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Abstract: The effects of applying an electromagnetic interaction of low intensity (EMILI) on the microstructure and corrosion 
resistance of 7075-T651 Al alloy plates (13 mm in thickness) during modified indirect electric arc (MIEA) welding were investigated. 
The welding process was conducted in a single pass with a heat input of ~1.5 kJ/mm. The microstructural observations of the welds 
were correlated with the effect of EMILI on the local mechanical properties and the corrosion resistance in natural seawater by means 
of microhardness measurements and electrochemical impedance spectroscopy, respectively. Microstructural characterization of the 
welds revealed a grain refinement in the weld metal due to the electromagnetic stirring induced by EMILI of 3 mT during welding. In 
addition, observations in the scanning electron microscope showed that the precipitation of Cu-rich phases and segregation of 
eutectics were reduced in the heat affected zone (HAZ) also as an effect of EMILI. The high corrosion dissolution of the 7075-T651 
welds in natural seawater and the extent of overaging in the HAZ were reduced when welding with EMILI of 3 mT. Thus, EMILI 
along with the MIEA technique may lead to welded joints with better microstructural characteristics, improved mechanical properties 
in the HAZ and reduced electrochemical activity. 
Key words: 7075-T651 Al alloy; modified indirect arc welding; microstructural characterization; corrosion resistance; electro- 
magnetic interaction 
                                                                                                             
 
 
1 Introduction 
 

Aluminium alloys (AA) are versatile materials used 
for common and specific applications due to the 
possibility of manufacturing components with diverse 
metals and non-metals in order to improve the 
mechanical properties preserving a high specific strength 
ratio. The excellent characteristics such as specific 
strength ratio and good capacity of deformation of 
Al−Zn−Mg alloys make these alloys very attractive 
material in structural, metal mechanics applications, 
transportation and aeronautical industries [1]. The 
attractive properties of these AA, 7xxx series, are due to 
the formation of intermetallic phases through the 

well-known precipitation sequence: supersaturated  
solid solution (SSSS) → Guiner−Preston (GP) zones → 
semi-coherent precipitates MgZn2 (η′) → non-coherent 
precipitates MgZn2 (η) → non-coherent precipitates 
Mg3Zn3Al12 (T) [2,3]. The semi-coherent GP zones   
and η′-phase provide hardening reinforce to the  
α-matrix [4,5]. For instance, diverse components for 
aeronautical applications and transportation industry 
require to be joined by different bonding methods such 
as rivets, adhesives and screws. In some structural 
applications, it is necessary to use fusion welding 
processes, where heat input from the welding thermal 
cycle promotes microstructural transformation that 
reduces the mechanical and chemical characteristics of 
the AA welded joints [6]. The main problem in fusion  
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welding of Al alloys is the porosity formation within the 
weld metal (WM), due to the high solubility of hydrogen 
at high temperature in molten condition [6−8]. Porosity 
is a defect frequently found in the weld pool of fusion 
welded AA which can reduce the mechanical properties 
of the welded joints [9−11]. Additionally, several 
problems are encountered in heat treatable AA welds in 
the heat affected zone (HAZ) due to the segregation of 
solute-rich liquid at grain boundaries near the fusion line 
in the partial molten zone (PMZ) [12], promoting hot 
cracking [13−19]. Moreover, in 7xxx series AA, fusion 
welds present softening in the HAZ associated to the 
overaging phenomenon due to the precipitation and 
growth of the η phase. This effect takes place for the 
transformation η′ → η in the temperatures range from 
230 to 350 °C during hot deformation [20]. Also, the 
dissolution of η′ phase and the growth of η phase can 
take place in the temperature range from 350 to 380 °C 
easily attained during the welding thermal cycle [21−23]. 

