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A B S T R A C T   

The application of pulsed magnetic field (PMF) treatment demonstrated enhanced corrosion resistance in saline 
solution and prolonged resistance to cavitation erosion in deionised water for Ti-6AI-4V alloy manufactured by 
laser-based powder bed fusion (LPBF) and conventional wrought processing methods. The observed outcomes 
were attributed to the formation of a denser protective surface oxide layer and microstructural changes, resulting 
in a reduction of the α’ phase by 0.13% and an increase in the presence of dislocations at the surface. Conse-
quently, this led to an increase in the compressive residual stresses. Additionally, the application of this treat-
ment resulted in the formation of highly refined and uniform precipitates, leading to a notable enhancement in 
microhardness by 5.73% and 5.85% for the conventionally manufactured (CM) and LPBF samples, respectively.   

1. Introduction 

Ti-6Al-4V alloy is used in a variety of applications including turbo-
pump impellers [1] and dental implants [2] due to its high resistance to 
both corrosion and cavitation erosion. This resistance is due to a duplex 
microstructure that combines a hexagonal close-packed (HCP) α phase 
and a body-centred cubic (BCC) β phase [3], allowing the resistance 
parameters of the alloy to be optimised by modifying the volume ratio of 
the two phases. Such modifications currently rely on procedures that are 
time- and resource-consuming. Alternative procedures that reduce both 
time and resource costs will further enhance the attraction of Ti-6Al-4V 
in mission and endurance-critical applications. The use of 3D printing is 
an important development for the titanium processing sector and is 
expected to replace conventional subtractive material manufacturing; 
the inherent additive manufacturing advantages of 3D printing are 
characterised by the reduction of the number of production steps and by 
being a ‘near-net-shape’ manufacturing process [4]. The present study 
focuses on laser-based powder bed fusion (LPBF), which uses a sliced 
computer-aided design (CAD) model to produce high-quality Ti-6Al-4V 
components. 

One of the important factors in the use of Ti-6Al-4V is the formation 
of a dense and protective surface oxide layer that provides corrosion 
resistance [5]; however, the oxide may degrade in chemically aggressive 
environments. In such environments, short-circuited micro-galvanic 
anode-cathode couples can be generated by factors such as surface 
roughness, grain size and composition, surface defects, and, in partic-
ular, non-uniform residual stresses as observed in other materials [6,7] 
and in commercially pure titanium [8]. In the case of layer-by-layer 3D 
printing, there exists a possibility for increased defect formation, which 
may restrict the use of this manufacturing technique. As a result, a 
number of research studies have assessed the corrosion resistance of 
3D-printed Ti-6Al-4V [3,5,9–21]. These studies have shown that in the 
absence of post-treatment or careful consideration of build orientation 
(BO) for 3D-printed Ti-6Al-4V, there is reduction in corrosion resistance. 
For example, Chen et al. [13] reported oxidation induced by defects that 
were formed in direct metal laser sintering (DMLS) printed parts. In 
recent research investigations, the use of post heat treatment (HT) [5, 
10–12,14,16] and BO [9,13,17,21] led to improved corrosion resistance 
in 3D-printed Ti-6Al-4V. In their work, Damborenea et al. [14] used 
direct metal laser sintering (DMLS) to produce Ti-6Al-4V surgical pins 
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and observed that manufacturing defects in the 3D-printed pins led to 
the formation of voluminous oxides leading to a reduction in corrosion 
resistance of the alloy when compared to wrought counterparts. The 
likely mechanism of the formation of these oxides was the presence of 
internal defects, which are an inherent feature of the manufacturing 
process. HT has recently been shown by various researchers, including 
Chandramohan et al., Xu et al. [15], Yang et al. [16] and Ettefagh et al. 
[5], to be beneficial in improving the corrosion resistance of 3D-printed 
Ti-6Al-4V. The improvement in corrosion resistance in these studies was 
reported to be caused by the transformation of the α’ phase to the β 
phase in the alloy. By careful control of the BO, Chen et al. [13], Gong 
et al. [21] and Sui et al. [17] managed to improve the corrosion resis-
tance of Ti-6Al-4V. Furthermore, Sui et al. [17] reported that selective 
laser melting (SLM) could lead to excellent corrosion resistance in both 
cross- and longitudinal-sections due to the presence of less acicular 
martensite (α’) and to a greater amount of the β phase. In the study by 
Chen et al. [13], the effect of the ‘anisotropic response’ on the corrosion 
resistance of SLM-fabricated Ti-6Al-4V in terms of corrosion resistance 
in the XY, XZ, and YZ-planes was investigated. Overall, there was a 
higher corrosion resistance in comparison to a commercial rolled alloy. 
However, the YZ plane which was the cross-sectional plane perpendic-
ular to the laser-moving direction produced inferior corrosion properties 
compared to the other two planes. 

Studies by Dai et al. [3,9,10] compared the corrosion resistance of 
SLM-printed Ti-6Al-4V and traditionally processed Grade 5 alloy [3], 
both in the dimensions of the BO effect [9] and the HT effect [10]. Their 
analysis demonstrated that SLM-printed Ti-6Al-4V exhibited inferior 
corrosion resistance compared to the Grade 5 alloy [3,10]. The XZ-plane 
demonstrated lower corrosion resistance than the XY-plane [9], and 
subsequent HT reduced the corrosion resistance of SLM-produced 
Ti-6Al-4V [10]. The reduction in corrosion resistance was mainly 
attributed to the formation of metastable martensite [3,9,10] and to the 
increased grain size produced by HT as a result of the transformation of 
α’→α along with the associated formation of α + β phases [10]. 

Considerable efforts have been made to improve the surface prop-
erties of Ti-6Al-4V alloy using nitriding [22,23], laser alloying [24–26], 
plasma electrolytic oxidation coatings (PEO) [26,27] and peening 
methods [28] leading to an increase in the resistance against cavitation 
erosion. However, so far, there have been no studies dealing with PMF 
treatment to improve the resistance to cavitation erosion of 3D-printed 
titanium alloys. The present investigation has used a pulsed magnetic 
field (PMF) as a treatment method to improve resistance to corrosion 
and cavitation erosion. While a magnetic field has been shown to in-
fluence the corrosion behaviour of different alloys [29–31], the appli-
cation of such a technique as a materials treatment process has not 
attracted much attention from the corrosion research community. An 
earlier study by Babutskyi et al. [8] showed improvement in the 
corrosion resistance of pure titanium; such improvement was attributed 
to the homogenisation of the dislocation substructure as a result of 
magnetic field treatment. Previous work has also shown that the process 
can lead to reduction in residual stresses [32–34] in other alloy systems 
and to improved tribological resistance [35,36]. A potential decrease in 
residual stresses is of interest as this can improve corrosion resistance. A 
literature search has shown that no previous studies have been con-
ducted on the effect of PMF treatment on the corrosion behaviour of 
LPBF-produced alloys; in addition, there have been no previous studies 
to examine whether PMF treatment has any effect on the cavitation 
erosion resistance of titanium alloys. 

