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Abstract  

The effect of electropulsing on the corrosion-cracking of titanium aluminide produced by self-

propagating high-temperature synthesis has been investigated. The electropulsing treatment led 

to improved corrosion resistance in sodium fluoride solution and also eliminated corrosion 

cracking at the α2/γ interface during corrosion in a solution of nitric and hydrofluoric acids. 

This behaviour was attributed to thermal and athermal effects resulting from electropulsing and 

leading to the interaction of conduction electrons with the defect structure. Effect of magnetic 

field accompanying electropusling on depinning of dislocations also has been discussed. 

Support for this is provided based on X-ray diffraction analysis and microhardness testing.   
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1 INTRODUCTION 

Ti-6Al-4V alloy is commonly used as an implant material in dentistry owing to its good 

biocompatibility. However, its use has led to some concerns due to its relatively low wear 

resistance [1,2] and to the possible release of toxic vanadium ions into the body. [3] Alternative 

vanadium-free titanium alloys based on γ-TiAl intermetallic are therefore being considered for 

implant applications. γ-TiAl intermetallics were originally developed for aerospace and 

automotive applications in order to utilize their low density of around 3.8 Mgm-3, high specific 

strength, high creep resistance and high-temperature capability. [4,5] Their poor fracture 

toughness and low workability were the main reasons that prevented the development of these 

materials. One of the most interesting of the γ-TiAl intermetallics is based on the chemical 

composition Ti–48Al–2Nb–2Cr (at. %) which has improved plasticity, while recent research 

has demonstrated its biocompatibility in vitro [6] and in vivo. [7] One of the main requirements 

of dental implant materials is corrosion resistance particularly when exposed to fluoride 

compounds found in mouth rinses and toothpastes as well as in drinking water and tea. [8] The 

presence of crystalline defects and dislocations are factors that can have a detrimental effect on 

the corrosion resistance in metallic materials. Conventionally, thermal post-treatment is used 

for stress-relief and removal of dislocations. However, thermal treatment can be expensive and 

can also lead to effects that may be difficult to control like the growth of an oxide layer. During 

recent years, alternative low-temperature techniques like electropulsing treatment have been 

under investigation. For example, Zhu et al. [9] and Qin et al. [10] have demonstrated that the 

use of room-temperature high-energy electropulsing can reduce stresses, alter microstructures 

and accelerate phase transformations in metals. The use of a pulsed electric current rather than 
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a direct current (DC) is preferred because a short pulsed current will minimize the Joule heating 

effect and therefore prevent the development of high temperatures. [11,12] While investigations 

on the application of the technique have focused on conventional materials, little work has been 

reported on advanced materials like intermetallics and corrosion. The work which is presented 

in this paper concerns the effect of electropulsing on the corrosion-cracking in a γ-TiAl-based 

alloy that had been produced by self-propagating synthesis (SHS). 

 

2 EXPERIMENTAL  

Ti–48Al–2Nb–2Cr (at. %) intermetallic was prepared by SHS using mixed elemental powders 

which had been pressed together into a billet measuring 40 mm x 30 mm x 13 mm.  Details of 

the particle size and purity of the elemental powders are shown in Table 1. 

For the SHS reaction, the samples were placed on a ceramic support and enclosed in a 

transparent silica chamber in a flowing high-purity argon environment. The reaction was 

initiated by inductively heating the top side (30 mm x 13 mm) of the billet. By preferentially 

heating one side of the sample, the wave-propagation mode of SHS was promoted. Upon 

ignition of the reaction, glowing of the samples was observed; at that point the power was 

switched off and the self-sustaining reaction was allowed to proceed on its own accord. The 

reaction proceeded by the wave mechanism of SHS and was complete within about 5 seconds. 

Following cooling, representative samples measuring 25 mm x 6 mm x 3 mm were sectioned 

from the SHS products by means of electrical discharge machining and polished to a 3 μm 

polish.  

Electropulsing was applied to two samples by passing one pulse of an electric current along 

the length of the samples using the set up illustrated in Figure 1. A Rogowski belt was used to 

register the pulsed electric current which was in the form of a decaying sinusoid of total duration 

of about 400 μs with a peak current of approximately 82 kA. Chromel-alumel thermocouples 
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(K-type) made of 0.2 mm wires were used to register the temperature at the centre of the larger 

face of the specimens. As a result of electropulsing, a maximum temperature of 421 °C was 

recorded for the first sample and 426 °C for the second one.  

X-ray diffraction (XRD) analysis was conducted for samples in the initial and electropulsed 

states using a DRON 3M diffractometer with Cu-Kα radiation of wavelength of 0.154056 nm. 

Scans were performed for  angles from 20° to 140° at one-second intervals. The samples that 

were destined for corrosion testing were further polished to a 0.25 μm finish.  

