully eliminated by 

HDPEC treatment, and the ductility was also recovered. In addition, the dislocation 

elimination induced by HDPEC was the dominant reason, while grain size and texture 



Chapter 1 Introduction 

- 13 - 

 

evolution were the side effects in strain-hardening relief. The microstructure 

characterization indicates that the grain morphology of the HDPEC-treated samples 

tends to possess random orientation and equiaxed morphology.  

Chapter 4 presents some specially-designed experiments to reveal the mechanisms 

of strain-hardening relief induced by HDPEC. First of all, the quasi-in-situ EBSD 

observation was conducted in this study to investigate the microstructure evolution 

caused by HDPEC. The dislocation motion and elimination induced by HDEPC were 

directly observed. Two ways of dislocation elimination caused by HDPEC as reported 

in previous studies, i.e., the combination of dipole dislocations and absorption in grain 

boundaries, were observed and confirmed. In particular, a new way for dislocation 

elimination, via EWF-driven dislocations entangled at the previous dislocation walls 

(i.e., sub-grain boundaries) and then forming new grain boundaries, was found in this 

study. Moreover, a designed experiment with several equivalent samples was also 

conducted to illuminate the contributions of thermal and athermal effects on strain-

hardening relief induced by HDPEC. The results demonstrated that the athermal effect 

is more significant in strain-hardening relief than the thermal effect. Additionally, the 

high electric current is more effective in reducing dislocation density and relieving the 

strain hardening, which attributes to the large EWF (high current density) that helps 

dislocation overcome resistance to motion and thus realizing the annihilation. Most 

importantly, the difference between HDPEC treatment and traditional heat treatment 

in strain-hardening relief was elucidated in this study. Generally, the microstructure 

recovery induced by traditional heat treatment mainly relies on recrystallization, 

which involves thermally-activated dislocation climb. In contrast, the effect of 

HDPEC treatment on strain-hardening relief is related to the EWF-induced dislocation 

glide, which has been demonstrated to be a more efficient way in dislocation motion. 

Chapter 5 presents the enhancement of the crack initiation life of the notched 

IN718 induced by HDPEC. First of all, the current density field, thermal field, and 

stress field ahead of the notch are presented using the self-developed FEM procedure. 
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The enhancement of crack initiation life induced by HDPEC at different stress levels 

was investigated. The results show that the crack initiation life was highly enhanced 

by HDPEC treatment, and the maximum increase rate reached 108.3% at the fatigue 

stress of σmax = 250 MPa after multi-HDPEC treatment. The microstructure 

characterization shows that the fatigue-introduced plastic zone only affected ~2-grain 

area ahead of the notch root, and the dislocations at the plastic zone were evidently 

removed by HDPEC treatment. 

Chapter 6 presents the conclusions and original contributions of this dissertation. A 

summary of future work was proposed. 
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Chapter 2 Material and experimental method 

2.1 Material and sample geometry 

The Inconel 718 (IN718) is a nickel-iron base superalloy containing mainly chromium, 

niobium, molybdenum, small amounts of aluminum and titanium, and the chemical 

composition is given in Table 2-1. Owing to the superior mechanical properties and 

creep resistance at elevated temperatures to 650°C, IN718 is the widely used Ni-based 

superalloy (around 50% occupation) in the aerospace industry, power plant, etc. 

Table 2-1 Chemical composition (wt.%) of IN718. 

Ni C Mn Fe Cu Cr Al Ti Co Mo Nb P S 

Bal. 0.03 0.10 17.67 0.12 18.59 0.55 0.93 0.19 2.88 5.07 0.009 0.001 

For the tensile test, a dumbbell-shaped sample with an 18 mm gauge length and a 

cross-section area of 3.5×1.6 mm2 was prepared by wire-cutting, as shown in Fig. 2-1. 

After machining, the solution heat treatment ( 954°C for 1 hour and then air cooling) 

was applied to remove the residual strain in the samples and obtain the uniform 

microstructure. Furthermore, to examine the material properties of the as-annealed 

sample, the tensile and hardness tests were used, and the mechanical properties of the 

as-annealed sample were obtained, as shown in Table 2-2. For the fatigue test, a 

dumbbell-shaped sample with a notch was processed, and the sample geometry was 

shown in Fig. 2-2. 

After heat treatment, the samples were grinded by emery papers at the grades of 

#240, #400, #600, #800, #1200, #1500, and #2000, and polished to a mirror-like 

surface with 3μm water-based diamond suspension on a polishing machine (LaboPol-

20, Struers) for 15 mins. For EBSD observation, the final polishing with a mixed 

solution of 80% OP-S alcohol-silica suspension solution, 10% Hydrogen Peroxide 
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solution (H2O2, 30%), and 10% Ammonium hydroxide solution (NH4OH, 25%) was 

used to remove the remained minor deformed layer. The hardness test, X-ray 

diffraction test, and surface morphology observation were carried out on the final 

polished samples to avoid the test results being influenced by the surface conditions. 

 

Fig. 2-1 Sample geometry of the tensile test (unit: mm). 

 

Table 2-2 Mechanical properties of solution treated IN718. 

Yield stress 

/ MPa 

Ultimate stress 

/ MPa 

Elongation 

/ % 

Young’s 

modulus / GPa 

Hardness 

/ HV 

623±21 1127±18 41.3±0.9 201 207±3 

 

 

 

Fig. 2-2 Sample geometry of the fatigue test with a notch (unit: mm). 
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2.2 Tensile and fatigue test 

The tensile test was performed on a hydraulic-driven equipment (SFL-50kN-B, 

SHIMAZU) at ambient temperature (25°C) with a tension speed of 0.03 mm/s. For 

studying the effect of high-density pulsed electric current on the strain-hardening 

relief in IN718, the pre-strain was introduced using tensile stretch. In this study, the 

pre-strain of 20.5% (50% of εp the plastic strain at the breaking point) was applied. 

The fatigue test was performed on the same machine at ambient temperature. The 

three stress levels of σmax=250 MPa, 300 MPa, and 350 MPs were conducted under 

the stress ratio R=0.1 with a loading frequency f=25Hz. For evaluating the crack 

initiation, an optical microscope (VH-2100R, KEYENCE) was used. The limitation of 

crack length for the crack initiation was chosen as ~30 μm (~2 times of grain size) in 

this study. The interrupted fatigue test (e.g., at every 5000 cycles for σmax=250 MPa 

cases) was performed to check the length of the initiated crack. 

 

2.3 Application of high-density pulsed electric current and 

temperature measurement 

The application of HDPEC was conducted on fusing welding power supply MDA-

8000B (MIYACHI) and IS-300A (MIYACHI). The previous equipment is used for the 

relatively high current density cases (~300 A/mm2), while the latter one is for the 

cases of low current density (~100 A/mm2). Since the duration time of each pulse is 

also limited (MDA-8000B, ~20 ms, and IS-300A, ~1000 ms), the multi-pulse was 

applied. The schematic and actual images of the HDPEC application are presented in 

Fig. 2-3 and 2-4, respectively. 

In this study, two non-contact infrared temperature measurement sensors (GTL-

3ML-CF4, 50~400°C, and GTL-2MH-FF, 385~1600°C) were used to measure the 

temperature of the samples during the HDPEC treatment, as shown in Fig. 2-4. The 
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resolution of them is up to 0.1°, and the sampling frequency is 1000 Hz. After the data 

collection of the two sensors simultaneously, the two sets of data can be joined and 

combined into a single data using MATLAB. 

 

 

Fig. 2-3 Schematic diagram of the HDPEC application and temperature measurement. 

 

 

Fig. 2-4 The actual images of the HDPEC application. 
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2.4 Finite element method 

To examine the current, temperature, and stress fields in the sample during HDPEC 

treatment, the finite element method (FEM) was conducted in this study. Especially 

for the notched sample, where the dramatic changes in the distribution of the current 

field near the notch root, the FEM simulation is necessary. 

The concept of FEM was first proposed by Clough [1] in the early 1960s to solve 

the plane stress problem. After nearly 60 years of development, especially in the last 

30 years, the theory and method of FEM have become very mature and now is widely 

used for solving differential equations arising in the fields of engineering, 

mathematics, and physics. The idea of FEM can be briefly described as follows: the 

FEM first allows the continuous object to be discretized into many parts (or elements), 

which is implemented by the construction of a mesh of the object. Each element is 

controlled by linear equations via the nodes to transfer displacement, force, heat flow, 

current flow, etc. After assembling the discretized elements, the problem is transferred 

to solve a large number of linear equations. It is just as well that with the advances in 

computer technology and numerical methods, the FEM has been rapidly developed in 

applied science and engineering. 

In terms of the sample geometry and experimental conditions in this study, the 

model can be reduced to the 2-dimensional plane stress problem. Since the current 

flow can arouse thermal and thermal stress, the simulation contains three parts. The 

first part is the electrostatic field analysis since the model is subjected to an electric 

potential. The second part is the thermal field analysis because the Joule heating 

occurred during electric current flow. The last part is the stress field analysis, which is 

caused by the inhomogeneous thermal expansion. Two kinds of element types, 

triangular elements and quadrilateral elements, were utilized in this study to discretize 

the model. The quadrilateral elements have a higher degree of accuracy than the 

triangular elements while lack of flexibility and adaptability for meshing irregular 

models. Hence, the quadrilateral elements were applied to the tensile sample (regular 
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geometry without notch or crack) in this study, and the fatigue sample used the 

triangular elements for discretization. Here need to mention, an open-source 

MATLAB code DistMesh [2,3] was used for the triangular meshes of the model. The 

quadrilateral discretization is performed using the author’s self-developed procedures 

with methods of model partitioning and sweeping. The sample geometry and FEM 

model of tensile test with quadrilateral elements are shown in Fig. 2-5. Finally, the 

procedure was developed on commercial software MATLAB based on the FEM 

theory and method. Moreover, the graphical user interface (GUI) was also presented 

for easy access. For details, please see Appendix 2. 

 

Fig. 2-5 (a) Sample geometry of tensile test and (b) FEM model with quadrilateral 

elements. 

 

2.5 Evaluation methods of mechanical properties and microstructure 

2.5.1 Measurement of hardness 

Hardness testing is a well-accepted method of evaluating the mechanical properties of 

engineered materials. Based on theoretical analyses and experimental results, an 

approximate relationship between hardness and strength of HV≈3σy is widely known 

[4,5] in material science. Hence, the hardness test is widely used for strength 
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evaluation due to its simplicity, convenience, and nearly non-destructiveness. 

The hardness test was performed on a micro-hardness Vickers indenter (HWV-G-

XY-D, SHIMADZU) under a load of 4.9 N holding for 10 s. An average hardness 

value has been determined based on the measured data from 3×3 matrix pattern 

indentations. The distance of each indentation was 300 μm to prevent interaction 

between the work-hardened regions.  

 

2.5.2 Residual stress and dislocation density analysis 

1. Residual stress estimated by XRD 

X-ray diffraction (XRD) method was applied to measure the surface residual stress of 

the pre-strained or HDPEC-treated samples. The measurement was carried out on an 

X-ray stress analyzer by the Cu-Kα radiation at 30 kV (10 mA) to obtain {220} 

diffraction peak at around 74.5°. To prevent the detection of banding created due to 

the presence of Cu-Kβ radiation, a nickel foil was used to filter the detected radiation 

beams. The multi-segment baseline correction method was used to remove the 

background of the raw data, and the least-squares fit method proposed by Savitzky 

and Golay [6] was also applied to smooth the data. Moreover, Lorenz function fitting 

was used to divide each peak into the profiles caused by Cu-Kα1 and Cu-Kα2 radiation, 

and only the profiles obtained by Cu-Kα1 are necessary. The 2θ-sin2ψ method 

involving 9 tilt angles with ψ=0, ±14.48, ±20.7, ±25.66, ±30° was performed to 

calculate the surface residual stress. The negative and positive tilt angles used here 

avoided the ‘ψ-splitting’ of the results. The equation is written as [7,8]: 

𝐴𝛹
+ =

1

2
(2𝜃𝛹>0 + 2𝜃𝛹<0)                                               (2 − 1) 

𝜎 =
1

K2

𝜕(𝐴𝛹
+ )

𝜕(sin2𝛹)
                                                     (2 − 2) 

where ψ is the tilt angle. 2θψ>0 and 2θψ<0 are the 2θ diffraction angles at positive and 
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negative ψ angles, respectively. K2 is the x-ray elastic constant.  

According to Eq. (2-2), a plot of A+
ψ versus sin2ψ was fit a line using a least-

squares linear regression algorithm. Then, based on the obtained slope of the 

regression line and elastic constant K2, the residual stress was obtained. The elastic 

constant of IN718 at the chosen diffraction peak {220} is K2=-1984 MPa [7]. 

2. Dislocation density estimated by XRD 

The line profile analysis of the XRD patterns was performed to evaluate the 

dislocation density, which can promulgate the average macroscopic value of the 

lattice defect. The same X-ray analyzer was also used, and the scanning angle ranged 

from 2θ=40~95° with a scanning step of 0.02° to obtain the diffraction peaks of (111), 

(200), (220), and (311). The same processes, such as background removing and noise 

smoothing, as mentioned before, were also performed on the raw pattern profile data. 

The value of full width at half maximum (FWHM) of each peak was obtained after 

eliminating the profiles caused by Cu-Kα2. The dislocation density was evaluated by 

the modified Williamson-Hall method [9-11]. The equation is written as, 

∆𝐾 ≅
0.9

𝐷
+ (

π𝑀2𝑏2

2
)

1
2

𝜌
1
2𝐾𝐶̅

1
2 + 𝑜(𝐾2𝐶̅)                                (2 − 3) 

where ∆K=2cosθ(∆θ)/λ and K=2sinθ/λ. Parameter ∆θ is the length of FWHM, θ 

diffraction angle, λ the wavelength of the X-ray, D the mean grain size, ρ the 

dislocation density of the sample, b the Burgers vector, M is a constant. Symbol o 

represents the higher-order term of K2C. Eq. (2-3) can be deduced into the following 

equation with neglect the term of o(K2C), shown as: 

(∆𝐾)2 − 𝛼

𝐾2
≅ 𝛽𝐶̅                                                     (2 − 4) 

where α=(0.9/D)2 and β=πM2b2ρ/2. C can be expressed asC=Ch00(1-qH2), which 

is related to the mean contrast of different dislocations. Ch00 is a constant regarding 

the lattice structure and the material properties. For the Ni-based alloy IN718 used in 
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the present study, Ch00=0.2456 [12]. Parameter q is related to the dislocation types. 

H2=(h2k2+h2l2+k2l2)/(h2+k2+l2), where (hkl) is the Miller indices of cubic lattice. 

The relationship of α-H2 can be determined at a series of H2 by Eq. (2-4), and the 

linear fitting can be obtained. Parameter q is related to the slope of the fitting line, and 

the value can be calculated. Hence, the value of C can be obtained. 

Moreover, 

ln𝐴(𝐿) ≅ ln𝐴𝑆(𝐿) − 𝜌
π𝑏2

2
𝐿2ln (

𝑅𝑒
𝐿
) (𝐾2𝐶̅)                              (2 − 5) 

where A(L) is the real part of the Fourier transform of each XRD peak, L is the 

Fourier variable, L=nλ/{2(sinθ2-sinθ1)}, and parameter lnAS(L) represents the size of 

the crystal. Re is the effective outer cut-off radius of dislocations.  

As shown in the above equation, the relationship between lnA(L) and K2C can be 

obtained at different L, hence, the coefficient of 𝑌 = 𝜌
π𝑏2

2
𝐿2ln (

𝑅𝑒

𝐿
) was determined. 

Rewritten as: 

𝑌

𝐿2
= 𝜌

π𝑏2

2
ln(𝑅𝑒) − 𝜌

π𝑏2

2
ln(𝐿)                                      (2 − 6) 

Hence, the value of dislocation density ρ is evaluated from the slope of the 

regression line between Y/L2 and ln(L). 

 

2.5.3 Local deformation and crystallographic properties evaluation 

EBSD method was applied to estimate the grain-scale deformation in this study. 

Crystal orientations were measured using HKL Channel 5 (Oxford Instruments) on an 

EBSD detector (NordlysNano, Oxford) interfaced on an SEM (SU8230, HITACHI). 

The data processing was performed on the commercial software MATLAB with an 

open-source toolbox MTEX. Furthermore, the in-situ EBSD observation was also 

carried out on the sample before and after HDPEC treatment. The oxidation layer 

caused by HDPEC treatment was removed by Ar+ ion milling with the acceleration 
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voltage of 6 kV for 15 min on IM4000PLUS (HITACHI). 

1. Kernel averaged misorientation analysis 

The kernel averaged misorientation (KAM) is related to the local crystal orientation 

change, which is commonly used to imply the grain-scale plastic strain [13,14]. The 

value of KAM is a mean value between the measured point with the surrounded 

points in one grain, and the mode of the square grid was used in this study, as shown 

in Fig. 2-6. The misorientation of the fixed point p0 can be obtained using equations 

(2-7, 2-8) at the inner grains or near the grain boundary. The details are shown in Ref. 

[15,16].  

 

Fig. 2-6 Definition of local misorientation. The target point is (a) far from and (b) near 

the grain boundary. 

𝑀𝐿(𝑝0) =
1

4
{𝜃(𝑝0, 𝑝1) + 𝜃(𝑝0, 𝑝2) + 𝜃(𝑝0, 𝑝3) + 𝜃(𝑝0, 𝑝4)}                 (2 − 7) 

𝑀𝐿(𝑝0) =
1

2
{𝜃(𝑝0, 𝑝2) + 𝜃(𝑝0, 𝑝3)}                                   (2 − 8) 

where ML(p0) is the local misorientation at the point p0. θ(p0,pi) represents the 

orientation change between the measured point p0 and the surrounding points pi in one 

grain. 
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2. Geometrically necessary dislocation analysis 

In general, dislocations can usually be divided into two categories depending on 

whether they promote lattice curvature (or lattice torsion): statistically-stored 

dislocations (SSDs) and geometrically-necessary dislocations (GNDs). SSDs have no 

contributions to lattice torsion and often occur in pairs, as shown in Fig. 2-7. In 

contrast, GNDs are related to the lattice torsion and cause lattice misorientation, 

which was first proposed by Nye [17]. The density of GND is related to the 

misorientation, which can estimate by a simple equation based on the strain gradient 

model [18-20], as shown, 

𝜌𝐺𝑁𝐷 =
2𝑀𝐿

𝑏𝑥0
                                                         (2 − 9) 

where b is the Burgers vector, xo the scan step size. 

 

Fig. 2-7 Schematic diagram of lattice (a) without and (b) with dislocations. 

The general precision of the EBSD is approximately ~1° for measuring the crystal 

orientation, which will lead to an overestimation of the GNDs density. Kamaya [16] 

reported an effective method for evaluating the noise of the EBSD measurement. The 

first to fifth-order local misorientations were presented, denoted by ML
1, ML

2, ML
3, 
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ML
4, and ML

5, as shown in Fig. 2-8. If the disorientation gradient is constant, the value 

of local misorientation should be proportional to the distance of the considered 

neighbors. The regression line of the local misorientation versus kernel radius can be 

obtained, and the intercept at x=0 is the measurement noise. Then the gradient of the 

crystal orientation GL, is defined as, 

𝐺𝐿 =
𝜕𝑀𝐿

𝜕𝑥
                                                      (2 − 10) 

 

Fig. 2-8 Noise evaluation of orientation measurement by EBSD. (a) The first to fifth 

ordered misorientation, and (b) local misorientation versus the kernel radius, where x0 

is the scanning step size. 

Substituting ML/x0 in Eq. (2-9) with GL=∂ML/∂x, we can obtain the Eq. (2-11), 

where the value of ρGND is unaffected by the noise. 

𝜌𝐺𝑁𝐷 =
2𝐺𝐿
𝑏
                                                        (2 − 11) 

Recently, a more refined analysis of GND [21, 22] has been proposed by the 

calculation of the lattice curvature tensor 𝑘𝑖𝑗, as shown: 

𝑘𝑖𝑗 = [

𝑘11 𝑘12 𝑘13
𝑘12 𝑘22 𝑘23
𝑘31 𝑘32 𝑘33

]                                               (2 − 12) 
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𝑘𝑖𝑗 =
𝜕𝜃𝑖
𝜕𝑥𝑗

≅
∆𝜃𝑖
∆𝑥𝑗

                                                    (2 − 13) 

where ∆𝜃  is the difference in lattice orientation vector between measured points, 

which can be obtained from the EBSD data (Euler angles) and ∆𝑥  the measured 

distance (step size). The components of 𝑘𝑖3 is not accessible due to the 2D EBSD 

measurement, where 𝑗 = 3 is out of the plane (surface).  

Hence, only five components of Ney's dislocation tensor, 𝑎𝑖𝑗, can be derived based 

on the six accessible lattice curvature tensor 𝑘𝑖𝑗, as, 

𝑎𝑖𝑗 = [

𝑎11 𝑎12 𝑎13
𝑎21 𝑎22 𝑎23
𝑎31 𝑎32 𝑎33

] = [

− 𝑘21 𝑘31
𝑘12 − 𝑘32
− − −𝑘11 − 𝑘22

]                     (2 − 14) 

The dislocation density tensor denotes the deformed states caused by all possible 

types in the crystalline lattice, shown below [17], 

𝑎𝑖𝑗 =∑𝜌𝐺
𝑡 𝑏𝑖

𝑡𝑙𝑗
𝑡

𝑁

𝑡=1

                                                   (2 − 15) 

where, 𝑏𝑖
𝑡 the Burgers vector, and 𝑙𝑗

𝑡 the line vector of the dislocation type t. N the 

total type of dislocations, and there are 36 dislocation configurations (24 edge 

dislocations and 12 screw dislocations) in the FCC lattice. 

Since only five components of 𝑎𝑖𝑗, as shown in Eq. (2-14), are accessible, the 36 

unknown parameters 𝜌𝐺
𝑡  are becomes underdetermined. Hence, more constraints are 

needed. Pantleon [21] assume that dislocation slip in the most suitable way (5 most 

prevalent dislocation configurations), which caused the energy costs are minimum, as: 

𝜌𝐺 = ∑ 𝜌𝐺
𝑡36

𝑡=1 ≈ 𝑚𝑖𝑛∑ 𝜌𝐺
𝑡5

𝑡=1 . Therefore, the GND density was estimated. 