The aim of the present study was to investigate the effect of PMF 
treatment on the corrosion and cavitation resistance of LPBF-produced 
Ti-6Al-4V relative to a conventionally manufactured (CM) alloy. Open 
circuit potential (OCP), potentiodynamic polarisation (PDP) and elec-
trochemical impedance spectroscopy (EIS) tests were performed in 
phosphate-buffered saline (PBS) at room temperature in order to 
examine the corrosion behaviour. Cavitation erosion tests were also 
performed in deionised water at room temperature. Cavitation erosion 

in impeller pumps occurs when the pressure at the discharge end be-
comes too high. Cavity development depends on the discharge pressure 
and the flow velocity incidence angle which affects the pressure distri-
bution. The ASTM G32–10 standard [37] has been used in this study to 
produce cavitation damage on the surface of samples vibrated at high 
frequency in water. The vibration induces the formation and collapse of 
bubbles. The microstructural characterisation of Ti-6Al-4V alloys was 
conducted using scanning electron microscopy (SEM) and 
energy-dispersive X-ray spectroscopy (EDXS). Further characterisation 
using X-ray diffraction (XRD) and microhardness measurements for the 
treated and untreated alloys was also undertaken. 

2. Experimental 

2.1. Sample preparation 

3D-printed and CM (i.e., wrought) Ti-6Al-4V cylindrical bars of 
11 mm diameter were used for the investigation. The 3D-printed bar was 
LPBF-manufactured by Materialise, UK, in an EOSINT M 280 3D printer. 
The 3D-printed bar was built along the height direction, followed by HT. 
More details of the 3D printing production parameters can be found in 
[38]. The chemical composition of CM and LPBF produced bars were 
confirmed by EDX analysis to consist of 83.53±0.3 wt% Ti, 6.385 
±0.075 wt% Al and 3.47±0.04 wt% V, and 83.41±0.65 wt% Ti, 6.425 
±0.045 wt% Al and 3.33±0.15 wt% V, respectively. The bar sample was 
machined to a cylindrical test sample with diameter, d = 10±0.1 mm 
and thickness, h = 5±0.1 mm using an XYX Proturn SLX1630 CNC lathe. 
The top surface of the test samples was ground and polished up to a 
surface roughness of 0.6 µm. This was carried out to homogenise the 
surface roughness in accordance with the ANSI standard B74.18–1996 
[39]. 

2.2. PMF treatment 

PMF treatment was conducted at room temperature by placing each 
sample inside the bore of an inductor coil following sample preparation. 
A scheme of the PMF generator is shown in Fig. 2.1(A), while the 
orientation of the sample relative to the magnetic field is shown in 
Fig. 2.1(B). PMF generation can occur during the discharge of capacitors 
with a total capacity of up to 600 μF, charged up to 6 kV. An example of 
the registration of an electric current in the chain under the treatment 
used in the research is presented in Fig. 2.1(C). The treatment consisted 
of six pulses at two-minute intervals. 

2.3. Corrosion testing 

The corrosion tests were carried out in a PBS of pH 7.4 at room 
temperature using a standard electrochemical cell with three electrodes, 
which include a reference saturated calomel electrode (SCE), a counter 
electrode (platinum) and a 3.17 mm diameter (with geometrical surface 
area of 0.079 cm2) disc as the working electrode. PBS (pH ~ 7.4) is 
commonly used in biological research, e.g., corrosion studies of dental 
implants. The PBS was made using 137 mM NaCl, 2.7 mM KCl, 10 mM 
Na2HPO4 and 1.8 mM KH2PO4. An Autolab PGSTAT101 potentiostat 
was employed to obtain the OCP curves over a duration of 1800 s. PDP 
curves were obtained using a sweeping range of − 0.5 V/OCP to +1 V/ 
OCP at a sweep rate of 1.0 mV/s. The cell was held at OCP for 
30 minutes prior to potential sweeping to establish steady-state condi-
tions at the working electrode surface. An Ivium CompactStat.h06125 
was used to generate EIS curves using an alternating current (AC) 
amplitude of 10 mV over a frequency range of 10− 2-6×104 Hz at 
E=EOCP. The EIS experimental data were fitted to an equivalent circuit 
model (Fig. 3.3(D)) that exhibited two time constants for electrode 
purposes to account for the effect of both the passive film formed on the 
metal surface as well as electrolyte penetration to the underlying metal 
surface where charge transfer reactions take place. To ensure 
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reproducibility of the experiment, the tests were run at least three times 
with fresh samples in each category of the Ti-6Al-4V, and only one of the 
results was shown in the Results section. The test surface was cleaned 
using acetone prior to the start of the test. The current density was 
calculated using the entire surface area of 0.079 cm2. 

2.4. Cavitation erosion testing 

The cavitation erosion investigation for the magnetically treated and 
untreated conditions was conducted in compliance with the ASTM 
G32–10 standard [37] using the indirect method. The diameter of the 
sample was 10 mm. The test apparatus consisted of an ultrasonic horn 
(Vibra Sonic) with a titanium alloy tip, which worked at a maximum 
electrical peak power of 750 W, frequency of 20 ± 0.5 kHz and vibra-
tion amplitude of 50 μm. The test was performed in room temperature 
deionised water. Cavitation erosion studies are commonly conducted in 
deionised water. A heat exchanger tank was used to ensure that the test 
was conducted at a constant temperature of 25 ± 1 ◦C. The test specimen 
was kept 0.5 mm from the horn end. The mass loss was measured in 
eight hourly intervals using a precision balance (Denver Instrument). To 
increase the reliability of the results, the test was performed a minimum 
of three times for each sample condition, and the average values were 
used in the subsequent analysis. 

2.5. Microstructural characterisation and residual stress analysis 

The microstructure, imaging and EDX elemental analyses of the Ti- 
6Al-4V alloys were performed using a JEOL JSM-5700 LV scanning 
electron microscope (SEM). The samples were chemically etched using 
Kroll’s reagent. 

X-ray diffraction for phase identification was conducted using a 
PANalytical X’Pert diffractometer with a PixCEL 1-D detector using a Cu 
anode (kα1 λ= 1.5406 Å) with the generator set at 45 mA and 40 kV. 
Data were collected over the range of 30–140◦ 2θ using a step size of 
0.013◦ 2θ and a collection time of 118 s/step using automatic diver-
gence and anti-scatter slits with an observed length of 5.0 mm. The re-
sults were processed using HighScore Plus Version 4.8. 

RS measurements were obtained by using a Bruker D8 Advance X-ray 
diffractometer. The peaks evaluated for both the CM and LPBF-produced 
Ti-6Al-4V were 2Ө = 129◦ and 2Ө = 134◦. The Sliding Gravity method 
was used to calculate the RS [40]. Leptos software, version 7.9, was used 
to improve the accuracy of the results, smoothing, Kα2 correction, ab-
sorption correction and polarisation corrections. Vickers Microhardness 
tests were performed using a Struers DuraScan 20 microhardness tester. 
The microhardness values were presented by averaging 60 measure-
ments across two radii for each sample at a load of 1 N. 

3. Results 

3.1. Evidence of improved corrosion resistance using an Open circuit 
potential (OCP) 

Fig. 3.1 depicts the measured OCPs as a function of time for the Ti- 
6Al-4V alloys immersed in a PBS of pH 7.4 at room temperature. 

