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Abstract: This work provides a critical assessment of electric effects on the microstructure evolution at the heat-affected zone in electric arc welding. Electric effects are the interactions between
electromagnetic fields and materials’ microstructures. They differ from the arc effect and the Joule
heating effect by providing an alternative contribution to nucleation, grain growth, recrystallisation
and tempering. The influence of the electric effect on grain size, defects, anisotropic properties,
precipitates and residual stress has been examined kinetically and thermodynamically. The use of
adaptable electric current densities, pulse durations, pulse frequencies and electrode movements is
suggested to achieve desirable microstructures and mechanical properties for the weldments.
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Electric arc welding (EAW) utilises an electric current between 100 and 1000 A to
generate the electric arc. The arc heats up an electrode and joins metallic workpieces. EAW
causes melting, solidification, recrystallisation and tempering [1]. The heat effect in EAW
has been investigated over decades. The heat-affected zone (HAZ) represents the region
where microstructures are altered. The microstructure in the HAZ is heterogeneous and
different from the other areas. For example, the grain size in the grain-growth region is
often larger than that in the recrystallisation region [2]. Despite significant research using
modelling [3,4], experiments [5] and data-driven intelligent learning [6], there remains a
further requirement to improve the quality of weldments. A more comprehensive scientific
understanding is required toward minimising the detrimental effect of the HAZ in order to
meet the progressive needs in the engineering practice.
The electric effect is different from the heat effect. The former is associated with an
electromagnetic interaction and is described by Maxwell’s equations. The latter is due to
Joule heating and is governed by Ohm’s law. Significant progress has been made in the
understanding and the application of the electric effect in the electric current processing
of materials [7]. The heat effect in electric current processing has been classified as a side
effect, along with the skin effect, the pinch effect and electromigration [8]. To illustrate
the significance of the electric effect in EAW, the current density implemented in spot
welding has been calculated and compared with the observed electric effect in other
electric-processing situations as follows: Most commercial EAW rods have a diameter
between 1.6 mm and 4.0 mm. With an operating current of 150 A, the HAZ adjacent to the
EAW rod with a 3.2 mm diameter bears an average current density of 1.86 × 107 A/m2 .
This is significant because a current density around 1.0 × 103 A/m2 has been found to
increase the mobility of atoms and dislocations by a factor of one thousand [9], and a current
density of 1.018 × 107 A/m2 has been observed to be able to change the microstructure of
low-carbon steels drastically at ambient condition [10]. In a liquid state, the critical value
for the density of electric current to generate a considerable electric effect is much lower
than the critical value in a solid state [11]. Despite the gradual reduction of the current
density from the electrode across the HAZ to the matrix, due to the incrementation of
the cross-section perpendicular to the current flow direction, the electric effects on liquid
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critical value in a solid state [11]. Despite the gradual reduction of the current density from
the electrode across the HAZ to the matrix, due to the incrementation of the cross-section
perpendicular to the current flow direction, the electric effects on liquid metal, grain
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Thermodynamically, electric current free energy is described by the Landau theory in
the following format [21]:
1
Ge = − µ0 µij Hi H j
(1)
2
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where µ is the magnetic permeability and Hi is the i-th component of the magnetic field. Another format, obtained from an a priori derivation, according to Maxwell’s equation, is [22]:
Ge = −

→
→
1 x µ(v0 ) J (v0 )· J (v)
dvdv0
8π
|v − v0 |

(2)

→

where J (v) is the electric current density at a space position with an infinitesimal volume,
dv. v and v0 represent two different positions within the material. Equation (2) shows
that the electric current free energy is dependent on the spatial distribution of the current
density. Any microstructural transformation can cause a change in the local electrical
properties and, subsequently, a change in the local electric current density. For example, a
grain-size refinement causes an increase in interface fraction. The electrical conductivity of
the interface is different from that of the bulk crystals [23]. The grain refinement, therefore,
causes the change in electric current free energy. In an inverse understanding, it can be said
that the passing electric current affects the grain refinement. The change of electric current
free energy, according to Equation (2), is dependent on the average current density square,
the change in the electrical conductivities due to the microstructural evolution and the
volume of materials. The detailed formats for the materials, at some specified geometries,
have been calculated and are available in the literature [24,25].
The total free energy in the microstructure transformation consists of the chemical
free energy, interface energy, strain–stress energy and electric current free energy [26]. The
electric current free energy can change the system free energy differently than the heat
effect. As discussed earlier in the present work, the kinetic effect of the electric current
expedites the process and makes the material’s microstructures evolve quickly along the
new thermodynamic trend.
2.2. Electric Effects on Grain Growth
The electric current enhances the diffusivity drastically when the current density
surpasses a critical value of 1.0 × 103 A/m2 [9]. In diffusion-limited growth, the graingrowth rate is given by [27]:
→
v n = − D n̂·∇c
(3)
→

