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ABSTRACT

The effect of high-density pulsed electric current (HDPEC) on the microstruc-

ture evolution and corresponding changes in the mechanical properties of the

deformed Ni-based alloy Inconel 718 was investigated. After HDPEC treatment,

the strain hardening was fully relieved and the ductility recovered corre-

spondingly. The results show that the dislocation density plays a dominant role,

and the grain size has a side effect on the strain-hardening relief. Furthermore,

the correlation between the mechanical properties and microstructure evolution

affected by HDPEC was clarified. HDPEC treatment provides a way to alter the

microstructure and thus tailor the mechanical properties of the deformed

components. Hence, it is applicable to the metal-forming field to achieve rapid

relief of strain hardening and enhance formability.
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GRAPHICAL ABSTRACT

Introduction

Strain hardening is undesirable in metal forming

because the cold-worked pieces possess high strength

but weak ductility, resulting in poor forming quality

and an additional requirement of forming force.

Consequently, intermediate annealing is needed to

restore the ductility loss during repeated cold work-

ing in the processing of pieces [1]. However, it

requires a high temperature to heat the deformed

components for a long time, which is time-consuming

and laborious. The improvement of ductility during

annealing is mainly due to the recrystallization and

dislocation annihilation, which is low-efficiency [2, 3].

Recently, the treatment of high-density electric cur-

rent as a low-cost and highly efficient method has

been introduced to relieve the plastic strain and

residual stress [4, 5]. Moreover, several reports have

delineated that the relief of strain hardening is

attributed to the rapid recrystallization of the

deformed grains under the treatment of electric cur-

rent, and the rapid recrystallization was promoted by

the coupling thermal (Joule heating) and athermal

(electron wind force) effects [5–10]. However, so far,

it has been concluded that the strain-hardening relief

resulted from recrystallization, but the contribution

of dislocation annihilation has not yet been

investigated.

Therefore, in this study, the evolution of both grain

refinement and dislocation annihilation induced by

high-density electric current was investigated in

detail, and their contributions to strain-hardening

relief were clarified based on the quantitative analy-

sis. The effect of high-density pulsed electric current

(HDPEC) under different conditions on the relief of

strain hardening of deformed Inconel 718 was

investigated systematically. The quantitative analysis

of the corresponding microstructure evolution was

conducted using X-ray diffraction (XRD) and electron

backscatter diffraction (EBSD). The correlation

between the mechanical properties and microstruc-

ture evolution was established, and it was found that

dislocation annihilation is the crucial factor resulting

in the relief of strain hardening, while grain size

evolution acted as a side effect.

Experimental procedures

The material used was a Ni-based alloy Inconel 718

(IN718); the chemical composition is listed in Table 1.

The sample was dumbbell-shaped, with a gauge

length of 22 mm and a cross-section area of 3.5 9 1.6
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mm2 at the tension part. It was formed by wire cut-

ting. The surface of the sample was ground using

emery papers and then polished to a mirror surface

with a 3 lm water-based diamond suspension on a

polishing machine (LaboPol-20, STRUERS). For EBSD

observation, a colloidal silica suspension solution

(OP-S suspension, STREURS) was used to remove the

deformed layers during polishing.

The tensile test was conducted on a hydraulic-

driven testing machine (SHIMAZU) at room tem-

perature (25 �C) with a loading speed of 0.03 mm/s.

Initially, the tensile stretch was used to introduce a

pre-strain of 20.5% (approximately 50% of the plastic

strain at the breaking point, denoted by 50% ep) into
the samples. The current treatment was then per-

formed on the pre-strained samples. The samples are

listed in Table 2. The sample INT represents the ini-

tial case without pre-strain and HDPEC treatment,

and sample S0 is the pre-strained sample without

current treatment. Samples S1–S3 were first pre-

strained and then HDPEC treated under a current

density of 300 A/mm2 with pulse duration times of

13.33, 16.67, and 20 ms for 3 pulses. The interval time

of each pulse was 1 s. Thus, the total treatment time

for each sample was 40, 50, and 60 ms, respectively.

X-ray diffraction (XRD) was employed to measure

the residual stress in the samples. Measurements

were carried out on a Rigaku X-ray stress analyzer

using Cu-Ka radiation. The 2h-sin2w method was

used to calculate the surface residual stress [11, 12],

and the average of the negative and positive tilt

angles at w = 0�, ± 14.48�, ± 20.7�, ± 25.66�, ± 30�
on the (220) peak was used to determine the rela-

tionship between 2h and sin2w. The XRD line profile

analysis method was used to calculate the dislocation

density using the modified Williamson–Hall and

Warren–Averbach methods [13–15]. Crystal orienta-

tions were measured using an EBSD detector (Nor-

dlysNano, Oxford Instruments) interfaced with a

scanning electron microscope (SEM, HITACHI). Data

processing was performed using commercial soft-

ware (MATLAB, MathWorks) along with an open-

source toolbox, MTEX [16]. The surface morphology

and fractography were observed using SEM (JSM-

7200F, JEOL).