The results in Fig. 3.1 demonstrate an initial shift in the surface 
potential, from negative potential tending towards positive potential, for 
all samples following immersion in the PBS solution. Equilibrium po-
tential values were reached after approximately 300 seconds in all cases. 
This provides evidence that all the samples exhibited the same cathodic 
process without fluctuations. This shift in potential at the metal- 
electrolyte surface with time also indicates evidence of the formation 
of a passive film, i.e., a protective TiO2 layer (1×10− 9 m to 4×10− 9 m) 
on the metal surface [11,15,41,42]. After 1800 s, the open circuit po-
tential (OCP) for the CM alloy, the PMF-treated CM alloy, the 
LPBF-produced alloy and the PMF-treated LPBF-produced alloy was 
− 0.32 ± 0.01 V, − 0.19 ± 0.02 V, − 0.18 ± 0.01 V and − 0.14 ± 0.01 V, 
respectively, versus SCE. In both the conventional and LPBF cases, the 
PMF-treated alloy showed less negative OCP values compared with the 
untreated alloy, reflecting the formation of a more stable passive film at 
the surface, as suggested in [43]. Additionally, the LPBF-produced alloy 
showed a significantly less negative OCP value compared to the CM 
alloy suggesting a relatively more stable passive film formation for the 
LPBF-produced alloy. 

Fig. 2.1. Generator of PMF and data acquisition system (A): 1 – high voltage supplier, 2 – software, 3 – A-D converter, 4 – Rogowski coil, 5 – inductor with sample 
inside, S and S1 – switches, C – capacitors, R – ballast resistor; orientation of sample relative to the magnetic field (B); and example of recorded electrical current 
pulse in chain (C). 

Fig. 3.1. OCP as a function of time for Ti-6Al-4V alloys immersed in PBS of pH 
7.4 at room temperature. Here, U and T stand for Untreated and Treated, 
respectively. 
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3.2. Potentiodynamic polarisation (PDP) 

Fig. 3.2 displays PDP curves (Fig. 3.2(A)) and the corresponding 
Tafel regions (Fig. 3.2(B)) for Ti-6Al-4V alloys immersed in PBS of pH 
7.4 at room temperature. The corrosion parameters obtained from the 
PDP curves and Tafel plots are summarised in Table 3.1. 

From the results, it is evident that the curves depicted in Fig. 3.2(A) 
show that all metal samples displayed active-passive behaviour where 
the active region translated into the passive region. The passive region 
consisted of nearly a constant current density, the average value of 
which is defined as the passivation current density, ipp [5]. It is well 
known that a low value of ipp indicates a low dissolution rate of the 
surface film [4]. The passivation potential, Epp, on the other hand, is the 
starting point of the passivation region. Materials with more noble Epp (i. 
e., closer to zero) are thermodynamically more stable. In this study, the 
LPBF-produced alloy showed a lower ipp and a higher Epp compared to 
the CM alloy (Table 3.1). There was a reduction of the ipp, from 
2968.95 µA/cm2 to 316.16 µA/cm2 and an increase in the Epp, from 
0.08 V to 0.17 V when comparing the two fabrication techniques. 
Furthermore, PMF treatment for both the LPBF-produced and CM alloys 
showed further decreases in ipp and increases in Epp. In the case of the 
CM alloys, the ipp dropped from 2968.95 µA/cm2 to 1482.46 µA/cm2, 
while the Epp increased from 0.08 V to 0.16 V, both changes being the 
direct result of PMF treatment. In the case of the LPBF alloys, the ipp 
decreased from 316.16 µA/cm2 to 122.78 µA/cm2 and the Epp increased 
from 0.17 V to 0.24 V again as a result of PMF treatment. These obser-
vations suggest that PMF treatment passivates the metal surface and 
thus increases its corrosion resistance. The corrosion current, icorr, and 
potential, Ecorr, for the Ti-6Al-4V alloy obtained by Tafel extrapolation 
[44] provided further evidence of the beneficial nature of the PMF 
treatment. In the case of the CM alloys, PMF treatment led to a reduction 
in the icorr value from 67.24 µA/cm2 to 19.55 µA/cm2 and a reduction in 
the Ecorr value from − 0.35 V to − 0.30 V. In the case of the 
LPBF-produced alloys, PMF treatment led to a reduction in the value of 
icorr from 14.24 µA/cm2 to 1.85 µA/cm2 and a reduction in Ecorr from 
− 0.25 V to − 0.21 V. In both cases, the PMF treatment led to a reduction 
in icorr, leading to a reduction in the corrosion rate as a result of the PMF 
treatment. There was also an increase in the Epp value making the alloy 
less prone to corrosion. Additionally, the LPBF-produced samples 
showed comparatively low icorr and high Ecorr values compared to the 
CM alloys. These experiments suggest that PMF treatment may be a 
promising technique for surface preparation of alloys, irrespective of the 
fabrication method of the alloy. 

3.3. Electrochemical impedance spectroscopy (EIS) 

Fig. 3.3 depicts the EIS measurements in the form of Nyquist (A) and 
Bode (B, C) plots alongside the equivalent circuit model (D) used to fit 
the experimental data. Table 3.2 shows the corresponding fitting pa-
rameters for the Ti-6Al-4V samples in PBS of pH 7.4 at room tempera-
ture. The parameters obtained by the proposed electrical circuit model 
(Rs(Qp(RbQb))) are reliably used for comparison of the behaviour of the 
four samples because these parameters (Rs, Rp, Qp, Rb and Qb) can be 
compared appropriately. Good curve fitting was achieved for the EIS test 
(Fig. 3.3) and this was further confirmed by the chi-squared (χ2) value of 
about 10− 4 [45] that is presented in Table 3.2. A similar circuit model 
was also used previously in corrosion studies of Ti-6Al-4V by other re-
searchers [3,5,18]. 

The Bode plots in Fig. 3.3 (C) for the untreated conventional and 
LPBF samples and for the PMF-treated conventional samples each show 
two clearly defined humps as expected, indicating the presence of two 
time constants. Such a response suggests the presence of a porous outer 
layer (at a lower frequency) and a dense and compact inner layer (at a 
higher frequency). However, in the case of the PMF-treated LBPF alloy, 
the behaviour is not as clearly defined and the plot is dominated by the 
main hump. At first glance, it may appear that there is a removal of one 
of the time constants and that the electrode process has changed and 
therefore, the equivalent circuit model is non-equivalent. However, 
careful consideration of the Bode plot for this alloy may suggest the 
presence of an initial hump at the very beginning of the test at low 
frequency; this hump is not clearly pronounced, and it is followed by a 
second hump that dominates the behaviour and is suggestive of the 
presence of a dense protective oxide layer. From these results, it is 
apparent that there has been a change in the behaviour of the LBPF 
sample as a result of the PMF treatment. In fact, the results in Table 3.2 
show that the cavitation resistance for the PMF-treated LBPF alloy is so 

Fig. 3.2. (A) PDP curves for Ti-6Al-4V alloys in PBS of pH 7.4 at room temperature and (B) Tafel regions of the polarisation curves. Here, U and T stand for Untreated 
and Treated, respectively. 

