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ABSTRACT

The large deformation of difficult-to-deformmetal under pulsed currents involves

the coupling effect of grain refinement and electroplasticity, making it challenging

to capture the flow behavior accurately during severe plastic deformation. To

develop a highly accurate constitutivemodel that accounts for the coupling effect, a

current-assisted plane strain compression (CAPSC) test of 30CrMnSiAwas carried

out, using a peak current density (Jp) range of 0–30 A mm-2 and duty ratio (d) of

0–20%. Amicrostructural observation was also performed via the EBSD test on the

specimens after the CAPSC test. The result indicates that the true stress decreases

significantlywith increased Jp and d, descending to a stable value of 13%under high

Jp and high d regions. Pulsed current accelerates grain refinement, promoting the

transition from low-angle grain boundaries tohigh-angle grain boundaries through

the recoverymechanism.Finegrain sizes increased from31.7 to45.5% in thepulsed-

current condition compared to the non-current condition. Based on the above dis-

covery, a physical-based constitutivemodel framewasproposed to characterize the

independent evolution and transformation of dislocation density at the grain

boundary and interior. Besides, the current density is also coupled into themodel as

an influence term of the material parameters to capture the influence of electro-

plasticity on grain refinement. Comparing the test stress to the predictive stress

reveals that the model accurately predicts the CAPSC stress of 30CrMnSiA with a

correlation coefficient of 0.974 and an average relative error of 4.56%.
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GRAPHICAL ABSTRACT

Introduction

Alloy structural steels are a class of difficult-to-de-

form metals at room temperature. They are exten-

sively utilized in aerospace, transportation, and

automated production because of their exceptional

strength, hardness, and fatigue resistance [1]. How-

ever, alloy structural steel is not a lightweight and

low-density metal. Consequently, these alloy struc-

tural steel components often need ultra-thin wall

thicknesses for light weight and energy efficiency

requirements. These ultra-thin structural components

require better plasticity for forming process. Current-

assisted forming (CAF) process is a novel type of

forming method that makes use of the electroplastic

effect to enhance plasticity [2], minimize deformation

resistance [3], and reduce residual stress [4]. The

mechanism of the electroplastic effect can typically be

explained by local Joule heating effects and the

changes in dislocation density storage, movement,

and morphology induced by the pulsed current [5–7].

However, the CAF process for preparing ultra-thin

structures involves a substantial amount of plastic

deformation, leading to grain refinement of

microstructure, such as the current-assisted flow

spinning process (CAFS) [8]. Predicting the plastic

deformation behavior during CAFS is still challeng-

ing because of the intricate coupling impact of grain

refinement and the electroplastic effect. There is an

inadequate theoretical basis for studying and mod-

eling the deformation behavior during the CAFS

process.

The constitutive model used to characterize

deformation behavior serves as the theoretical foun-

dation for analyzing and optimizing the forming

process [9–11]. Several studies have demonstrated

that a physical constitutive model based on the evo-

lution of dislocation density can easily incorporate

the effects of various microstructural change mecha-

nisms and thereby describe the plastic deformation

behavior of difficult-to-deform metals under the

electroplastic effect [3, 12–15]. Zhao et al. investigated

the deformation behavior of an ultra-thin nickel-
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based superalloy using a current-assisted uniaxial

tensile test [3]. The study introduced additional

components related to the precipitation phase into

the K-M dislocation evolution equation to correctly

predict the plastic deformation behavior of high-

temperature alloys under the coupling effect of high

temperature and pulsed current. Liu et al. [13] stud-

ied the plastic deformation behavior of different

grain-size nickel-based superalloy specimens. The

dislocation model obtained by the study includes the

grain size variable, which permits the influence of the

initial microstructure on the electroplastic effect.

However, there remains a limited understanding of

the coupling mechanism between the grain refine-

ment and the electroplastic effect. The necking phe-

nomenon during tensile test results in a very short

section of uniform plastic deformation [16]. During

the tensile test, assessing the plastic deformation

behavior with electroplasticity and significant grain

refinement becomes impossible. The plane strain

compression (PSC) test is an alternative mechanical

test that can be employed to evaluate the flow stress

of metals in the high strain range [17, 18]. Therefore,

the PSC test is commonly utilized as a physical sim-

ulation test for the forming process involving large

strain, such as multi-pass rolling and flow spinning.

Another advantage of this test is that it creates a

deformation state similar to the mentioned processes,

i.e., the plate blank will compress in the normal

direction (or thickness direction for spun cylindrical

blank), elongate in the rolling direction (or axial

direction) and the deformation in the transverse

direction (or tangential direction) is almost negligible

[19, 20]. This method also can investigate the

microstructural changes during severe plastic defor-

mation processes. Yin et al. and Annasam et al.