Results

Mechanical properties and residual stress

The engineering stress–strain curves of all samples

(listed in Table 2) are plotted in Fig. 1a, and the

mechanical properties (yield stress and elongation) of

each sample are shown in Fig. 1b. The initial sample

INT shows a regular yield stress of ry = 623 MPa and

a good elongation of ef = 41.3%. After pre-straining,

sample S0 presents a heavy strain hardening with a

high yield strength of ry = 1235 MPa and a decreased

elongation of ef = 21.3%. For the HDPEC-treated

samples S1–S3, the strength was restored and the

elongation increased gradually with an increase in

the treatment time of the pulsed current. Among

them, the strain hardening of sample S2 was almost

completely relieved with a relatively high elongation

compared to the initial one. Moreover, sample S3

shows lower strength than the initial sample with the

highest elongation.

Table 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

Table 2 Samples and treatment conditions

Sample Pre-strain HDPEC treatment

Current density (A/mm2) Duration time of pulse (ms) Interval time of pulse (s) Number of pulse

INT – – – – –

S0 50% ep – – – –

S1 50% ep 300 13.33 1 3

S2 50% ep 300 16.67 1 3

S3 50% ep 300 20 1 3
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The residual stress and dislocation density of each

sample were estimated by XRD, and the results are

shown in Fig. 1c, d. After pre-straining, the residual

stress of sample S0 increased from 23 to 389 MPa,

and the dislocation density increased from 1.4 9 1014

to 11.4 9 1014 m-2. After the HDPEC treatments, the

residual stress was gradually relieved, and the dis-

location density decreased in the same manner. In

samples S2 and S3, the residual stress was almost

completely relieved with a decrease in dislocation

density.

Grain morphology and local deformation

The EBSD orientation maps of each sample are

shown in Fig. 2, where the grain size distributions

with Weibull fitting [17] are also provided. The uni-

form grain morphology of the initial sample INT was

obtained with a mean grain size of 14.5 lm, as shown

in Fig. 2a. The elongated morphology and dispersed

color in grains were observed in sample S0 with a

slight change in grain size (14.2 lm), as shown in

Fig. 2b. After HDPEC treatment, the deformation in

the grains of sample S1 remained unchanged, while

some small grains were formed, as shown in Fig. 2c,

resulting in a decrease in the mean grain size to

11.5 lm. When the HDPEC treatment time was

increased to 50 ms (sample S2), refined grains were

formed with a mean grain size of 13.3 lm, as shown

in Fig. 2d. After increasing the treatment time further

(sample S3), the mean grain size increased to 15.5 lm,

as shown in Fig. 2e.

Local misorientation, also known as kernel average

misorientation (KAM), is commonly used to indicate

grain-scale plastic deformation [18, 19]. The KAM

maps of each sample corresponding to the EBSD

orientation maps are shown in Fig. 3, and the

misorientation distributions of each case are also

presented. Sample INT shows a uniform blue color

(low KAM value) with a mean value of 0.05�, while

Figure 1 Changes of mechanical properties and residual stress in each sample. a engineering stress–strain curves, b plots of yield stress

and elongation, c residual stress, and d dislocation density..
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Figure 2 EBSD orientation maps and grain size distributions of

a INT, b S0, c S1, d S2, e S3, and f mean grain size of each

sample. The EBSD map covers a range of 120 9 180 lm2 with a

step size of 1 lm. RD and TD represent the rolling direction and

transverse direction, respectively. The tensile and current

directions are horizontal.

Figure 3 KAM maps and corresponding misorientation distributions of a INT, b S0, c S1, d S2, e S3, and f mean KAM value of each

sample.
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sample S0 illustrates inhomogeneous colors in the

KAM map with a mean KAM value of 0.61� due to

the pre-strain, as shown in Fig. 3a, b. After HDPEC

treatment, sample S1 almost retained the inhomoge-

neous colors in the KAM map, in which some small

blue grains appeared, leading to a decrease in the

mean KAM value to 0.58�, as shown in Fig. 3c. After

HDPEC treatment time was increased to 50 ms and

60 ms (samples S2 and S3), uniform grains with a low

KAM value were observed, as shown in Fig. 3d, e,

indicating that the deformation in grains was recov-

ered completely.