Table 3.1 
Corrosion parameters obtained from PDP curves of the two Ti-6Al-4V alloys 
immersed in PBS of pH 7.4 at room temperature.  

Sample Ecorr (V) icorr (µA/ 
cm2) 

Epp (V) ipp (µA/cm2) 

Conventional Ti-6Al-4V -0.35 ±
0.02 

67.24 ±
1.25 

0.08 ±
0.003 

2968.95 ±
794 

PMF Conventional Ti- 
6Al-4V 

-0.30 ±
0.01 

19.55 ±
1.17 

0.16 ±
0.01 

1482.46 ±
331 

LPBF Ti-6Al-4V -0.25 ±
0.01 

14.24 ±
0.16 

0.17 ±
0.01 

316.16 ± 40 

PMF LPBF Ti-6Al-4V -0.21 ±
0.01 

1.85 ±
0.20 

0.24 ±
0.03 

122.78 ± 36  
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high to the point that there may not be much cavitation at all. The same 
equivalent circuit model has been maintained to allow comparison be-
tween the same parameters, but realistically, the increase in resistance 
to cavitation of the PMF-treated LPBF sample shows the material 
behaving more like a smooth non-porous electrode, so a model con-
taining mixed kinetic and diffusion control (i.e., Randles cell) would 
perhaps be more appropriate for this sample and would explain the 
straight line tending to 45◦ in the Nyquist plot for PMF-treated LBPF 
alloy. 

The calculated EIS parameters are listed in Table 3.2 and include the 
resistance of the electrolyte, Rs (PBS of pH 7.4), the non-Faradaic 
resistance and capacitance of the outer layer film of the studied mate-
rial, Rp and Qp, and the Faradaic resistance and capacitance to the 
charge transfer of the redox reaction associated with metal leaching (i.e., 
cavitation), Rb and Qb [4]. It is well known that corrosion resistance can 
be estimated using the arc radius Nyquist plot, where a greater radius 
indicates improved corrosion resistance [5,46]. Fig. 3.3(A) shows un-
equivocally that PMF treatment enhances the corrosion resistance of the 
material as evidenced by the increase in the arc radius after PMF 

treatment. The PMF-treated CM alloys exhibited an Rb value of 6.93 kΩ. 
cm2, which was approximately 15% higher than the value for the un-
treated CM alloys (5.89 kΩ.cm2). Similarly, the PMF-treated LPBF-pro-
duced sample exhibited the largest Rb value (16.10 kΩ.cm2), which is 
almost twice that for the LPBF-produced alloys (8.19 kΩ.cm2). 
Comparing the results of samples from the different manufacturing ap-
proaches, Fig. 3.3(A) shows clearly that LPBF fabrication led to an in-
crease in the corrosion resistance of the material as evidenced by the 
increase in the arc radius when comparing the CM alloys (5.89 kΩ.cm2) 
to the LPBF-produced alloy (8.19 kΩ.cm2). Comparatively, these Rb 
values may appear to be low, but they are not uncommon in the liter-
ature and are attributed to defects in the β phase microstructure 
generating more active sites for the electrochemical reactions to take 
place [47]. 

Fig. 3.3(B) and (C) depict Bode plots for the samples that were tested. 
In all cases, the total impedance of the system became frequency- 
independent above 1000 Hz (Fig. 3.3(B)). This observation is sup-
ported by the phase angle plots presented in Fig. 3.3(C) which exhibit 
the phase angle reaching 0◦ at 10,000 Hz. Within this high-frequency 

Fig. 3.3. (A) Nyquist plot, (B) and (C) Bode plots and (D) the corresponding electrical equivalent circuit for EIS test for Ti-6Al-4V alloys in PBS of pH 7.4 at room 
temperature. Here, U and T stand for Untreated and Treated, respectively. 

Table 3.2 
The curve filling parameters of EIS measurements obtained by an equivalent circuit for Ti-6Al-4V alloys in PBS of pH 7.4 at room temperature.  

Sample Rs (Ω.cm2) Qp/10− 4 (F.cm− 2. 
sn) 

Np Rp (kΩ. 
cm2) 

Qb/10− 3 (F.cm− 2. 
sn) 

Nb Rb (kΩ.cm2) χ2/10− 4 

CM Ti-6Al-4V 0.82 
±0.01 

8.48±0.011 0.95±001 0.61 
±0.001 

1.75±0.05 0.97 
±0.002 

5.89±0.027 5.12±0.123 

PMF-treated CM Ti-6Al-4V 0.85±0.02 7.79±0.22 0.97 
±0.0009 

1.12±0.02 1.29±0.03 0.97 
±0.009 

6.93±0.026 5.28 
±0.0.104 

LPBF-produced Ti-6Al-4V 0.83±0.02 7.47±0.02 0.98±.0009 1.29±0.01 1.24±0.002 0.98 
±0.009 

8.19±0.145 5.73±0.174 

PMF-treated LPBF-produced Ti-6Al- 
4V 

0.83±0.01 7.03±0.10 0.98±0.002 12.85 
±0.10 

1.19±0.001 0.98 
±0.008 

16.10 
±0.159 

5.35±0.048  
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region, the impedance profile is shown to be dominated by the solution 
resistance, Rs [4]. In addition, the values for Rs were in all cases 
demonstrated to be within 0.03 Ω.cm2 of each other, indicating that the 
PMF treatment and alloy fabrication method did not affect this param-
eter. Fig. 3.3(B) shows that in all cases, as the frequency decreases, the 
total impedance of the system increases. Within the range of 10,000 Hz 
and about 10 Hz, the phase angle between the applied AC potential and 
the measured current shifts almost linearly from 0 to − 90◦, demon-
strating that the system tends more towards ‘capacitative’ behaviour in 
this mid-frequency range [4,45]. This provides evidence of the forma-
tion of a protective film-like passive layer for all the samples in the so-
lution. The near-straight line with a slope of − 1 in low and middle 
frequencies (0.01 Hz to 100 Hz), as observed in Fig. 3.3(B) also confirms 
the capacitive behaviour of the passive film [45]. The higher phase angle 
which is considered to be an indication of higher corrosion resistance [5] 
can be linked to stable oxide film formation and to the difficulty in 
charge transfer [45]. As such, the order of the highest phase angle and 
therefore highest corrosion resistance of the samples used in this study 
was PMF+LPBF > LPBF > PMF+Conventional > Conventional. The 
phase angle (Fig. 3.3(C)) declined at frequencies below 1 Hz in the case 
of the CM alloys, PMF-treated CM and LPBF-produced alloys and below 
about 0.1 Hz in the case of the PMF-treated LPBF-produced alloy. In the 
latter case, there is a noticeable difference in the phase angle shift, 
whereby the ‘peak’ phase angle shift of − 55◦ at − 0.5 log Hz has dis-
appeared; instead the phase angle over the range of frequency between 
0.1 Hz and 100 Hz seems to remain almost level and close to − 90◦. This 
provides evidence of the complete removal of one electrode process (at 
low frequency). It is therefore proposed that the PMF/LPBF alloy formed 
a more stable and potentially less porous oxide layer as a result of the 
combined approaches which have stabilised the surface sufficiently to 
minimise ion passage through the film. The absence of the second 
electrode process supports the claim that the surface oxide is more stable 
and is not prone to further degradation after the oxide layer is formed. 
Additionally, the modulus of impedance for the PMF-treated 
LPBF-produced alloy remained comparatively higher at low fre-
quencies (<0). The EIS data demonstrate that the PMF-treated 
LPBF-produced Ti-6Al-4V alloy showed better corrosion resistance 
amongst all the materials used in this study and that coupling of the 
LPBF and PMF approaches may actually prevent ion migration through 
the oxide layer. 