[21, 22] studied the effect of microstructural evolution

on macroscopic flow behavior at elevated tempera-

tures based on plane strain compression experiments.

This study investigated the effect of coupling

electroplasticity and grain refinement on hardening

behavior using the current-assisted plane strain

compression (CAPSC) tests and microstructure

observation to reveal the mechanism of the effect of

electroplasticity on grain refinement. Then, a dislo-

cation density evolution model was developed that

accounted for the electroplastic effect and grain

refinement during large strains. The findings provide

insight into the interaction between electroplasticity,

strain-induced grain refinement, and strain-

strengthening mechanisms during plastic deforma-

tion. This study promotes the industrialized appli-

cation of current-assisted severe plastic deformation

processes for manufacturing thin-walled parts, such

as current-assisted multi-rolling and CAFS.

Experimental details

Specimen preparation

The experimental material chosen for the study was

annealed 30CrMnSiA with a 2 mm thickness. The

chemical composition of the material is presented in

Table 1. The specimen for the CAPSC test was

obtained using an EDM wire-cutting machine. Fig-

ure 1a provides the geometric size of the initial

specimen, which had a dog-bone shape to permit the

introduction of a pulsed current at both sides. The

initial microstructure of the cross-section of

30CrMnSiA was analyzed through optical micro-

scopy after etching using a solution of 3% HNO3, 1%

C2H6O, and 96% H2O. It was observed that the

microstructures were composed of laminar pearlite

and a-ferrite, as shown in Fig. 1b. The average grain

size of the initial microstructure was determined

using the linear intercept method described as

described in ASTM E112-10 standard [23], and the

average grain size was estimated to be approximately

16 lm.

CAPSC test setup and parameters

Figure 2a–b shows the schematic and CAPSC setup

used in this study, which was conducted on a Shi-

madzu AG-plus 100kN UTM. The geometric size of

the indenter can be found in previous work [24]. A

pulsed current was applied between the two ends of

the specimen using a pulsed power supply

(NHWYM-5-1000, f = 100 Hz). The specimen thick-

ness was 2 mm, making the temperature difference

negligible along the thickness direction. To record the

surface temperature variation, an infrared sensor was

used, and the surface of the specimen was cooled

Table 1 Chemical composition of 30CrMnSiA (in wt%)

C Si Mn Cr S P Ni Cu Mo

0.30 1.08 0.91 0.95 0.01 0.01 0.02 0.01 0.03
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with compressed air. The infrared sensor measured

0–550 �C with an error range of ± 3 �C.
As a physical simulation of quasi-static deforma-

tion processes such as flow spinning or rolling, the

strain rate range for the PSC tests is generally chosen

to be in the range of 0.001–0.1 s-1 [19, 20]. Consid-

ering that alloy steel is a rate-insensitive material

under insignificant Joule heat conditions, a median

value of 0.01 s-1 was chosen as the strain rate for the

test. For steel materials, the thermal effect from the

pulsed current will gradually increase significantly

after the peak current density Jp[ 5 A mm-2 and

duty ratio d[ 20% [18, 24, 25]. In order to avoid the

influence of excessive Joule heating on test results,

the peak current density (Jp) was set to 0, 1.25, 2.5,

3.75 and 5 A mm-2 with a fixed duty ratio d of 20%;

the duty ratio (d) was set to 0, 5, 10, 15 and 20% with a

fixed peak current density Jp of 5 A mm-2. Non-

Figure 1 Specimen

preparation and microstructure

characterization: a Geometric

size and b initial

microstructure of the

30CrMnSiA.

Figure 2 CAPSC test system: a schematic of CAPSC; b actual setup of CAPSC and TAPSC test: c schematic of TAPSC; d actual setup

of TAPSC.
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current (NC) compression corresponds to the test

condition of Jp = 0 A mm-2, d = 0%. Then, Jp is

gradually increased at intervals of 10 A mm-2 up to

30 A mm-2 as an extra test set to determine the limit

of electroplasticity. Figure 2c–d shows that a ther-

mally-assisted plane strain compression (TAPSC) test

was also conducted to evaluate the Joule heating

effect on plastic behavior induced by the pulsed

current. The TAPSC test temperature was steady at

135 �C ± 3 �C, the highest temperature measured in

CAPSC tests.