3. Grain orientation spread analysis 

To examine the effect of HDPEC on the crystalline characteristics of each sample, the 

grain orientation spread (GOS) method was used [23]. GOS is a numerical value 

representing the mean orientation change of each point in one grain, as shown in Eq. 
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(2-16). The schematic diagram is shown in Fig. 2-9.  

𝐺𝑂𝑆 =
∑ 𝜃(𝑝𝑖, 𝑝𝑗)(𝑖 ≠ 𝑗)𝑛
𝑖,𝑗=1

𝑛(𝑛 − 1)
                                       (2 − 16) 

where θ(pi,pj) represents the misorientation between pi and pj within one grain. n the 

number of the measured points in one grain. 

Hence, the GOS value of a recrystallized grain is lower than that of a deformed 

grain. In this study, we select 1° as the threshold value, which means the GOS value 

of one grain below 1° is considered the recrystallized or undeformed grain, while 

larger than 1° represents the deformed grain.  

 

Fig. 2-9 Definition of grain orientation spread. 

4. Taylor factor analysis 

Taylor factor is frequently used to evaluate the flow stress in polycrystal materials 

regarding the critical resolved shear stress τCRSS. It is an average value that relies on 

the preferred orientations (texture) of materials on the assumed slip systems, which 

plays a vital role in examining the effect of crystalline orientation on the mechanical 

properties of materials [24-26]. 

Taylor proposed a minimum virtual plasticity energy dWmin and defined the Taylor 

factor M as [24]: 



Chapter 2 Material and experimental method 

- 40 - 

 

𝑑𝑊𝑚𝑖𝑛 = 𝜏𝐶𝑅𝑆𝑆∑|𝜸𝑠|

𝑠

= ∑|𝝈𝑖𝑗
𝑒𝑥𝜺𝑖𝑗

𝑒𝑥|

3

𝑖,𝑗=1

=∑|𝝈𝑘𝜺𝑘|

3

𝑘=1

                   (2 − 17) 

𝑀 =
𝑑𝑊𝑚𝑖𝑛

|𝜀1|𝜏𝐶𝑅𝑆𝑆
                                                     (2 − 18) 

where, 𝜸𝑠  represents the shear strain tensor on the slip system, 𝝈𝑖𝑗
𝑒𝑥 and 𝜺𝑖𝑗

𝑒𝑥 are the 

stress and strain tensors of external forces, 𝝈𝑘 and 𝜺𝑘 denoted as the principal stress 

and strain tensors of the external forces, and 𝜀1 is the maximum principal strain. 

 

Fig. 2-10 Coordinates conversion. (a) Position of sample in EBSD system, (b) 

relationship between sample and lattice coordinates, and (c) relationship between 

lattice and slip system coordinates, where A and N represent the conversion matrix 

from crystal to sample coordinates and slip system to crystal coordinates. 
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The calculation of dWmin involves multi-conversion between coordinate systems, 

such as sample coordinates (e1
p, e2

p, e3
p), crystal coordinates (e1

c, e2
c, e3

c), and slip 

system coordinates (e1
s, e2

s, e3
s). The relationship between those coordinates and 

coordinates conversion is shown in Fig. 2-10, where A and N represent the conversion 

matrix from crystal coordinates to sample coordinates and slip system coordinates to 

crystal coordinates, respectively. The conversion matrix A can be presented using 

Euler angles (𝜑1, 𝛷, 𝜑2), by Eq. (2-19) shown below: 

𝐴 = [

𝑐𝑜𝑠𝜑1𝑐𝑜𝑠𝜑2 − 𝑠𝑖𝑛𝜑1𝑠𝑖𝑛𝜑2𝑐𝑜𝑠𝛷 𝑐𝑜𝑠𝜑2𝑠𝑖𝑛𝜑1 + 𝑠𝑖𝑛𝜑2𝑐𝑜𝑠𝜑1𝑐𝑜𝑠𝛷 𝑠𝑖𝑛𝜑2𝑠𝑖𝑛𝛷
−𝑐𝑜𝑠𝜑1𝑠𝑖𝑛𝜑2 − 𝑠𝑖𝑛𝜑1𝑐𝑜𝑠𝜑2𝑐𝑜𝑠𝜙 −𝑠𝑖𝑛𝜑2𝑠𝑖𝑛𝜑1 + 𝑐𝑜𝑠𝜑2𝑐𝑜𝑠𝜑1𝑐𝑜𝑠𝛷 𝑐𝑜𝑠𝜑2𝑠𝑖𝑛𝛷

𝑠𝑖𝑛𝜑1𝑠𝑖𝑛𝛷 −𝑐𝑜𝑠𝜑1𝑠𝑖𝑛𝛷 𝑐𝑜𝑠𝛷
]                  (2 − 19) 

 

Fig. 2-11 Coordinates of 12 slip systems in FCC lattice. (a) (111) plane with the 

directions of [01̅1], [1̅01] and [1̅10], (b) (11̅1) plane with the directions of [011], 

[1̅01] and [110], (c) (1̅1̅1) plane with the directions of [011], [101] and [1̅10], and 

(d) (1̅11) plane with the directions of [01̅1], [101] and [110], where xc, yc, zc 

represent the crystal coordinates. 
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Moreover, the conversion matrix from slip system coordinates to crystal 

coordinates N relates to slip systems in the special lattice. The material used in this 

study is IN718, which possesses a faced-centered cubic (FCC) lattice structure and 12 

slip systems of {111} and <101> that can be activated during deformation, as shown 

in Fig. 2-11. The conversion matrix N can be given: 

𝑁 = [

𝑛11 𝑛12 𝑛13
𝑛21 𝑛22 𝑛23
𝑛31 𝑛32 𝑛33

]                                             (2 − 20) 

where the coefficients 𝑛𝑖𝑗  (𝑖, 𝑗 = 1~3) are listed in Table 2-3. 

Therefore, after obtaining the minimum virtual plasticity energy dWmin and the 

maximum principal strain 𝜀1, the Taylor factor can be calculated using Eq. (2-18). 

Table 2-3 The coefficients 𝑛𝑖𝑗  (𝑖, 𝑗 = 1~3) for 12 slip systems in FCC lattice. 

𝒏𝒊𝒋 
Plane (𝟏𝟏𝟏) Plane (𝟏𝟏̅𝟏) Plane (𝟏̅𝟏̅𝟏) Plane (𝟏̅𝟏𝟏) 

[01̅1] [1̅01] [1̅10] [011] [1̅01] [110] [011] [101] [1̅10] [01̅1] [101] [110] 

𝑛11 0 −
1

√2
 −

1

√2
 0 −

1

√2
 

1

√2
 0 

1

√2
 −

1

√2
 0 

1

√2
 

1

√2
 

𝑛12 −
1

√2
 0 

1

√2
 

1

√2
 0 

1

√2
 

1

√2
 0 

1

√2
 −

1

√2
 0 

1

√2
 

𝑛13 
1

√2
 

1

√2
 0 

1

√2
 

1

√2
 0 

1

√2
 

1

√2
 0 

1

√2
 

1

√2
 0 

𝑛21 
2

√6
 

1

√6
 −

1

√6
 −

2

√6
 −

1

√6
 −

1

√6
 −

2

√6
 −

1

√6
 −

1

√6
 

2

√6
 

1

√6
 −

1

√6
 

𝑛22 −
1

√6
 −

2

√6
 −

1

√6
 −

1

√6
 −

2

√6
 

1

√6
 

1

√6
 

2

√6
 −

1

√6
 

1

√6
 

2

√6
 

1

√6
 

𝑛23 −
1

√6
 

1

√6
 

2

√6
 

1

√6
 −

1

√6
 

2

√6
 −

1

√6
 

1

√6
 −

2

√6
 

1

√6
 −

1

√6
 −

2

√6
 

𝑛31 
1

√3
 

1

√3
 

1

√3
 

1

√3
 

1

√3
 

1

√3
 −

1

√3
 −

1

√3
 −

1

√3
 −

1

√3
 −

1

√3
 −

1

√3
 

𝑛32 
1

√3
 

1

√3
 

1

√3
 −

1

√3
 −

1

√3
 −

1

√3
 −

1

√3
 −

1

√3
 −

1

√3
 

1

√3
 

1

√3
 

1

√3
 

𝑛33 
1

√3
 

1

√3
 

1

√3
 

1

√3
 

1

√3
 

1

√3
 

1

√3
 

1

√3
 

1

√3
 

1

√3
 

1

√3
 

1

√3
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2.5.4 Surface morphology evolution and fractography 

The surface morphology observation was performed on a scanning electron 

microscope (SEM, JSM-7200F, JEOL). The energy-dispersive X-ray spectroscopy 

(EDS) method was used to identify the particles in IN718, such as δ-phase, NbC 

particles, TiN particles, etc. The SEM backscattered electron (BSE) images were used 

to facilitate the observation of the particles. The BSE image is typically used to reveal 

different phases and provide crystallography information, relying on the different 

contrasts of heavy and light atoms (heavy atoms in bright and light atoms in dark 

colors). Hence, the particles were highlighted in the BSE images, and evolutions of 

which were easily being detected. Besides, the fractographic observation was also 

carried out on SEM. 
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Chapter 3 Effect of HDPEC on strain-hardening relief in 

deformed IN718 

3.1 Introduction 

This chapter aims to investigate the effect of HDPEC on the strain hardening of pre-

deformed IN718 and examine the microstructure evolution of the strain-hardening 

relief induced by HDPEC treatment. A systematic and detailed investigation was 

carried out on the strain-hardening relief of pre-deformed IN718 with various HDPEC 

treatments, and the reason for strain-hardening relief induced by HDPEC was clarified. 

Finally, a discussion of strain-hardening relief and microstructure evolution caused by 

HDPEC was carried out, and the summary of this chapter was given. 

 

3.2 Experimental approach 

First of all, the tensile test was used to introduce a pre-strain, as an example, 20.5% 

(about 50% of the plastic strain at the breaking point, denoted by 50% εp) into the 

samples. Then, the HDPEC treatment was performed on the pre-strained samples, and 

as a comparison with the HDPEC-treated samples, the fully annealing case was also 

carried out. The research plan of this chapter is listed in Table 3-1. The sample INT 

represents the initial case without pre-strain and HDPEC treatment, and the S0 is the 

pre-strained sample. The samples S1-S3 are first pre-strained and then HDPEC-

treated at the condition of 300 A/mm2 with 3 pulses, and the duration times of each 

pulse are 13.33 ms, 16.67 ms, and 20 ms, respectively. Hence, the total treatment 

times of each sample are 40 ms, 50 ms, and 60 ms. The time interval tint between each 

pulse is 1 s. The sample FA is the fully annealed sample, which is considered for the 

comparative case.  

The temperature changes during the HDPEC treatment were investigated by 
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thermal sensors and FEM simulation. The mechanical properties (e.g., strength, 

ductility, and hardness) were measured to estimate the effects caused by HDPEC. 

Furthermore, the evolution of residual stress and dislocation density was studied using 

the XRD measurement. The investigation of microstructure evolution of each sample 

was carried out using the EBSD technique, and the surface morphology and 

fractography were observed by SEM. Moreover, the strain-hardening characteristics 

of IN718 were investigated, and the relief of strain hardening induced by HDPEC 

treatment was presented.  

Table 3-1 Samples and treatment conditions used in this chapter. 

Sample Pre-strain Conditions of HDPEC treatment 

INT -- -- 

S0 50% εp -- 

S1 50% εp 300 A/mm2, 13.33 ms × 3 pulses, tint = 1 s 

S2 50% εp 300 A/mm2, 16.67 ms × 3 pulses, tint = 1 s 

S3 50% εp 300 A/mm2, 20 ms × 3 pulses, tint = 1 s 

FA 50% εp Fully annealing (954 ℃, 1 hour, Air cooling) 

3.3 Temperature results by measurement and FEM simulation 

The measured and simulated temperature curves of the HDPEC-treated samples are 

presented in Fig. 3-1. The HDPEC treatment of each sample contains 3 pulses with a 

different duration time of 13.33 ms, 16.67 ms, and 20 ms, respectively, as presented in 

Fig. 3-1(a). The temperature curves by measuring and simulating were illustrated in 

Fig. 3-1(b), and the enlarged image was given in Fig. 3-1(c). The simulated curves 

show the same tendency as the measured results, but there are still some differences. 

Firstly, for samples S1 and S2, the maximum temperature at each pulse matched and 

reached approximately 900°C and 1050°C, respectively. In contrast, sample S3 shows 

a large discrepancy between measurement and simulation results in the last pulse, as 
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shown in Fig. 3-1(c) and Table 3-2, where the maximum temperature by simulation 

reached 1238°C and only 1143°C for the measurement. The measured temperature 

tends to be lower than the simulated result in sample S3, which may be caused by the 

microstructure evolution during the treatment of the HDPEC. The microstructure 

evolution may lead to the change of electrical and thermal properties, which have 

been confirmed by subsequent studies. In addition, the cooling rate of the measured 

results was more rapid than the simulated results, which means the thermal is 

dissipated more quickly. The reason may be attributed to the FEM model ignoring the 

heat dissipation due to the thermal radiation.  

 

Fig. 3-1 Temperature measurement of HDPEC-treated samples. (a) Schematic 

diagram of pulsed current, (b) temperature curves by thermal sensors and FEM 

simulation, (c) enlarged figure in (b). 

Moreover, the maps of FEM simulation results, including the FEM model, current 

density field, and temperature field, were presented in Fig. 3-2. The quadrilateral 

element was applied to the tensile sample, and the FEM model contains 199 Nodes 
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and 156 Elements. The maximum current density appeared in the tensile part with a 

maximum value of 300 A/mm2. Correspondingly, the maximum temperature occurred 

at the center part of the sample with the maximum temperature of 901°C, 1071°C, and 

1238°C, respectively. The FEM model and temperature fields of each sample are 

presented in Fig. 3-2. 

Table 3-2 The measured and simulated temperature (°C) at the end of each pulse of all 

HDPEC-treated samples. 

 

First pulse Second pulse Third pulse 

Measured 

T0 

Simulated 

T0 

Measured 

T0 

Simulated 

T0 

Measured 

T0 

Simulated 

T0 

S1 322 328 621 630 885 901 

S2 384 401 720 765 1055 1071 

S3 489 473 849 890 1143 1238 

 

Fig. 3-2 FEM results of each sample. (a) FEM model, (b) current density field, and (c-

e) temperature fields of samples S1-S3 at the maximum temperature. 
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3.4 Mechanical properties and residual stress 

The engineering and true stress-strain curves of each sample at various treatments (the 

conditions of each sample are listed in Table 3-1) are shown in Fig. 3-3(a, b), and the 

mechanical properties of each sample are plotted in Fig. 3-3(c, d). The initial sample 

INT presents a good ductility of εf = 41.3% and yield stress of σy = 623 MPa. In 

contrast, the pre-strained sample S0 shows an evident strain-hardening with a high 

yield strength of σy = 1235 MPa but a weak elongation of εf = 21.3%. For HDPEC-

treated samples S1-S3, the strength is restored gradually, and the elongation increases 

with increasing the duration time of the pulsed electric current. Thereinto, the strain 

hardening of HDPEC-treated sample S1 was slightly recovered, whereas sample S2 

was recovered entirely, as shown in Fig. 3-3(a, b). Sample S3 shows the highest 

elongation, but the strength was weakened compared with sample INT. For the fully 

annealed sample FA, the complete recovery was obtained with a yield stress of 615 

MPa and an elongation of 39.7%. The hardness shows the same tendency with the 

strength, as shown in Fig. 3-3(d). After pre-strain, the hardness is rapidly increased 

from 2.24 GPa to 3.33 GPa, and the hardness is declined gradually under the 

treatment of HDPEC. For the fully annealed sample FA, the hardness is decreased to 

2.26 GPa. 

The XRD-calculated residual stress and dislocation density of each sample is 

shown in Fig. 3-4. For pre-straining to around 50% εp strain of sample S0, the residual 

stress was enhanced from a relatively low value of 23 MPa to 389 MPa. And, 

correspondingly, the dislocation density was increased from 1.4×1014 to 11.4×1014 m-2. 

After the HDPEC treatments, the residual stress was gradually relieved, and the 

dislocation density decreased correspondingly. For the current condition of 300 

A/mm2 with different treatment times of 50 ms and 60 ms of samples S2 and S3, the 

residual stress was almost reduced, and the dislocation density was declined to a low 

level. Sample FA shows the complete eliminating in residual stress and dislocation 

density after fully annealing. 
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Fig. 3-3 Mechanical properties of each sample. (a) Engineering stress-strain curves 

and (b) true stress-strain curves of each sample, (c) plots of yield stress and elongation, 

and (d) plots of hardness. 

 

Fig. 3-4 Plots of (a) residual stress and (b) dislocation density of each sample 

calculated by XRD measurement. 
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3.5 Microstructure evolution  

3.5.1 EBSD orientation maps and grain size distributions 

The EBSD inverse pole figures of all samples are shown in Fig. 3-5, and the 

corresponding distributions of grain size with Weibull fitting [1] are also presented. 

The bar diagram of the mean grain size and grain aspect ratio of each sample are 

shown in Fig. 3-5(g-h). For the initial sample INT, the uniform grain morphology was 

obtained with mean grain size and grain aspect ratio of 14.5 μm and 1.86, respectively, 

as shown in Fig. 3-5(a). After pre-strain at the strain of 20.5% of sample S0, the 

elongated grains were observed with an almost unchanged grain size of 14.2 μm and 

an increased grain aspect ratio of 2.28, as shown in Fig. 3-5(b). After HDPEC 

treatment of sample S1, the deformed grain morphology was almost retained, while 

the grain size was refined to 11.5 μm due to some new small grains being formed, as 

shown in Fig. 3-5(c). Once increasing the duration time to 50 ms (sample S2), all the 

deformed grains were replaced by the refined and equiaxed grains with a mean grain 

size of 13.3 μm and an aspect ratio of 1.66, as illustrated in Fig. 3-5(d). After 

increasing the duration time further to 60 ms (sample S3), similar to sample S2, the 

uniformed and equiaxed grains were formed, while the mean grain size was increased 

to 15.5 μm due to the grain growth, as presented in Fig. 3-5(e). The results show that 

the HDPEC can gradually lead to the grain morphology evolution of deformed IN718 

from local recovery to complete recovery and finally result in grain growth. For the 

fully annealed sample FA, the grain morphology was almost restored to the initial 

state of sample INT with an average grain size of 14.4 μm and grain aspect ratio of 

1.85.  

 

 

 



Chapter 3 Effect of HDPEC on strain-hardening relief in deformed IN718 

- 53 - 

 

 

 

Fig. 3-5 EBSD orientation maps and grain size distributions of (a) INT, (b) S0, (c) S1, 

(d) S2, (e) S3, (f) FA. Mean (g) grain size and (h) grain aspect ratio of each sample. 

The loading and current directions are towards the horizontal. RD and TD represent 

the rolling and transverse directions. The EBSD maps covered a range of 120×180 

μm2 with a scanning step size of 1 μm. 
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3.5.2 Band contrast maps and grain boundary characteristics 

The band contrast (BC) maps and grain boundary characteristics (GBC) distributions 

were commonly used to examine the crystalline characteristics of materials [2,3], 

where low angle grain boundaries (LAGBs, 3~15°) are drawn in red lines, high angle 

grain boundaries (HAGBs, 15°~) in black lines, and twin boundaries (TBs, 60±5°) in 

yellow lines. The BC maps with GBC distributions of all samples are illustrated in Fig. 

3-6, and the length of each boundary is also presented.  

 

Fig. 3-6 BC maps and GBC distributions of (a) INT, (b) S0, (c) S1, (d) S2, (e) S3, (f) 

FA, where LAGBs are shown as red lines, HAGBs shown as black, and TBs as yellow. 

(g) The length of LAGBs, HAGBs, and TBs of each sample. 

Sample INT shows a clear and bright BC map, as shown in Fig. 3-6(a), implying 

the perfect microstructure without defects was obtained due to the annealing treatment. 

However, the dark and blurry BC map was exhibited in sample S0 after deformation. 



Chapter 3 Effect of HDPEC on strain-hardening relief in deformed IN718 

- 55 - 

 

The darkness in the BC map is related to the low contrast of the Kikuchi bands caused 

by defects (e.g., dislocations) in the lattice. Since the deformation was introduced in 

sample S0, numerous dislocations were multiplicated and entangled and formed 

plenty of LAGBs [4]. Meanwhile, the TBs tend to transform to HAGBs due to 

dislocation entanglement, as shown in Fig. 3-6(g), where the length of TBs was 

decreased with the increase of HAGBs. Furthermore, after HDPEC treatment at 300 

A/mm2 and 40 ms of sample S1, the dark BC map remained, and the LAGBs were 

increased with the barely changes in HAGBs and TBs, as presented in Fig. 3-6(c). It is 

the additional LAGBs that lead to grain refinement in sample S1, as shown in Fig. 3-5. 

Moreover, the bright BC maps of samples S2 and S3 were observed after HDPEC 

treatment at 50 and 60 ms, as shown in Fig. 3-6(d,e), indicating the dislocations were 

eliminated by HDPEC. The length of LAGBs of samples S2 and S3 was decreased 

evidently, and the length of HAGBs and TBs was recovery. However, more HAGBs 

were observed in sample S2, indicating the grain refinement was achieved. After fully 

annealing, a similar microstructure was obtained in sample FA with the initial sample 

INT. 

 

3.5.3 Texture and XRD spectra profiles 

The {001}, {101} and {111} EBSD pole figures of each sample corresponding to the 

EBSD maps are presented in Fig. 3-7, and the intensity of each pole figure is shown in 

Fig. 3-8. Fig. 3-7 shows that all the samples present a strong {101} texture, but weak 

{001} and {111} orientations. The initial sample INT and pre-strained sample S0 

show a strong {101} texture with a maximum intensity of 2.9 and 3.2, respectively. 