Many AAs exhibit improved mechanical strength, 
but they result in an increase of the susceptibility to 
corrosion degradation due to the precipitation of coherent 
and semi-coherent phases and coarse second phase 
particles [24]. Commercial-grade AAs, such as 7075, 
contain numerous constituent particles of various sizes, 
which have electrochemical potentials different from 
those of the surrounding matrices rising the 
electrochemical activity in the metal matrix [25−27]. The 
presence of intermetallic strengthening precipitates 
creates discontinuities on the passive corrosion product 
film and makes them susceptible to stress corrosion 
cracking [28]. Besides, the precipitates can induce the 
formation of localized anode sites on the surface, 
whereas the aluminium matrix remains passive, resulting 
in pitting or crevice corrosion. Pitting corrosion is one of 
the most insidious and dangerous forms of localized 
corrosion in passive alloys, because minimal metal mass 
loss is involved from very small areas associated with 
depth penetration to the bulk of the component which 
can lead to the failure of the entire engineering 
component or structure [29]. 

The acceptable corrosion resistance of AA in a 
broad variety of environments is due to the formation of 
the stable and protective passive oxide (Al2O3) layer that 
inhibits further oxidation of the underlying AA which is 
thermodynamically reactive. The passive film becomes 
unstable and degrades locally by appearance of flaws and 
discontinuities that promote the local dissolution, causing 
film breakdown and localized corrosion [29,30]. In the 
case of welds of AA 7xxx series, artificial aging and 
retrogression re-aging heat treatments can improve the 
corrosion resistance of 7075 AA notwithstanding the 
discontinuous distribution of η precipitates at the grain 
boundaries [31]. During welding of 7075 AA, the growth 

and coalescence of precipitates in the HAZ induce 
anodic behavior of this zone compared with weld metal 
and base metal [32,33]. However, post weld heat 
treatment can improve localized corrosion resistance 
because of the redistribution of reinforcing precipitates in 
HAZ [34]. 

For decades, the subject of joining AA for fusion 
welding processes and the adverse effects induced in the 
microstructure has been studied and reported by several 
research groups [6,35]; however, limited improvements 
have been accomplished and the use of solid state 
welding process can be a valuable option as some defects 
are reduced [36,37]. One method developed in recent 
years is the modified indirect electric arc (MIEA). This 
method is proved to improve the microstructural 
evolution during welding, maintain an acceptable level 
of the mechanical properties in both the welding pool 
and the HAZ, and also enhance the resistance to fatigue 
life [38]. Moreover, there is a lack of information about 
the influence of external driving forces such as 
electromagnetic interaction of low intensity (EMILI) 
applied during welding. The EMILI can induce grain 
refinement of the weld metal, thus improving the 
mechanical properties [39−41]. Recently, some 
researches refer to the improvement on weld quality of 
dissimilar welds of Al to other materials [42−44], but 
there are not reports about the combined effect of the 
MIEA and electromagnetic stirring (EMS) on the 
microstructural evolution during welding and the 
improved mechanical properties and corrosion  
resistance. In this instance, an experimental set-up was 
implemented for welding real service plates of 
7075-T651 AA using the MIEA under the effect of 
EMILI as a first assessment before welding dissimilar 
metals. In the present work, welded joints of the 
7075-T651 AA (13 mm in thickness) were conducted in a 
single pass avoiding the multi-pass process to minimize 
the deterioration on the corrosion resistance and the 
mechanical properties. Thus, the objective of this work 
was to evaluate the influence of MIEA and EMILI on the 
microstructural evolution of the 7075-T651 AA during 
welding and their effect on the mechanical properties and 
surface properties in terms of corrosion resistance in 
natural seawater. 
 
2 Experimental 
 
2.1 Materials and welding processes 

Plates of 7075-T651 Al alloy (12.7 mm × 90 mm × 
150 mm) were GMA-welded with the MIEA process 
using as filler metal an electrode ER-5356 of 1.2 mm in 
diameter. Table 1 shows the chemical composition of 
base metal (BM) and filler metal. 