From Table 3.2, it is evident that the value of Rs was low and constant 
(~0.83 Ω.cm2), which indicates that the test condition remained un-
changed throughout the study. According to Xie et al. [45], high resis-
tance of Rp and Rb and low capacitance of Qp and Qb are indicators of 
improved corrosion resistance. Following this argument, consideration 
of the results in Table 3.2 suggest that the corrosion resistance of the 
materials used in this study followed an order of PMF+LPBF > LPBF >
PMF+CM > CM. The derivation parameters (such as np and nb) related 
to the phase shift [21] were found to be close to 1, a value which 

represents a near-capacitive behaviour of the passive oxide layer and is 
consistent with observations from a number of previous studies [4,21, 
45]. 

3.4. Cavitation erosion behaviour 

Fig. 3.4(A) shows the cumulative mass loss as a function of cavitation 
exposure time of up to 8 hours for Ti-6Al-4V alloy in deionised water. 
The standard deviation in the results is presented by error bars. Fig. 3.4 
(B) represents the cumulative erosion rate vs exposure time plot ob-
tained by differentiating the cumulative erosion-time curve as suggested 
by the ASTM G32–10 standard [37]. The erosion-time curves (Fig. 3.4 
(A)) demonstrated the same pattern where the level of mass loss during 
the initial stages was low and gradually increased with time. The erosion 
rate-time curves (Fig. 3.4(B)) showed an acceleration stage, a maximum 
rate point and a deceleration stage; however, no incubation period was 
detected. A likely reason for not detecting an incubation period could be 
due to the use of a minimum time interval of one hour. The maximum 
erosion rate, the time to maximum erosion rate and mass loss after eight 
hours are shown in Table 3.3. 

From Fig. 3.4(B) and Table 3.3, it is evident that the 3D-printed 
samples showed lower maximum erosion rates when compared with 
the CM alloy. Even though the maximum erosion rate for PMF-treated 
LPBF-produced Ti-6Al-4V was slightly higher than that of the LPBF- 
produced Ti-6Al-4V, the area under the dm/dt vs t graph for the 
treated sample is lower, which suggests an overall lower cavitation 
erosion for the treated alloys. In addition, the rate of mass loss for the 
PMF-treated LPBF-produced alloy was only temporarily higher after 
6 hours of testing compared to the untreated samples. At all other test 
periods, the untreated LPBF Ti-6Al-4V exhibited a lower rate of mass 
loss. The mass loss for the CM Ti-6Al-4V alloy dropped by 17.99% 
following PMF treatment, and for the LPBF alloy, it decreased by 
15.04%. The erosion rates for both PMF-treated samples were lower 
during the acceleration stage in comparison with the untreated ones. 

Fig. 3.4. Cumulative mass loss (A) and corresponding cumulative mass loss rate (B) of Ti-6Al-4V alloys in deionised water during 8 h cavitation erosion testing.  

Table 3.3 
The maximum erosion rate, the time to maximum erosion rate and mass loss 
after 8 h.  

Sample Maximum erosion 
rate (mg/h) 

Maximum erosion 
rate time (h) 

Mass loss 
after 8 h 
(mg) 

CM Ti-6Al-4V 0.81 4 5.17 ± 0.09 
PMF-treated CM Ti- 

6Al-4V 
0.75 6 4.24 ± 0.20 

LPBF-produced Ti- 
6Al-4V 

0.61 3 3.99 ± 0.23 

PMF-treated LPBF- 
produced Ti-6Al- 
4V 

0.65 6 3.39 ± 0.07  
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After the eight-hour exposure time, the mass loss was found to decrease 
in the order of CM > PMF+ CM > LPBF > PMF+LPBF; these results 
suggested that the PMF treatment had a beneficial effect on the cavita-
tion resistance of Ti-6Al-4V. 

3.5. Cavitation erosion surface morphology 

Fig. 3.5 shows SEM photographs of Ti-6Al-4V alloy surfaces after 
30 minutes of cavitation erosion testing in deionised water. From 
microstructural comparison, it is apparent that after cavitation testing, 
more porosity and pits are present at the surface. The surfaces of all the 
samples exhibited plastic deformation [48,49] due to the impact of 
shock waves and micro-jets during the cavitation erosion tests; addi-
tionally, relative roughness, which is a consequence of this plastic 
deformation, has been observed on the surface of the Ti-6Al-4V alloys as 
depicted in Fig. 3.5; similar observations have been reported by Sasaki 
et al. [28]. The surface of the CM alloy showed a greater number of pits 
[50,51] and exhibited increased roughness resulting from cavitation 
(Fig. 3.5(A)), compared to the treated CM alloy surface (Fig. 3.6(B)). In 
contrast, the morphology of the damage for the 3D-printed alloy surfaces 
differed from the CM alloy surfaces as there was relatively less surface 
roughness and fewer pits present. Again, the untreated 3D-printed alloy 
surface (Fig. 3.5(C)) showed more surface roughness than the treated 
3D-printed alloy surface (3.5(D)). All these results confirm that PMF 
treatment improved the cavitation erosion resistance for both the CM 
and LPBF-produced alloys by delaying plastic deformation thus causing 
less surface roughness and pit development on the surface through the 
encouragement of oxide formation along with the change in RS 
(Table 3.4) which will be explained further in Section 3.6. 

3.6. XRD for phase analysis and residual stress measurements 

Fig. 3.6 shows the XRD results for Ti-6Al-4V alloys and Table 3.4 
shows the RS results. The XRD patterns of the CM alloy and the LPBF- 
produced alloy exhibited notable differences in the phases present. 
The CM alloy pattern showed a mix of the α (HCP) and β (BCC) phases, 
whilst the LPBF-produced alloy contains almost exclusively the α’ 
(HCP’) phase with a small discernible “shoulder” on the Ti α (101) peak 
that indicates the presence of some of the β phase. These results were 
similar to previous studies where metastable acicular martensite α’ 
(which is a non-equilibrium phase) was prominent in 3D-printed Ti-6Al- 
4V [3, 5, 9–12], a consequence of the β phase transforming into α’ 
without the formation of the α phase, due to the rapid solidification [5], 
inherent to the 3D printing process. Distinguishing between the α and α’ 
phases can be challenging because the position of their XRD peaks 
coincide with each other. The best way to distinguish between these two 
phases is to consider the XRD peak intensity ratio (100):(002); the high 
(100):(002) peak intensity ratio which is apparent in Fig. 3.6 for the 
conventionally-produced alloy is indicative of the presence of the α 
phase, while a low (100):(002) ratio as shown in the XRD patterns for 
the LPBF samples suggests the presence of α’ martensite [3, 5, 9–12]. 
The high cooling rate that is experienced during the manufacture of the 

Fig. 3.5. SEM photographs of Ti-6Al-4V alloy surfaces including (A) CM Ti-6Al-4V, (B) PMF-treated CM Ti-6Al-4V, (C) LPBF-produced Ti-6Al-4V and (D) PMF- 
treated LPBF-produced Ti-6Al-4V after 30 min cavitation erosion testing in distilled water. 