For the HDPEC-treated sample S1 at the current condition of 300 A/mm2 and 40 ms, 

the {101} texture tends to intensify of 3.8. While for the samples S2 and S3, the {101} 

texture was highly alleviated with an intensity of 2.4 and 2.2, respectively. At the 

same time, the {001} and {111} texture of which was recovered in some degree. For 
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the fully annealed sample FA, the {101} texture was also relaxed to the intensity of 

2.8, but the effects were weaker than the HDPEC-treated samples S2 and S3. XRD 

spectra profiles were shown in Fig. 3-9, and the powder diffraction of IN718, 

commonly considered as random orientation, was also presented. Compared with the 

powder diffraction, samples INT and S0 show a high (220) peak but weak (111) and 

(200) peaks relatively, indicating the strong {101} texture but weak {111} and {001} 

texture. The results show the same tendency as the EBSD results. After the HDPEC 

treatment, the (220) peak was gradually decreased with the increase of (111) and (200) 

peaks, implying the {101} texture was released. The fully annealed sample FA also 

shows the same tendency, while the effects were still weaker than the HDPEC-treated 

samples S2 and S3.  
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Fig. 3-8 Intensity of (a) {001}, (b) {101}, and (c) {111} texture. 

 

Fig. 3-9 Normalized XRD profiles of each sample. 
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3.5.4 Kernel averaged misorientation maps 

The KAM maps of each sample corresponding to EBSD orientation maps are shown 

in Fig. 3-10, and the misorientation distributions of each case are also presented. The 

mean KAM value of each sample is shown in Fig. 3-10(g).  

 

Fig. 3-10 KAM maps and corresponding misorientation distributions of (a) INT, (b) 

S0, (c) S1, (d) S2, (e) S3, (f) FA, and (g) mean KAM value of each sample. 

Due to annealing treatment, sample INT presents a low KAM distribution with a 

mean value of 0.05°, indicating the uniformed grain morphology was obtained with 
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low defects, as shown in Fig. 3-10(a). In contrast, the colored KAM map and 

broadened distribution in sample S0 were observed with a mean KAM value of 0.61° 

due to the pre-strain with plenty of dislocations introduced, as shown in Fig. 3-10(b). 

After HDPEC treatment at a low duration time of 40 ms (sample S1), it was found 

that some small grains with blue color (low KAM value) formed, which led to the 

mean KAM value decreased to 0.58°, as shown in Fig. 3-10(c). Once increasing the 

duration time of HDPEC to 50 ms and 60 ms (samples S2 and S3), the uniformed 

grains with a low KAM value were observed, as shown in Fig. 3-10(d, e), indicating 

the dislocations were removed entirely. For the fully annealed sample FA, the same 

result was obtained that the KAM value was decreased to the initial level, implying 

the deformation was recovered completely, as shown in Fig. 3-10(f). 

 

3.5.5 Geometrically necessary dislocation maps 

Fig. 3-11 shows the GND maps and their distributions of each sample corresponding 

to the EBSD orientation maps. The change in the GND density of each sample 

presents the same tendency as the KAM results. The initial sample shows a uniform 

GND map with a low mean value of 0.09×1014 m-2, while for sample S0, the colored 

map and broadened distribution were obtained with a mean GND density of 1.48×1014 

m-2 after tensile stretch. After the HDPEC treatment of sample S1-S3, the GND 

density was gradually decreased to 1.37×1014, 0.24×1014, and 0.08×1014 m-2, 

respectively. For the fully heated sample FA, the GNDs were almost removed with a 

mean density of 0.10×1014 m-2. 
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Fig. 3-11 GND maps and corresponding distributions of (a) INT, (b) S0, (c) S1, (d) S2, 

(e) S3, (f) FA, and (g) bar diagram of mean GND density of each sample. 

3.5.6 Grain orientation spread maps 

The GOS maps and the corresponding distributions of each sample are shown in Fig. 

3-12, and the recovery rate of each case is also presented. In this study, one grain with 

a GOS value less than 1° is considered as an undeformed or defect-free grain, while 

the value larger than 1° represents a deformed grain. As shown in Fig. 3-12(a), the 

GOS map of sample INT shows a uniform blue color (low GOS value) with a 

recovery rate of 100%. After the tensile stretch, more than 90% of grains are 

deformed with a colored GOS map in sample S0, as shown in Fig. 3-12(b). However, 

it still has a rate of 9.8% grains that were undeformed, which may be due to the 
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dynamic recovery process during deformation [5]. After HDPEC treatment of sample 

S1, the recovery rate was increased to 22.2% with the formation of some small defect-

free grains, as shown in Fig. 3-12(c). After increasing the duration time of HDPEC to 

50 ms and 60 ms (samples S2 and S3), the complete recovery was obtained, as shown 

in Fig. 3-12(d,e). Sample FA also shows the same results that all the deformation was 

removed by fully annealing, as shown in Fig. 3-12(f). 

 

Fig. 3-12 GOS maps and the corresponding distributions of (a) INT, (b) S0, (c) S1, (d) 

S2, (e) S3, (f) FA, and (g) area fraction of defect-free grains of each sample, where 

the GOS value of one grain less than 1° is considered as the defect-free grain, and 

larger than 1° is deformed grain. 
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3.5.7 Taylor factor maps 

The maps of the Taylor factor corresponding to the EBSD maps are shown in Fig. 3-

13. The tensile direction towards the horizontal was used to calculate the Taylor factor. 

For the pre-strained sample S0, the mean Taylor factor was barely changed from 3.09 

(sample INT) to 3.08. For the minor HDPEC-treated sample S1, the Taylor factor was 

increased to 3.13, while the value was decreased to 3.04 and 3.07 for samples S2 and 

S3. The mean Taylor factor of sample FA was around 3.05. 

 

Fig. 3-13 Taylor factor maps and distributions of (a) INT, (b) S0, (c) S1, (d) S2, (e) S3, 

(f) FA, and (g) mean Taylor factor of each sample. 



Chapter 3 Effect of HDPEC on strain-hardening relief in deformed IN718 

- 64 - 

 

3.6 Surface morphology evolution and fractography 

3.6.1 Surface morphology evolution 

Fig. 3-14 shows the surface images of each sample to investigate the changes in 

surface morphology using the SEM backscattered electron (BSE) method. The BSE 

image is typically used to reveal different phases and provide crystallography 

information, relying on the different contrasts of heavy and light atoms (heavy atoms 

in bright and light atoms in dark colors).  

 

Fig. 3-14 Backscattered electron (BSE) images of (a) INT, (b) S0, (c) S1, (d) S2, (e) 

S3, and (f) FA. The bright particles are NbC carbide, the needle-shaped white phase δ-

phase (Ni3Nb), and the tiny dark spot the TiN particle. The directions of loading and 

current are towards the horizontal. 

As shown in Fig. 3-14(a), the initial sample INT shows a uniform grain 

morphology and second-particles, which contains needle-shaped δ-phase (Ni3Nb), 

NbC particles, and tiny TiN particles, identified by energy-dispersive X-ray 

spectroscopy (EDS). Since the element Nb is heavier than Ni and Ti is lighter than Ni, 
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δ-phase and NbC particles are bright while TiN particles are dark in the BSE image. 

After deformation, the slip bands are observed in sample S0, as shown in Fig. 3-14(b). 

Moreover, due to the incongruity of deformation between second-phase particles and 

grains, the intergranular microvoids, debonding, and broken carbides occur, as 

indicated in Fig. 3-14(b) using blue arrows. After applying the HDPEC at 300 A/mm2 

for 40 ms of sample S1, the broken NbC particle remained, and some slip bands are 

also observed, as presented in Fig. 3-14(c). After enhancing the duration time of 

HDPEC to 50 ms and 60 ms (samples S2 and S3), the uniformed grain morphology 

was obtained, as shown in Fig. 3-14(d, e). Meanwhile, the broken NbC carbides 

remain unhealed, and the microvoids and debonding are restored. Sample FA shows 

the same trend with samples S2 and S3, and the uniformed grains were formed while 

the broken NbC particles remained, as shown in Fig. 3-14(f). 

 

3.6.2 Fractography 

The observation of fracture characteristics of each sample is shown in Fig. 3-15. The 

feature of ductile fracture with plenty of dimples was observed in each sample. The 

size of dimples in each sample was estimated on an open-source program, ImageJ, 

and the bar diagram of the mean dimple size of each sample was plotted in Fig. 3-

15(f). The tensile fracture surface of sample S0 presents a lot of dimples, as shown in 

Fig. 3-15(a), and the mean dimple diameter is 4.2 μm approximately. For sample S1 

after the HDPEC treatment, the inhomogeneous dimples were surrounded by many 

smaller dimples, as shown in Fig. 3-15(b). Correspondingly, the averaged dimple 

diameter was slightly decreased to 4.0 μm. When increasing the duration time of 

HDPEC to 50 ms (sample S2), the homogeneous large dimples were obtained with a 

mean size of 6.1 μm, indicating better ductility than that of the pre-strained sample S0, 

as shown in Fig. 3-15(c). After increasing the duration time to 60 ms (sample S3), the 

average size of the dimples was increased to 7.4 μm, as shown in Fig. 3-15(d). For the 
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fully annealed sample FA, the homogeneous small dimples were obtained with an 

average value of 4.0 μm, as shown in Fig. 3-15(e). 

 

Fig. 3-15 SEM fractography of (a) S0, (b) S1, (c) S2, (d) S3, (e) FA, and (f) mean 

dimple diameter of each sample. 

3.7 Strain-hardening relief by HDPEC 

3.7.1 Strain-hardening properties of IN718 

To examine the strain-hardening properties of the present material, Inconel 718, the 

deformed samples at the different strains of 0%, 4.1%, 12.3%, 20.5%, 28.7% and 

32.8% (0%, 10%, 30%, 50%, 70% and 80% of the elongation at the breakpoint) were 

investigated. The flow stress and dislocation density at each strain level was shown in 

Fig. 3-16(a). The dislocations are rapidly multiplied at low plastic strain and mitigated 

when the plastic strain surpasses 50% of the total plastic strain. Since the sample 

needs to obey the strain rate initially, plenty of mobile dislocations are rapidly 

multiplied at lower strains, whereas the dislocation density maintains a stable level 

owing to the dislocation annihilation phenomenon [6, 7]. 
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The plot of strength versus the square root of dislocation density was shown in Fig. 

3-16(b) and marked in blue squares. The relationship between dislocation density and 

strength, σ∝ρ1/2, is well established by both experimental and theoretical studies. The 

Taylor equation is the most common equation to study the flow stress with the 

dislocation density [8]. After a series of deductive [9, 10], the Taylor equation can be 

rewritten as, 

𝜎𝑦 = 𝜎0 + 𝛼𝑀𝐺𝑏√𝜌                                                 (3 − 1) 

where σy and σ0 are the yield stresses with and without initial dislocations, M is the 

Taylor factor, usually chosen as 3.1 for FCC metals [11], α is a constant, G is the 

shear modulus, taken as 74 GPa, b is the Burgers vector, taken as 0.255 nm (IN718, 

𝒃(FCC) =
𝑎

2
< 110 >) and ρ is the dislocation density. Figure 3-16(b) shows the plots 

of the strength versus dislocation density, and a regression line can be obtained in 

terms of Eq. (3-1) and drawn in a dashed black line. Therefore, the value of σ0 is 

evaluated as 88.3 MPa, and α is 0.63, which is within a reasonable range from 0.05 to 

2.6 [12]. 

 

Fig. 3-16 (a) Flow stress and dislocation density change at different strain levels, and 

(b) plot of strength with dislocation density. 
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3.7.2 Relief of strain hardening by HDPEC treatment 

The relationships between strength and dislocation density of the HDPEC-treated 

sample S1-S3 and fully annealed sample FA were also plotted in Fig. 3-16(b) and 

marked in red stars. The plots show that the treated samples are highly relevant to the 

regression lines. As shown in Fig. 3-16(b), sample S1 shows a partial relief of strain 

hardening, while the complete recovery is achieved for samples S2, S3, and FA. 

It is well known that there are four common strategies for the strengthening of 

materials: strain hardening (dislocation strengthening) [8-10], solid solution 

strengthening [13], precipitation strengthening [14], and fine-grain strengthening [15, 

16]. Moreover, material properties can also be highly affected by texture, which can 

lead to anisotropic properties [17-19]. In terms of the results shown above in the 

previous analysis, the strength change of the treated samples was related to the 

dislocation density, grain size, and texture, which can be described by, 

∆𝜎 = ∆𝜎𝑑 + ∆𝜎𝑔 + ∆𝜎𝑡                                                 (3 − 2) 

where Δσ denotes the change of strength. The parameters Δσd, Δσg, and Δσt, are the 

strength changes due to dislocation density, grain size, and texture. 

First of all, the strength change related to dislocation, Δσd, can be evaluated simply 

using the Taylor hardening law [8-10] as, 

∆𝜎𝑑 = 𝛼𝑀𝐺𝑏(√𝜌2 −√𝜌1)                                             (3 − 3) 

where parameter α is chosen as 0.63, which is obtained from the linear fitting, shown 

in Fig. 3-16(b). Parameters M, G, and b are taken as 3.1 [11], 74 GPa, and 0.255 nm, 

respectively. The ρ1 is the dislocation density before treatment, and ρ2 is the value 

after treatment. For the case of sample S2, the dislocation density before and after 

HDPEC treatment are 1.14×1015 m-2 and 2.8×1014 m-2, as shown in Fig. 3-4(b). Hence, 

the strength reduction due to dislocation elimination, Δσd, is approximately -628 MPa 

according to Eq. (3-3).  

https://en.wikipedia.org/wiki/Anisotropic
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In addition, the contribution of grain size on strength change, Δσg, is estimated 

using the Hall-Petch relationship [15, 16], 

∆𝜎𝑔 = 𝑘(𝑑2
−1/2

− 𝑑1
−1/2

)                                          (3 − 4) 

where k is a constant, which can take 1175.93 MPa·μm1/2 [20], and d1 and d2 are the 

grain sizes. For the case of sample S2, the grain sizes before and after the HDPEC 

treatment are approximately 14.2 μm and 13.3 μm, as presented in Fig. 3-5. Hence, 

the contribution of grain size, Δσg, is approximately 10 MPa.  

Moreover, the influence of texture on the strength evolution Δσt is expressed [19], 

∆𝜎𝑡 = (𝑀2 −𝑀1)𝜏𝐶𝑅𝑆𝑆                                            (3 − 5) 

where M1 and M2 are the average values of the Taylor factor before and after HDPEC 

treatment. Parameter τCRSS is the critical shear stress of IN718. It can simply estimate 

the critical shear stress by τCRSS=σy/M=201 MPa, where σy was taken as 623 MPa of 

sample INT, as shown in Fig. 3-3, and M was taken as 3.1. The Taylor factor maps 

and distributions of each sample are shown in Fig. 3-13. The average Taylor factor of 

samples S0 and S2 (before and after HDPEC treatment) were 3.08 and 3.04, 

respectively. Then, the decreasing value of Δσt is -8 MPa. 

The strength change caused by dislocation density and grain size were 

quantitatively investigated in the above text, whose contributions for sample S2 were 

-628 MPa, 10 MPa, and -8 MPa, and hence, the reduction in strength was 626 MPa. 

Moreover, the yield stress of sample S2 was reduced from 1235 MPa (sample S0) to 

633 MPa according to the experimental results, as shown in Fig. 3-3(c), and the 

reduction is about 602 MPa, which plays a good agreement with the quantitative 

analysis. Hence, the strength change due to grain size and texture was small, 

compared with the contribution by dislocation density. Besides, the grain size was not 

changed heavily after the HDPEC treatment, as shown in Fig. 3-5, and so as the 

Taylor factor (texture evolution), as shown in Fig. 3-13. Thus, dislocation 

strengthening should be the dominant reason in strain hardening relief, while grain 
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size only has some side effects. The strength change due to dislocation density, grain 

size, and texture of all samples was listed in Table 3-3. 

Moreover, the relief of hardness by HDPEC treatment, as shown in Fig. 3-3(d), was 

also related to the dislocation density, grain size, and texture. Since the tight 

relationship between strength and hardness, HV≈ 3σy, which is widely used in 

material science based on theoretical analyses and experimental results [21, 22]. 

Hence, the relief of hardness should mainly be due to the elimination of dislocation by 

HDPEC treatment, while the evolution of grain size and texture was the side effect.  

The recovery of ductility after HDPEC treatment was mainly related to dislocation 

density. The pre-existed dislocations in sample S0 after deformation will impede the 

dislocation motion and evidently decrease the length of the free path of dislocations 

and thereby damage the ductility. After HDPEC treatment, all of the dislocations were 

removed in samples S2 and S3, and hence, the ductility was recovered. 

Table 3-3 The strength changes in all samples regarding the dislocation density, grain 

size, and texture after HDPEC treatment. 

 
Δσd 

/MPa 

Δσg 

/MPa 

Δσt 

/MPa 

Theoretical reduction (MPa) 

Δσd + Δσg + Δσt 

Experimental 

reduction (MPa) 

S0 -- -- -- -- -- 

S1 -189 35 10 -144 -230 

S2 -628 10 -8 -626 -602 

S3 -650 -13 -2 -665 -679 

FA -710 -2 -6 -718 -620 

The residual stress was also relieved by HDPEC treatment, as shown in Fig. 3-4(a), 

which may also be attributed to the dislocation removal. It is well known that the 

dislocations can cause the local distortion/strain of the lattice and further generate the 

micro residual stress. Due to residual stress originating from misfits between different 

regions, then they can be categorized by characteristic length: Type-1 macro-stresses 

vary over large dimensions of the component; Type-2 micro-stresses span grain-scale; 
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Type-3 form at the atomic scale [23, 24], and the equations as shown below [25], 

𝜎𝑟
1 =

1

𝑉1
∫ 𝜎𝑟(𝑥)𝑑𝑉

1

𝑉1
                                               (3 − 6) 

𝜎𝑟
2 =

1

𝑉2
∫ 𝜎𝑟(𝑥)𝑑𝑉

2

𝑉2
− 𝜎𝑟

1                                           (3 − 7) 

𝜎𝑟
3 = 𝜎𝑟(𝑥) − 𝜎𝑟

2 − 𝜎𝑟
1                                                (3 − 8) 

where σr
1, σr

2, and σr
3 represent the macro, mesoscopic and micro residual stress, 

respectively. V1 and V2 denote the volumes over large dimensions of the region and 

grain-scale area. σr(x) is the local stress. 

The Eq. (3-6, 3-7, 3-8) clear depict that dislocation can raise the micro, mesoscopic 

and macro residual stress progressively. Hence, the high residual stress in sample S0 

was due to the pre-strain that introduced high dislocation density into the sample. The 

residual stress was partially or fully relieved of HDPEC-treated and heat-treated 

samples, which may be associated with the reduction in dislocation density. 

 

3.8 Discussion 

3.8.1 Dislocation elimination and grain morphology evolution 

It is well investigated theoretically and experimentally that electric current can exert a 

force, electron wind force (EWF), on the atoms by momentum transfer, and thereby 

induce the movement of dislocations [26]. Nam et al. [27] observed that the 

dislocation was moved enhanced by electric current in a single-crystalline nanowire 

by a real-time TEM observation. Furthermore, Zhang et al. [28] reported that the 

dislocation morphology was rearranged by an electric current with paralleling to the 

current direction in a quenched steel, and meanwhile, some dislocations were curved 

by obstacles due to the Frank-Read effect. Hence, with the promotion of EWF, the 
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dislocation elimination was enhanced through the combination of dipole dislocations 

[29] and entangled at or absorbed by grain boundaries [28, 30-32].  

In this chapter, the dislocation density was eliminated gradually by HDPEC 

treatment, as shown in Fig. 3-4(b), measured by XRD. Moreover, the GND maps 

show the same tendency, as presented in Fig. 3-11, indicating that the dislocation was 

eliminated by HDPEC. Furthermore, the formed defect-free grains in the local area 

under the minor HDPEC treatment (sample S1) tend to possess the feature of LAGBs, 

as shown in Fig. 3-5 and 3-6, which may be related to the enhanced dislocation 

motion and entanglement that accumulated into LAGBs. Once the treatment time of 

HDPEC increased further in samples S2 and S3, all the dislocations were eliminated, 

as shown in Fig. 3-11, resulting in the formation of perfect grains without defects. 

Consequently, sample S2 shows that all the dislocations were removed, and grain 

refinement was achieved. In contrast, sample S3 exhibits an increase in grain size, 

which may be attributed to the mergence of grain boundary induced by HDPEC. 

Moreover, the grains after HDPEC treatment tend to possess the random orientation 

and equiaxed morphology, as presented in Sections 3.5.1 and 3.5.3. The grain 

orientation change and equiaxed morphology may be attributed to the dislocation 

elimination and grain evolution promoted by HDPEC.  

 

3.8.2 Micro-defects healing and fractographic evolution  

The slip bands, microvoids, and debonding were healed by HDPEC treatment, as 

shown in Fig. 3-14. Since the slip band is related to the slip plane where dislocation is 

glided on, its healing could be due to the dislocation removal enhanced by HDPEC. 

Moreover, the healing of microvoids and debonding may attribute to the concentration 

characteristics of electric flow near the defects, which causes the local heating and 

local compressive force near the defects that heal and close the microvoids and 

debonding. Song et al. [33, 34] and Yang et al. [35] also reported that the micro-voids 
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or cracks introduced by pre-deformation were restored entirely after electric current 

treatment, and they attribute the damage-healing effect to local heating and local 

compressive stress around the defects according to the simulation results. Besides, the 

break in NbC particles remained after HDPEC treatment, which could be due to the 

large sizes of NbC particles and the stubborn properties of NbC. 

It is well known that the dimples are associated with void and void merge during 

deformation[36, 37]. Due to the inconsistent deformation of matrix and particles, the 

microvoids and debonding may be initiated, as shown in Fig. 3-14. After continued 

deformation, the voids tend to merge and then cause the fracture. Qin et al. [38] 

reported that the dimple size is related to the grain size. Hence, more small dimples 

were observed in sample S1 compared with sample S0, as shown in Fig. 3-15, which 

may be due to the local refinement in sample S1 after HDPEC treatment, as shown in 

Fig. 3-5. The homogeneous and large dimples were observed in sample S2, which 

may be attributed to the obtained equiaxed grains after HDPEC treatment, implying 

the ductility was recovered. The relatively large dimples in sample S3, which may be 

associated with the large uniformed grains induced by HDPEC. 

 

3.9 Summary 

In this chapter, the effect of HDPEC on strain-hardening relief of deformed IN718 

was investigated, and the corresponding changes in microstructure were studied. The 

conclusions are summarized below: 

1. The strain hardening was rapidly and effectively eliminated by HDPEC treatment, 

and meanwhile, the ductility was recovered. Additionally, the elimination of 

dislocation induced by HDPEC treatment was the dominant reason, while grain 

size and texture evolution were the side effects in strain-hardening relief. 