Welding set-up is shown in Fig. 1(a) and welding 
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joint preparation configuration corresponding to the 
MIEA proposed by AMBRIZ et al [38] for 6061-T6 Al 
alloy is shown in Fig. 1(b). Plates were mechanically 
cleaned, degreased and preheated at 80 °C before weld 
beads were deposited in a single pass with a 
semiautomatic GMAW process and direct current 
positive electrode (DC-PE), with the operative variables 
shown in Table 2 with a heat input ~1.5 kJ/mm. The 
shielding gas used was Ar flowing at 20 L/min and the 
filler metal was fed at 190 mm/s with a welding speed of 
3.6 mm/s and stick-out of 10 mm. External EMILI was 
induced with a variable current power supply feeding a 
coil around welding set up as shown in Fig. 1(a). The 
magnetic flow density was measured with a Gaussmeter 
to control and apply intensities of 0, 3 and 12 mT, based 
on the experiments at magnetic field intensities of 3 and 
12 mT on previous observations [41]. 
 
2.2 Microstructural characterization 

Microstructural characterization was focused on a 
quantitative analysis of the main areas, grain size, 
chemical composition and distribution of precipitates and 
their structures by optical, scanning electron and 
transmission electron microscopy, respectively. 

The microstructures of 7075-T651 plates in the 
as-received condition and samples taken from transverse 
sections of the welded joints were characterized. 
Previous to metallographic examination, samples were 
ground with SiC emery paper (220, 400, 600, 1200 and 
2000 grit). The samples were subjected to polishing to a 

mirror-like surface finish using diamond past of 6, 3 and 
1 μm and finally were electropolished with a solution of 
20 mL HClO4 + 100 mL C2H6O using a graphite bar as 
cathode and applying 10 V during 6 s. The samples were 
chemically etched by immersion in a Keller reagent   
(75 mL HCl + 25 mL HNO3 + 5 mL HF + 25 mL H2O) 
for 2 s. This metallographic preparation was used for 
revealing the actual configuration profile on the cross- 
section of the samples, where it was possible to identify 
the HAZ, segregation zone (SZ) and fusion zone (FZ). 
The  amount of base metal diluted (BMD) in FZ (η) was 
measured using a modified version of Lippold equation 
(Eq. (1)) [45], with data acquired from welded samples, 
where A and B correspond to the amounts of the BMD 
and A+B+C is the total amount of BMD in FZ, as shown 
in Fig. 2. 
 

100%A B
A B C

η += ×
+ +

                        (1) 
 

Metallographic analysis of the BM and welded 
samples was made in digital micrographs obtained by 
optical microscopy (OM) and measured with the help of 
a software. Measurements were conducted in terms of 
the grain size. In order to determine the chemical 
compositions of different phases and segregation present 
in the HAZ and SZ of the samples, the welds were 
analyzed in a field emission scanning electron 
microscope (FE-SEM) equipped with and energy 
dispersive X-ray (EDX) analyzer. 

 
Table 1 Chemical compositions of base metal and filler metal (wt.%) 

Material Al Zn Mg Cu Si Ti Mn Fe 

BM 7075 88.6 6.4 2.7 1.7 0.03 0.02 0.02 0.19 

Filler wire ER-5356 93.44 0.10 5.5 0.10 0.25 0.06 0.20 0.35 
 
Table 2 Welding parameters 

Magnetic field intensity/mT Current/A Voltage/V Electrode feeding rate/(mm·s−1) Stick-out/mm Welding speed/(mm·s−1)

0 275 26 190 9 3.6 

3 240 26 190 9 3.6 

12 260 25 190 9 3.6 
 

 
Fig. 1 Experimental set-up (a) and MIEA welding grove configuration (b) 
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Fig. 2 Weld profile measurements modified from Ref. [45] 
 