The electron backscattered diffraction tests (EBSD,

acceleration voltage of 20 kV, step sizes of 0.12 lm)

were carried out on the LD-ND plane of the deformed

specimens under no-current and pulsed current-as-

sisted conditions (Jp = 30 A mm-2, d = 20%) after

compression, as shown in Fig. 3. The EBSD data was

processed using Channel 5 software and the

MATLAB-based open-source package tool MTEX

[26]. A critical misorientation angle h of 15� was used

to define the grains and determine the different

boundary types. Accordingly, the low-angle grain

boundaries (LAGBs) were defined as h = 5–15�
boundaries, while the high-angle grain boundaries

(HAGBs) were defined as h[ 15� boundaries [27].

Test results

Plastic hardening behavior during CAPSC
test

Figure 4 shows the true stress (r)–plastic strain (ep)
curves under different current conditions during

CAPSC, which were calculated from the force and

displacement data of the test system using a formula

described in the literature [17]. Figure 5 shows the

specimen temperature variation under different cur-

rent conditions during the test. Each temperature

curve has two distinct stages: rising and stable. The

testing machine load was applied 120 s after the

pulsed power was provided to ensure that the spec-

imen temperature reached equilibrium. The maxi-

mum reduction in true stress is around 13% under a

pulsed current condition of Jp = 30 A mm-2, d = 20%

when true plastic strain ep = 1.2. Meanwhile, the

temperature gradually increases as Jp and d increase.

It is commonly acknowledged that the stress reduc-

tion generated by the pulsed current can be attrib-

uted to the thermal softening caused by Joule heating

and the electroplastic effect [3, 28]. The proportional

contribution of the two factors above to stress

reduction varies between materials and test settings

[14]. As can be seen in Fig. 5, the maximum temper-

ature during the CAPSC test was around 135 �C
(corresponding to the parameters of Jp = 30 A mm-2,

d = 20%). In comparison, the maximum reduction of

the true stress is only 2.04% in the TAPSC test, indi-

cated by the red line in Fig. 4a. For conventional

structural steel, thermally-induced stress reduction

ranged from 100 to 200 �C has been reported to be

about 2–4% by Waibhaw et al. [29]. Therefore, the

pulsed current effect dominates the stress reduction

of 30CrMnSiA during the CAPSC test within the set

current parameters, whereas the Joule heating effect

contributes less to the reduction.

Similar to the test results of Zhao et al. [3], the true

stress does not considerably decrease as the d rises

Figure 3 Sampling location of EBSD sample at deformed specimen.
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from 15 to 20% with almost the same value. It indi-

cates that Jp and d have insignificant effect on stress

reduction once they have achieved a crucial satura-

tion [30]. The premise of the conclusion is that the

temperature rise effect of the test is insignificant.

According to Molotskii et al. [31], the pinned dislo-

cations are unpinned by the current-induced mag-

netic field, reducing dislocation motion resistance. To

describe the short-range stress subject to the electro-

plasitc effect, Xu et al. [14] proposed a uniformed

equation based on Molotskii theory that includes a

logarithmic functional term for the current density to

describe the short-range stress subject to the electro-

plasitc effect. The equation illustrates that as current

density increases, the number of pinning bonds that

can be unpinned by the current steadily decreases.

More electrical energy will be converted into heat

dissipation. Therefore, when the current density

increases to the point where significant temperature

rise effects occur, the Joule heating effect caused by

the current will gradually become the main factor in

the decrease of stress, as reported in most research

[5, 32, 33].

Microstructure observation of CAPSC test

Figure 6 shows the EBSD grain orientation diagram

at ep = 0.8 and 1.2 under the non-current (NC) and

pulsed current of Jp = 30 A mm-2, d = 20% (PC)

conditions. The HAGB and LAGB are denoted by

black and red lines, respectively. The microstructure

of the specimens evolved from coarse grains to

refined grains compressed along the ND direction

after deformation. The mechanism of microstructural

evolution during the severe forming process is pri-

marily regarded as strain-induced grain refinement.

(a) (b)

Figure 4 True stress—plastic strain curves under a different Jp of 0–30 A mm-2 when the d is equal to 20% and b different d of 0–20%

when Jp is equal to 5 A mm-2.

(a) (b)

Figure 5 Measured surface temperatures of specimen under different current parameters: a different peak current densities and b different

duty ratios.
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The schematic of the mechanism is presented in

Fig. 7. The original coarse grains (Stage I) gradually

produce dislocation cells and LAGBs (Stage II)

through dislocation entanglement and accumulation

mechanisms in the early deformation stage; with

further plastic deformation, the dislocation cells or

LAGBs gradually transform into HAGBs, thus

achieving grain refinement (Stage III) [34]. At the

same plastic strain deformation, the degree of coarse

grain deformation under the PC condition is more

significant than that in the NC condition, as shown in

Fig. 6c versus a, as well as Fig. 6d versus b. It is

reasonable to assume that the pulsed current effect

reduces slip resistance and induces grain conversion

from the hard phase to the soft phase, which is ben-

eficial to even deformation [32].