2. Since the dislocation was removed by HDPEC treatment, the residual stress was 

also alleviated. 
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3. The microstructure evolution caused by HDPEC first happened with some refined 

defect-free grains in the local area (sample S1 treated at 300 A/mm2, 40 ms) with 

partial dislocation elimination. The grain boundary characteristics show that the 

LAGBs increased evidently in sample S1, which may be attributed to the 

enhanced dislocation entanglement by HDPEC. Furthermore, after increasing the 

treatment time to 50 and 60 ms, complete dislocation elimination was achieved 

with a significant decrease in LAGBs and a recovery of TBs. 

4. The grain morphology of the HDPEC-treated samples tends to possess random 

orientation and equiaxed morphology. 

5. Homogeneous dimples were obtained after HDPEC treatment in the tensile-

fractured sample, and the slip bands, microvoids, and debonding were also 

restored. 

Despite the detailed and comprehensive results obtained in this chapter, there are 

still several aspects of ambiguity in terms of the mechanisms. First of all, how the 

dislocations disappear induced by HDPEC and how the GBs evolution created, e.g., 

the LAGBs first increased by HDPEC and then decreased with a longer treatment 

time. Since the mechanical properties and microstructure of the deformed IN718 

undergo dramatic changes between the treatment time from 40 ms (sample S1) to 50 

ms (sample S2), the microstructure evolution induced by HDPEC is not clearly 

demonstrated. Hence, in Chapter 4, the quasi-in-situ EBSD observation of the 

microstructure evolution induced by HDPEC at the treatment time between 40 ms to 

50 ms was carried out, and a detailed analysis was presented. Moreover, the 

unavoidable issue of how the thermal and athermal effects influence strain-hardening 

and which one is the dominant reason is not presented in this chapter. Since the 

maximum temperatures of samples S1-S3 during HDPEC treatment were varied from 

800~1200°C due to the Joule Heating, as shown in Section 3.3, the thermal effect 

should not be ignored. Hence, this issue will also be analyzed in detail in Chapter 4. 
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Chapter 4 Mechanisms of strain-hardening relief induced by 

HDPEC 

4.1 Introduction 

Although the detailed and comprehensive results were obtained in Chapter 3, there are 

still many unclear issues regarding the microstructure evolution, such as how the 

dislocations driven and removed by HDPEC and how the GBs change created (e.g., 

the length of LAGBs was decreased and that of TBs was increased after applying the 

HDPEC, as presented in Fig. 3.6). Since the mechanical properties and microstructure 

of the deformed IN718 undergo dramatic changes between the treatment time from 40 

ms (sample S1) to 50 ms (sample S2), the microstructure evolution induced by 

HDPEC during this treatment time range is not clearly demonstrated in Chapter 3. 

Hence, this chapter aims to study the microstructure evolution induced by HDPEC at 

the treatment time between 40 ms to 50 ms using the quasi-in-situ EBSD observation.  

Moreover, the contributions of thermal and athermal effects on strain-hardening 

relief caused by HDPEC treatment were also carried out. Since sample S2 in Chapter 

3 has achieved the complete recovery of the strain hardening. Hence, two equivalent 

HDPEC-treated samples regarding the sample S2 with varying current density and 

duration times were designed, and a rapidly heated sample was also presented to 

clarify the thermal and athermal effects in strain-hardening relief. 

 

4.2 Experimental approach 

For in-situ EBSD observation, two samples at the current conditions of 300 A/mm2 

with 3 pulses were presented. The duration times of 13.33 ms and 15 ms of each pulse 

were used, respectively, denoted as samples S4 and S5, as given in Table 4-1. Hence, 

the total heating times of each case are 40 ms and 45 ms, respectively. The same sites 
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were measured by EBSD before and after HDPEC treatment. Since the surface of the 

EBSD samples after HDPEC treatment was covered by an oxidation layer, the surface 

was cleaned by ion milling.  

The equivalent samples are denoted as S6, S7, and RA, respectively, as listed in 

Table 4-1. The equivalent sample means that a similar thermal condition (heating and 

cooling process) with the target sample S2. Samples S6 and S7 are the equivalent 

HDPEC-treated samples at the conditions of 100 A/mm2, 150 ms × 3 pulses, and 50 

A/mm2, 600 ms × 3 pulses, respectively. Sample RA is the rapidly heated sample at 

1200 °C for 20 s, followed by air cooling, which is the comparative test of samples S2, 

S6, and S7. 

Table 4-1 Samples and treatment conditions used in this chapter. 

Sample Pre-strain Conditions of HDPEC treatment Notes 

S4 50% εp 300 A/mm2, 13.33 ms × 3 pulses, tint = 1 s In-situ EBSD observation 

S5 50% εp 300 A/mm2, 15 ms × 3 pulses, tint = 1 s In-situ EBSD observation 

S6 50% εp 100 A/mm2, 150 ms × 3 pulses, tint = 1 s Equivalent to sample S2 

S7 50% εp 50 A/mm2, 600 ms × 3 pulses, tint = 1 s Equivalent to sample S2 

RA 50% εp Rapid annealing (1200 ℃, 20 s, Air cooling) Equivalent to sample S2 

First of all, the temperature evaluation of the HDPEC-treated samples was carried 

out using thermal sensors and FEM simulation, and then their mechanical properties 

were also investigated. For the in-situ observation, the EBSD observation at the same 

places was carried out before and after HDPEC treatment. The detailed analysis, such 

as dislocation motion behavior, grain boundary evolution, and new grains formation, 

were analyzed. Moreover, the thermal and athermal effects on the strain-hardening 

characteristics of IN718 were quantitatively analyzed. Finally, the discussion of the 

effect of HDPEC, such as thermal effect, electron wind force, etc., on the dislocation 

motion was carried out, and the summary was given. 
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4.3 Temperature results by measurement and FEM simulation 

The temperature-time curves of the HDPEC-treated samples S4 and S5 by 

measurement and simulation are shown in Fig. 4-1. The current application of 

samples S4 and S5 contains 3 pulses with a duration time of 13.33 ms and 15 ms, 

respectively, as shown in Fig. 4-1(a). The temperature-time curves by measuring and 

simulating were shown in Fig. 4-1(b), and the enlarged figures were shown in Fig. 4-

1(c). The measured maximum temperatures at the last pulse of samples S4 and S5 are 

885 and 983°C. The simulated results show the same tendency as the measured results. 

Fig. 4-2 shows the current density and temperature fields of the HDPEC-treated 

samples. The maximum temperatures of S4 and S5 are 901 and 988°C, respectively.  

 

Fig. 4-1 Temperature measurement of HDPEC-treated samples. (a) Schematic 

diagram of pulsed current, (b) temperature-time curves by thermal sensors and 

simulation, (c) enlarged figure in (b). 
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Fig. 4-2 FEM simulation results of each sample. (a) FEM model, (b) current density 

field, and temperature fields of (c) S4 and (d) S5 at the maximum temperature. 

Moreover, for the equivalent samples, the measured and simulated temperature 

curves of the equivalent HDPEC-treated samples S6 and S7, and rapidly heated 

sample RA are shown in Fig. 4-3. Similar to sample S2, samples S6 and S7 contain 3 

pulses with a duration time of 150 ms and 600 ms, respectively, as presented in Fig. 4-

3(a). The temperature-time curves by measuring and simulating were shown in Fig. 4-

3(b), and the enlarged figures were shown in Fig. 4-3(c). The measured maximum 

temperatures of samples S6 and S7 are 1044 and 1029°C, coinciding with sample S2 

of 1055°C. The simulated results show the same tendency as the measured results. For 

the rapid annealing sample RA, a one-dimensional transient heat conduction model 

was used to estimate the temperature changes with time, as presented in Appendix 3. 

The temperature-time curve is presented in Fig. 4-3(b,c) as a dashed red line. The 

maximum temperature of approximately 1061°C was achieved at the end of the 

heating (20 s). The heating and cooling curves of sample RA covered the HDPEC-

treated samples S2, S6, and S7, as shown in Fig. 4-3(b), indicating the thermal effect 

of sample RA is larger than the HDPEC-treated samples.  

Fig. 4-4 shows the current density and temperature fields of the HDPEC-treated 

samples. The maximum current density of each sample is 300, 100, and 50 A/mm2, 

respectively, and the maximum temperatures are 1071, 1058, and 1049°C.  
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Fig. 4-3 Temperature measurement of HDPEC-treated samples. (a) Schematic 

diagram of pulsed current, (b) Temperature curves by thermal sensors and simulation, 

(c) Enlarged figure in (b). 

 

Fig. 4-4 FEM simulation results of each sample. Current density and temperature 

fields of (a-b) S2, (c-d) S6, and (e-f) S7. 
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4.4 Mechanical properties 

The engineering stress-strain curves of the HDPEC-treated samples S4 and S5 are 

plotted in Fig. 4-5(a), and the mechanical properties of each sample are shown in Fig. 

4-5(b). Compared with sample S2, samples S4 and S5 show the uncomplete strain-

hardening relief. The yield strength of samples S4 and S5 are 1005 MPa, 946 MPa, 

respectively, indicating the strain hardening is not fully removed. As presented in Fig. 

4-5(b), the elongations of samples S4 and S5 are accordingly lower than the samples 

S2 and INT. 

 

Fig. 4-5 Mechanical properties of each sample. (a) Engineering stress-strain curves 

and (b) plots of yield stress and elongation of each sample. 

Moreover, the engineering stress-strain curves of the equivalent HDPEC-treated 

samples S6 and S7, and rapidly heated sample RA are also plotted in Fig. 4-5(a), and 

the mechanical properties of each sample are shown in Fig. 4-5(b). Compared with 

sample S2, the equivalent samples S6 and S7 also show the uncomplete strain-

hardening relief. The yield strength of samples S6 and S7 are 669 MPa, 733 MPa, 

respectively, which are slightly high than the sample S2 and initial sample INT of 633 

MPa and 623 MPa, indicating the strain hardening is not fully removed. Accordingly, 

the elongations of samples S6 and S7 are smaller than the samples S2 and INT, as 
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shown in Fig. 4-5(b). For the rapid annealing sample RA, only partial strain hardening 

was alleviated with a relatively high strength of 1026 MPa and a weak ductility of 

24.9%, indicating the rapid annealing is inefficient in strain-hardening removing. 

 

4.5 Microstructure evolution (in-situ observation) induced by 

HDPEC 

4.5.1 Microstructure evolution of sample S4 (300 A/mm2, 40 ms) 

The EBSD observation before and after HDPEC treatment of sample S4 at the 

condition of 300 A/mm2, 40 ms (13.33 ms × 3 pulses) are shown in Fig. 4-6. The 

EBSD maps covered a range of 80 × 60 μm2 at the scanning step of 0.1 μm.  

 

Fig. 4-6 EBSD orientation maps of sample S4 (a-b) before and after HDPEC 

treatment. The loading and current directions are towards the horizontal. RD and TD 

represent the rolling and transverse directions. The EBSD maps covered a range of 

80×60 μm2 with a scanning step size of 0.1 μm. 

As illustrated in the figure, the microstructure is seldom changed with only several 
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grains evolution. To examine microstructure evolution in-depth, the GNDs and grain 

boundary characteristics maps were carried out to study the dislocation motion 

behavior and grain boundary evolution induced by HDPEC. 

1. Dislocation motion behavior 

Fig. 4-7 shows the GND maps before and after HDPEC treatment corresponding to 

the EBSD orientation maps, and the mean GND values are presented. In addition, the 

line distribution was also given to study the slip band evolution induced by HDPEC. 

 

Fig. 4-7 GND maps of sample S4 (a-b) before and after HDPEC treatment at the 

condition of 300 A/mm2 and 40 ms, where the loading and current directions are 

towards the horizontal. Line distributions of GNDs along Line (c) a-b and (d) c-d 

before and after HDPEC treatment. 
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As illustrated in the figure, sample S4 before HDPEC treatment shows a colored 

GND map with a high mean GND value of 1.03×1015 m-2 due to the pre-deformation, 

while the mean GNDs value was decreased to 0.84×1015 m-2 after HDPEC treatment 

at the condition of 300 A/mm2, 40 ms. The GND maps before and after HDPEC 

treatment directly depict that the dislocation was driven and removed in some grains 

as marked in white arrows, where the color of the GND map changed from yellow to 

blue (high GND density to low GND density). Moreover, the line distributions of 

GND density along the Line a-b and c-d, as indicated in Fig. 4-7 (a-b) in red lines, are 

presented in Fig. 4-7(c-d) before and after HDPEC treatment. The results show that 

the dislocations on the slip bands along the direction of HDPEC (Fig. 4-7(c)) were 

partially removed (mean elimination rate reached 31% on some main slip bands), 

while that of other directions (Fig. 4-7(d)) almost remained (elimination rate 

approximately 6% on some main slip bands).  

2. Grain boundary evolution 

To examine the microstructure evolution, the grain boundary characteristics of the 

sample S4 before and after HDPEC treatment overlapped with band contrast (BC) 

maps are shown in Fig. 4-8, and the length of each boundary is also given. The sub-

grain boundaries (SGBs, related to the dislocation entanglement) with a 

misorientation of less than 3° were drawn in blue lines with gradient transparency. 

The grain boundaries (GBs), such as the low angle grain boundaries (LAGBs, 3~15°), 

high angle grain boundaries (HAGBs, 15°~), and twin boundaries (TBs, 60±5°) were 

shown in red, black, and yellow lines, respectively. 

As shown in Fig. 4-8, the SGBs, related to dislocation entanglement were reduced. 

Even in some local areas, the SGBs were almost removed, such as in the marked area 

1-1’, indicating the dislocation was driven and eliminated by HDPEC treatment. As 

shown in Fig. 4-8(e), the length of SGBs was reduced from 16688 μm to 12204 μm. 

The results of SGBs (i.e., dislocation entanglement) elimination plays a good 
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agreement with the dislocation density reduction after HDPEC treatment, as presented 

in the previous section.  

 

Fig. 4-8 Grain boundary characteristics of sample S4 (a-b) before and after HDPEC 

treatment with BC maps. Misorientation distributions on Line (c) a-b and (d) c-d 

before and after HDPEC treatment, and (e) grain boundary length of each sample. 

SGBs are shown in blue lines with gradient transparency, which means the 

misorientation range from 0~3°. LAGBs (3~15°) in red, HAGBs (15°~) black, and 

TBs (60±5°) yellow lines. The arrows marked areas indicate the grain boundary 

changes due to the HDPEC treatment. 
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Moreover, the mutual transformations between LAGBs and HAGBs were observed 

in the local areas of 2-2’ and 3-3’, respectively. The misorientation distribution along 

Line a-b at the local area of 2-2’ was shown in Fig. 4-8(c), and the grain boundary 

transformation from LAGBs (13.6 ° ) to HAGBs (19.9 ° ) happened after HDPEC 

treatment. In addition, the mutual transformations between HAGBs and TBs were 

also obtained in the local areas of 4-4’ and 5-5’. Also, the transformation from 

HAGBs (54.9°) to TBs (60.1°) after HDPEC treatment at the local areas of 4-4’ was 

shown in Fig. 4-8(d). Those mutual transformations may be related to the dislocation 

entanglement and disentanglement, which are promoted by the HDPEC. Furthermore, 

the new GBs of LAGBs and HAGBs at the local areas of 6-6’ and 7-7’ were also 

observed, which formed at the previous SGBs. The new GBs formation may be 

related to the dislocation entanglement and accumulation at the previous SGBs 

promoted by HDPEC. In conclusion, those transformations of GBs increase LAGBs, 

HAGBs, and TBs from 46, 911, 285 μm to 54, 944 and 294 μm, respectively, as 

shown in Fig. 4-8(e). Moreover, due to the newly formed GBs, the total length of GBs 

was increased from 1242 μm to 1292 μm, which causes grain refinement. 

3. Grain evolution 

The grain evolution before and after HDPEC treatment was shown in Fig. 4-9, where 

the changed areas were marked in white arrows in the EBSD maps. The grain 

evolution was related to the formation of new GBs, which divided the grains and 

caused grain refinement. Moreover, grain refinement was achieved due to the new 

LAGBs and HAGBs from the previous SGBs. The grain divisions (i.e., grain 

refinement) were marked at the local areas of 1-1’, 2-2’, 3-3’, 4-4’, and 5-5’ using the 

solid arrows in the EBSD maps, as shown in Fig. 4-9(a,b).  
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Fig. 4-9 EBSD maps of sample S4 (a-b) before and after HDPEC treatment with 

arrows representing the grain evolution, where solid arrows represented the grain 

formation after HDPEC treatment and dashed arrows denote the grain mergence. The 

loading and current directions are towards the horizontal. (c) Local EBSD maps and 

pole figures of the new grain formation at the local area 1-1’ due to the formation of 

LAGB. (d) Local EBSD maps and pole figures of the new grain formation at the local 

area 4-4’ due to the formation of HAGB. 

Moreover, as presented in Fig. 4-9(c), the formation of Grain B’ divided from the 

previous Grain A was related to the newly formed grain boundary. The pole figure 

shows that Grain A’ and Grain B’ have similar orientations, implying the boundary is 

LAGB with a misorientation of 15.5°. In addition, the formation of Grain D’ was due 
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to the newly formed HAGBs (46.5°), where the orientation of Grain D’ is much 

different with that of Grain C’, as shown in the pole figures of Fig. 4-9(d). 

Furthermore, the newly formed grains contributed to the orientation change or texture 

evolution induced by HDPEC. Furthermore, the grain emergences were also observed, 

which were marked using dashed arrows at the local areas of 6-6’ and 7-7’. The grain 

emergences were related to the elimination of grain boundary by HDPEC treatment. 

To sum up, the total grain number was increased from 77 to 80 grains in this local 

area, which causes the grain refinement. 

 

4.5.2 Microstructure evolution of sample S5 (300 A/mm2, 45 ms) 

The EBSD observation before and after HDPEC treatment of sample S5 at the 

condition of 300 A/mm2, 45 ms (15 ms × 3 pulses) are shown in Fig. 4-10. The EBSD 

maps covered a range of 80 × 60 μm2 with a scanning step size of 0.1 μm.  

 

Fig. 4-10 EBSD orientation maps of sample S5 (a-b) before and after HDPEC 

treatment. The loading and current directions are towards the horizontal. RD and TD 

represent the rolling and transverse directions. The EBSD maps covered a range of 

80×60 μm2 with a scanning step size of 0.1 μm. 
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As shown in this figure, some grain evolution was observed. To profoundly 

investigate microstructure evolution, such as the dislocation and grain boundary 

evolutions, the GNDs and grain boundary characteristics maps were carried out. 

1. Dislocation motion behavior 

Fig. 4-11 shows the GND maps before and after HDPEC treatment of sample S5, and 

their mean GNDs density are also presented. In addition, the line distribution was 

given to study the slip band evolution induced by HDPEC. 

 

Fig. 4-11 GND maps of sample S5 (a-b) before and after HDPEC treatment at the 

condition of 300 A/mm2 and 45 ms, where the loading and current directions are 

towards the horizontal. Line distributions of GNDs along Line (c) a-b and (d) c-d 

before and after HDPEC treatment. 
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As shown in the figure, sample S5 shows a colored GND map with a high value of 

1.09×1015 m-2 before HDPEC treatment due to the pre-deformation, while the mean 

GNDs value was decreased to 0.69×1015 m-2 after HDPEC treatment at the condition 

of 300 A/mm2, 45 ms, indicating the dislocations were driven and eliminated by 

HDPEC treatment. The GND maps directly show that the dislocation was driven and 

removed in some grains as marked in the white arrows, where the color of the GND 

map changed from yellow to blue (high GND density to low GND density). Moreover, 

the line distributions of GND density along the Line a-b and c-d, as marked in Fig. 4-

11(a-b) in red lines, are presented in Fig. 4-11(c-d) before and after HDPEC treatment. 

The results illustrated that the dislocations on the slip bands along the direction of 

HDPEC (Fig. 4-11(c)) were highly removed (mean elimination rate reached 

approximately 68% on some main slip bands), while that of other directions (Fig. 4-

11(d)) was slightly eliminated (elimination rate approximately 29% on some main slip 

bands). The elimination of dislocations on the slip bands may be attributed to the 

combination of dipole dislocations promoted by HDPEC. Hence, this observation can 

be used to explain the slip band healing induced by HDPEC, as presented in Fig. 3-14. 

2. Grain boundary evolution 

The grain boundary characteristics of the sample S5 before and after HDPEC 

treatment overlapped with band contrast (BC) maps were shown in Fig. 4-12, and the 

length of each boundary was also given. The SGBs were evidently reduced, as shown 

in Fig. 4-12(e), and the length of SGBs was reduced from 18528 μm to 10263 μm. In 

many local areas, the dislocation entanglement was almost removed by HDPEC 

treatment, such as in local area 1-1’. The elimination of SGBs (i.e., dislocation 

entanglement) plays a good agreement with the dislocation density reduction after 

HDPEC treatment, as presented in the previous section.  
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Fig. 4-12 Grain boundary characteristics of sample S5 (a-b) before and after applying 

HDPEC with BC maps. Misorientation distributions along Line (c) a-b and (d) c-d 

before and after HDPEC treatment, and (e) grain boundary length of each sample. 

SGBs are shown in blue lines with gradient transparency, which means the 

misorientation range from 0~3°. LAGBs (3~15°) in red, HAGBs (15°~) black, and 

TBs (60±5°) yellow lines. The arrows marked areas indicate the grain boundary 

changes due to the HDPEC treatment. 