X-ray diffraction analysis was applied to samples of 
BM and welded joints in order to determine type of 
phases with a diffractometer using monochromatic Cu Kα 
radiation (λ=0.1542 nm), a step size of 0.02° and a time 
step of 0.6 s. For transmission electron microscopy 
(TEM) characterization, thin foils of 3 mm in diameter 
and 0.5 mm in thickness, were cut from the HAZ and SZ 
of the samples as shown in Fig. 3. The samples were 
thinned to 30−40 μm with SiC emery paper and 
subjected to electropolishing with a double-jet machine 
using an electrolytic solution of 25 vol.% HNO3 +    
75 vol.% C2H6O at −25 °C, applying a current of 20 mA 
and a voltage of 20 V. For bright field TEM (BFTEM) 
and high resolution TEM (HR-TEM) techniques were 
used in a TEM operating at 200 kV. 
 

 
Fig. 3 Section for TEM analysis in HAZ of welded joints 
 
2.3 Vickers microhardness test 

Vickers microhardness (HV) tests were conducted 
in samples taken from the welded joints and compared 
with the BM for microhardness test in order to determine 
changes on the local mechanical properties. The 
preparation of samples was similar to that used for 
metallographic analysis. Vickers microhardness profiles 
were generated by applying a load of 100 g (HV0.1) 
during 15 s. Results were plotted according to the virtual 
mesh shown in Fig. 4 to generate a map of the 
microhardness profile in different regions of the welded 
joints. 

 

 
Fig. 4 Definition of virtual mesh for microhardness (HV0.1) 

indentations on cross-section of weld zone 
 
2.4 Evaluation of corrosion resistance 

The effect of EMILI during welding on the 
corrosion resistance of the welded samples was evaluated 
by means of electrochemical impedance spectroscopy 
(EIS) and compared with samples of BM in the 
as-received condition. The studied samples (1 cm2), 
obtained from welded plates of similar position, were 
embedded in epoxy resin and connected with copper 
wire in the rear. Electrochemical measurements were 
conducted using an electrochemical work station 
controlled by Zcorr® software and connected to a 
conventional three-electrode electrochemical cell open to 
the air. The working electrodes were the BM and welded 
samples, a saturated calomel electrode (SCE) was used 
as reference electrode and a graphite rod as auxiliary 
electrode. 

Before all experiments, the potential was stabilized 
at free potential during 30 min, the impedance 
measurements were then carried out. EIS tests were 
realized at open circuit potential (OCP) in the frequency 
range of 20 kHz to 50 mHz at an AC amplitude of     
15 mV. All tests were performed in non-deaired natural 
seawater at room temperature of (26±1) °C. Seawater 
physicochemical parameters are shown in Table 3. 
 
3 Results 
 
3.1 Macro and microstructural characterization 

Figure 5 shows the cross-section profiles of welded 
joints from which the main areas involved in 
microstructural changes are measured after Keller’s  
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Table 3 Physicochemical parameters and chemical compositions of seawater  

Salinity/% pH 
Concentration of 

dissolved O2/(mg·L−1) 
Conductivity/ 

(mS·cm−1) 
Composition/(g·kg−1) 

Cl− Na+ K+ 2
4SO −  3HCO−  Ca2+ Mg2+

36 8.2 6.8 50.8 19.35 10.77 0.39 2.71 0.14 0.41 1.29 

 

 
Fig. 5 Cross-section profiles of welded samples: (a) 0 mT; (b) 3 mT; (c) 12 mT 
 
chemical etching. Table 4 shows the data obtained from 
the analysis of the FZ, SZ and HAZ of the welded joints. 
The OM images in Fig. 5 show that the weld profiles 
changes when EMILI is induced by the application of a 
magnetic field of 3 mT which increases the FZ due to 
larger quantity of melt BM. Nevertheless, samples 
welded at 12 mT show an excess of melt BM and the 
final weld is unacceptable because excessive penetration. 
Additionally, a reduction of HAZ on the welded joints 
can be seen when EMILI is induced during welding by 
application of both 3 and 12 mT. 
 