Surface morphology and fractography

Figure 4 shows the SEM backscattered electron (BSE)

images of each sample to investigate the surface

morphology evolution. The initial sample INT shows

a uniform grain morphology filled with needle-

shaped d-phase, NbC particles, and tiny TiN parti-

cles, which was identified by energy-dispersive X-ray

spectroscopy (EDS), as shown in Fig. 4a. The slip

bands were observed in the deformed sample S0, as

shown in Fig. 4b, and the intergranular microvoids,

debonding, and broken carbides were nucleated

owing to uncoordinated deformation between the

particles and grains. After applying the minor

HDPEC, the remaining slip bands were observed in

sample S1, as shown in Fig. 4c. After increasing

HDPEC treatment time (samples S2 and S3), the

uniform grains were obtained, as shown in Fig. 4d, e.

Meanwhile, the slip bands, microvoids, and

debonding were well healed, while the breaks in the

carbides remained.

The fracture characteristics of each sample are

presented in Fig. 5. The mean dimple diameters

estimated using the open-source program ImageJ are

also presented. The fracture morphology of sample

S0 depicts a ductile fracture with a mean dimple

diameter of 4.2 lm, as shown in Fig. 5a. Inhomoge-

neous dimples were observed in sample S1 with

some small dimples, and the average dimple diam-

eter was slightly decreased (4.0 lm). Sample S2 pre-

sents homogeneous dimples with a uniform size of

6.1 lm, indicating better ductility than sample S0

(Fig. 5c). After increasing the treatment time to 60 ms

(sample S3), larger dimples were obtained with a

mean value of 7.4 lm.

Discussion

Strain-hardening relief and ductility
recovery

There are four common strategies for strengthening

materials: strain hardening (dislocation strengthen-

ing) [20], solid solution strengthening [21], precipi-

tation strengthening [22], and fine-grained

strengthening [23, 24]. In the results shown above, the

Figure 4 BSE images of a INT, b S0, c S1, d S2, and e S3. The bright particles are NbC carbide, the needle-shaped white phases the d-
phase (Ni3Nb), and the tiny dark spots the TiN particle. The directions of tensile and current are horizontal.

J Mater Sci (2021) 56:16686–16696 16691



strength reduction induced by HDPEC was mainly

attributed to the change in dislocation density and

grain size, which can be described by

Dr ¼ Drd þ Drg ð1Þ

where Dr represents the change in the strength. The

parameters Drd and Drg are the strength changes due

to the dislocation density and grain size, respectively.

The contribution of dislocation, Drd, can be esti-

mated using the Taylor hardening law [25, 26] as

Drd ¼ aMGb q2
1=2 � q1

1=2
� �

ð2Þ

where a was determined to be 0.63, by linearly fitting

the relationship between the strength and the square

root of the dislocation density at different pre-strains

obtained in preliminary experiments. Parameter M is

the Taylor factor, taken as 3.1 for FCC metals [2], G is

the shear modulus, taken as 74 GPa (IN718), and b is

the Burgers vector, taken as 0.255 nm

(b FCCð Þ ¼ a
2\110[ ). Parameters q1 and q2 are the

dislocation densities before and after HDPEC treat-

ment, respectively. For sample S2, the dislocation

density before and after HDPEC treatment is

1.14 9 1015 m-2 and 0.28 9 1015 m-2, respectively, as

shown in Fig. 1d. By substituting the dislocation

density in Eq. (2), the reduction in Drd was found to

be -627.6 MPa.

The contribution of Drg can be evaluated using the

Hall–Petch relationship [24] as

Drg ¼ k d�1=2
2 � d�1=2

1

� �
ð3Þ

where parameters d1 and d2 are the average grain

sizes before and after HDPEC treatment, respectively.

Parameter k is a constant, which can take

1175.93 MPa�lm1/2 for IN718 [27]. For sample S2, the

grain sizes before and after the HDPEC treatment are

14.2 lm and 13.3 lm, respectively, as shown in

Fig. 2f. Thus, the contribution of Drg is 10.4 MPa.

Therefore, the total strength reduction calculated

from the above equations is -617.2 MPa, which is in

good agreement with the experimental results of -

602 MPa, that is, from 1235 to 633 MPa, as shown in

Fig. 1b. As shown in Fig. 2, the grain size of sample

S2 did not change significantly after HDPEC treat-

ment. Thus, dislocation density is the dominant rea-

son for strain-hardening relief, while grain size only

has a side effect.

Micro-defects such as dislocations, interstitial

atoms, and grain boundaries can cause local distor-

tion and strain of the lattice and generate micro- or

further macro-residual stress [28, 29]. Hence, the high

residual stress of sample S0 was mainly owing to the

high dislocation density associated with the pre-

strain. However, after the HDPEC treatment, the

residual stress was partially or fully relieved owing

Figure 5 SEM fractography of a S0, b S1, c S2, d S3, and e mean dimple diameter of each sample.
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to the decreased dislocation density, as shown in

Fig. 1c, d.