Corrosion immersion tests were carried out in polypropylene flasks in a solution of 0.9 % 

NaF as this concentration is representative of the amount of fluoride used in commercial 

toothpastes and mouthwashes. The amount of the 0.9 % NaF solution used was 1 mm3 per 16 

mm2 of the specimen surface area. All the flasks were placed into a circulating water bath at a 

controlled temperature of 37 oC (±1 oC) for 120 hours.  

The concentrations of the released metal ions (Ti and Al) in solution after the corrosion 

immersion tests were measured by Inductive-Coupled Plasma Optical Emission Spectrometry 

(ICP) supplied by Varian 710-ES, Japan. The corrosion behaviour of samples was further 

examined by etching representative polished samples using a solution of 14 % nitric and 4 % 

hydrofluoric acids at room temperature. Microhardness measurements were conducted by using 

a Leitz GMBH Wetzlar 060-366.0 microhardness tester. 

 

3 RESULTS AND DISCUSSION 

XRD patterns of the SHS intermetallic products prior to and after electropulsing are presented 

in Figures 2a and 2b which, as expected, show the presence of γ-TiAl and α2-Ti3Al. From 

Figure 2b it is evident that following electropulsing, the XRD peaks had shifted slightly to 

the left and also became less broad.  
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Corrosion tests were undertaken using two samples each for the untreated and the 

electropulsed conditions by immersing in a 0.9 % NaF solution. The effect of corrosion based 

on ICP measurements of the concentration of the released titanium and aluminium ions into 

solution are shown in Table 2. It is apparent that the material loss was lower for the samples 

that had undergone electropulsing indicating that the application of the technique had 

increased the corrosion resistance of the material.  

The corrosion behaviour was further examined by etching representative polished samples 

using a solution of 14 % nitric and 4 % hydrofluoric acids. Examination of the etched surface 

by means of light microscopy revealed evidence of the development of several microcracks 

on the etched surface of the untreated samples as shown in Figure 3a. The microcracks 

occurred at the interface between the alternating γ-TiAl and α2-Ti3Al phases. This type of 

behaviour is similar to stress-corrosion cracking which typically occurs as a result of the 

presence of dislocations at grain boundaries in metals. The etched samples that had been 

subjected to electropulsing exhibited a significant reduction in the number of microcracks and 

in fact showed no evidence of microcracking at the α2/γ interface at all as presented in 

Figure 3b. The only microcracks that occurred in the samples that had undergone 

electropulsing were situated at the interface of the α2/γ clusters. 

The observation that the electropulsed samples had improved corrosion resistance and that 

upon etching they showed no microcracking at the α2/γ interface suggested that electropulsing 

had led to a reduction in the number of dislocations and in the interfacial microstraining. In 

order to verify this, microhardness tests were carried out and it was observed that following 

electropulsing, there was a significant drop in the microhardness from HV 357 to HV 284. 

Inspection of the XRD patterns in Figures 2a,b also revealed that following electropulsing, 

the XRD peaks had shifted slightly to the left and also became less broad. A decrease in the 

breadth of the peaks is associated with an increase in the coherent scattering domain size and 
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with a reduction in the number of defects like dislocations in the structure. These effects can 

be analyzed using the Williamson-Hall equation which is presented below: 

                                              β cos θ = (λ / L) + 4ε sin θ ,                                           (1) 

where β is the width of the X-ray half-peaks in radians, θ is the angle of diffraction, λ is the 

wavelength of the XRD beam, L is the coherent scattering domain size and ε is the microstrain 

present in the material. A plot of β cos θ against sin θ shows a linear relationship with a slope 

equal to 4ε and intercept (λ/L). While this approach may not necessarily yield absolute 

microstrain values (owing to the various assumptions in its derivation), it can be used to assess 

the relative nature of a material.  

The obtained data for γ-TiAl show that electropulsing led to a decrease from 4.9110-2 to 

2.7410-2 in the microstrain, while in the case of the α2-Ti3Al the change was from 1.9610-2 

to 1.5010-2. These measurements are indicative of a reduction in the number of dislocations 

in the α2/γ aluminide. In addition, an increase in the coherent scattering domain size was 

observed from 14.67 nm to 19.01 nm for γ-TiAl and from 8.10 nm to 10.51 nm for α2-Ti3Al.  