Table 4 Area quantification of welded joints in main welding 
cycle thermal-affected regions 

Magnetic field 
intensity/mT 

Area/mm2 

FZ SZ HAZ 

0 98.84 33.93 302.10 

3 150.14 33.77 281.74 

12 92.64 31.14 268.40 

 
The grain structures of different regions in welded 

joints obtained from optical micrograph analysis are 
shown in Fig. 6. From these optical micrographs, the 
grain refinement of the SZ is clearly observed with 
respect to FZ and HAZ. The grain refinement in the SZ 
is attributable to the recrystallization phenomena 
promoted by the peak temperature attained during 
welding thermal cycle. This effect is related to the 
partially melted BM which promotes the segregation   
of low temperature alloying elements at grain   
boundaries [18,19]. 

Welds made with EMILI at 3 mT presented a 
smaller grain size as shown in Fig. 6(d), than welds made 
without EMILI and with application of 12 mT in FZ as 
revealed in Figs. 6(a) and (g), respectively. Moreover, a 
reduction of the SZ is visible as indicated in       
Table 4, which means a reduction of intergranular 
segregation. 

Figure 7 shows the cumulative frequency plots 

acquired from grain size measurements of optical 
microscopy micrographs. Data intervals for the 
cumulative frequency were acquired every 5 μm (interval 
class) up to values >120 μm and presented in the x-axis 
as grain size, the y-axis presented the resembled values 
in cumulative percent by the sum of frequency values 
depending on grain size. There can be seen that the 90% 
cumulative grain size corresponds to 95, 80 and 105 μm 
in the FZ of the 0, 3 and 12 mT welds, respectively, and 
the mean grain size of the BM corresponds to 85 μm. 
The grain refinement obtained in FZ was ~20% in welds 
made with 3 mT and ~13% in welds made with 12 mT 
when compared with welds made without EMILI. 

FE-SEM micrographs of the weld zones of different 
samples are shown in Fig. 8. Rod- and plate-like 
precipitates corresponding to the η′-phase Mg(ZnCuAl)2 
were found in the HAZ of samples welded with 0 mT 
and in the SZ of samples welded with 3 mT. However, in 
the welds made with 12 mT this kind of precipitates were 
not observed. The S′-phase (Al2CuMg), was found in 
both FZ and SZ in the HAZ. The presence of the ternary 
S′-phase in FZ is due to the effect of molten BM dragged 
to the weld pool during welding. S′-phase can nucleate 
and grow during solidification and cooling of weld metal 
starting as a segregated eutectic. This phase with high Cu 
content can negatively influence the corrosion resistance 
of welded joints because it is more electrochemically 
active than the Al matrix [46]. 

XRD patterns of the BM and welded samples are 
shown in Fig. 9. The strongest peaks (111), (200), (220) 
and (311) correspond to the typical reflections of Al 
matrix, whereas the main strengthening phase of the 
7075 AA, MgZn2, can be observed in the (201) reflection 
peak in all samples. On the other hand, the corrosion 
detrimental phases Al2Cu and Al7Cu2Fe are the most 
predominant phases in both BM and welded samples; 
nonetheless, there are tenuous (420) and (221) reflection 
peaks respectively in sample welded with 3 mT. These 
observations indicate a growth suppression of the  
Al2Cu and Al7Cu2Fe phases during welding with 3 mT,  
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Fig. 6 Representative optical microscopy micrographs of weld zone: (a−c) 0 mT; (d−f) 3 mT; (g−i) 12 mT 
 

 
Fig. 7 Cumulative frequency vs grain size in FZ of welded 
samples 
 
attributable to the magnetic constriction during thermal 
cycle in solid state of the welded sample due to 
interaction between external EMILI and the EMF 
inherent to the welding process. 