However, the ductility is impaired by strain hard-

ening because the existing dislocations hinder the

multiplication and motion of new dislocations [30].

Hence, the removal of dislocations by the HDPEC

treatment, as shown in Fig. 1d, restored the

deformability and thus resulted in the recovery of

ductility of the HDPEC-treated samples.

Dislocation removal and grain refinement

The driven electron collides with the atom and can

exert a force, electron wind force (EWF), on the atom

by momentum transfer [31]. Moreover, the EWF can

also drive the dislocation to glide and enhance dis-

location annihilation [32]. Xiang et al. [33] found that

the dislocation structure was rearranged parallel to

the direction of the current flow, which directly

demonstrates the driving effect of the EWF. There-

fore, with the help of the driving effect of EWF

induced by HDPEC, dislocation annihilation can be

accelerated by increasing the combination of dipole

dislocations [34] and promoting dislocation gliding to

the grain boundary [35]. As shown in Fig. 1d, the

dislocation density gradually decreases after HDPEC

treatment. In addition, as shown in Fig. 3, the KAM

maps show the same trend, in which the value was

progressively reduced by increasing the treatment

time of HDPEC. Since KAM is used to estimate the

geometrically necessary dislocations [36], the

decrease in KAM values after the HDPEC treatment

also indicates a decrease in dislocations in grains by

EWF.

Furthermore, the EWF tends to enhance the dislo-

cation motion and entanglement, thereby resulting in

the formation of local defect-free grains near the grain

boundary. As shown in Fig. 3c, some small grains

with a low KAM value were created in sample S1

after HDPEC treatment. When the HDPEC treatment

reached sufficient energy with a long treatment time,

all the movable dislocations moved to the grain

boundaries, resulting in the formation of defect-free

grains or absorption by grain boundaries. Conse-

quently, complete grain refinement was realized in

sample S2, and large uniform grains in sample S3

were obtained. Grain refinement is considered to

have an important effect on the ductility recovery.

Micro-defects healing and fractographic
evolution

As shown in Fig. 4, after HDPEC treatment, the slip

bands, microvoids, and debonding were well healed.

Slip band repair is possible due to dislocation anni-

hilation, and the healing of microvoids and debond-

ing could be due to the impact of high-density

electrons on the defects. Song et al. [37, 38] and Yang

et al. [39] also reported that the pre-strain-induced

voids or cracks were healed entirely after the treat-

ment of electric current, and the damage-healing

effect was the result of local heating and local com-

pressive stress around the defects. However, the

break in NbC particles was not healed by HDPEC

treatment, as shown in Fig. 4c–e, which is considered

to be due to the relatively large dimensions of the

particles and the brittle property of NbC.

It is well known that the appearance of dimples is

related to voids [40, 41]. Owing to the inconsecutive

properties of the grain boundary, it is a vital resource

to initiate voids during deformation. With continued

deformation, the voids tend to propagate and merge

and finally cause the fracture. Qin et al. [23] reported

that the dimple is associated with the grain bound-

ary, where the mean diameter of the dimple is posi-

tively related to the square root of the grain size.

Hence, the inhomogeneous small dimples in sample

S1, as shown in Fig. 5b, can be attributed to the local

refinement of the small grains. The complete grain

refinement of sample S2 induced by HDPEC treat-

ment resulted in homogeneous and large dimples, as

shown in Fig. 5c, indicating that the ductility was

enhanced compared with sample S0. The large dim-

ples in sample S3 were related to the large uniformed

grains in the sample (Fig. 5d).

Conclusions

The effect of HDPEC on the relief of strain hardening

and ductility recovery of the deformed IN718 alloy

was studied. Furthermore, the correlation between

the mechanical properties and microstructure evolu-

tion of HDPEC treatment was investigated in detail.

The main conclusions are as follows:

1. Strain hardening was fully relieved by HDPEC

treatment. In addition, the results show that the

dislocation density plays a dominant role in
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strain-hardening relief, while grain size acts as a

side effect.

2. The dislocations were rapidly removed by

HDPEC, which resulted in local deformation

recovery and grain refinement, thereby leading

to ductility recovery.

3. Homogeneous and large dimples were obtained

in the HDPEC-treated sample, and the slip bands,

microvoids, and debonding in the pre-strained

sample healed after HDPEC treatment.

Therefore, owing to the fast and efficient features in

dislocation removal, HDPEC treatment can alter the

microstructure and tailor the mechanical properties

of the deformed materials. Consequently, it can be

applied to metal forming, achieving rapid relief of the

strain hardening of the cold-worked pieces, thereby

enhancing the forming efficiency.
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