The shift of the diffraction peaks to a lower angle indicated that there was an increase in 

the lattice parameters of the constituent phases as a result of electropulsing. This was 

accompanied with an increase in the c/a ratio of the face-centred tetragonal γ-TiAl from an 

initial value of 1.0170 to 1.0180 following electropulsing. The relatively fast cooling of the 

SHS product is likely to lead to tetragonal distortion in the γ-TiAl lattice and to a less ordered 

crystal lattice as previously reported by Whang and Li. [13] The observed increase in the c/a 

ratio indicated that electropulsing resulted in more ordering in the γ-TiAl phase. The 

application of electropulsing provided sufficient energy for electromigration and some 

rearrangement of atoms and a reduction in the number of dislocations. Similarly the increase 

in the coherent scattering domain size of γ-TiAl was due to electromigration involving 

diffusion of atoms to rearrange themselves to form a more ordered state.  
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The absence of microcracks at the α2/γ interface implied that there was a change in the α2/γ 

interfacial character. From previous research it is known that there is a mismatch of between 

1% and 2% at the interface between the γ and α2 lamellae. [14,15] The misfit strain between 

α2 and γ can be solely taken up by elastic distortion if the lamellae are uniformly strained to 

bring the atomic spacings into registry and this can be achieved for extremely thin lamellae 

giving a fully coherent interface. According to Hazzledine, [16] the critical lamellar thickness 

for a fully coherent interface in α2/γ intermetallics is between 0.8 nm to 3.9 nm.  

However, based on the XRD results of the present investigation, the domain sizes of both 

γ-TiAl and α2-Ti3Al were higher than the critical size and in fact increased even further as a 

result of electropulsing so the conversion from a semi-coherent to a fully coherent interface 

is unlikely to have taken place. An alternative way of relieving interfacial mismatch strains 

may be the formation of atomic steps or ledges which may replace misfit dislocations as 

reported by earlier research. [17,18]  

Earlier researchers have reported that both thermal and athermal effects can result when 

electropulsing is applied to metals [19] and such changes in microstructure may be promoted 

by these effects. The thermal effect is associated with Joule heating, and an increase in the 

temperature of the samples during electropulsing indicates this (the recorded increase in the 

surface temperature of the samples was near 420° C). The recorded temperatures are about 

0.4 times the melting point of the intermetallic and therefore Joule heating may lead to 

diffusion and migration of dislocations. At the same time, thermal diffusion needs time to 

progress and in the case of the present time was very short; heating to about 420° C was 

achieved within 400 μs and then the sample was cooled down naturally. This short time is not 

sufficient for the observed effects to occur and therefore, the athermal effect of the 

electropulsing process should be considered. The athermal contribution that involves stress 

relaxation may be attributed to the electroplastic [20,21] and magnetoplastic [22,23] effects 
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as the sample is exposed both to an electric current and magnetic field as an integral side-

effect of the current passing through the sample. For example, in the case of a round 

sample, the magnitude of the field within it is a function of the current I passing through the 

sample and the radius r of the sample: 

 

                                                      B = μ0Ir/(2πR2),                                                   (2) 

 

where μ0 = 1.2566370621210−6 H/m is the vacuum permeability and R is the radius of the 

sample. Following on from Equation (2), the magnetic field attained by the sample is 

proportional to r and depends on the current. For a round sample with r = 2.39 mm, which 

cross-section is equal to 3 mm x 6 mm cross-section used in the present research, the magnetic 

flux density on the sample surface due to the passing of electric current with 82 kA amplitude 

can be estimated as 6.85 T.  

The electroplastic effect can be promoted by the electron wind force that can lead to 

dislocation motion.  This effect of the electric pulse current on the crystal lattice of a metal 

can be estimated using the following basic relations that determine the kinetics of the 

interaction of conduction electrons with the crystal lattice in accordance with existing 

concepts of electrical conductivity [24, 25]: 

𝑖 = 𝑒 𝑣𝑛0;  

                                            
𝑑𝑈

𝑑𝑥
= 𝐸 = 𝜌𝑖;                                         (3) 

 𝜌 =
2𝑚𝑒

𝑛0𝑒
2𝑡0
,                                              

                                       

where i is the current density in A/m2, e is the electron elementary charge, v is the velocity of 

the electron drift in m/s, n0 is the number of conductivity electrons per unit volume (1/m3), U 

is the electric potential in V, E is the electric field intensity in V/m,  is the electrical 
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resistivity in m, me is the electron rest mass which is equal to 9.1095610-31 kg and t0 is the 

mean free time of electrons between ionic collisions. It follows from these equations that the 

kinetic energy of the electron drift, Ke, under the action of an electric field in isotropic electron 

scattering can be expressed in the form: 

                              𝐾𝑒 = 𝑚𝑒𝑣
2/2 = 𝑒𝐸  ⋅ (𝑣𝑡0) = 𝜌𝑖(𝑒𝑣𝑛0)

𝑡0

𝑛0
= 𝜌𝑖2

𝑡0

𝑛0
.                         (4) 

 