HAZs of the welds were characterized by high 
resolution transmission electron microscopy (HR-TEM). 
The precipitates found in the samples are shown in   
Fig. 10. Electron diffraction patterns of the samples were 
indexed with the fast Fourier transform (FFT) using the 
Digital Micrograph software. In the welds made with   

0 and 3 mT, the precipitates of MgZn2 in Figs. 10(a) and 
(c), presented a closed packed hexagonal structure in  
the preferential directions [1213]  and [01 10]  
respectively which are non-coherent with Al matrix with 
preferential orientation [100]. The electron diffraction 
pattern taken from the HR-TEM image shown in     
Fig. 10(b) for the weld made with 0 mT shows the 
hexagonal Al7Cu2Fe phase in the preferential direction 

[01 11] , whereas in weld made with 12 mT in Fig. 10(d), 
the Al18Cr2Mg3 phase was found in the [110]  direction. 
These observations correlate well with the reflections 
indexed in XRD patterns in Fig. 9. 
 
3.2 Local mechanical characterization 

In the representation of the microhardness (HV0.1) 
profiles shown in Fig. 11, the weld zone regions are 
delimited on the hardness maps, which are in good 
correlation with the microstructural profile. From these 
microhardness (HV0.1) maps, a softening zone can be 
seen in the HAZ of weld made without EMILI 
corresponding to values from HV0.1 80 to HV0.1 100; 
whereas an improvement of this mechanical property of 
samples welded with EMILI can be appreciated in    
Fig. 11, where softening regions have microhardness 
values of HV0.1 140 and HV0.1 120 in samples welded 
with 3 and 12 mT, respectively. This effect is attributable 
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Fig. 8 FE-SEM micrographs showing presence of η′ and S′ phases in welded zone of samples: (a−c) 0 mT; (d−f) 3 mT; (g−i) 12 mT 
 

 
Fig. 9 XRD patterns of BM and welded samples 
 
to the interaction between the inherent EMF generated 
by the welding process and the external EMILI, which 
retard the transformation η′→η during welding thermal 
cycle, similar to that observed in 6063 AA [41]. 
 

3.3 Evaluation of corrosion resistance 
The results from impedance measurements on 

7075-T651 AA samples welded under different 
conditions in natural seawater are shown in Fig. 12(a) 
(Nyquist diagram) and (b) (Bode diagram). Figure 12(a) 
exhibits the same electrochemical behavior: presence of 
only one capacitive semi-arc. In the Nyquist diagram, it 
can be seen that the BM presents the biggest capacitive 

semi-arc. The lower capacitive semi-arc obtained for the 
welded sample without application of EMILI (0 mT) 
compared with that obtained for the BM, suggests that 
the welding process has a negative effect on the 
corrosion resistance. The results show an improvement 
on the corrosion resistance (larger capacitive semi-arc) 
for welded samples under the influence of 
electromagnetic field of 3 mT with respect to welded 
samples without application of electromagnetic field   
(0 mT), as well as a decrease on the corrosion resistance 
(lower capacitive semi-arc) for welded samples under the 
influence of magnetic field of 12 mT. 

In the Bode magnitude diagram (Fig. 12(b)), the 
higher impedance of 7.0 kΩ·cm2 was obtained for BM 
compared with the welded samples with 0 (3.1 kΩ·cm2), 
3 (3.5 kΩ·cm2) and 12 mT (2.6 kΩ·cm2). These values 
are in agreement with previous results from Nyquist 
diagram. In Bode phase angle, maximum values are 
observed close to 90°, characteristic values of a 
capacitive behavior. 

These results indicate that the detrimental effect of 
the welding process was not significantly annulled with 
the simultaneous application of EMILI; nonetheless, it 
was reduced with the EMILI of 3 mT in comparison with 
0 and 12 mT. 