Moreover, the mutual transformations between LAGBs and HAGBs, and HAGBs 

and TBs were also observed in the local areas of 2-2’ and 3-3’, and 4-4’ and 5-5’, 
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respectively. Fig. 4-12 (c-d) illustrated the misorientation distributions along Line a-b 

and c-d at the local areas of 2-2’ and 4-4’. The misorientation distribution along Line 

a-b, as shown in Fig. 4-12(c), presented the grain boundary transformation from 

LAGBs (12.1°) to HAGBs (17.8°) after HDPEC treatment. Also, the transformation 

from HAGBs (49.2°) to TBs (60.7°) after HDPEC treatment at the local areas of 4-

4’was shown in Fig. 4-12(d). Those transformations may be associated with the 

dislocation entanglement and disentanglement driven by the HDPEC. Furthermore, 

the new GBs of LAGBs and HAGBs at the local areas of 6-6’ and 7-7’ were also 

observed, which formed from the previous SGBs. The new GBs were created after the 

dislocation entanglement and accumulation at the previous SGBs. To sum up, those 

transformations of GBs result in the decrease of LAGBs from 72 μm to 54 μm, and 

the increase of HAGBs and TBs from 853, 146 μm to 912 and 193 μm, respectively, 

as shown in Fig. 4-12(e). Moreover, due to the newly formed GBs, the total length of 

GBs was increased from 1071 μm to 1159 μm, which causes grain refinement. 

3. Grain evolution 

The grain evolution before and after HDPEC treatment was shown in Fig. 4-13, where 

the changed areas were marked in white arrows in the EBSD maps. The grain 

evolution was related to the formation of new GBs, which divided the grains and 

caused grain refinement. The representative grain divisions (i.e., grain refinement) 

were marked at the local areas of 1-1’, 2-2’, 3-3’, 4-4’, 5-5’, 6-6’, 7-7’, and 8-8’ using 

the solid arrows, as shown in Fig. 4-13(a,b). The grain divisions were achieved and 

then induced the grain refinement due to the new formation of LAGBs and HAGBs 

from the previous SGBs, as shown in Fig. 4-9(c,d), the formation of Grain B’ and 

Grain D’ was due to the newly formed LAGBs (16.3°) and HAGBs (48.1°) from the 

previous SGBs with a misorientation of 2.1° and 2.3°, respectively. The pole figures 

were also present at the right side, indicating the orientation change of the newly 

formed grains with the mother grain. Hence, the newly formed grains contributed to 
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the orientation change or texture evolution induced by HDPEC. Furthermore, the 

grain emergences were also observed, which were marked using dashed arrows at the 

local areas of 9-9’ and 10-10’. In conclusion, the total grain number was increased 

from 69 to 75 grains in this local area, which caused the grain refinement.  

 

Fig. 4-13 EBSD orientation maps of sample S5 (a-b) before and after HDPEC 

treatment with arrows representing the grain evolution, where solid arrows 

represented the grain formation after HDPEC treatment and dashed arrows denote the 

grain mergence. The loading and current directions are towards the horizontal. (c) 

Local EBSD maps and pole figures of the new grain formation at the local area 1-1’ 

due to the formation of LAGB. (d) Local EBSD maps and pole figures of the new 

grain formation at the local area 5-5’ due to the formation of HAGB. 
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4.5.3 The effect of HDPEC on microstructure evolution 

As mentioned in Chapter 3, the initial (as-annealed) sample shows low LAGBs and 

high HAGBs and TBs, which obeying to the natural distributions of GBs in defect-

free materials. The fractions of LAGBs, HAGBs, and TBs of the as-annealed sample 

are 4.4%, 57.9%, and 37.7%, respectively, as shown in Fig. 4-14. After deformation, 

plenty of SGBs formed due to the dislocation multiplication and entanglement, as 

shown in Fig. 3-6. And also, the LAGBs tremendously increased due to dislocation 

entanglement, and it occupied approximately 28.3%. Furthermore, owing to 

dislocations slip on TBs and entangled at TBs, resulting in the TBs transformed to 

HAGBs, which caused the fraction of TBs decreased to 15.9%. Hence, due to the 

increase in LAGBs and decrease in TBs after deformation, the fraction of HAGBs 

remains almost unchanged, which occupied around 55.8%. After HDPEC treatment at 

the condition of 300 A/mm2 and 50 ms, the SGBs were entirely removed, and LAGBs 

were reduced evidently, indicating the dislocations were eliminated by HDPEC. 

Moreover, the TBs were recovered due to the entangled dislocations were removed by 

HDPEC. The fractions of each boundary that were recovered to the initial levels after 

HDPEC treatment, which are occupied approximately 1.9%, 62.4%, and 35.7%, 

respectively, as shown in Fig. 4-14.  

The microstructure evolution induced by HDPEC was studied in this chapter using 

the quasi-in-situ EBSD observation. The results show that the dislocation motion can 

be improved by HDPEC treatment, and the dislocation annihilation was achieved. The 

elimination of dislocations induced by HDPEC via the combination of dipole 

dislocations on the slip bands, entanglement at GBs, and entangled at SGBs and then 

form new GBs of LAGBs and HAGBs, was observed. Moreover, the mutual 

transformations between LAGBs and HAGBs, and HAGBs and TBs were also 

observed after HDPEC treatment, as shown in Fig. 4-8 and Fig. 4-12. Those 

transformations were related to the dislocation entanglement and disentanglement 

driven by HDPEC. However, the main transformation was towards the right, from 
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LAGBs→HAGBs→TBs, which causes the decrease in LAGBs and increase of TBs. 

Finally, a significant reduction in LAGBs and an increase in TBs were achieved, and 

the natural distribution of GBs was obtained after HDPEC treatment, as shown in Fig. 

4-14. Furthermore, the newly formed GBs of LAGBs and HAGBs from the previous 

SGBs after HDPEC treatment contributed to the increase in GBs and then caused the 

grain refinement. Meanwhile, the newly formed GBs, especially for the HAGBs, 

which means significant rotation occurred in crystals and thereby resulting in the 

orientation changes in materials, namely the changes in texture, as shown in Section 

3.5.3. Hence, almost all the microstructure evolution, such as GBs evolution, slip 

bands healing, grain refinement, and texture evolution, were related to dislocation 

motion and elimination promoted by HDPEC. The discussion on the driving force for 

dislocation motion induced by HDPEC was carried out in detail in Section 4.7. 

 

Fig. 4-14 Grain boundary evolution due to the deformation and HDPEC treatment, 

where the dark and light arrows represent a large or small number of boundary 

conversions. 

4.6 The contributions of thermal and athermal effects on strain-

hardening relief 

4.6.1 Microstructure evolution of the equivalent samples 

The EBSD orientation maps of the equivalent samples S6 and S7 and the rapid 
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annealing sample RA are shown in Fig. 4-15. T the bar diagram of the mean grain size 

of each sample is shown in Fig. 4-15(d). Compared with the sample S2, as shown in 

Fig. 3-5(d) in Chapter 3, the equivalent samples S6 and S7 show more refined grains 

with a mean grain size of 11.3 and 11.0 μm, respectively, after HDPEC treatment, as 

shown in Fig. 4-15(a, b). For the rapid annealing sample RA, many small grains 

formed compared with the sample S0 shown in Fig. 3-5(b), resulting in the grain size 

decreased to 13.1 μm.  

 

Fig. 4-15 EBSD orientation maps and grain size distributions of (a) S6, (b) S7, (c) RA. 

(d) Mean grain size of each sample. The loading and current directions are towards 

the horizontal. RD and TD represent the rolling and transverse directions. The EBSD 

maps covered a range of 120×180 μm2 with a scanning step size of 1 μm. 

To investigate the local deformation evolution induced by HDPEC treatment, the 

GND maps corresponding to EBSD orientation maps were presented in Fig. 4-16. As 
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obtained in Chapter 3, the complete recovery (low GNDs density, 0.24×1014 m-2) in 

sample S2 was obtained, as shown in Fig. 3-10(d). However, samples S6 and S7, as 

the equivalent samples with sample S2, showed the uncomplete recovery in their 

microstructure. Some unrecovered areas were observed in S6 and S7, as shown in Fig. 

4-16(a, b), and the mean GNDs density is 0.32×1014 and 0.47×1014 m-2, respectively. 

For the rapid annealing sample RA, the colored map remained with a relatively high 

GNDs density of 1.06×1014 m-2, indicating the strain hardening was seldom removed 

by rapid heating. 

 

Fig. 4-16 GND maps corresponding to the EBSD orientation maps of (a) S6, (b) S7, 

(c) RA, and (d) mean GNDs density of each sample. 
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4.6.2 The effects of thermal and athermal on strain-hardening relief 

As presented in Section 4.3, the temperature-time curves of the equivalent HDPEC-

treated samples S2, S6, and S7 are similar, as shown in Fig. 4-3(b), indicating that the 

thermal effect of them during HDPEC treatment is almost the same. Furthermore, the 

rapid annealing sample RA shows a broader temperature-time curve than that of 

samples S2, S6, and S7, implying the thermal effect of sample RA is more significant 

than that of samples S2, S6, and S7. In this chapter, the thermal effect in the HDPEC-

treated samples and rapidly heated sample are considered the same. As shown in Fig. 

4-17, the schematic diagrams of each sample are presented. The symbol of T with 

yellow background denotes the thermal effect. The same yellow background in 

samples S2, S6, S7, and RA indicates the same thermal effect. 

 

Fig. 4-17 The effect of thermal and athermal on strain-hardening relief. Schematic 

diagrams of sample (a) S0, (b) S2, (c) S6, (d) S7, and (e) RA, where the curved blue 

lines represent the dislocations, the symbols of T and A with yellow and green 

backgrounds represent the thermal and athermal effects, and green arrows represent 

the electric current flow. 

Moreover, the HDPEC-treated samples S2, S6, and S7 possess not only the thermal 

effect but also the athermal effect, while the rapid annealing sample RA is only 

subjected to the thermal effect. The athermal effect regarding the electron wind force, 
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as presented in Section 1.3 and Appendix 1, is proportional to the electric current 

density. Hence, according to the current density applied on samples S2, S6, and S7 of 

300, 100, and 50 A/mm2, the athermal effects are, in descending order, S2, S6, and S7. 

Fig. 4-17 shows that the athermal effect is presented using a green background. The 

intensity of which uses the shades of color, where the dark green represents the high 

athermal effect, and light green denotes the low athermal effect. Hence, the athermal 

effects in samples S2, S6, and S7 are A1, A2, A3, and the relationship of which is 

A1>A2>A3. The rapid annealing sample RA does not have the athermal effect. The 

details are listed in Table 4-2. 

Table 4-2 Thermal and athermal effects in each sample. 

 

 

Fig. 4-18 The effects of thermal and athermal on the reduction of (a) GNDs density 

and (b) yield strength.  
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Since the dislocation is the main reason that causes the strain hardening, the 

dislocation density was used as an evaluation indicator for estimating the effects of 

thermal and athermal on the strain-hardening relief. Furthermore, the strength is also 

associated with the dislocation density according to Taylor’s hardening law, as shown 

in Eq. (3-1). Hence, the changes in strength after HDPEC treatment can also be 

treated as an evaluation indicator. The HDPEC and rapid heating that caused the 

dislocation density and strength reduction is plotted in Fig. 4-18.  

For the rapid annealing sample RA, the GNDs density reduced from sample S0 of 

1.48×1014 m-2 to sample RA of 1.06×1014 m-2, and the reduction is approximately 

0.42×1014 m-2. The reduction in yield strength is around 209 MPa from 1235 MPa to 

1026 MPa. Since sample RA is only subjected to the thermal effect, the reduction in 

GNDs density of 0.42×1014 m-2 and yield strength of 209 MPa is related to the 

athermal effect. Moreover, as mentioned before, the thermal effect in samples S2, S6, 

and S7 is less than that in sample RA, which possesses a broader temperature-time 

curve. Hence, the thermal effect in samples S2, S6, and S7 that caused the reduction 

in GNDs density and yield strength is less than 0.42×1014 m-2 and 209 MPa, 

respectively. For ease of analysis, the thermal effect of the equivalent HDPEC-treated 

samples is considered the same as sample RA. Hence, the reduction in GNDs density 

of samples S2, S6, and S7 are 1.24, 1.16, and 1.01×1014 m-2, respectively, and among 

them, the density of 0.42×1014 m-2 is due to the thermal effect and the other part of 

0.82, 0.74, and 0.59×1014 m-2 are related to the athermal effect. Similarly, the 

reduction in yield stress of 209 MPa is related to the thermal effect, while the 

decreases of 393, 357, and 293 MPa are associated with the athermal effect in samples 

S2, S6, and S7. Therefore, the athermal effect caused the GNDs density reduction of 

1.24, 1.16, and 1.01×1014 m-2 is higher than the thermal effect of 0.42×1014 m-2, and 

the strength reduction of 393, 357, and 293 MPa than that of 209 MPa, implying that 

the athermal effect is more significant than thermal effect in strain-hardening relief. 

Moreover, among the HDPEC-treated samples, the higher the electric current density, 
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the more the GNDs density and strength reduction. 

 

4.7 Discussion 

All the microstructure evolution, as mentioned in the above sections, such as grain 

boundary evolution and grain refinement, was related to the dislocation motion 

induced by HDPEC. Hence, in this section, the effect of HDPEC (e.g., thermal and 

athermal effects) on the dislocation motion was analyzed.  

First of all, the condition that causes the dislocation motion is that the driving force 

exerted on dislocations should be larger than the resistance force, as shown in the 

equation (4-1): 

𝑓𝑑 > 𝑓𝑟                                                              (4 − 1) 

where 𝑓𝑑  and 𝑓𝑟  represent the driving and resistance force exerted on dislocations. 

Hence, all the discussions are regarding how the HDPEC affects these two forces: 

driving and resistance force. The HDPEC effect contains two aspects: thermal and 

athermal effects, where the thermal effect is related to temperature rising caused by 

HDPEC treatment, and the athermal effect is mainly associated with electron wind 

force. The thermal effect may provide the driving force for dislocation climb and help 

in reducing the resistance force. The athermal effect of EWF mainly provides the 

driving force for dislocation glide. A detailed discussion was carried out. 

 

4.7.1 Driving force of dislocation motion during HDPEC treatment 

1. Thermal effect 

As mentioned in Section 1.3 and Appendix 1, the thermal effect not only contributed 

to softening the materials (reducing the dislocation motion resistance) but also 

provides the driving force for dislocation climb. The dislocation climb was promoted 
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by atomic (vacancy) diffusion and finally disappeared at the grain boundary, which is 

the so-called traditional heat treatment. The driving force for dislocation climb as 

shown in Eq. (A1-2): 𝑓𝑑_𝑇 =
𝑘𝑇

𝑏2
ln (

𝑐

𝑐0
), which is proportional to the temperature. 

2. Electron wind force 

The estimation of EWF was carried out based on the specific dislocation resistivity in 

the form of Eq. (A1-3): 𝐹𝐸𝑊 = (
𝜌𝑑

𝑁𝑑
) 𝑒𝑛𝑒𝐽. Parameter 𝜌𝑑  is the electrical resistivity 

caused by dislocations, as reported in Ref. [1], the electrical resistivity of IN718 was 

increased from 1.063×10-6 Ω•m to 1.092×10-6 Ω•m (at the plastic strain of 20%, near 

the value used in this study, 20.5%). Hence, the electrical resistivity caused by 

dislocations is approximately (1.092-1.063)×10-6 =0.029×10-6 Ω•m. The dislocation 

density at the plastic strain of 20.5% was 11.4 × 1014 m-2, as shown in Fig. 3-4. 

Therefore, the specific dislocation resistivity 
𝜌𝑑

𝑁𝑑
 is 2.54 × 10-23 Ω•m3. Parameter 𝑒 the 

electron charge as 1.6 × 10-19 A•s, 𝑛𝑒 the electron density 1.8 × 1029 m-3, and 𝐽 current 

density 300 A/mm2. Thus, the EWF estimated using the method of specific dislocation 

resistivity is approximately FEW = 2.2 × 10-4 N/m. For driving the dislocation moved a 

unit Burgers length 𝑏, it exerted approximately fd_EWF = FEW/b = (2.2 × 10-4)/(0.255 × 

10-9) Pa = 0.86 MPa on dislocation.  

In contrast, the evaluation based on Eq. (A1-4), 𝐹𝐸𝑊 = 𝛼𝑏𝑝𝐹𝑛𝑒(𝑣𝑒 − 𝑣𝑑), was also 

presented. Parameter 𝛼 ≈ 0.25~1.0, 𝑏 the magnitude of Burgers vector 0.255 × 10-9 

m, 𝑝𝐹 the Fermi momentum took as 6.33 × 10-6 ev•s/m, 𝑣𝑒 = 𝐽/(𝑒𝑛𝑒) the velocity of 

electron and 𝑣𝑑 the velocity of dislocation taken as 0 m/s. Hence, the EWF based on 

the equation of quantum mechanics was around ~4.87 × 10-7 N/m. Based on the 

𝐹𝐸𝑊 = 𝑓𝑑_𝐸𝑊𝐹𝑏 , the stress exerted on the dislocation was approximately 𝑓𝑑_𝐸𝑊𝐹  = 

~0.002 MPa, which is two orders of magnitude less than the value calculated by the 

method of specific dislocation resistivity.  
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The lattice distortions caused by the second phase in IN718 are not taken into 

account to calculate the Fermi momentum in the quantum mechanical model, which 

may cause the result of electron wind force is too small. Moreover, for the method 

regarding the specific dislocation resistivity, the calculation is reasonable due to the 

realistic dislocation density and its caused increase in resistance was used in this 

model. Hence, in the following analysis, the result of EWF calculated by the method 

of specific dislocation resistivity was used. 

 

4.7.2 Effect of HDPEC on resistance force of dislocation motion 

As mentioned in Section 1.3 and Appendix 1, thermal has a significant impact on the 

resistance of dislocation moving. The critical resolved shear stress (CRSS) is 

generally used to estimate the necessary stress that causes the slip in grains, which 

means the dislocations are highly activated. The CRSS is associated with the yield of 

materials, can be obtained using the maximum value of the Schmid factor m, as: 

𝑓𝑟_𝐶𝑅𝑆𝑆 = 𝑚𝑚𝑎𝑥 ∙ 𝜎𝑦(𝑇)                                                (4 − 2) 

The yield stress of IN718 regarding the temperature [2], 𝜎𝑦(𝑇), was shown in Fig. 

4-19, and the CRSS, 𝑓𝐶𝑅𝑆𝑆 = 𝑚 ∙ 𝜎𝑦, depends on the temperature was also presented, 

where the Schmid factor m is roughly chosen as 0.327 [3]. As shown in Fig. 4-19, the 

activated stress, CRSS, for slip (i.e., dislocation motion) was about 200 MPa within 

the range of 0 to 500°C, after increasing the temperature, CRSS was rapidly decreased 

and reached another stable zone of approximately ~ 30 MPa when the temperature 

over 1000°C. This means that the dislocation can be moved as long as the driving 

force exceeds 30 MPa when heated the sample above 1000°C. 

Here, one thing should be mentioned that the CRSS denotes the observed yield 

phenomenon, which means that it already has plenty of dislocations being activated. 

Hence, CRSS has overestimated the true resistance of dislocation motion. The 

activation stress of the dislocation should be less than the CRSS.  
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Fig. 4-19 Yield stress and CRSS of solution-treated IN718 depends on the temperature. 

Moreover, the Peierls-Nabarro (PN) stress [4,5] depicts that the stress is required to 

move the individual dislocation. Peierls and Nabarro estimated the energy of the 

dislocation per length regarding the dislocation position and proposed the shear stress 

required to move a dislocation as: 

𝑓𝑟_𝑃𝑁 ≈
2𝐺(𝑇)

(1 − 𝑣)
exp (

−2𝜋𝑑

(1 − 𝑣)𝑏
)                                     (4 − 3) 

where 𝐺(𝑇)  is shear modulus regarding the temperature, 𝑣  Poisson's ratio can be 

chosen as 0.3, 𝑑 interplanar spacing taken as √3/2𝑏, and 𝑏 Burgers vector. Hence, 

𝑓𝑟_𝑃𝑁 ≈ 1.2 × 10
−3𝐺(𝑇) was obtained. This is a theoretical result, which is much 

larger than the experimental value. Based on many experimental observations, the PN 

stress should be in the range of 10-6 ~ 10-5G(T) for FCC metals [6,7]. The shear 

modulus of IN718 regarding the temperature [2] was shown in Fig. 4-20, and the PN 

stress regarding the theoretical result of, 𝑓𝑟_𝑃𝑁 ≈ 1.2 × 10
−3𝐺(𝑇), and experimental 

result of 𝑓𝑟_𝑃𝑁 ≈ 10
−5~10−6𝐺(𝑇) was also presented. 

Similar to the CRSS, the stress required to move the individual dislocation was 

gradually decreased with the temperature in terms of the PN stress regarding the 

theoretical and experimental analysis, as shown in Fig. 4-20. The value of CRSS and 
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the theoretical PN stress are in the same order of magnitude from 102~101 MPa within 

the range of 0~1500°C. The theoretical PN stress is approximately 38.6 MPa at the 

temperature of 1000°C. Since the value of CRSS is overestimated to analyze the 

single dislocation motion as discussed above, the theoretical PN stress is also too 

conservative, as many reports have mentioned [6,7]. Fig. 4-20 shows that the 

experimental PN stress is approximately 0.01~1 MPa with temperature change. The 

experimental PN stress is approximately 0.03~0.32 MPa at the temperature of 1000°C. 

This result is more plausible since the experiment actually observed the experimental 

value. Therefore, only the experimental PN stress is used for analysis and discussion. 

 

Fig. 4-20 Shear modulus and PN stress regarding theoretical and experimental 

analysis of solution-treated IN718 depend on the temperature. 

4.7.3 Dislocation motion induced by HDPEC 

As illustrated in Fig. 4-1, the temperature of HDPEC-treated samples of S4 and S5 

was gradually increased during HDPEC treatment. Therefore, the experimental PN 

stress of the HDPEC-treated samples changes with the duration time of HDPEC. Fig. 

4-21 shows that the temperature and experimental PN stress changes after HDPEC 
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treatment. After 3-pulses of HDPEC treatment, the temperature of samples S4 and S5 

was gradually increased and reached the maximum value of 885 °C and 983°C, 

respectively. Correspondingly, the experimental PN stress was gradually decreased, 

and the stress was in the range of 0.03 ~ 0.4 MPa at the maximum temperature. Hence, 

the driving force should be at the least larger than the 0.03 MPa of samples S4 and S5 

to drive the motion of dislocation. 

 

Fig. 4-21 Temperature and experimental PN stress changes of samples S4 and S5 

during HDPEC treatment. 