Using the equations above, the parameters for the interaction between electrons and the 

crystal lattice can be estimated. The increase in the kinetic energy of an electron within its 

free path for titanium as calculated by Equation (4) at the current density of 4.6 kA/mm2 that 

was used in the present study yields Ke(Ti)  ≌ 2.0310-12 eV/atom.  This value is very small 

as the change in the thermal motion energy (KT) at an increase in temperature just by 1°C 

equals KT ≌ kT ≌ 8.6110-5 eV/atom. Thus, a single interaction between an electron and an 

atom does not significantly affect the motion of the atom in an ideal crystal lattice. At the 

same time, it can be assumed that there is a preferable interaction between conduction 

electrons and atoms near dislocation cores and other defects; such interaction contributes to 

an increase in the mobility of dislocations. This has been confirmed by extensive studies 

presented by Baranov et al. [26] where the effect of stress relaxation was experimentally 

established for a wide range of metals at an electric current density  1 kA/mm2 (in the present 

study the current density of 4.6 kA/mm2 was used under electropulsing). 

Molotskii [23] has suggested that the application of a magnetic field to a paramagnetic 

alloy (Ti and Al are paramagnetic) triggers dislocation movement. It is assumed that this 

movement occurs as a result of the release of internal (residual) energy that has accumulated 

in the material during its manufacture. Considering that the bonding energy of dislocation-to-

paramagnetic obstacles like impurities, vacancies, etc. depends on the spin multiplicity of the 

radical pairs spin states (which are in the form of a singlet with high binding energy or a 



 

10 

triplet with low binding energy) that are formed by the dislocation core and the obstacles, it 

was suggested that the application of a magnetic field may induce a transition from the singlet 

to a triplet state. This causes an increase in the number of triplet states leading to the 

dislocation movement by the unpinning of dislocations from obstacles. Such dislocation 

movement as achieved by the eectropulsing treatment has and provided relief to the α2/γ 

interfacial mismatch strains by the formation of atomic steps or ledges and has eliminated 

cracking during the corrosion process. 

Finally, it can be assumed that the natural concentration of an electric current and a 

magnetic field near defects, such as pores that exist in the samples following SHS, enhances 

the above-mentioned electroplastic and magnetoplastic effects. 

The observed increase in the resistance to general corrosion also may be associated with a 

decrease in residual stresses, since the mechanism of electrochemical corrosion includes the 

formation of short-circuited micro galvanic anode-cathode pairs, which can arise for various 

reasons (roughness, changes in the metal structure,  etc.) and in particular, due to residual 

stresses [27,28]. 

 

4 CONCLUSIONS 

The investigation that was undertaken has shown that the use of electropulsing of current 

density of 4.6 kA/mm2 can lead to an improvement in the corrosion behaviour of TiAl 

intermetallic. In addition, the use of the technique eliminated corrosion cracking at the α2/γ 

interface. At the same time, reduction in both the microhardness and microstraining of the 

intermetallic were measured. These effects were attributed to the thermal and athermal effects 

of electropulsing which can stimulate dislocation movement and provide relief to the α2/γ 

interfacial mismatch strains by the formation of atomic steps or ledges.  
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Table 1. Composition and sizes of initial powders used for the production of Ti–48Al–2Nb–

2Cr (at. %)  

 

Powder Size, μm 
Chemical composition of the raw materials (wt.%) 

Ti Al Cr Nb O H C N 

Ti < 75 99.7 - - - 0.229 0.02 0.018 0.016 

Al < 200 - 99.5 - - - - - - 

Nb < 45 - - - 99.8 0.01 0.0006 0.004 0.003 

Cr < 45 - 0.002 99.89 - 0.067 - 0.005 0.035 

Figure 1. PEC generator scheme: 

C – capacitor battery, R – ballast 

resistor, S and S1 – switches; 1 – high 

voltage supplier, 2 – software, 3 – AD 

high frequency converter, 4 – 

Rogowski belt (coil), 5 – specimen 
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                                        (a)                                                                 (b) 

Figure 2. XRD patterns of the SHS product before and after electropulsing; (a) 2θ from 35° to 

75° and (b) 2θ from 37° to 42° 

Table 2. Concentrations of Al and Ti ions in solution after 120 hr exposure to 0.9% sodium 

fluoride solution 

 
 

Label 
 

Concentration in solution, mg/L 
 

Change of 
concentration due 
to electropulsing 

treatment, % 
 

Initial state After electropulsing 

Mean Stand. dev. Mean Stand. dev. 

Al 237.312 3.24302 0.12322 2.75272 0.04618 -15.1 
Ti 334.941 15.69831 0.15639 14.04463 0.20634 -10.5 

 

 

 

 

 

 

 

 

                                        (a)                                                                 (b) 

Figure 3. Microstructure of material following corrosion in 14% HNO3-4%HF solution of 

samples (a) before electropulsing and (b) after electropulsing. Cracks are marked by arrows. 

 