Table 3.4 
RS measurements of Ti-6Al-4V alloys.  

Sample condition RS (MPa) 

Mean Mean Standard Deviation 
(MSD) 

CM Ti-6Al-4 V Untreated 63.2 ± 16.4 
Treated 44.2 ± 32.3 

LPBF-produced Ti-6Al- 
4 V 

Untreated -75.7 ± 10.1 
Treated -94.7 ± 13.7  
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LPBF samples is likely to promote formation of the α’ phase. While the 
presence of minor levels of α cannot be fully discounted particularly 
during the slower cooling of the inner layers of the LPBF samples [52, 
53], the low (100):(002) peak intensity ratio is suggestive of the domi-
nance of the α’ phase. It must also be noted that as expected the high rate 
of cooling associated with the LPBF samples has led to a decrease in the 
amount of the β phase [53]. 

For the CM alloy, the lattice parameters of the α phase are a =
2.913 Å and c = 4.680 Å with a c/a ratio of 1.607 and for the β phase a =
3.223 Å. Post-PMF treatment, the lattice parameters in the CM Ti-6Al-4V 
sample changed to a = 2.933 Å and c = 4.680 Å for the α phase with a c/ 
a ratio of 1.596, and for the β phase a = 3.223 Å. So, post-PMF treat-
ment, the ratio of c/a for the α phase decreased by 0.68%. This is an 
observation that is usually indicative of lattice distortion and occurs 
during processes such as annealing [54]. Based on Rietveld fitting the 
approximate proportion of the β phase is almost unchanged at between 
8% and 10%. 

In the case of the LPBF-produced Ti-6Al-4V, the lattice parameters of 
the α’ phase are a = 2.923 Å and c = 4.669 Å with a c/a ratio of 1.597. 
The post-PMF treatment LPBF-printed Ti sample remains exclusively in 
the form of the α’ (hcp’) phase with lattice parameters a = 2.931 Å and c 
= 4.674 Å with a c/a ratio of 1.595. So, post-PMF treatment, the ratio of 
c/a for the α’ phase was reduced by 0.13%. Following PMF treatment, 
there is a noticeable decrease in the intensity of the (002) peak. For 
example, the peak intensity ratio of (100):(002) has increased from 0.68 
to 1.14, indicating a loss of the α’ character, which has been demon-
strated to be beneficial by previous studies [3, 5, 9–12] as α’ is consid-
ered to be the metastable high energy phase prone to corrosion damage. 
The observed increase in the value of both the a and c lattice parameters 
of the α’ phase following PMF treatment is also depicted by a very small 
shift in the XRD peaks of this phase to slightly lower diffraction angles. 
This is probably due to loss of vanadium from the α’ phase as it trans-
forms to α and β since this element is a β stabiliser. The atomic radius of 
vanadium (1.32 Å) is lower than that of titanium (1.47 Å) and 
aluminium (1.43 Å) and therefore loss of vanadium will lead to an in-
crease in the lattice parameter of the α’ phase [53]. 

There is a noticeable broadening of the peak profiles in the post-PMF 
sample, indicating an increase in dislocation density confirming the 
probable formation of microplasticity. Dislocation multiplication as 
induced by PMF treatment for pure Ti was found to be beneficial to 
corrosion resistance in a previous study by Babutskyi et al. [8] as it led to 
micro-electrical homogenisation of the metal surface. Additionally, the 

microplastically induced work-hardening may have a positive impact on 
cavitation erosion resistance [55]. 

From the RS results (Table 3.4), it can be observed that the CM alloy 
contained tensile RS at the surface; such RS is detrimental to corrosion 
resistance [56,57] and cavitation erosion resistance [57], while the 
LPBF-produced Ti-6Al-4V contained compressive RS at the surface 
which improves the corrosion resistance by promoting passive film 
formation [7,56]. The enhanced atomic density [56] or reduced inter-
atomic spacing [7] as a result of increased compressive RS or reduced 
tensile RS can promote passive film formation. The presence of more 
compressive RS [58] and lower tensile RS [59] is beneficial to cavitation 
erosion resistance by hindering crack initiation and propagation. In this 
study, the PMF treatment was able to reduce the tensile RS by 19 MPa in 
the CM alloy and increase the compressive RS by the same amount in the 
LPBF-produced alloy. This mitigation of tensile RS and the formation of 
additional compressive RS suggest that PMF treatment can improve the 
corrosion and cavitation erosion resistance of Ti-6Al-4V alloys. It must 
be noted that PMF treatment has previously been used to reduce tensile 
RS of multiple alloys [32–34]. 

3.7. SEM analysis 

Fig. 3.7 shows the SEM images of Ti-6Al-4V surfaces after etching 
with Kroll’s reagent. 

The CM Ti-6Al-4V alloy consists of the α and β phases (dark and light 
area) (Fig. 3.7(A)). On the other hand, LPBF-produced Ti-6Al-4V con-
tains needle-shaped α’ along with β (dark and light area), which is 
consistent with other studies [5,16,17] (Fig. 3.7(C). Following the PMF 
treatment, both of the alloys, i.e., CM and LPBF-produced, show the 
appearance of new fine light-coloured precipitates which are distributed 
throughout the samples (Fig. 3.7(B, D)). The observed loss of the α’ 
character, as shown by the XRD results, suggests that these micro-
structural changes are taking place as a result of precipitation of α and β. 
Similar changes were reported by other researchers [17,60,61] as a 
result of HT. 

3.8. Microhardness measurements 

Fig. 3.8 shows a comparison of microhardness measurements for the 
treated and untreated CM and LPBF-produced samples. 

From the data, it is apparent that the microhardness of LPBF- 
produced Ti-6Al-4V was 8.74% higher than that of the CM Ti-6Al-4V. 

Fig. 3.6. XRD results of Ti-6Al-4V alloys.  
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As a result of the PMF treatment, the microhardness of the CM and LPBF- 
produced Ti-6Al4V alloy increased by 5.73% and 5.85%, respectively. 
The reduction of the mean standard deviation (shown as error bars in 
Fig. 3.8) of both alloys suggests that there is less scatter in the micro-
hardness results. This observation implies that the microstructure may 
be becoming more homogeneous. The increase in the microhardness of 
the Ti-6Al-4V alloy can be linked to the precipitation of fine β which was 

observed in Fig. 3.7. Such precipitation due to magnetic field treatment 
was observed in the previous study by Akram et al. [62] in nickel 
aluminium bronze and aluminium alloy 2014-T6 alloy. 