Different equivalent electric circuits have been 
reported for the corrosion of 7075 AA because authors 
assumed an important effect of the passive layer on the 
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Fig. 10 HAZs of welded samples characterized by HR-TEM and electron diffraction patterns from FFT: (a) MgZn2 precipitate, 0 mT; 
(b) Al7Cu2Fe phase, 0 mT; (c) MgZn2 precipitate, 0 mT; (d) Al18Cr2Mg3 phase, 12 mT 
 

 
Fig. 11 Microhardness (HV0.1) profiles of welds made with different EMILI: (a) 0 mT; (b) 3 mT; (c) 12 mT 
 

 
Fig. 12 Nyquist plots (a) and bode plots (b) from EIS measurements performed on 7075-T651 AA samples in natural seawater under 
different welding conditions 
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electrochemical behavior of this alloy in borate    
buffer [27]. However, in the present study, the effect of 
the passive layer in natural seawater was not observed. 

In Fig. 12(a), the equivalent electric circuit was 
used to analyze the impedance spectra. This equivalent 
electric circuit represents the mechanism at the 
interphase controlled by charge transfer. It is important  
to point out that the proposed equivalent electric circuit 
must agree with the kinetics of the involved 
electrochemical reactions. The electric circuit elements, 
Rsol, Rct and CPE are the solution resistance, the 
charge-transfer resistance and the constant-phase  
element, respectively. Replacing the capacitor by CPE is 
a common practice in electrochemical studies and 
improves the fitting in experimental EIS curves [47]. 
Capacitors often do not behave ideally in EIS 
experiments. The double-layer on an electrode surface 
often behaves like a CPE but not like a capacitor. In real 
systems, the results obtained from EIS are generally 
observed as a depressed semicircle in Nyquist plots. This 
behavior is usually associated with surface roughness, 
superficial porosity, among others. In order to adjust the 
Nyquist diagrams with depression in an equivalent 
electrical circuit, the “constant phase elements” are used. 
The impedance of CPE (ZCPE) is given by [47,48]:  

CPE
0

1 ( j )Z
Y

αω −=                             (2) 

 
where Y0 is the magnitude, ω is the peak frequency and α 
is the exponential term (here 0<α<1, and α=1 recovers a 
perfect capacitor). 

ZCPE can provide a description of the behavior of the 
electrified interphase as it is related to several 
components with different capacitances on the surface. In 
many cases, it provides good fit with data from 
impedance measurements of multiphase alloys and is 
also suitable to model discontinuities or defects at    
the atomic scale, as well as microscopic surface 
roughness [27,49]. In the present case, the CPE 
parameter was associated to the capacitance behavior of 
the metal-electrolyte electrified interface. 

The Rct values shown in Fig. 13, determined using 
the Zview software, were 8227, 3394, 3986 and    
1504 Ω·cm2 for base metal, 0, 3 and 12 mT samples, 
respectively. According to the Rct values, the poorer 
condition in terms of electrochemical corrosion 
resistance is for welded sample under the effect of 
electromagnetic field of 12 mT. The application of 
EMILI during welding reduces the size of HAZ and also 
induces the precipitate of the ternary S′-phase in FZ. 
S′-phase (Al2CuMg) nucleates and grows during 
solidification and cooling of welded metal, starting as a 
segregated eutectic. This phase with Cu and Mg contents 
has a negative effect on the passive film formation, 

stability and homogeneity and consequently on the 
corrosion resistance of these joints [24,28]. 
 

 
Fig. 13 Rct values from EIS measurements on 7075-T651 AA 
samples in natural seawater with different welding conditions 
 

ZOLTOWSKI [50] reported that the capacitance 
estimation from the Y0 parameter of CPE in depressed 
semicircles is illogical. WU et al [48] and MA et al [51] 
demonstrated that for these cases, the capacitance (C) 
and time constant (τ) can be calculated from Eqs. (3)  
and (4).  