The pulsed current also significantly impacts the

grain size distribution in the microstructure. Figure 8

shows the grain size distribution of deformed speci-

mens under different conditions. The lognormal

function can fit the grain size distributions, as shown

in Fig. 8, with the red curves. The black curves in

Fig. 8 represent the cumulative frequency obtained

by integrating the frequency distribution function.

The above EBSD data calculated the three parame-

ters, Dmean, D50, and D90, to evaluate the grain size

distribution [35]. Dmean is the mathematical expecta-

tion of the distribution function and represents the

weighted average of all grain sizes. D50 represents the

diameter corresponding to a cumulative frequency of

50%, i.e., the median in statistics. Similarly, D90 was

also evaluated. D50 and D90 are clearly close for both

conditions at ep = 1.2, at about 0.64 lm and 1.27 lm,

respectively. It indicates no statistically significant

difference in overall average grain size.

However, the Dmean under the PC condition was

significantly lower than that under the NC condition

at the same deformation condition, decreasing

from1.87 to 1.56 lm at ep = 0.8 or from 0.68 to

0.58 lm at ep = 1.2. The result shows more fine grains

under the PC condition than under the NC condition.

The percentage of fine grain sizes (smaller than

Figure 6 Orientation maps of

30CrMnSiA under different

test conditions: a NC at

ep = 0.8, b NC at ep = 1.2,

c PC at ep = 0.8 and d PC at

ep = 1.2.

Figure 7 Schematic model of strain-induced grain refinement mechanism under severe plastic deformation condition.
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0.5 lm) increased from 27.3% under the NC condi-

tion to 45.5% under the PC condition, respectively.

Because local high current density regions exist near

the grain boundary region of refinement grains, this

may result in low-temperature dynamic recrystal-

lization [5, 6, 15]. High pulsed current density pro-

duces extra non-thermal driving forces that promote

diffusion. The additional driving force Fe
- generated

by the pulsed current raises the activation energy of

the atoms. It also encourages atomic to climb the

barriers [12, 36], resulting in dynamic recovery. As a

result, dislocations climb and arrange themselves as

HAGBs, facilitating stage III of the grain refinement

process depicted in Fig. 7 and resulting in a higher

percentage of fine-grain [5].

Effect of pulsed current on microstructure
evolution mechanism during CAPSC test

To evaluate the effect of pulsed current on the grain

refinement mechanism during CAPSC, the kernel

average misorientation (KAM) and geometrically

necessary dislocations (GND) were calculated based

on the EBSD data. The KAM was used to determine

the average misorientation between the center and

adjacent pixels, ranging from 0� to 5�. This method is

commonly used to estimate local misorientation. The

KAM value was used to calculate the GND required

for the plastic deformation process. The formula for

determining the GND density is given below [37]:

qGND ¼ 2KAM=lb ð1Þ

where, qGND is the geometrically necessary disloca-

tions. l represents the step of the EBSD data and b is

the burgers vector. b is equal to 2.58 9 10–10 m for

BCC material [38]. Figure 9 shows the GND maps

under different conditions. Many LAGBs (red lines)

are included inside the grain of Fig. 9a, indicating

that the region is in initial stage II of grain refinement

at ep = 0.8, the formation stage of sub-grain bound-

aries and dislocation cells, as shown in Fig. 7. Fig-

ure 9b indicates that stages II and III of grain

refinement can be observed, as there is still a large

amount of GND density inside the grains, proving

that the grain refinement is not fully completed under

the NC condition. However, grain refinement stages

(a) (b)

(c) (d)

Figure 8 Grain size distribution of 30CrMnSiA alloy structural steel under different test conditions: a NC at ep = 0.8, b NC at ep = 1.2,

c PC at ep = 0.8 and d PC at ep = 1.2.
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II and III already exist simultaneously at ep = 0.8

under the PC condition (Fig. 9c), and grain refine-

ment is fully completed at ep = 1.2 (Fig. 9d). Com-

pared to Fig. 9b, there is less GND density inside the

grains in Fig. 9d. It shows a decrease in mean GND

from 2.24 9 1016 m-2 in Fig. 9b to 1.58 9 1016 m-2 in

Fig. 9d.