In brief, the main driving forces for dislocation motion of samples S4 and S5 were 

the thermal effect and EWF, as listed in Table 4-3. Due to the maximum temperature 

induced by HDPEC are different, the thermal effect in samples S4 and S5 is not the 

same, where the effect in sample S5 is larger than sample S4. Due to the same current 

density of 300 A/mm2 being applied in samples S4 and S5, the driving stress caused 

by EW was the same of 0.86 MPa. For the resistance of dislocation, the experimental 

PN stress of 𝑓𝑟_𝑃𝑁 ≈ 10
−5~10−6𝐺(𝑇) was used, and the value was approximately 𝑓𝑟 

= 0.03~0.4 MPa at the maximum temperature of samples S4 and S5 during HDPEC 

treatment. Therefore, the driving force of 𝑓𝑑 = 0.86 MPa is larger than the resistance 
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of  𝑓𝑟 = 0.03~0.4 MPa, and the dislocation in samples S4 and S5 can be driven by 

HDPEC. Due to the longer duration time in sample S5 than sample S4, more 

dislocation was eliminated. 

Table 4-3 Driving and resistance force on dislocation of samples S4 and S5 induced 

by HDPEC. 

Samples 

Driving force 𝒇𝒅 Resistance force 𝒇𝒓 

① Thermal 

𝑓𝑑_𝑇 =
𝑘𝑇

𝑏2
ln (

𝑐

𝑐0
)  

for dislocation 

climb. 

② EWF 

Based on the specific 

dislocation resistivity: 

𝑓𝑑_𝐸𝑊𝐹 = (
𝜌𝑑

𝑁𝑑
) 𝑒𝑛𝑒𝐽/𝑏, 

for dislocation glide. 

Thermal: 

Experimental PN stress: 

𝑓𝑟_𝑃𝑁 ≈ 10
−5~10−6𝐺(𝑇)  

 

T=25°C:  

𝑓𝑟 ≈ 0.06~0.6 𝑀𝑃𝑎 

↓ 

T=885~983°C:  

𝑓𝑟 ≈ 0.03~0.4 𝑀𝑃𝑎 

S4: 300 A/mm2, 

40 ms 
𝑓𝑑_𝑇 (885°C) 𝑓𝑑_𝐸𝑊𝐹=0.86 MPa 

S5: 300 A/mm2, 

45 ms 
𝑓𝑑_𝑇 (983°C) 𝑓𝑑_𝐸𝑊𝐹=0.86 MPa 

 

Moreover, due to the EWF is proportional to current density, the driving force on 

samples S2, S6, and S7 was gradually decreased. The estimation of EWF was carried 

out based on the specific dislocation resistivity in the form of: 𝐹𝐸𝑊 = (
𝜌𝑑

𝑁𝑑
) 𝑒𝑛𝑒𝐽. The 

EWF exerted on samples S2, S6, and S7 at different HDPEC treatments was 

approximately 0.86, 0.29, and 0.14 MPa, respectively. The results are given in Table 

4-4, as marked using green background. 

The resistance force of dislocation motion was estimated using the experimental 

PN stress of 𝑓𝑟_𝑃𝑁 ≈ 10
−5~10−6𝐺(𝑇). Since the temperature rising of samples S2, 

S6, S7, and RA are similar, as presented in Fig. 4-3, only the curve of sample S7 was 

used to estimate the changes in resistance during HDPEC treatment, as shown in Fig. 

4-22, the gray area denotes the range of resistance stress and the 𝑓𝑟  reached the 

minimum value of 0.03 MPa and 0.28 MPa at the maximum temperature, also listed 

in Table 4-4 in the gray background. 

As shown in Fig. 4-22, the EWF of sample S2 is above the gray resistance range, 

indicating the dislocation glide can be effectively promoted, while the driving stresses 
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of samples S6 and S7 are in the resistance range, implying that it may exist some 

dislocations that can not be driven. The results regarding the mechanical properties 

and microstructure evolution, as presented in the above sections, also confirm this 

conclusion. For the rapid annealing sample RA, which only possesses the dislocation 

climb promoted to thermal activation, the reduction in dislocations was weaker than 

the HDPEC-treated samples.  

 

Fig. 4-22 Driving and resistance force of each sample during HDPEC treatment. 

Table 4-4 Driving and resistance force on dislocation of samples S2, S6, S7, and RA. 

Samples 

Driving force 𝒇𝒅 Resistance force 𝒇𝒓 

① Thermal 

𝑓𝑑_𝑇 =
𝑘𝑇

𝑏2
ln (

𝑐

𝑐0
)  

for dislocation 

climb. 

② EWF 

Based on the specific 

dislocation resistivity: 

𝑓𝑑_𝐸𝑊𝐹 = (
𝜌𝑑

𝑁𝑑
) 𝑒𝑛𝑒𝐽/𝑏, 

for dislocation glide. 

Thermal: 

Experimental PN stress: 

𝑓𝑟_𝑃𝑁 ≈ 10
−5~10−6𝐺(𝑇)  
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50 ms 
𝑓𝑑_𝑇 𝑓𝑑_𝐸𝑊𝐹=0.86 MPa 

S6: 100 A/mm2, 

450 ms 
𝑓𝑑_𝑇 𝑓𝑑_𝐸𝑊𝐹=0.29 MPa 
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1800 ms 
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4.7.4 Dislocation elimination and consequent grain recovery induced by HDPEC 

As examined in the previous sections, the dislocation glide can be driven by EWF, 

which improves the dislocation elimination. The current study has reported that the 

dislocation elimination caused by HDPEC treatment was realized in two main ways: 

the combination of dipole dislocations [8] and glide to grain boundary promoted by 

EWF [9], as shown in Fig. 4-23(b1,b2). These two reasons are also confirmed in this 

study. First of all, as shown in Fig. 4-7 and 4-11, the GND maps before and after 

HDPEC treatment show that the dislocations on the slip bands along the HDPEC 

direction tend to be easily removed while that of other dislocations was relatively 

difficult to be eliminated. This phenomenon may be attributed to the slip bands along 

the HDPEC subjected to high EWF, which promotes the dipole dislocations to 

combine and annihilation. Moreover, the evolution of GBs caused by HDPEC, as 

shown in Fig. 4-8 and 4-12, may attribute to the dislocation entanglement and 

disentanglement, which demonstrated the interaction between dislocations and GBs 

promoted by HDPEC. Although the disentanglement was also observed, the main 

trend is towards the entanglement, which means more dislocations were glided to GBs. 

Furthermore, a new way for removing dislocation induced by HDPEC was discovered. 

The dislocations entangled at the previous SGBs and then formed the new LAGBs or 

HAGBs, and hence, the dislocation was disappeared, as shown in Fig. 4-23(b3). 

Although the third way of dislocation elimination is similar to the second one of 

entangling at the existing GBs, this way is essential because it forms the new GBs, 

which contributes to grain refinement and causes the evident rotation of grain 

orientation (texture evolution), as shown in Fig. 4-9 and 4-13. 

Moreover, the grain recovery induced by the traditional heat treatment mainly relies 

on recrystallization involving thermally activated dislocation climb, as illustrated in 

Fig. 4-23(a). After continuous heating, some nuclei occurred at some high-strain areas 

(GBs or high dislocation areas) and finally achieved grain recovery after the growth 

of the nucleations. In contrast, the HDPEC treatment can promote dislocation glide 
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rather than climb by exerting EWF on dislocation, thereby realizing rapid dislocation 

motion and consequent elimination through 3 ways, as shown in Fig. 4-23(b), and 

finally achieving the grain recovery. In addition, Ref. [10] stated: “… Climb is 

diffusion-controlled, and the movement of dislocations by climb is non-conservative. 

The process of climb is much more difficult than the glide…”. Therefore we can 

conclude that the EWF induced dislocation glide is more efficient than the dislocation 

climb caused by heat treatment, which results in the high efficiency of HDPEC 

treatment in strain-hardening relief. 

 

Fig. 4-23 Schematic diagrams of (a) thermal (traditional heat treatment) and (b) 

HDPEC induced dislocation motion and elimination. 

4.8 Summary 

This chapter studied the microstructure evolution induced by HDPEC using the quasi-

in-situ EBSD observation. Also, the contributions of thermal and athermal effects on 
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strain-hardening relief in deformed IN718 caused by HDPEC treatment were clarified. 

The main conclusions are shown below: 

1. The reported two ways for dislocation elimination caused by HDPEC: the 

combination of dipole dislocations on the slip bands and entanglement at GBs, 

were observed and confirmed by the in-situ EBSD observation. Furthermore, a 

new way for dislocation elimination induced by HDPEC was found: via EWF-

driven dislocations entangled at the previous dislocation walls (i.e., SGBs) and 

then forming new GBs of LAGBs and HAGBs. 

2. The grain refinement caused by HDPEC treatment was attributed to the newly 

formed GBs. Moreover, the formation of HAGBs results in the evident 

orientation change in crystals or texture evolution. 

3. The mutual transformations between LAGBs and HAGBs, and HAGBs and TBs 

were also observed, which were related to the dislocation entanglement and 

disentanglement driven by HDPEC. The main transformation of GBs induced by 

HDPEC was towards the LAGBs→HAGBs→TBs, which causes the decrease in 

LAGBs and increase of TBs, resulting in the natural distribution of GBs (a stable 

state with low boundary energy). 

4. The athermal effect plays a dominant role in strain-hardening relief than the 

thermal effect, indicating that the HDPEC treatment is more efficient in strain-

hardening removing than the traditional heat treatment. The reason may be 

attributed to the EWF-induced dislocation glide is more efficient than the 

dislocation climb caused by the thermal effect. 

5. The results of the equivalent HDPEC-treated samples show that the higher 

electric current density is more effective in dislocation removal and strength 

reduction, implying the athermal effect is associated with current density and the 

higher the current density the more the strain-hardening being removed. 

6. The driving force for dislocation motion is proportional to current density and 

was approximately 0.87, 0.29, and 0.14 MPa in samples S2, S6, and S7, which 
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were greater than the resistance range 0.03~0.28 MPa of dislocation motion, 

implying the higher current density is more effective in dislocation motion. The 

thermal effect also helps in reducing the resistance of dislocation motion. 
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Chapter 5 Crack initiation delay induced by HDPEC 

5.1 Introduction 

The previous chapters studied the effect of HDPEC on strain-hardening (i.e., plastic 

deformation) relief, and the mechanisms of the strain-hardening relief by HDPEC 

treatment were also clarified. Similarly, some plastic deformation (i.e., plastic zone) 

can also occur of notch materials owing to the stress concentration at the notch root 

during fatigue load. The plastic zone is the critical reason that causes the crack 

initiation and finally results in fracture of components. Therefore, this chapter aims to 

heal the plastic deformation ahead of the notch root and realize the enhancement of 

crack initiation life. The microstructure evolution near the notch root was investigated, 

and the mechanisms of crack initiation delay were discussed.  

 

5.2 Experimental approach 

The critical point in this section is to define the initiation of crack and divide the 

fatigue life Nf into crack initiation life Ni and crack propagation life Np. As presented 

in Section 1.2, a lot of literature has been reported that the crack at the length range 

from several μm to 1 mm (depending on the size of the sample) is defined as crack 

initiation. But, most research has concerned that the crack length of several-grain size 

or several tens of μm is considered as the point of crack initiation. Hence, in this study, 

the crack at the length of ~ 30 μm (approximately 2-grain size) is regarded as the 

crack initiation point. Since this chapter aims to heal the plastic deformation at the 

notch root, the plastic deformation should be pre-introduced into the sample. 

Meanwhile, the crack should not be introduced prematurely. Hence, the fatigue cycles 

at 75% of crack initiation life before crack initiation were used to introduce the plastic 

deformation near the notch root into samples, and after then the HDPEC was applied. 
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The fatigue tests and HDPEC applications are listed in Table 5-1. The experiment can 

be separated into three groups of A, B, and C, applying different maximum stress of 

350, 300, and 250 MPa, respectively. The stress ratio and frequency of the fatigue test 

are R=0.1 and f=25 Hz. In each group, four kinds of HDPEC treatment were carried 

out. The first one is without HDPEC treatment, the second and third ones apply a 

single HDPEC at the nominal current density of 200 A/mm2 at different duration 

times of 180 ms and 240 ms, and the last one is the multi-HDPEC of 200 A/mm2, 240 

ms at every 75% Ni, as shown in Fig. 5-1. The abbreviation names of each case are 

denoted as A0-A3, B0-B3, and C0-C3, respectively. For each case, repeated tests of at 

least 2 samples were performed to ensure the credibility of the results. 

The effects of HDPEC regarding the current, temperature, and stress distribution on 

the notch root were analyzed by FEM simulation. Meanwhile, the measurement of 

temperature was also given. As listed in Table 5-1, the crack initiation life of each 

case was studied. The changes in the plastic zone after HDPEC treatment were 

investigated by EBSD measurement. Finally, the summary was presented. 

Table 5-1 Experimental plan of fatigue tests and HDPEC applications. 

 Fatigue tests HDPEC applications 

Group A 

σmax = 350 MPa 

R = 0.1 

f = 25 Hz 

A0: Without HDPEC 

A1: Single pulse of 200 A/mm2, 180 ms at 75% Ni 

A2: Single pulse of 200 A/mm2, 240 ms at 75% Ni 

A3: Multi-pulse of 200 A/mm2, 240 ms at every 75% Ni 

Group B 

σmax = 300 MPa 

R = 0.1 

f = 25 Hz 

B0: Without HDPEC 

B1: Single pulse of 200 A/mm2, 180 ms at 75% Ni 

B2: Single pulse of 200 A/mm2, 240 ms at 75% Ni 

B3: Multi-pulse of 200 A/mm2, 240 ms at every 75% Ni 

Group C 

σmax = 250 MPa 

R = 0.1 

f = 25 Hz 

C0: Without HDPEC 

C1: Single pulse of 200 A/mm2, 180 ms at 75% Ni 

C2: Single pulse of 200 A/mm2, 240 ms at 75% Ni 

C3: Multi-pulse of 200 A/mm2, 240 ms at every 75% Ni 
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Fig. 5-1 Schematic diagram of crack initiation delay by HDPEC treatment. (a) Single 

pulse of 200 A/mm2, 180 ms at 75% Ni, (b) single pulse of 200 A/mm2, 240 ms at 75% 

Ni, and (c) multi-pulse of 200 A/mm2, 240 ms at every 75% Ni. 

5.3 FEM simulation results 

5.3.1 Current density field 

The FEM model and current density field were presented in Fig. 5-2. The model is 

dispersed using a triangular element; the fine mesh near the notch and coarse mesh at 

other areas were used to ensure accuracy while saving the simulation time. The FEM 

model contains 1172 nodes and 2181 elements, as shown in Fig. 5-2(a), and the 

enlarged figure near the notch root was also presented. Since all the HDEPC 

treatments use the same current value of 200 A/mm2, the current density distribution 

near the notch root should be the same. Hence, the current density field at the current 

value of 200 A/mm2 was presented in Fig. 5-2(b), and the enlarged figure at the notch 

root was also given. The maximum current density near the notch root was 

approximately 454 A/mm2. 
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Fig. 5-2 FEM model and current density field of the notched sample. (a) FEM model 

and enlarged figure near the notch root, and (b) current density field and enlarged 

figure near the notch root at the current condition of 200 A/mm2. 

5.3.2 Temperature field 

The simulated temperature curves at the notch root A and center point B of the 

HDPEC conditions of 200 A/mm2 and different duration times of 180 and 240 ms 

were shown in Fig. 5-3. Due to the concentration behavior of current density at notch 

root, the heat near the notch root is higher than in other zones. The maximum 

temperature at the notch root A and center point B by FEM simulation are 787 and 

706°C at the HDPEC condition of 200 A/mm2 and 180 ms, and 1006 and 976°C at the 

HDPEC condition of 200 A/mm2 and 240 ms. Meanwhile, the temperature 

measurement using the thermal sensors was also carried out. Since the thermal 

sensors detected a large area of the sample and presented the mean temperature of the 

detected area, the maximum temperature of the measured results is less than the 

temperature at the notch root by FEM simulation. The maximum temperature of the 

measured results of those two HDPEC conditions is 699 and 936°C, respectively. As 

illustrated in Fig. 5-3(c,d), the measured temperature is comparable with the simulated 

results at center point B and less than the results at notch root A. The temperature 

field and the enlarged figure at different HDPEC treatments are shown in Fig. 5-3(e,f). 

The maximum temperature happened near the notch root, and the maximum values 
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were 787 and 1006°C, respectively.  

 

Fig. 5-3 Temperature estimation by FEM simulation and measurement. (a) Schematic 

diagram of the sample near the notch, (b) conditions of HDPEC treatment, (c) 

temperature-time curves, and (d) enlarged figure in (c). Temperature field at the 

maximum value with the enlarged figure of HDPEC treatment at the conditions of (e) 

200 A/mm2 and 180 ms, and (f) 200 A/mm2 and 240 ms. 
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5.3.3 Thermal stress field 

Since the concentration behavior of current flows at the notch, the over-heating 

happened near the notch. Due to the thermal gradient, the thermal stress near the 

notch occurred. Fig. 5-4 shows the thermal compressive stress field at the maximum 

value of HDPEC conditions of 200 A/mm2 and different duration times of 180 and 

240 ms. The maximum thermal stresses at the notch root of each case are 539 MPa 

and 752 MPa, respectively. 

 

Fig. 5-4 Thermal stress estimation by FEM simulation. Thermal stress field and the 

enlarged figure at the HDEPC treatment of (a) 200 A/mm2, 180 ms and (b) 200 

A/mm2, 240 ms. 

5.4 Crack initiation delay induced by HDPEC 

The crack initiation life of each case is shown in Fig. 5-5, and the S-N curve is also 

presented. The figure evidently depicted that the crack initiation was prevented by the 

HDPEC treatment, and the effect tends to increase at the low fatigue stress σmax.  



Chapter 5 Crack initiation delay induced by HDPEC 

- 123 - 

 

 

Fig. 5-5 S-N curves and the crack initiation life of notched IN718 with and without 

HDPEC treatment. 

Table 5-2 Crack initiation life of each case. 

 HDPEC applications 
Crack 

initiation life 

(cycles) 

Rate of 

increase 

(%) 

Group 

A 

A0: Without HDPEC 7500 -- 

A1: Single pulse of 200 A/mm2, 180 ms at 75% Ni 8500 13.3% 

A2: Single pulse of 200 A/mm2, 240 ms at 75% Ni 10500 40.0% 

A3: Multi-pulse of 200 A/mm2, 240 ms at every 75% Ni 10500 40.0% 

Group 

B 

B0: Without HDPEC 16000 -- 

B1: Single pulse of 200 A/mm2, 180 ms at 75% Ni 18500 15.6% 

B2: Single pulse of 200 A/mm2, 240 ms at 75% Ni 25500 59.4% 

B3: Multi-pulse of 200 A/mm2, 240 ms at every 75% Ni 31000 93.8% 

Group 

C 

C0: Without HDPEC 36000 -- 

C1: Single pulse of 200 A/mm2, 180 ms at 75% Ni 43000 19.4% 

C2: Single pulse of 200 A/mm2, 240 ms at 75% Ni 55500 54.2% 

C3: Multi-pulse of 200 A/mm2, 240 ms at every 75% Ni 75000 108.3% 

 

The crack initiation life without HDPEC treatment at the maximum stress σmax=350, 

300, and 250 MPa was 7500, 16000, and 36000 cycles, respectively, as presented in 
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Table 5-2. The crack initiation life was extended to 8500, 18500, and 43000 cycles 

after the single HDPEC treatment at the condition of 200 A/mm2 and 180 ms, and 

increased approximately 13.3%, 15.6%, and 19.4%, respectively. In addition, the 

longer crack initiation life was realized at the HDPEC condition of 200 A/mm2 and 

240 ms, and the crack initiation life was reached 10500, 25500, and 55500 cycles, 

respectively. The corresponding increase rates were 40.0%, 59.4%, and 54.2%, 

respectively. For the multi-pulsed cases at the HDPEC condition of 200 A/mm2 and 

240 ms, the crack initiation life was highly extended to 10500, 31000, and 75000 

cycles, and the increase rate reached 40.0%, 93.8%, and 108.3%, respectively. Since 

the crack was already initiated at the second 75% Ni testing at the maximum stress 

σmax=350, the crack initiation life of the multi-pulsed and the single pulsed cases at 

200 A/mm2 and 240 ms was the same (10500 cycles, increased 40.0%).  

 

5.5 Microstructure evolution induced by HDPEC 

The EBSD measurement was conducted on the Group B of σmax=300MPa, as listed in 

Table 5-3, to investigate the microstructure evolution near the notch root after 

HDPEC treatment. Sample S0 is the initial sample without fatigue loading and 

HDPEC treatment. Sample S1 represents the fatigue-loaded sample at 75% Ni without 

HDPEC treatment, while sample S2 is fatigue-loaded and then HDPEC-treated at the 

condition of 200 A/mm2 and 240 ms. Sample S3 is the fatigue-loaded and HDPEC-

treated case, and after then the fatigue loading was carried out till crack initiation. 

Table 5-3 Conditions of the samples for EBSD measurement. 

Samples Fatigue tests HDPEC applications Notes 

S0 -- -- -- 

S1 75% Ni -- -- 

S2 75% Ni 200 A/mm2, 240 ms -- 

S3 75% Ni 200 A/mm2, 240 ms To crack initiation 
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5.5.1 EBSD orientation maps and BC maps 

The EBSD orientation maps and corresponding BC maps were presented in Fig. 5-6. 

The EBSD maps covered a range of 200×100 μm2 near the notch root with a scanning 

step size of 0.5 μm. The loading and current directions are towards the vertical. For 

the initial sample S0, the uniformed microstructure was observed with a mean grain 

size of 16.3 μm near the notch. After fatigue loading of sample S1, the grain 

morphology was almost unchanged with a mean grain size of 15.9 μm. The grain size 

tends to be refined after HDPEC treatment, as shown in Fig. 5-6(c), the grain size was 

decreased to 14.1 μm. For sample S3, the grain size tends to increase after crack 

initiation. Several micro-cracks were initiated near the notch root, and the maximum 

length of which was approximately ~38 μm, as shown in Fig. 5-6(h). 