where n̂ is a normal direction of a solid–liquid interface, v n is the growth rate along n̂ and
∇c is the gradient of the solute composition. Equation (3) shows that the electric current expedites the grain growth via an enhanced diffusivity. The higher grain-growth rate means
a shorter nucleation time and, hence, a larger average grain size. A conventional consideration based on the heat effect in EAW suggests that coarse grains are formed because
the molten materials are solidified in a low-temperature and high-thermal-conductive
substrate. Equation (3) indicates an extra electric effect that contributes to the formation
of a coarse-grained microstructure. It is well known that a high cooling rate causes the
formation of brittle martensite in the medium- and high-carbon steel workpieces [28].
These steels are therefore classified as not weldable. If the diffusivity of carbon could
be accelerated drastically by the electric effect and could surpass the quenching effect,
the formation of brittle martensite would be avoidable because the carbon atoms could
diffuse away from the body-centred-cubic phase to form carbides or to move to the residual face-centred-cubic austenite phase [29]. This means that the electric effect could, in
principle, change the weldability of some engineering steels. Further investigations are
required to assess its feasibility and to capitalise on this idea. The research could include
the optimisation of the arc geometry and the electric current parameters to balance the
diffusion and the rapid solidification.
From a thermodynamic point of view, the electric effect promotes microstructure
evolution toward the state with the highest electrical conductivity [30]. It is well known
that the crystalline phase has a higher electrical conductivity than the corresponding liquid
and amorphous phases [31]. This indicates another growth that is due to the percolation
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The enhanced nucleation rate is favourable to the grain refinement in casting. In the early
stage of crystal growth, the electrical conductivity of the nanoscale crystalline is often
anomalous [40] and can sometimes cause the suspension effect to prolong the nucleation
time [41]. The overall contribution from the electric effects on the final grain size in the
HAZ is decided by the competition between various factors. This is, however, controllable
and can be adjusted to achieve the favourable microstructure and prevent the undesirable
microstructure from developing.
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2.3. Electric Effect on Recrystallisation
Recrystallisation is a microstructural relaxation driven by the second law of thermodynamics in a minimisation of the system’s free energy without a phase transition [42].
It is often achievable by the minimisation of the interface energy and the mitigation of
residual stress. An example is the spheroidisation of lamellar grains [43]. The total interface
energy is reduced via the microstructural evolution. The heat effect is known to improve
the diffusivity and expedite the recrystallisation. The residual strain–stress energy also
provides a thermodynamic driving force for recrystallisation. The electric effect provides
not only higher mobility to enable quicker recrystallisation but also an extra electric current
free energy to enable the finer than conventionally expected microstructure to form. The
mechanism behind this is indicated in the following equation:
Sbe f ≥ Sa f t + (∆Ge + ∆Gs )/σ

(4)

where Sbe f and Sa f t are the interface areas before and after recrystallisation, respectively.
∆Ge and ∆Gs are the electric current free energy difference and stress–strain energy difference in the recrystallisation, respectively. σ is the interface tension. In the case when
∆Ge + ∆Gs = 0, the total interface area after the spheroidisation should be less than the
area before recrystallisation. For any given morphology of elongated grain, Equation (4)
can be used to calculate the minimum average grain size after recrystallisation. When the
electric current free energy satisfies ∆Ge < 0, it is unnecessary to have Sbe f ≥ Sa f t because
the negative value of ∆Ge can be used to compensate for the extra interface energy in the
grain refinement. This means that the minimum grain size from a traditional theoretical
prediction can be exceeded [44]. The finer microstructures have been observed experimentally [45]. The negative electric current free energy is obtainable when the electrical
conductance of the materials increases after the recrystallisation.
To illustrate this straightforwardly, a numerical calculation for the current density
distribution was performed and the electric current free energy was calculated according
to Equation (2). These results are shown for the first time, as follows. The numerical data
were plotted using MatVisual software. The electric current density was obtained by first
calculating the static electric potential distribution and then using Ohm’s law to calculate
the electric current. The static electric potential distribution was calculated by a relaxation
method and Kirchhoff’s law. The virtual system was subjected to an electric potential difference of 20 V in a horizontal direction. The electrical potential in the left end was higher than
that in the right end. The material contained two phases. The matrix had a higher electrical
conductivity than that of the embedded phase. For a realistic calculation, the physical parameters of ferrite (electrical conductivity at 9.17 × 106 S · m−1 and magnetic permeability
300µ0 ) were used for the matrix, and the physical parameters of cementite (electrical conductivity at 1.22 × 106 S · m−1 and magnetic permeability 30µ0 ) were used for the embedded
phase. The calculation was performed on a lattice containing 201 × 91 × 81 number of
cubic grids. The electric current distribution is shown in Figure 3. The grains at flat shapes
shown in Figure 3a are broken and spheroidised in Figure 3b. The numerical calculation
shows that the electric current free energy in Figure 3b is much lower than that in Figure 3a.
The electric effect has promoted the formation of a finer microstructure.
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high-carbon pearlitic-steel wire (Fe–0.8C–0.2Si–0.5Mn wt.%) to 60% elongation and obtained very fine cementite particles. Figure 4 shows a scanning electron microscope (SEM)
image after recrystallisation of this wire. The figure is shown for the first time in the present work. Spheroidized nanoscale FeC3 particles are seen throughout the image, while
the original microstructure before recrystallisation was a deformed lamellar pearlite.
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Figure 3. The electric current distributions in a high-conductive matrix containing low-conductive (a) plate shapes and (b)
Figure 3. The electric current distributions in a high-conductive matrix containing low-conductive (a) plate shapes and (b)
broken and spheroidised grains.
broken and spheroidised grains.