Figure 10 shows the frequency distribution of

misorientation angles under different conditions. The

percentage of LAGBs and HAGBs under NC and PC

conditions varies correspondingly with increasing

strain. Specifically, LAGBs decrease with increasing

strain, whereas HAGBs increase with increasing

strain. The pulsed current has an evident effect on

grain refinement. The percentage of LAGBs of NC

conditions decreases from 40.6 to 28.6% of PC con-

ditions at ep = 0.8, while there is an increase in

HAGBs from 27.1 to 41.7%. At the final stage of

deformation (ep = 1.2), both percentages of HAGBs

and LAGBs under the PC condition are higher than

that under the NC condition, which is different from

the situation at ep = 0.8. It indicates that the pulsed

current effect on the grain refinement mechanism

differs at various strains. The pulsed current boosts

the rotation speed (x) of grains and sub-grains,

decreasing grain boundary energy. As a result, grain

misorientation increases, promoting the transforma-

tion of both LAGBs and HAGBs in a manner akin to

the recovery effect of microstructure [39], as shown in

Fig. 11. However, refining the grains further becomes

difficult at the final stage of deformation when the

percentage of HAGBs is close to saturation [40]. In

this case, the pulsed current effect mainly accelerates

the transition from local misorientation to LAGBs,

leading to a higher proportion of LAGBs under the

PC condition at high strain.

Modified dislocation density-based
constitutive model

Dislocation density-based constitutive
model of microstructure evolution under no-
current condition

It is clear that the CAPSC test is subject to the elec-

troplastic effect, and the grain refinement is obvious.

During this process, dislocation cells within the

grains continuously accumulate and transform into

HAGBs with increasing plastic strain. The high-

Figure 9 GND map of 30CrMnSiA alloy structural steel under different test conditions: a NC at ep = 0.8, b NC at ep = 1.2, c PC at

ep = 0.8 and d PC at ep = 1.2.
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energy pulsed current also significantly accelerates

this process. To accurately characterize the transfor-

mation mechanism of dislocation density in grains

and boundaries during severe plastic deformation,

Estrin and Toth et al. [41] proposed a dislocation

density evolution model based on the K-M disloca-

tion density model. The physical-based model

accurately predicted the hardening behavior and

microstructure evolution of grain size in a variety of

forming processes, including multi-pass rolling at

room temperature with significant plastic deforma-

tion and grain refinement [40, 42]. The dynamic

evolution equations of dislocation density between

grain interior and grain boundary are modified into

(a) (b)

(c) (d)

Figure 10 Misorientation angle distributions under different test conditions: a NC at ep = 0.8, b NC at ep = 1.2, c PC at ep = 0.8 and d PC

at ep = 1.2.

Figure 11 Schematic diagram of the pulsed current effect on the transformation of LAGBs and HAGBs during CAPSC test.
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three coupled differential equations. The model

reveals a complex mechanism of dislocation accu-

mulation, annihilation, and microstructure evolution

during deformation [40]:

dqc
dc

¼ a�
1
ffiffiffi

3
p

b

ffiffiffiffiffiffi

qw
p

_crw � b�
6

bdave 1� fð Þ1=3
_crc

� K0
_crc
_c0

� ��1=n

qc _c
r
c ð2Þ

dqws
dc

¼ b�
ffiffiffi

3
p

1� fð Þ
fb

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

qws þ qwg
p

_crw þ b�
6 1� fð Þ2=3

bdavef
_crc

� K0
_crw
_c0

� ��1=n

qws _c
r
w

ð3Þ

dqwg
dc

¼ nb�
6 1� fð Þ2=3

bdavef
_crc ð4Þ

where, qws and qwg represent the statistical dislocation

density and geometrically necessary density of grain

boundaries, respectively. The sum of them is the grain

boundary dislocation density: qw = qws ? qwg. c repre-

sents the shear strain. Themodel uses shear strain as the

independent variable of the three equations because

shear stress and shear deformation cause Frank-Read

dislocation multiplication and slip. The first term in

Eqs. (2) and (3) represents the Frank-Read source-acti-

vated dislocations. The second term indicates the num-

berof interiorgraindislocations thatare transformedinto

grain boundary dislocations, and the third term repre-

sents the rate of dislocation annihilation due to recovery.