 

Fig. 5-6 EBSD orientation maps with the mean grain size of (a) S0, (b) S1, (c) S2, and 

(d) S3. (e-h) Corresponding BC maps of each sample.  
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5.5.2 GND maps 

To investigate the plastic deformation evolution induced by HDPEC treatment near 

the notch root, the GND maps corresponding to the EBSD maps were presented, as 

presented in Fig. 5-7. For the initial sample S0, the uniformed GND map (blue color) 

was observed, and the maximum GND density near the notch root was approximately 

2.9 × 1014 m-2. After fatigue loading at 75% Ni of the σmax=300MPa case, the GND 

density near the notch root was increased, and the maximum GND density reached 

7.2 × 1014 m-2, as illustrated in Fig. 5-7(b). Many high GNDs areas were observed, as 

marked in Fig. 5-7(b), and the affected area only spanned 1~2 grains. After HDPEC 

treatment at 200 A/mm2 and 240 ms, the maximum GND density near the notch root 

was decreased to approximately 4.4 × 1014 m-2, indicating the HDPEC can promote 

the dislocation elimination near the notch root. After the following fatigue loading till 

crack initiation, the maximum GND density was increased to 1.06 × 1015 m-2 near the 

initiated cracks. 

 

Fig. 5-7 GND maps corresponding to the EBSD orientation maps of (a) S0, (b) S1, (c) 

S2, and (d) S3 with the maximum GND density. 
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5.6 Discussion 

The crack initiation life was significantly enhanced by HDPEC treatment. For the 

single HDPEC-treated cases at the condition of 200 A/mm2 and 180 ms, the average 

increase in crack initiation life was more than 16%. In contrast, the average increase 

reached 51.2%, increasing the duration time to 240 ms. For the multi-HDPEC treated 

cases, the maximum increase rate in crack initiation life was 108.3% at the fatigue 

stress of σmax=250 MPa. The microstructure characteristics by EBSD measurement 

show that the fatigue-introduced plastic zone only affected ~ 2-grain area ahead of the 

notch root, and the dislocations (e.g., plastic deformation) were removed evidently by 

HDPEC treatment at the condition of 200 A/mm2 and 240 ms. The crack initiation 

was delayed correspondingly with releasing the dislocations near the notch root. The 

healing effect was related to the current concentration near the notch root. The 

maximum current density of approximately 454 A/mm2 occurred at the notch root, as 

illustrated in Fig. 5-2(b). Moreover, the current density field fairly covered the plastic 

zone, which promoted the dislocation motion and finally resulted in the elimination of 

dislocations. Furthermore, the simulation results of temperature and thermal stress 

show that the temperature can reach 1000°C, and the thermal compressive stress near 

the notch root was 752 MPa at the HDPEC condition of 200 A/mm2 and 240 ms. Both 

the thermal and thermal stress during HDPEC treatment may be beneficial to the 

healing of the potential micro-cracks after 75% Ni of fatigue loading and thereby 

enhancing the life of crack initiation. 

 

5.7 Summary 

The enhancement of crack initiation life by HDPEC treatment was carried out in this 

chapter. The microstructure evolution near the notch root was observed by EBSD 

measurement to investigate the mechanisms, and meanwhile, the FEM simulation was 

also carried out. The main conclusions are presented below: 
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1 The average increase in crack initiation life at the fatigue stress of σmax=250~350 

MPa was more than 16% after HDPEC treatment of 200 A/mm2 and 180 ms, and 

that value reached 51.2% with increasing the duration time of HDPEC to 240 ms. 

For the multi-HDPEC treated cases, the crack initiation life was highly enhanced 

and the rate of increase reached 108.3% at the fatigue stress of σmax=250 MPa. 

2 The GND maps show that the fatigue-introduced plastic zone only affected ~2-

grain area ahead of the notch root. 

3 The current density field covered the plastic zone, which promoted the 

dislocation motion and finally eliminated dislocations. The dislocation removal is 

the main reason that causes the delaying of crack initiation. 

4 Moreover, the thermal and thermal stress during HDPEC treatment may also be 

beneficial to crack initiation delay by healing the potential micro-cracks created 

after 75% of crack initiation life. 
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Chapter 6 Conclusions 

This dissertation successfully achieved the relief of strain hardening (i.e., plastic 

deformation) of deformed IN718 by HDPEC treatment and realized formability 

enhancement. The mechanisms of HDPEC-induced strain-hardening relief (or healing 

of plastic deformation) and microstructure evolution were clarified. Furthermore, the 

effect of HDPEC on the recovery of the fatigue-introduced plastic zone (i.e., plastic 

deformation) ahead of notched materials was also studied, and the delaying of crack 

initiation was successfully achieved. The main conclusions are shown below. 

The strain hardening of the deformed IN718 was rapidly and effectively relieved by 

HDPEC treatment, and the formability was successfully enhanced. Furthermore, the 

results show that elimination of dislocation by HDPEC treatment was the dominant 

reason, while grain size and texture evolution were the side effects in strain-hardening 

relief. Meanwhile, the residual stress was also alleviated by removing dislocations 

after HDPEC treatment. The microstructure characteristics show that the grain 

refinement was achieved after HDPEC treatment and the grain morphology of the 

HDPEC-treated samples tends to possess random orientation and equiaxed 

morphology. Moreover, the homogeneous and large dimples were obtained in the 

HDPEC-treated sample after the tensile test, indicating the formability was enhanced. 

The slip bands, microvoids, and debonding in the deformed sample were healed after 

HDPEC treatment.  

The microstructure evolution induced by HDPEC was clarified by the quasi-in-situ 

EBSD observation. The dislocation motion and elimination caused by HDPEC were 

directly observed in this study. The reported two ways of dislocation elimination 

caused by HDPEC, i.e., the combination of dipole dislocations on the slip bands and 

entanglement at GBs, were observed and confirmed. In particular, a new way for 

dislocation elimination induced by HDPEC was found: via EWF-driven dislocations 

entangled at the previous dislocation walls (i.e., SGBs) and then forming new GBs of 
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LAGBs and HAGBs. The newly formed GBs result in grain refinement and the 

formation of HAGBs contributes to the evident orientation changes in crystals or 

texture evolution caused by HDPEC treatment. In addition, the mutual 

transformations between LAGBs and HAGBs, and HAGBs and TBs were also 

observed, which were related to the dislocation entanglement and disentanglement 

driven by HDPEC. The net transformations of GBs were towards the direction of 

LAGBs→HAGBs→TBs, which causes the decrease in LAGBs and increase of TBs 

and thereby realizes the natural distribution of GBs (a stable state with low boundary 

energy). Moreover, the thermal and athermal (i.e., EWF) effects as the driving forces 

for dislocation motion were clarified. The EWF provides approximately 0.86 MPa at 

the current density of 300 A/mm2 on dislocation, which is larger than the resistance of 

dislocation motion of 0.03~0.4 MPa calculated by experimental Peierls-Nabarro stress, 

implying the dislocation can be driven by EWF. 

Moreover, the contributions of thermal and athermal effects on strain-hardening 

relief in deformed IN718 by HDPEC treatment were elucidated. The results show that 

the athermal effect plays a dominant role in strain-hardening relief than the thermal 

effect, indicating the HDPEC treatment is more efficient in strain-hardening 

eliminating than the traditional heat treatment. The reason may be attributed to the 

EWF-induced dislocation glide being more efficient than the dislocation climb 

activated by the thermal effect. Furthermore, the high current density is more effective 

in dislocation removal than low current density, implying the athermal effect is 

associated with the electric current density and the higher the current density the 

larger the EWF created. The high EWF is more easily helps the dislocation to 

overcome the resistance to move, thereby realizing dislocation annihilation and strain-

hardening relief. Moreover, the thermal effect also helps in reducing the resistance of 

dislocation motion. 

The crack initiation life after HDPEC treatment was evidently enhanced. The 

average increase in crack initiation life at the fatigue stress σmax=250~350 MPa was 
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more than 16% after HDPEC treatment of 200 A/mm2 and 180 ms, and that value 

reached 51.2% with increasing the duration time of HDPEC to 240 ms. For the multi-

HDPEC treated cases, the crack initiation life was highly enhanced and the rate of 

increase reached 108.3% at the fatigue stress σmax=250 MPa. The microstructure 

characteristics show that the fatigue-introduced plastic zone only affected ~2-grain 

area ahead of the notch root, and the dislocations at the plastic zone were removed 

evidently by HDPEC treatment. The current density field near the notch root covered 

the plastic zone, which promoted the dislocation motion and eliminated dislocations. 

The dislocation removal is the main reason that finally causes the delaying of crack 

initiation. Moreover, the thermal and the caused thermal stress during HDPEC 

treatment may also be beneficial to crack initiation delay by healing the potential 

micro-cracks created after 75% of crack initiation life. 

Hence, due to the fast and efficient features in dislocation elimination and strain-

hardening relief, HDPEC treatment can be applied to the metal forming field to 

realize the rapid forming of metallic materials. Also, the HDPEC treatment is 

applicable to prevent crack initiation and achieve the long-time durability and 

reliability of engineered components or structures, and then save resources. 

 

The original contributions of this thesis are summarized below: 

1. The strain hardening was successfully eliminated by HDPEC treatment, and the 

results indicate that the dislocation elimination induced by HDPEC was the 

dominant reason, while grain size and texture evolution were the side effects in 

strain-hardening relief. 

2. A new way for dislocation elimination induced by HDPEC was found in this 

thesis: via EWF-driven dislocations entangled at the previous dislocation walls 

(i.e., SGBs) and then forming new GBs of LAGBs and HAGBs. 

3. The athermal effect (i.e., EWF) was confirmed to be more dominant in strain-

hardening relief than the thermal effect (i.e., Joule heating). The high electric 
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current was more effective in reducing dislocation density, which attributes to the 

large EWF that helps dislocation overcome resistance to motion and realize 

annihilation. 

4. The HDPEC-induced grain recovery relies on EWF-promoted dislocation glide 

and elimination, which is more efficient than the recrystallization-involved 

dislocation climb activated by the traditional heat treatment. 

5. The crack initiation life was highly enhanced (maximum reached 108.3%) by 

HDPEC treatment, and the reason mainly relied on dislocation elimination at the 

plastic zone induced by HDPEC. 

 

Given below is a summary of future work that can be conducted in this field. 

1. Since the FEM simulation presented in this thesis does not consider the effect of 

pre-deformation on the material properties and only takes the thermoelastic 

model for simulation, a more advanced FEM simulation using realistic material 

properties and the thermo-elastoplastic constitutive relationship could be 

conducted. 

2. The crystal plasticity finite element method (CPFEM) could be applied to study 

the strain-hardening behavior and the relief of strain-hardening induced by 

HDPEC. 

3. The in-situ transmission electron microscope (TEM) observation could be carried 

out to study the individual dislocation motion behavior and establish the EWF-

dislocation motion relationships. 

4. The in-situ EBSD observation can be conducted in studying the plastic zone 

evolution of notched materials after fatigue load and the healing process by 

HDEPC treatment. 
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Appendix 1: Driving force of thermal and athermal effects 

on dislocation motion 

1. Thermal effect (Joule heating) 

When electric current flows through materials, Joule heating occurs since the driven 

electrons collide with atoms that causing an increase in atomic thermal vibrations. 

The equation shown below is commonly applied to evaluate the temperature rise by 

electric current [1].  

∆𝑇 =
𝐽2𝑡

𝑐𝜌𝜎
                                                          (A1 − 1) 

where 𝐽 is the current density, 𝑡 the duration time of electric current, 𝑐 the specific 

heat capacity, 𝜌 density of the material, and 𝜎 electrical conductivity. 

  

Fig. A1-1 Schematic diagram of thermal effect on atomic migration. Atoms 

arrangement with a vacancy (a) before and (b) after heating, and (c) migration energy 

from a stable position to another. 

According to Eq. (A1-1), the temperature rise is related to the quadratic of current 
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density and its duration time, ∆𝑇 ∝ 𝐽2𝑡, means the current density is more sensitive to 

temperature. Moreover, many studies have used this equation to estimate the 

temperature after electric current treatment. As this equation ignores the dissipation of 

heat (e.g., heat convection and heat radiation), it results in an overestimation of the 

result. In addition, the sample is instantaneously heated during electric current 

treatment, and hence, the thermal effect is a non-directional variable. 

The most significant effect of the thermal is to increase the thermal vibration of the 

atoms and soften the material. Fig. A1-1 illustrated that the energy of moving an atom 

from a stable position to another stable position is decreased by heating, implying the 

lattice resistance was reduced by thermal. Hence, the material is softened and is more 

likely to yield under load. More profoundly, dislocations are more likely to be 

activated and moved at high temperatures, which means that the thermal effect 

reduces the resistance force of dislocation movement.  

Moreover, the other important effect of the thermal is to promote dislocation climb 

to annihilation, which provides the driving force for microstructure evolution. For 

instance, at the elevated temperature, edge dislocation can climb towards the 

perpendicular direction of their glide direction, as shown in Fig. A1-2, which is 

promoted by the vacancy diffusion (or atom diffusion). Dislocation climb is diffusion-

controlled, and the movement of dislocations by climb is non-conservative. The 

driving force for dislocation climb was proposed [2] below: 

𝑓 =
𝑘𝑇

𝑏2
ln (

𝑐

𝑐0
)                                                    (A1 − 2) 

where 𝑘 is the Boltzmann constant, 𝑇 temperature, b Burgers vector, 𝑐 and 𝑐0 are the 

vacancy concentration and thermodynamic equilibrium concentration of vacancy in 

crystal free of stress.  

Hence, according to Eq. (A1-2), with increasing the temperature, the driving force 

for dislocation climb by thermal activation was enhanced. Due to the dislocation 

climb is related to the atom diffusion, the dislocation movement is non-directional. 
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Fig. A1-2 Thermally activated dislocation climb by vacancy diffusion. 

2. Athermal effect (electron wind force) 

The athermal effect is related to the conducted electrons colliding with the atoms and 

exerting a force on atoms, which is the so-called EWF. Theoretical estimates of EWF 

on the dislocation motion can be divided into two general equations: (1) the equation 

concerning the dislocation resistivity [3] and (2) the other one related to quantum 

mechanics [4].  

Nabarro [3] first proposed the equation of EWF based on the specific dislocation 

resistivity in the form of: 

𝐹𝐸𝑊 = (
𝜌𝑑
𝑁𝑑
) 𝑒𝑛𝑒𝐽                                                   (A1 − 3) 

where 𝜌𝑑 is the electrical resistivity caused by dislocation, 𝑁𝑑 the dislocation density, 

𝑒 the electron charge, 𝑛𝑒 the electron density, 𝐽 the current density. 

Moreover, based on the quantum mechanics of energy transformation by electron-

atom interaction, Kravchenko [4] first presented the kinetic analysis of the EWF 

acting on dislocations by conducted electrons.  

𝐹𝐸𝑊 = 𝛼𝑏𝑝𝐹𝑛𝑒(𝑣𝑒 − 𝑣𝑑)                                            (𝐴1 − 4) 

where 𝛼 is a constant, 𝑏 the Burgers vector, 𝑝𝐹 the Fermi momentum, 𝑣𝑒 = 𝐽/(𝑒𝑛𝑒) 

and 𝑣𝑑 are the velocity of electron and dislocation, respectively. 

As shown in Eq. (A1-4), electron velocity 𝑣𝑒  is related to current density 𝐽, and 
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hence, 𝐹𝐸𝑊  is associated with the current density. In addition, the equation also 

considered the moving dislocation (dislocation velocity, 𝑣𝑑 ), while the Eq. (A1-3) 

based on the specific dislocation resistivity does not include the dislocation motion. 

The direction of EWF is along with the direction of electron flow and reverse with the 

current direction, as shown in Fig. A1-3(a). However, the motion direction of 

dislocation is the same as the current direction, while is contrary to the electron flow. 

As shown in Fig. A1-3, when the direction of current towards the right (electron flow 

is towards the left), all atoms are subjected to an EWF towards the left due to the 

impact of the electrons on the atoms. The atom to the right of the vacancy, marked in 

a red circle, can easily move to the left to fill the vacancy. In this case, the dislocation 

moves one atom's distance to the right, which is contrary to the current direction. 

 

Fig. A1-3 Schematic diagram of electron wind force near dislocation causes the 

dislocation motion. (a) Before and (b) after dislocation motion induced by electric 

current treatment. 
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Appendix 2: FEM simulation 

After applying the electric current to the metallic materials, it will cause the thermal 

effect due to the Joule heating, and thermal stress may also be aroused due to the 

inhomogeneous heating. Thus, the FEM simulation in this study involves three parts: 

the first one is the electrostatic field analysis since the model is subjected to a simple 

electric potential without any charges; the second part is the thermal field analysis 

because the Joule heating happened; and the last one is the stress field analysis, which 

is caused by the inhomogeneous thermal expansion especially for the notched samples 

contain the geometric discontinuity. First of all, the governing equations of each part 

are presented. Furthermore, the procedure was developed on the commercial software 

MATLAB based on the FEM theory (governing equations), and the graphical user 

interface (GUI) was also presented for easy access.  

1. Electric field analysis 

1.1 Governing equations 

The governing equation of the static electric problem contains the conservation 

equation of current density, Ohm’s law, and the relationship between electric field and 

electric potential [1,2], as shown below: 

𝛻 ∙ 𝑱 = 0                                                           (A2 − 1) 

𝑱 = 𝜎𝐸𝐶𝑬                                                          (A2 − 2) 

𝑬 = −𝛻𝛷                                                        (A2 − 3) 

where parameters 𝛻, 𝑱, σEC, 𝑬, and 𝛷 are Nabla operator (𝛻=∂/∂xi+∂/∂yj), electric 

current density (A/mm2), electric conductivity (S/m), electric field (V/m) and electric 

potential (V), respectively. 

From the above Eq. (A2-1, A2-2, A2-3), the equation for the static electric problem 
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can be obtained as: 

−𝛻 ∙ (𝜎𝐸𝐶𝛻𝜙) = 0                                                (A2 − 4) 

Since the model is two-dimensional, the equation can be rewritten as: 

𝜎𝐸𝐶
𝜕2𝜙

𝜕𝑥2
+ 𝜎𝐸𝐶

𝜕2𝜙

𝜕𝑦2
= 0                                          (A2 − 5) 

1.2 Boundary conditions 

Fig. A2-1 shows the application of the electric current, where current flows along the 

horizontal with a current density of 𝐽0. The boundary conditions can be expressed in 

mathematical equations, as: 

{
𝛻𝜙|𝛤1 = 𝜙0̇ = − 𝐽0 𝜎𝐸𝐶⁄

𝛻𝜙|𝛤2 = 0                         
                                         (A2 − 6) 

 

Fig. A2-1 Boundary conditions of electric field analysis. 

1.3 Element normalization and shape functions 

The normalized quadrilateral elements were usually used to facilitate matrix assembly 

and numerical integration, as shown in Fig. A2-2. A two-dimensional Jacobian 

coordinate transformation matrix 𝐽𝑎 of the planar two-dimensional element was used 

for the normalization, as shown in Eq. (A2-7). 

𝐽𝑎 =
𝜕(𝒙, 𝒚)

𝜕(𝝃, 𝜼)
                                                      (A2 − 7) 

For the normalized quadrilateral elements, a second-order shape function was 
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chosen [2,3], as: 

𝑁𝑖 =
1

4
(1 + 𝜉𝑖𝜉)(1 + 𝜂𝑖𝜂)                                         (A2 − 8) 

So, the electric potential 𝜙 can be expressed as: 

𝜙 = 𝑁1𝜙1 + 𝑁2𝜙2 + 𝑁3𝜙3 + 𝑁4𝜙4 = 𝑁𝑖𝜙𝑖 = 𝑁𝜙
𝑒                  (A2 − 9) 

where, 𝑁1~𝑁4 and 𝜙1~𝜙4 are the shape function and electric potential at the 4 nodes 

of the normalized quadrilateral element. 

 

Fig. A2-2 The normalization of the quadrilateral element. 

1.4 Finite element discretization and variational principle 

Based on the Galerkin principle, we can construct the total potential energy of the 

system containing the boundary conditions [2,3], as: 

𝛱(𝜙) =∬{
𝜀

2
[(
𝜕𝜙

𝜕𝑥
)
2

+ (
𝜕𝜙

𝜕𝑦
)
2

] − 𝜀 [
𝜕𝜙

𝜕𝑥
𝜙𝑥
0̇ +

𝜕𝜙

𝜕𝑦
𝜙𝑦
0̇ ]} 𝑑𝑥𝑑𝑦

𝐷

       (A2 − 10) 

where 𝜀 is the permittivity. 

Substitute the Eq. (A2-7) and (A2-9) to Eq. (A2-10), and we can obtain, 

𝛱(𝜙) =∑∬{
𝜀

2
[(
𝜕𝑁

𝜕𝑥
𝜙𝑒)

2

+ (
𝜕𝑁

𝜕𝑦
𝜙𝑒)

2

] − 𝜀 [𝜙𝑒𝑇
𝜕𝑁

𝜕𝑥
𝜙𝑥
0̇ + 𝜙𝑒𝑇

𝜕𝑁

𝜕𝑦
𝜙𝑦
0̇]} |𝐽𝑎|𝑑𝜉𝑑𝜂

𝐷𝑒𝑒

 

         (A2 − 11) 
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And, the variable 𝜙𝑒  can be transformed from the local to the global coordinate 

system by 𝜙𝑒=G𝜙. Hence, 

𝛱(𝜙) =
1

2
𝜙𝑇 ∙∑∬𝜀 [𝐺𝑇 (

𝜕𝑁

𝜕𝑥

𝜕𝑁𝑇

𝜕𝑥
+
𝜕𝑁

𝜕𝑦

𝜕𝑁𝑇

𝜕𝑦
)G] |𝐽𝑎|𝑑𝜉𝑑𝜂 ∙ 𝜙

𝐷𝑒𝑒

− 

𝜙𝑇 ∙∑∬𝜀 [𝐺𝑇 (
𝜕𝑁

𝜕𝑥
𝜙𝑥
0̇ +

𝜕𝑁

𝜕𝑦
𝜙𝑦
0̇ )] |𝐽𝑎|𝑑𝜉𝑑𝜂

𝐷𝑒𝑒

                 (A2 − 12) 

It can be rewritten as: 

𝛱(𝜙) =
1

2
𝜙𝑇𝐾𝜙 − 𝜙𝑇𝑃                                        (A2 − 13) 

where,  

𝐾 =∑∬𝜀 [𝐺𝑇 (
𝜕𝑁

𝜕𝑥

𝜕𝑁𝑇

𝜕𝑥
+
𝜕𝑁

𝜕𝑦

𝜕𝑁𝑇

𝜕𝑦
)G] |𝐽𝑎|𝑑𝜉𝑑𝜂

𝐷𝑒𝑒

                   (A2 − 14) 

𝑃 =∑∬𝜀 [𝐺𝑇 (
𝜕𝑁

𝜕𝑥
𝜙𝑥
0̇ +

𝜕𝑁

𝜕𝑦
𝜙𝑦
0̇)] |𝐽𝑎|𝑑𝜉𝑑𝜂

𝐷𝑒𝑒

                        (A2 − 15) 

Solving of the total potential energy of 𝛱(𝜙) is to find the minimal value of 𝛱(𝜙). 