4. Discussion 

4.1. Mechanisms driving the improvement in corrosion and cavitation 
erosion resistance due to pulsed magnetic field treatment 

PMF led to improvement in corrosion and cavitation erosion resis-
tance of both the CM and LPBF samples. Previous research studies [5,11, 
12,15,16] had demonstrated improvement in the corrosion resistance of 
3D-printed Ti-6Al-4V by using heat treatment (HT) which led to the 
transformation of the α’ phase to α and β (with the β phase playing a 
leading role). This transformation leads to very fine α and β seems to 
increase the microhardness of the samples. In exploring the effect of 
PMF treatment, it is important to understand the factors that lead to such 
phase transformations. One possible cause of phase transformation is the 
heating of the samples as a result of PMF. The samples experienced a 
pulsed magnetic field and induced eddy currents. To evaluate the pro-
cessing parameters, such as magnetic flux density and the subsequent 
eddy current distribution and their effect on temperature, finite element 
(FE) numerical simulation was carried out using QuickField 2-D soft-
ware. Two tasks were simulated: (i) a transient electromagnetic field 
problem and (ii) the problem of transient heating caused by Joule losses. 
Tasks were solved in an axisymmetric formulation. Since the real 

Fig. 3.7. SEM images of Ti-6Al-4V alloy surfaces including (A) CM Ti-6Al-4V, (B) PMF-treated CM Ti-6Al-4V, (C) LPBF-produced Ti-6Al-4V and (D) PMF-treated 
LPBF-produced Ti-6Al-4V after etching with Kroll’s reagent. 

Fig. 3.8. Comparison of microhardness of treated and untreated Ti-6Al- 
4 V alloys. 
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inductor itself has an axisymmetric design, during the simulation, the 
geometric details of the model were identical to the real ones; at the 
same time, the geometry of the sample should be changed to match the 
axial symmetry. In this case, it was necessary to find the diameter of the 
equivalent cylindrical sample; the diameter was coaxially located in the 
centre of the inductor during the simulation. For this, it was necessary to 
provide equality of the cross-sectional areas, Ar and As, of the real and 
simulated samples that the magnetic field crossed during processing. As 
the maximum cross-sectional area of the real sample, which was pene-
trated by the magnetic field flux, was Ar = d ⋅ h = 50 mm2, the 
cross-section of the simulated sample was set to be the same; As = π ⋅ r2 =

50 mm2, therefore, the radius of the sample was taken as r = 4 mm. The 
length of the cylindrical sample in the simulation was set to be 10 mm. It 
must be noted that simulations with such cylindrical samples do not 
yield exact distributions of the magnetic flux density, eddy current and 
temperature and are probably not identical to real-life samples as used 
during the treatment (tablet-shape oriented as in Fig. 2.1(B)); however, 
they give an approximation and some understanding of the order of their 
magnitude during treatment. 

The simulations were performed based on the following physical 
properties of the Ti-6Al-4V alloy [63]: thermal conductivity, λ =
6.7 W/(m⋅K); specific heat, c = 526 J/(kg⋅K), density, ρ = 4430 kg/m3 

and electrical conductivity, σ = 5.6⋅105 S/m. The material properties 
were assumed to be independent of temperature during the treatment. 
The relative permeability was taken to be equal to 1 due to the high 
magnetic field strength. The initial temperature at the start of the 
treatment was measured to be 20 ◦C and heat transfer with ambient air 
was excluded. A change in the current with time in each turn of the 
inductor during the modelling was taken in the form of Eq. (1) 

I(t) = I0e− atsin
(

2πt
tPEC

)

(1)  

where the period tPEC and the value of I0 were determined from the 
current recording as presented in Fig. 2.1 (C). 

The results of the numerical modelling are presented in Fig. 4.1 
which illustrates the variation of the magnetic flux density in the centre 
of the inductor (sample) and the variation of the induced eddy currents 
at various locations relative to the axis of the sample (r1 = 4 mm, r2 =

2 mm, r3 = 0.001 mm). The increase of temperature at the outer surface 
of the sample was thus obtained. It can be concluded that the maximum 
magnetic flux density at the bore of the inductor was approximately 22 T 
(Fig. 4.1(A)). The same magnetic field affected the sample by inducing 
eddy currents. Unlike the magnetic flux density which was more or less 
uniform inside the inductor bore and the sample, the induced eddy 
currents were distributed linearly over the cross-section of the sample; a 
maximum eddy current peak density j = 6.4 ×108 A/m2 was obtained at 
the surface of the sample along with a minimum peak density of j = 8 
×107 A/m2 near the axis of symmetry (Fig. 4.1(B)). The simulation also 
predicted that as a result of the application of a single pulse, the outer 
surface temperature would increase by 28 

◦

C (Fig. 4.1(C)). This modest 
heating effect was in agreement with thermocouple measurements of the 
temperature of the samples during PMF treatment. The observed results 
were, therefore, not caused by the heating of the samples. A non-thermal 
effect leading to both mobility of atoms and defects like dislocations, as 
previously reported [64–66] as a result of the application of the mag-
netic field and the resulting eddy currents, is more likely. Molotskii [64] 
suggested that the magnetic field plays only a triggering 

effect for dislocation motion, but the motion itself takes place due to 
the latent energy stored in the metal following its manufacture. As a 
result of his investigation, Molotskii [64] noted that the 
dislocation-to-paramagnetic obstacles (impurities, vacancies, etc.) bond 
energy depends on the spin multiplicity of the radical pairs formed by 
the dislocation core and the obstacles. As the radical pairs may be either 
in the singlet (with high binding energy) or in the triplet (with low 
binding energy) spin states, the application of a magnetic field induces 

transitions between the singlet and triplet states. Additional populations 
of the triplet state with weak bonding facilitate the depinning of the 
dislocations from obstacles and their movement. The mechanism pro-
posed by Molotskii [64] involving the magnetic field inducing transi-
tions from singlet to triplet states could be used to interpret the 
observations of this study that concerned titanium, which is a para-
magnetic metal, and according to the XRD analysis, both the CM and 
LPBF-produced samples contained some RS (stored energy). Further-
more, the high-density electric current (induced eddy current) itself 
could promote additional mobility of dislocations as the flowing con-
ductivity electrons can create a backing force for them [64–66] and even 

Fig. 4.1. Variation of magnetic field flux density in the centre of inductor (A), 
induced eddy current density (B) on the outer cylindrical surface and inside the 
sample, and temperature rise (C) on the outer cylindrical surface of the 
modelled sample caused by the application of one pulse of magnetic field. 
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cause their multiplication, as previously demonstrated for pure titanium 
by Babutskyi et al. [8]. According to Baranov et al. [66], there is a 
threshold value of electric current density j > 108 A/m2 above which 
electroplastic deformation caused by the current-activated movement of 
dislocations takes place. The simulation of the treatment showed a 
maximum eddy current peak density j = 6.4 ×108 A/m2 at the sample 
surface; this value exceeded the threshold value required to activate the 
motion of dislocations. It can, therefore, be concluded that during the 
treatment, conditions for the activation of dislocation movement were 
created at the surface of the sample. This increased mobility of atoms 
and particularly of dislocations due to the application of a pulsed 
magnetic field, induced depinning of dislocations from obstacles in 
conjunction with a flying electron force. This can explain the observed 
phase transformation and the changes in the lattice parameters of the 
samples and the reduction of the tensile RS in the CM alloy. These factors 
could also cause the increase in the compressive RS in the LPBF alloy 
because the surface of the sample is a natural sink for dislocations. Such 
motion causes the accumulation of strains in the surface layer and to the 
subsequent increase in compressive RS. In the same manner, this treat-
ment can further promote microstructural homogenisation through 
precipitation as shown in Fig. 3.7 and Fig. 3.8. The observed phase 
transformation from the metastable α’ martensite to the stable α can be 
considered from the point of view of chemical thermodynamics and the 
Gibbs Free energy. While this phase transformation can be driven by an 
increase in the temperature of the system, other variables, like a mag-
netic field, can also change the state of equilibrium. According to Lewis 
and Randall [67], the application of a magnetic field can provide an 
additional contribution to the Gibbs Free energy, ΔG◦. This can be 
presented in the form of Eq. (2), 