AsshowninEq. (4), aportion (scale factorn = 0.01)of the

grain boundary dislocation is transformed to the geo-

metrically necessary density, and the rest is the statistical

dislocation density [40]. a*, b* and K0 are the fitting

parameters of the model. b is the burgers vector, and f

denotes the volume fraction of grain boundaries in the

microstructure. The resolved shear strain rates in the

grain boundary and grain interior are denoted by _cw and

_cc, respectively. To meet the requirement of strain com-

patibility, the resolved shear strain rate of grain interior

andboundary shouldbe consistent, i.e. _crw ¼ _crc ¼ _cr. _c0 is
a material constant called the reference resolved shear

strain rate. dave represents the average grain size of the

microstructure predicted by the model, which can be

calculated as follow:

dave ¼ K=
ffiffiffiffiffiffiffi

qtot
p ð5Þ

where, K is a material constant and is equal to 10 for

the ferrite phase [40]. qtot is the total dislocation

density. Based on the rule of mixtures, the total dis-

location density can be estimated as follows:

qtot ¼ fqw þ 1� fð Þqc ð6Þ

The volume fraction f of the grain boundary

gradually decreases with the increasing strain and

approaches a stable value after reaching the high-

strain region, which can be expressed as an expo-

nential function as follows [41, 43]:

f ¼ f1 þ f0 � f1ð Þ � exp �c
~c

� �

ð7Þ

where, f0 and f? represents the initial grain boundary

volume fraction and the grain boundary volume

fraction in the steady state stage, respectively.

According to reference, the f0 and f? value for steel

are 0.29 and 0.077, respectively [40]. ~c is a model

parameter that affects the rate at which the f de-

creases with increasing strain.

Besides, the resolved shear stress in grain interior

src and grain boundary srw are related to dislocation

density and resolved strain rate as described below:

srw ¼ aGb
ffiffiffiffiffiffi

qw
p _cr

_c0

� �1
m

ð8Þ

src ¼ aGb
ffiffiffiffiffi

qc
p _cr

_c0

� �1
m

ð9Þ

where, m represents the rate sensitivity index and it is

a material parameter. G is the shear modulus. Also,

the total resolved shear stress satisfies the volume

rule of the mixture:

sr ¼ fsrw þ 1� fð Þsrc ð10Þ

At last, the model believes that the stress caused by

dislocation interaction can be decomposed into

internal stress ri due to long-range obstacles and

yield stress r0 due to short-range obstacles [44]:

r ¼ r0 þ ri ð11Þ

According to the principle of equivalent plastic

deformation work, the relationship between the

internal stress and the resolved shear stress can be

obtained: ri ¼ Msr. Similarly, _cr ¼ M _e, where _e rep-

resents the equivalent plastic strain rate. However,

the model is rate-independent and is taken as 0.01 s-1

in this study since the temperature rise is insignifi-

cant. r0 is the yield stress contribution associated
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with obstacles, such as precipitates, commonly a

material constant.

The parameter fitting of the constitutive model

adopts a comprehensive algorithm combining the

Levenberg–Marquardt optimization algorithm and

the Runge–Kutta numerical solution method for a

differential equation set based on MATLAB software,

as shown in Fig. 12. Equation (7) associated with the

solution variable c is rewritten as a differential

equation for the convenience of the solution, i.e.:

df

dc
¼ f0 � f1ð Þ � exp �c

~c

� �

� �1

~c

� �

ð12Þ

Equations (2)–(4) and (12) are a set of differential

equations related to resolved shear strain c. It can be

solved using the Runge–Kutta numerical method if

the model parameters are determined. The objective

function of the model fitting method is to optimize

the material parameters to minimize the error

between the test stress rtest and the predicted stress

rpre. The algorithm is fitted as follows. The material

constants of the model are determined from the lit-

erature, as shown in Table 2. The table mainly shows

the material constants of the ferrite phase of

30CrMnSiA. An iterative algorithm is adopted to fit

the material parameters shown in Table 3. The opti-

mization objective of the algorithm is to minimize the

overall stress deviation value, and the optimization

function is:

minDr ¼ 1

N

X

N

i¼1

rpre � rtest
�

�

�

�

 !

ð13Þ

Figure 12 Fitting procedures of dislocation density evolution model.
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where, N is the number of stress-plastic strain data

from the CAPSC test. The gradient descent algorithm

continually updates the material parameters, as

shown in Fig. 12. When the average error in the

model prediction of stress is equal to or less than the

limit value d, it demonstrates that the material

parameters of the optimal solution are achieved so

that the material parameters of the last i ? 1 step are

output as the optimal solution. The results of the

eight material parameters fitted by the algorithm are

shown in Table 3. The fitting results are shown in

Fig. 13 with a correlation coefficient (R2) of 0.96,

demonstrating that the dislocation density evolution

model frame can characterize the deformation hard-

ening mechanism of 30CrMnSiA under non-current

conditions.