For the materials containing residual stress, the recrystallisation-induced residualstress mitigation means a negative value of strain–stress energy (∆Gs < 0). The release
of the residual strain–stress energy can contribute to the microstructure evolution in
recrystallisation and makes the grains even finer. The residual stress is often formed
during the phase transition, quenching and mechanical deformation. The combination
of the electric effect and the residual stress effect has been implemented to fabricate
nanostructured steels [45,46]. Electric current pulses were applied at around 109 A/m2 to a
cold-drawn high-carbon pearlitic-steel wire (Fe–0.8C–0.2Si–0.5Mn wt.%) to 60% elongation
and obtained very fine cementite particles. Figure 4 shows a scanning electron microscope
(SEM) image after recrystallisation of this wire. The figure is shown for the first time in the
present work. Spheroidized nanoscale FeC3 particles are seen throughout the image, while
the original microstructure before recrystallisation was a deformed lamellar pearlite. It is
not possible to form such fine grains by rearrangement of the interface energy alone. The
electric effect and residual stress have both played their roles.
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2.4. Electric Effect on Tempering
Tempering is a heat treatment to improve a material’s mechanical properties, such
as fracture toughness and the distribution of residual stress. The influence of the electric
current on the diffusivity and the free energy allows the electric current to accelerate the
structural relaxation. Experiments have shown the electric effects on the hardness, tensile
property, residual stresses, microstructures and dislocation density of quenched mediumcarbon steels [49] and the martensite phase in dual-phase steels [50]. The wear resistance
and the corrosion behaviour in deep cryogenically treated steels have been modified
due to the accelerated diffusivity of the carbon in the formation and the configuration of
carbides [51]. The electric effect on precipitation has been reported in various alloys [52,53].
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The electric current free energy affects the phase stability sequence in the weldments.
This can be used to control the formation and the morphology of the phases and the
precipitates [62]. The effect of the electric current on the precipitations has been reported
to be either an acceleration [52] or a retardation [63,64]. Both cases should have identical
thermodynamic reasons, and the differences should come from the electrical and magnetic
properties of the precipitates and the matrix. The electric current free energy should be included in the prediction and the calculation of the phase diagram in EAW, which is possible
due to the significant progress in computational thermodynamics and phase diagrams [26].
The location of the electrode should be changed during the welding process to avoid
the formation of an anisotropic microstructure and texture in the HAZ. This can be rather
complicated due to the accompanied movement of the arc and the temperature profile.
Computation of the electric current effect [22] should be integrated with the computation
of the heat and mass transfer to optimise the EAW processing.
4. Conclusions
Through the critical assessment of the electric effects on the heat-affected zone in
electric arc welding, the following points have been drawn.
The electric effect influences the nucleation rate and the grain-growth rate in the
solidification of metals and alloys in the HAZ. The nucleation is mainly affected by the
electric current free energy, which is dependent on the electrical properties of the crystalline
and liquid metals, the microstructure and the electric current density. The grain-growth rate
is mainly affected by the current-enhanced diffusivity. An elegant design of the adaptive
electric current parameters can lead to a desirable microstructure in the HAZ.
The electric effect plays an important role in recrystallisation. Experiments have shown
the significant refinement of materials’ microstructures by the electric effect. Precautions
to be considered include the potential formation of an anisotropic structure that leads to
undesirable anisotropic mechanical properties. Design for the movement of electrodes has
the potential to minimise the anisotropic effect.
The electric effect is suitable for tempering treatment of the material’s microstructure
and properties. The current-enhanced mobility of atoms and dislocations promotes structural relaxation. Current-induced residual-stress redistribution can generate favourable
material properties in weldments.
It is possible to improve the weldability of some materials using the electric current
enhanced diffusivity.
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