ΔG◦ = ΔG◦
non− magnetic + ΔG◦

magnetic (internal) + ΔG◦
magnetic (external) (2)  

which shows a magnetic contribution (ΔG◦
magnetic (external)) from an 

external magnetic field to the value of ΔG◦, in addition to an inherent 
internal magnetic contribution (ΔG◦

magnetic (internal)) and to a non-magnetic 
contribution (ΔG◦

non− magnetic). From a chemical thermodynamic point of 
view, the application of PMF treatment can activate the transformation 
of the martensitic phase to the two thermodynamically stable phases. 
Atomic diffusion is needed for the phase transformation to take place 
and this is related to the PMF current density according to Eq. (3) [68]. 

J =
2NeZ∗DρJmf τp

πkT
(3)  

where J is the atomic flux, N is the atom concentration of a given 
element, e is the charge of an electron, Z∗ is the effective valence of the 
metals, D is the diffusion coefficient, ρ is the electrical resistivity of the 
alloy, Jm is the current density of the PMF treatment, f is the frequency of 
the PMF treatment, τp is the duration of the PMF treatment, k is the 
Boltzmann constant and T is the temperature. Therefore, the atomic flux 
is directly proportional to the current density generated by the PMF 
treatment. Thus, the use of PMF treatment can induce atomic diffusion 
and activate the transformation of α’ martensite to the α and β phases. 
These results unambiguously show that the transition from a less noble 
state to a more noble one takes place. This is also reflected when RS are 
considered (see for example Table 3.4) and there is a correlation with 
the level and sign of RS at the sample surface. Surface RS have a para-
mount importance on the corrosion of metals both at the macro- and 
microlevels as the presence of tensile RS shift the surface potential to a 
more electronegative state thus increasing the tendency to corrode [6, 
69–71]. For example, Van Boven et al. [70] showed that corrosion oc-
curs in areas of high tensile RS, in contrast to areas with compressive RS, 
where corrosion is practically absent. The beneficial effect of compres-
sive RS on the formation and maintenance of the passive oxide film has 
been reported for stainless steels [7,72] and aluminium alloys [73]. The 
presence of compressive RS creates a more compact alloy surface with 

fewer defects like pores, pits and cracks and indeed compressive RS can 
close and heal such defects. The effect of this is to minimise the access of 
the corroding medium (oxygen and water) into the alloy; for corrosion 
to progress, it is necessary for oxygen to migrate into the alloy and the 
absence of pits and pores is going to limit the rate of this movement. For 
the same reason, a more compact alloy surface due to the presence of 
compressive RS can be expected to have more resistance to electronic 
charge transfer which will lead to a reduction in the rate of corrosion. 
Following the PMF treatment, the final distribution of RS within the 
surface regions of the treated samples of both the 
conventionally-produced and LPBF-manufactured Ti-6Al-4V, facilitated 
the development of a more adherent (due to the absence or reduction of 
defects) and stable passive film on the alloy surface, and this provided 
improved corrosion resistance. A similar correlation exists between the 
level of erosion of metals and RS at their surface; the transition from a 
more eroded metal to a less eroded one (see data for mass loss in 
Table 3.3) is in exact correlation with the nature of the RS at the alloy 
surface (Table 3.4). As in the above case, the beneficial effect of 
compressive RS on inhibiting cavitation erosion is widely reported [58, 
74]. Thus, the PMF treatment has the potential to improve the perfor-
mance of the Ti-6Al-4V alloy under corrosion and erosion operating 
conditions. 

Taking these observations and conclusions into account, PMF treat-
ment seems to be a quick, low-energy and cost-effective technique that 
can lead to improvement in the behaviour of 3D-printed Ti-6Al-4V. 
Potentially, PMF can, in the future, replace heat treatment as a pro-
cessing technique. It is clear that further research is required to fully 
understand the effect of PMF treatment on the microstructure of the 
treated alloys in order to develop the technique into a commercial 
process. Further examination of the effect of PMF treatment on the 
defect structure by using microscopic techniques is required. Additional 
electrochemical investigation is also needed to further unlock the un-
derstanding of how PMF post-processing affects corrosion behaviour. 
Such investigations will be the focus of future studies by the authors. 

5. Conclusions 

The application of pulsed magnetic field (PMF) treatment demon-
strated enhanced resistance to corrosion and cavitation erosion in Ti- 
6Al-4V alloys produced through both conventional manufacturing 
(CM) and laser-based powder bed fusion (LPBF) methods. Based on the 
results of the present study, the following conclusions can be drawn: 

1. The application of PMF treatment led to enhanced corrosion resis-
tance in both conventionally manufactured (CM) and laser powder 
bed fusion (LPBF)-produced Ti-6Al-4V. The observed effect can be 
attributed to:  

(i) the formation of a more stable and denser passive film following 
the treatment with PMF,  

(ii) a reduction in the amount of the metastable acicular martensite 
(α’) phase by 0.13%, which is observed through the trans-
formation into the stable α and β phases in LPBF-produced Ti-6Al- 
4V,  

(iii) an increase in dislocations on the surface of the alloy samples 
which led to an elevation in compressive residual stress (RS) in 
LPBF-produced Ti-6Al-4V.  

(iv) a decrease in tensile RS in the case of CM Ti-6Al-4V, and  
(v) a reduction in the standard deviation of the microhardness results 

indicating the formation of a more homogeneous microstructure.  

2. The use of PMF treatment resulted in a decrease in the occurrence of 
surface cavitation erosion in LPBF and CM Ti-6Al-4V materials by 
15.04% and 17.99% respectively, as compared to samples that were 
not subjected to any treatment. The observed decrease in cavitation 
erosion can be attributed to a corresponding increase in 
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microhardness by 5.85% for LPBF Ti-6Al-4V and 5.73% for CM Ti- 
6Al-4V due to an increase in the density of dislocations at the sur-
face of the alloys.  

3. The application of the PMF treatment resulted in the activation of 
dislocation motions and enabled their depinning from obstacles. The 
observed phenomenon can be ascribed to an increased population of 
triplet spin states, characterised by weak bonding, within radical 
pairs that are produced by the barriers and the dislocation core. The 
presence of induced eddy currents, particularly on the external sur-
face of the sample, exerted an extra force on the dislocations, thereby 
facilitating their movement. The aforementioned observations are 
responsible for alterations in the lattice parameters of the alloys, 
resulting in a reduction in the tensile residual stress and an increase 
in the compressive residual stress at the surfaces of the samples. 
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