Dislocation density evolution constitutive
model under different pulsed current
conditions

The model is modified to incorporate the electro-

plastic effect in this section. Four parameters, namely,

K0, ~c, m, and r0, highlighted in the blue box in Fig. 12,

are assigned as the material parameters related to the

electroplastic effect. The material parameters listed in

the orange box are considered material constants

unrelated to the electroplastic effect. K0 represents the

effect of the pulsed current on the dislocation anni-

hilation rate, and ~c represents the effect of the pulsed

current on the grain refinement process. The influ-

ence of pulsed current on dislocation annihilation

and grain size has been verified in Sect. 3.1.2 and

several other literature sources [5, 13]. Furthermore,

the parameter m can be affected by high-energy

fields; thus, evaluating the influence of pulsed cur-

rent on m is essential [45]. Studies have demonstrated

that the electroplastic effect can modify the yield

strength r0 and is also characterized as a function of

the pulsed current parameters [3].

The test data with pulsed current parameters of

Jp = 1.25–5 A mm-2 and d = 5–20% served as the

material parameter fitting group for the model. The

test data with pulsed current parameters of Jp = 10–

30 A mm-2 and d = 20% served as the validation

group to evaluate the prediction accuracy of the

constructed model. After fitting the stress–strain

curves of the material parameter fitting group by the

algorithm shown in Fig. 12, the material parameters

of K0, ~c, m, and r0 that vary with current parameters

can be determined. It is necessary to construct the

evolution equations of K0, ~c, m, and r0 to determine

the relationship between material parameters and the

pulsed current parameters. The electroplastic effect is

nearly proportional to the equivalent current density

in the metal [46]. According to the classical electro-

plastic theory, the electron wind force per unit length

of dislocation Few is proportional to the equivalent

current density Jrms, which is [12, 47]:

Few ¼ e � ne � Jrms �
R

q
ð14Þ

where, e and ne represent the electron charge and

density, and Jrms represents the equivalent current
Figure 13 Comparison between the test data and calculated true

stress from the dislocation density evolution model under non-

current condition.

Table 2 Material constants of

the constitutive model [3, 40] a b G M K f0 f? n q0w/m
-2 q0c /m

-2

0.25 2.58E-10 85,246 3.06 10 0.29 0.077 0.01 1.194E12 1.194E12

Table 3 Material parameters

of constitutive model under

non-current condition

n _c0/s
-1 a* b* m K0 ~c r0/MPa

87,273.57 1.90E7 252.4 1.47E-5 6.34 7.7634 0.4479 670.71
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density. R/q represents the resistivity per unit length

of dislocation. The equation shows that the electrical

wind force associated with the electroplastic effect

mechanism is proportional to the equivalent current

density. However, the stress reduction calculated by

Eq. (14) is significantly less than the test data in

numerous published papers [36]. One possible

explanation is that the e, ne, and R/q are difficult to

determine precisely during the deformation. In

addition, the electron wind force mechanism does not

consider the local Joule heating effect and energy

exchange between electrons and dislocations caused

by electron motion [12]. Although the mechanism of

the electroplastic effect is not completely understood,

the electroplastic effect is always associated with Jrms

[3, 13, 14]. Therefore, this study adopts the equivalent

current density Jrms as a measure of the electroplastic

effect, which is calculated as follows [48]:

Jrms ¼ lim
T!1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

2T

Z T

�T
f tð Þ½ �2dt

s

¼ Jp
ffiffiffi

d
p

ð15Þ

Figure 14 shows the relationship between Jrms and

the parameters K0, ~c, m, and r0. K0 increases with the

increase of Jrms. r0 and ~c decrease with the increase of

Jrms. However, when Jrms approaches a high value,

they all approach stability. As a result, an exponential

function can fit the effect of current density on K0, ~c,
and r0. The product of the exponential function and

the sine/cos function is employed to fit the m since

the trend of m initially increases and subsequently

decreases until it becomes stable. It is due to limited

values for the effect of electroplasticity, as described

in Sect. 3.1.2. The law of material parameters tends to

be stable at the high current density region, which

can also be observed in other research [3, 13]. Fig-

ure 14 also shows the best function fit results for the

four parameters with red lines, and the empirical

expressions of each fitting function are provided

below:

K0
0 ¼ b1 þ b2 � b1ð Þ � exp �Jrms

b3

� �

ð16Þ

(a) (b)

(c) (d)

Figure 14 Best function fit of the model parameters: a K0
0, b c0, c m0 and d r00.
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~c0 ¼ b4 þ b5 � b4ð Þ � exp �Jrms

b6

� �

ð17Þ

m0 ¼ exp �a1 � Jrmsð Þ � a2 sin a1 � Jrmsð Þ � a3 cos a1 � Jrmsð Þð Þ
þ a4

ð18Þ

r00 ¼ b7 þ b8 � b7ð Þ � exp �Jrmsð Þ ð19Þ

where, K0
0, ~c m0, and r00 represent the material

parameters considering the electroplastic effect,

respectively. b1 * b8 and a1 * a4 are the fitting

parameters of the constitutive model, as shown in

Table 4.