The result (extreme value) exists when the partial derivative of 𝛱(𝜙) equals 0, as: 

𝛿𝛱(𝜙) = 0                                                        (A2 − 16) 

Finally, we can obtain, 

𝐾𝜙 − 𝑃 = 0                                                       (A2 − 17) 

Variable 𝐾 and 𝑃 can be obtained from Eq. (A2-14) and (A2-15). For solving the 

large systems of linear equations of Eq. (A2-17), the conjugate gradient method was 

used for rapid convergence of the result [3]. After obtaining the electric potential field 

𝜙, the current field can be calculated by 𝑱 = −𝜎𝐸𝐶𝛻𝜙. 
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2. Thermal field analysis 

2.1 Governing equations 

The governing equation of the two-dimensional transient heat transfer problem in a 

control volume at an instant time was presented, which included the energy stored in 

the control volume, thermal conduction, thermal convection (energy dissipation), and 

generation of thermal by electric current (Joule heating) [2-4], as shown in the 

following equations: 

𝑐𝜌𝐷𝑡𝑛
𝜕𝑇

𝜕𝑡
= −𝛻 ∙ 𝒒𝑡𝑛 + 𝑞𝑐𝑜𝑛𝑣 + 𝑞𝑔𝑒𝑛𝑒𝑡𝑛                             (A2 − 18) 

𝒒 = −𝑘𝛻𝑇                                                       (A2 − 19) 

𝑞𝑐𝑜𝑛𝑣 = −2ℎ(𝑇 − 𝑇0)                                            (A2 − 20) 

𝑞𝑔𝑒𝑛𝑒 =
|𝑱|2

𝜎𝐸𝐶
                                                    (A2 − 21) 

where c, ρD, tn, T, t, q, qconv, qgene, k, h, and T0 are specific heat coefficient (J/kg·K), 

density (kg/m3), the thickness of the sample (m), temperature (K), time (s), the flux of 

thermal conduction (W/m3), the flux of thermal convection (W/m2), thermal flux 

generated by electric current (W/m3), thermal conductivity coefficient (W/m·K), 

thermal convection coefficient (W/m2·K) and initial temperature (K), respectively.  

2.2 Boundary conditions 

For the thermal conduction problem of this study, the boundary conditions were 

shown in Fig. A2-3, and the equation was given in Eq. (A2-22). 

𝒒 ∙ 𝒏|𝛤1 & 𝛤2 = 𝑞0                                              (A2 − 22) 

where 𝑞0 is the heat dissipation due to the electrodes. 

And, the initial condition of temperature was shown as, 

𝑇|𝑡=0 = 𝑇0                                                   (A2 − 23) 
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Fig. A2-3 Boundary conditions of thermal field analysis. 

2.3 Finite element discretization and variational principle 

Similar to the electric analysis in the previous section, the total potential energy of the 

system containing the boundary conditions was established based on the Galerkin 

principle [2,3], shown as: 

𝛱(𝑇) =∬{
𝑘𝑡𝑛
2
[(
𝜕𝑇

𝜕𝑥
)
2

+ (
𝜕𝑇

𝜕𝑦
)
2

] + 𝑐𝜌𝑡𝑛
𝜕𝑇

𝜕𝑡
𝑇 + ℎ (

1

2
𝑇 − 𝑇0) 𝑇

𝐷

−
|𝑱|2

𝜎𝐸𝐶
𝑡𝑛𝑇}𝑑𝑥𝑑𝑦                                                                             (A2 − 24) 

The same shape function Eq. (A2-8) was also used here, and then the variable of 𝑇 

can be expressed, as: 

𝑇 = 𝑁1𝑇1 + 𝑁2𝑇2 + 𝑁3𝑇3 + 𝑁4𝑇4 = 𝑁𝑖𝑇𝑖 = 𝑁𝑇
𝑒                      (A2 − 25) 

where, 𝑇1~𝑇4  are the temperatures of the 4 nodes of the normalized quadrilateral 

element. 

Hence, the Eq. (A2-24) can be rewritten by substituting the Eq. (A2-7) and (A2-25), 

𝛱(𝑇) =∑∬{
𝑘𝑡𝑛
2
[(
𝜕𝑁

𝜕𝑥
𝑇𝑒)

2

+ (
𝜕𝑁

𝜕𝑦
𝑇𝑒)

2

] + 𝑇𝑒𝑇𝑐𝜌𝑡𝑛
𝜕𝑇𝑒

𝜕𝑡
𝑁𝑁𝑇 +

1

2
ℎ(𝑁𝑇𝑒)2

𝐷𝑒𝑒

− 𝑇𝑒𝑇ℎ𝑇0𝑁 − 𝑇
𝑒𝑇
|𝑱|2

𝜎𝐸𝐶
𝑡𝑛𝑁} |𝐽𝑎|𝑑𝜉𝑑𝜂                                    (A2 − 26) 

And, the 𝑇𝑒 can be transformed from the local to the global coordinate system by 

𝑇𝑒 = 𝐺𝑇. Hence, 
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𝛱(𝑇) =
1

2
𝑇𝑇 ∙∑∬𝑘𝑡𝑛𝐺

𝑇 [
𝜕𝑁

𝜕𝑥

𝜕𝑁𝑇

𝜕𝑥
+
𝜕𝑁

𝜕𝑦

𝜕𝑁𝑇

𝜕𝑦
] 𝐺|𝐽𝑎|𝑑𝜉𝑑𝜂 ∙ 𝑇 +

𝐷𝑒

1

2
𝑇𝑇

𝑒

∙∑∬ℎ𝐺𝑇𝑁𝑁𝑇𝐺|𝐽𝑎|𝑑𝜉𝑑𝜂 ∙ 𝑇

𝐷𝑒𝑒

+ 𝑇𝑇

∙∑∬𝐺𝑇𝑐𝜌𝑡𝑛𝑁𝑁
𝑇G|𝐽𝑎|𝑑𝜉𝑑𝜂 ∙

𝜕𝑇

𝜕𝑡
𝐷𝑒𝑒

− 𝑇𝑇 ∙∑∬ℎ𝑇0𝑁G|𝐽𝑎|𝑑𝜉𝑑𝜂

𝐷𝑒𝑒

− 𝑇𝑇 ∙∑∬
|𝑱|2

𝜎𝐸𝐶
𝑡𝑛𝑁G|𝐽𝑎|𝑑𝜉𝑑𝜂

𝐷𝑒𝑒

                                             (A2 − 27) 

The above equation can be rewritten as: 

𝛱(𝑇) =
1

2
𝑇𝑇(𝐾 + 𝐻)𝑇 + 𝑇𝑇(𝐶𝑇̇ − 𝑃𝐻 − 𝑃𝑄)                          (A2 − 28) 

where, 

𝐾 =∑∬𝑘𝑡𝑛𝐺
𝑇 [
𝜕𝑁

𝜕𝑥

𝜕𝑁𝑇

𝜕𝑥
+
𝜕𝑁

𝜕𝑦

𝜕𝑁𝑇

𝜕𝑦
] 𝐺|𝐽𝑎|𝑑𝜉𝑑𝜂

𝐷𝑒𝑒

                      (A2 − 29) 

𝐻 =∑∬ℎ𝐺𝑇𝑁𝑁𝑇𝐺|𝐽𝑎|𝑑𝜉𝑑𝜂

𝐷𝑒𝑒

                                   (A2 − 30) 

𝐶 =∑∬𝐺𝑇𝑐𝜌𝑡𝑛𝑁𝑁
𝑇G|𝐽𝑎|𝑑𝜉𝑑𝜂

𝐷𝑒𝑒

                                (A2 − 31) 

𝑃𝐻 =∑∬ℎ𝑇0𝑁G|𝐽𝑎|𝑑𝜉𝑑𝜂

𝐷𝑒𝑒

                                     (A2 − 32) 

𝑃𝑄 =∑∬
|𝑱|2

𝜎𝐸𝐶
𝑡𝑛𝑁G|𝐽𝑎|𝑑𝜉𝑑𝜂

𝐷𝑒𝑒

                                   (A2 − 33) 

Solving of the total potential energy of the system 𝛱(𝑇) is to find the minimal 

value of 𝛱(𝑇). The extreme value exists when the partial derivative of 𝛱(𝑇) equals 0. 
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𝛿𝛱(𝑇) = 0                                                      (A2 − 34) 

Finally, we can obtain, 

𝐶𝑇̇ + (𝐾 + 𝐻)𝑇 − 𝑃𝐻 − 𝑃𝑄 = 0                                   (A2 − 35) 

The matrixes 𝐶, 𝐾, 𝐻, 𝑃𝐻, and 𝑃𝑄 can be obtained from Eq. (A2-29) to (A2-33). 

For solving this first-order ordinary differential equation, a direct integration method 

was used with a small enough time-step [3]. 

 

3. Stress field analysis 

3.1 Governing equations 

The governing equation of the thermoelastic problem included the equilibrium 

equation, geometric equation, and physical equation, which are listed as follows [2,3]: 

𝛻 ∙ 𝜎 + 𝒇 = 𝟎                                                     (A2 − 36) 

𝜺 =
1

2
(𝛻𝒖 + (𝛻𝒖)𝑇)                                              (A2 − 37) 

𝝈 = 𝐷(𝜺 − 𝜀0)                                                  (A2 − 38) 

where 𝝈 is stress (Pa), 𝒇 surface force (N/m2), 𝜺 strain, 𝒖 displacement (m), 𝐷 elastic 

constant. 𝜀0 is the thermal strain, which is given as 𝜀0 = 𝛼(𝑇 − 𝑇0)[1 1 0]
𝑇. where 𝛼 

is thermal expansion coefficient (K-1) and 𝑇0 the initial temperature (K). 

3.2 Boundary conditions 

The boundary conditions of this stress analysis were nearly the free boundary, as 

shown in Fig. A2-4, and the equations were given in Eq. (A2-39). 

{
𝑢𝑥|𝐴 = 0        
𝑢𝑦|𝐴 & 𝐵 = 0

                                                    (A2 − 39) 
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Fig. A2-4 Boundary conditions of stress field analysis. 

3.3 Finite element discretization and variational principle 

Based on the minimum potential energy principle, we can construct the total potential 

energy of the system containing the boundary conditions [2,3], shown as: 

𝛱(𝒖) =∬
1

2
𝜺𝑇𝐷𝜺𝑡𝑛𝑑𝑥𝑑𝑦

𝐷

−∬𝜺𝑇𝐷𝜀0𝑡𝑛𝑑𝑥𝑑𝑦

𝐷

                (A2 − 40) 

The same shape function of Eq. (A2-8) was used in this section, and then the 

variable of 𝒖 can be expressed as: 

𝒖 = 𝑁1𝑢1 + 𝑁2𝑢2 + 𝑁3𝑢3 + 𝑁4𝑢4 = 𝑁𝑖𝒖𝒊 = 𝑁𝒖
𝒆                      (A2 − 41) 

where, 𝑢1~𝑢4  are the displacement at the 4 nodes of the normalized quadrilateral 

element. And,  

𝜺 = 𝐿𝒖 = 𝐿𝑁𝒖𝒆                                                 (A2 − 42) 

where, 𝐿 is the differential operator, as shown below, 

𝐿 =

[
 
 
 
 
 
 
𝜕

𝜕𝑥
0

0
𝜕

𝜕𝑦
𝜕

𝜕𝑦

𝜕

𝜕𝑥]
 
 
 
 
 
 

                                                   (A2 − 43) 

Hence, the total potential energy of the system 𝛱(𝒖) can be rewritten as 
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𝛱(𝒖) =∑∬
1

2
𝒖𝒆𝑇(𝐿𝑁)𝑇𝐷(𝐿𝑁)𝒖𝑒𝑡𝑛|𝐽𝑎|𝑑𝜉𝑑𝜂

𝑫𝒆𝑒

−∑∬𝒖𝒆𝑇(𝐿𝑁)𝑇𝐷𝜀0𝑡𝑛|𝐽𝑎|𝑑𝜉𝑑𝜂

𝑫𝒆𝑒

                          (A2 − 44) 

where D is the elastic matrix, as shown in the following, 

𝐷 =
𝐸

1 − 𝑣2
[

1 𝑣 0
𝑣 1 0

0 0
1 − 𝑣

2

]                                     (A2 − 45) 

where E is elastic modulus (Pa), and 𝑣 is the Poisson's ratio. 

And, the 𝒖𝒆 can be transformed from the local to the global coordinate system by 

𝒖𝒆 = 𝐺𝒖. 

𝛱(𝒖) =
1

2
𝒖𝑇 ∙∑∬𝐺𝑇(𝐿𝑁)𝑇𝐷(𝐿𝑁)𝐺𝑡𝑛|𝐽𝑎|𝑑𝜉𝑑𝜂

𝑫𝒆

∙ 𝒖

𝑒

− 

𝒖𝑇 ∙∑∬𝐺𝑇(𝐿𝑁)𝑇𝐷𝜀0𝑡𝑛|𝐽𝑎|𝑑𝜉𝑑𝜂

𝐷𝑒𝑒

                          (A2 − 46) 

The above equation can be rewritten as: 

𝛱(𝒖) =
1

2
𝒖𝑇𝐾𝒖 − 𝒖𝑇𝑃                                       (A2 − 47) 

where, 

𝐾 =∑∬𝐺𝑇(𝐿𝑁)𝑇𝐷(𝐿𝑁)𝐺𝑡𝑛|𝐽𝑎|𝑑𝜉𝑑𝜂

𝐷𝑒𝑒

                         (A2 − 48) 

𝑃 =∑∬𝐺𝑇(𝐿𝑁)𝑇𝐷𝜀0𝑡𝑛|𝐽𝑎|𝑑𝜉𝑑𝜂

𝐷𝑒𝑒

                             (A2 − 49) 

Solving of the total potential energy of the system 𝛱(𝒖) is to find the minimal 

value of 𝛱(𝒖). The extreme value exists provided that its partial derivative is zero. 
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𝛿𝛱(𝒖) = 𝟎                                                   (A2 − 50) 

Finally, we can obtain, 

𝐾𝒖 − 𝑃 = 𝟎                                                  (A2 − 51) 

Variable 𝐾 and 𝑃 can be obtained from Eq. (A2-48) and (A2-49). For solving the 

large systems of linear equations of Eq. (A2-51), the conjugate gradient method was 

used for rapid convergence of the solution [3]. After obtaining the field of 

displacement, the thermal stress can be calculated by 𝝈 = 𝐷(𝜺 − 𝜀0) = 𝐷(𝐿𝒖 − 𝜀0). 

 

4. Procedure and GUI development based on MATLAB 

To realize the above calculation, a self-developed finite element procedure was 

performed based on the commercial software MATLAB. In addition, the GUI 

interface named Electric Thermal and Mechanics Analysis (ETMA) was presented for 

easy access. The interface contains Geometry, Mesh, Loading, Boundary conditions, 

Material properties, Solve, and Post-processing. The basic functions of each part are 

described below. 

4.1 Geometry and Mesh 

Fig. A2-5 shows how to build the sample geometry and discretize the FEM model. 

One can build the model according to the given geometry, and it is also possible to 

customize the model by loading one’s own data. The software offers additional 

options to accommodate the geometric model with notches, such as U-type, V-type, 

and self-defined notches. Moreover, V-shaped and self-defined cracks are also 

available for modeling the cracked geometry. 

This interface provided two kinds of elements, triangular elements and quadrilateral 

elements, to discretize the model. Here need to mention, the meshing method of the 

triangular element is performed using an open-source procedure MATLAB code 
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DistMesh [5,6]. The quadrilateral discretization is performed using the author’s self-

developed procedures with methods of model partitioning and sweeping. The 

quadrilateral element has higher accuracy than the triangular element, but less 

flexibility and adaptability. Hence, the author recommends that the regular FEM 

model without a notch or crack adopt the quadrilateral elements, otherwise using the 

triangular elements. 

 

Fig. A2-5 GUI interface of Geometry and Mesh. 
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4.2 Loading and Boundary conditions 

The GUI provides two kinds of current load: pulse-shaped and sine-shaped, as shown 

in Fig. A2-6. One can adjust the parameters for both types of load, such as current 

density, duration time, interval time, repeat times, etc. In addition, the self-defined 

current load is also available. The division of simulation time (heating and cooling) is 

also provided, and the unequal division is designed to save simulation time on the 

basis of ensuring the accuracy of the results. 

 

Fig. A2-6 GUI interface of Loading and Boundary. 
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The Boundary module of this interface provides the functions to set the loading 

areas and directions of the load. The boundary conditions are imposed on the nodes in 

this interface, as shown in Fig. A2-6. 

4.3 Material properties and Solving 

 

Fig. A2-7 GUI interface of Material properties and Solve. 

The temperature-dependent material properties are used in this procedure, as shown in 

Fig. A2-7. The material properties listed in the table are temperature and the 
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corresponding material properties (Young's modulus, electrical conductivity, specific 

heat capacity, thermal conductivity, thermal expansion coefficient, thermal convection, 

Poisson's ratio, and density). Apart from the built-in material properties, one can also 

load their own material properties. 

The Solve module provides a start button. Before then, one can set the initial 

conditions and choose the solution field of interest, such as Current field analysis, 

Thermal field analysis, and Stress field analysis. Once set up, it is ready to start 

solving. The solution statuses for each load step are displayed in the text box below. 

4.4 Post-processing 

Fig. A2-8 shows the Post-processing of this interface. Firstly, the geometry of the 

FEM model is presented again to help the user locate the exact place of interest. 

Hence, the developer has added the original point A and the auxiliary lines X-X and 

Y-Y. Moreover, the maximal and minimal points are also marked out. 

The time load map is also intended to facilitate the user to quickly identify the load 

step of interest. The last heating step and the total load steps are also presented. One 

can select specific load steps or all load steps. 

The interface offers three ways to select an area of interest: Node, Line, and Plane. 

One can select the Node of interest directly by the coordinates or number. For the 

mode of Line, one can select a line segment within an area or select a line between 

nodes. The mode of Plane means all the models have been selected. And finally, one 

can plot the figure by choosing the output of interest, such as the Current field, 

Temperature field, and Stress field, etc. The example image in Fig. A2-8 shows the 

temperature field of the model at the time step of 31. 
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Fig. A2-8 GUI interface of Post-processing. 
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Appendix 3: One-dimensional transient heat conduction 

model 

To estimate the temperature of the rapidly heated sample, a one-dimensional transient 

heat conduction model was used, as shown in Fig. A3-1. The thermal circuits, which 

were commonly used to model heat flow, were also presented. Hence, the equations of 

heating and cooling with boundary conditions are shown below [1]: 

Rapid heating: 

{
 
 

 
 

𝑇𝐵 − 𝑇𝐴
𝐿ℎ
2𝑘ℎ

+ 𝑅𝑡,𝑐
′′ +

𝐿𝑠
𝑘𝑠

+ ℎ(𝑇𝑠𝑢𝑟 − 𝑇𝐴) + 𝜀𝜎(𝑇𝑠𝑢𝑟
4 − 𝑇𝐴

4) = 𝜌𝑐𝐿𝑠
𝑑𝑇

𝑑𝑡

𝑇𝐵|𝑡≥0 = 𝑇𝑠𝑢𝑟|𝑡≥0 = 𝑇𝑓𝑢𝑟𝑛𝑎𝑐𝑒
𝑇𝐴|𝑡=0 = 293

        (A3 − 1) 

Air cooling: 

{
 
 

 
 

𝑇𝐴 − 𝑇𝐵
𝐿ℎ
2𝑘ℎ

+ 𝑅𝑡,𝑐
′′ +

𝐿𝑠
𝑘𝑠

+ ℎ(𝑇𝐴 − 𝑇𝑠𝑢𝑟) + 𝜀𝜎(𝑇𝐴
4 − 𝑇𝑠𝑢𝑟

4 ) = −𝜌𝑐𝐿𝑠
𝑑𝑇

𝑑𝑡

𝑇𝐵|𝑡≥0 = 𝑇𝑠𝑢𝑟|𝑡≥0 = 293

𝑇𝐴|𝑡=0 = 𝑇𝑓𝑢𝑟𝑛𝑎𝑐𝑒

      (A3 − 2) 

where, 𝑇𝐴 is the temperature of the sample at the center point of the upper surface, 𝑇𝐵 

is the temperature of the holder, 𝑇𝑠𝑢𝑟 is the surrounding temperature and 𝑇𝑓𝑢𝑟𝑛𝑎𝑐𝑒 is 

the temperature of the furnace. 𝐿𝑠 and 𝐿ℎ are the thickness of the sample and holder. 

𝑘𝑠 and 𝑘ℎ are the thermal conductivity of the sample and holder. 𝑅𝑡,𝑐
′′  is the resistance 

of thermal contact. ℎ is the heat convection coefficient of air. 𝜀 is a radiative property 

of the surface termed the emissivity, taken as 0.9 in this study. 𝜎  is the Stefan–

Boltzmann constant. 𝜌 the density of the material, and 𝑐 specific heat capacity of the 

sample. 𝑞1
′′ and 𝑞2

′′ are the conductive heat flux of the holder and sample. 𝑞𝑐𝑜𝑛𝑣
′′  is the 

convective heat flux of air and 𝑞𝑟𝑎𝑑
′′  is the heat flux of radiation. 

For solving the first-order ordinary differential equation of Eq. (A3-1) and (A3-2), 
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the central differential method [2] was used. To ensure the convergence of the solution, 

a small-time step of ∆𝑡 = 0.001𝑠 was utilized.  

 

Fig. A3-1. Temperature simulation of the rapidly heated sample. (a) Schematic 

diagram of the furnace, (b) rapid heating, and (c) air cooling of the sample. 
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