Accuracy evaluation of the model
under different pulsed current conditions

Figure 15a and b shows the comparison of the model

prediction with the test data under the different

conditions of the fitting group. The result shows that

the dislocation density evolution model considering

the electroplastic effect presents a good agreement

with test data under different pulsed current

parameters, which indicates that the modified model

can characterize the hardening behavior of

30CrMnSiA in the whole plastic deformation region

with and without pulsed current. In addition, the

predictive error of the model for the validation data

group with the current parameters of Jp = 10–

30 A mm-2 and d = 20% is also small, as shown in

Fig. 15c. The correlation coefficient (R) and the aver-

age relative error (AARE) are employed to evaluate

the accuracy of the established constitutive model

quantitatively [49]:

R ¼
PN

i¼1 Ei � E
� �

� Pi � P
� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

PN
i¼1 Ei � E
� �2�

PN
i¼1 Pi � P
� �2

q ð20Þ

AARE ¼ 1

N

X

i¼N

i¼1

Ei � Pi

Ei

�

�

�

�

�

�

�

�

� 100% ð21Þ

where, Pi and Ei represent the predictive stress of the

constitutive model and test stress, respectively. P and

E represent the average of predictive and test stress,

respectively. N denotes the number of all stress–

strain data. Figure 16 shows the correlation between

the predicted data and the test data. There are only

slight differences between the test data and the pre-

dictions. The R and AARE for the fitting group are

0.994 and 0.811%, respectively. In addition, the R and

AARE for the validation group are 0.974 and 4.56%,

which implies that the constitutive model can accu-

rately predict the plastic deformation behavior of

30CrMnSiA that takes the electroplastic effect into

account. For simulation and process optimization of

the CAFS, the dislocation density evolution consti-

tutive model has excellent high accuracy over a wide

plastic strain range under the electroplastic effect.

Conclusion

The pulsed current-assisted deformation behavior of

30CrMnSiA was investigated by the CAPSC test, and

the microstructure difference of the deformed speci-

men under non-current and pulsed current condi-

tions was analyzed based on EBSD technology, a

dislocation density evolution model considering

microstructure evolution and the electroplastic effect

was proposed to describe the hardening behavior

under different pulsed current parameters. The main

conclusions are as follows:

1. The effect of pulsed current on stress reduction

positively correlates with increasing pulsed cur-

rent parameters but decreases until it becomes

stable beyond certain current parameter values.

With Jp = 0–5 A mm-2 and d = 0–15%, the true

stress gradually declines as Jp and d increase.

However, the stress reduction rate slows signif-

icantly when Jp increases from 5 to 30 A mm-2 at

d equal to 20%, or when d increases from 15 to

20% at Jp equal to 5 A mm-2. This indicates that

the electroplastic effect of 30CrMnSiA has a

saturation limit under the condition of insignif-

icant thermal effect.

2. Under plane strain deformation, the recovery

mechanism induced by the pulsed current pro-

motes the transition of the dislocation cell inside

the grains to HAGBs, resulting in the reduction of

GND and the enhancement of the proportion of

fine grains under PC conditions. The proportion

Table 4 Coefficients of

parameter evolution functions b1 b2 b3 b4 b5 b6 b7 b8 a1 a2 a3 a4

11.66 7.761 0.1882 0.4018 0.448 0.1634 562.7 662.9 0.9169 1.312 0.05043 6.412
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of both LAGBs and HAGBs was significantly

higher in the PC condition compared to the NC

condition at ep = 1.2, indicating that the pulsed

current leads to more effective grain refinement.

The PC condition also yielded 45.5% fine grains

after deformation, up from 31.7% in the NC

condition.

3. A modified dislocation density evolution model

that accurately captures the flow behavior of

30CrMnSiA during CAPSC by incorporating the

coupling effect of the grain refinement mecha-

nism and the electroplastic effect. The model

employs independent evolution functions to

describe the evolution of dislocation density in

the interior and at the grain boundary during the

LAGBs to HAGBs transformation. The correlation

coefficient and the average relative error for the

validation group are 0.974 and 4.56%, respec-

tively, which indicates that the modified consti-

tutive model can accurately predict the plastic

deformation behavior during the CAF process.
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