1 1/
0( )C Y R α α−=                               (3) 

 
0Y Rατ =                                    (4) 

 
The analysis of the capacitance indicates that the 

highest value is for samples welded with 12 mT of 
electromagnetic field and the lowest value is for the BM 
sample, as shown in Fig. 14. The values of the time 
constant (τ) that is a parameter indicating the time 
required for the charging/discharging of the C, are also 
show in Fig. 14. In the present case, the highest value of 
τ, and therefore the slower corrosion process, is for BM 
 

 
Fig. 14 Capacitance (C) and time constant (τ) values from EIS 
measurements on 7075-T651 AA samples in natural seawater 
under different welding conditions 
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samples, whereas the lowest time constant, faster 
corrosion process, is for samples welded with 12 mT. 
This suggests that in the BM a slow corrosion process 
occurs (lower charge and higher time constant), which 
translates into a low corrosion rate. The opposite case is 
observed for the sample welded with 12 mT which 
presents a fast corrosion process (higher charge and 
lower time constant), which means a high corrosion rate. 
 
4 Discussion 
 

Figure 5 shows that weld profiles change when 
EMILI is applied due to the electromagnetic stirring 
(EMS) of the weld pool which increases the molten BM 
and reduces the HAZ. This effect is due to the detaching 
of the partially melted BM into the weld pool as the EMS 
of the liquid metal increased [39]. 

However, weld made with 12 mT presents an excess 
of penetration but weld made with an intensity of 3 mT is 
acceptable and presents a smaller grain size, as shown in 
Fig. 6 and the data of cumulative frequency are shown in 
Fig. 7. The effect on penetration of the weld and the 
slightly coarsening of the weld microstructure can be 
correlated with the EMILI during welding, which 
increases the Lorentz force and downwards in the weld 
pool. Therefore, an increase of EMILI up to 12 mT 
appears in the downward direction. This, in turn, 
produces a descending flow in the weld pool that 
transfers hot metal to the bottom of the pool, where 
melt-back of the metal results in a deep pool and a heat 
sink, which can slow the solidification rate, and 
mechanism is studied in a parallel work. In addition, the 
EMS reduced the thermal gradients between the weld 
pool and adjacent metal, along with the possible 
reduction of copper precipitation in the segregation zone 
and a magnetic constriction could be induced by the 
difference of magnetic susceptibility between the liquid 
metal of the weld pool and the solid BM. 

Cu-rich phases affect negatively the corrosion 
resistance of AA [24,28,46], and it is well known that the 
size and distribution of these phases in heat treatable 
alloys as 7075 AA also affect the mechanical properties 
of these alloys. The Al2Cu phase was found in all weld 
zones at the grain boundaries as eutectic intermetallic 
compound can be seen in Fig. 8. This finding of Cu-rich 
phases in weld metal is attributable to the dragging of 
partial molten BM and the migration phenomena. 
Nevertheless, XRD patterns in Fig. 9 show an important 
attenuation of the reflection pecks of the Al2Cu phase 
when EMILI of 3 mT is applied during welding. These 
indicate the possibility of a growth suppression of the 
Al2Cu, attributable to the constriction induced by the 
difference of magnetic susceptibility between the Al 

matrix and the segregation of copper. 
During fusion welding process, the welding thermal 

cycle promotes the transformation of η′→η in the HAZ 
in the temperature range of 230 to 350 °C [21−23], and 
this can reduce the mechanical properties, but EMILI 
improves the mechanical properties in the HAZ of the 
welded joints, because the EMILI delays η′→η 
transformation, as can be seen in Fig. 11, the 
phenomenon that is now investigated. 

The active dissolution of the welded samples in 
natural seawater can be related with the high density 
distribution of active precipitates. Nonetheless, the 
higher corrosion rate of the sample welded without 
EMILI indicates that copper phases made this alloy very 
reactive, and when these phases are suppressed an slight 
improvement can be reached. 

From impedance measurements the welded sample 
with 12 mT presents the lowest Rct, as shown in Fig. 13, 
this is attributable to the excess of molten base metal 
dragged into the weld pool and the formation of the 
ternary S′-phase (Al2CuMg), promoting a negative effect 
on the stability and homogeneity of the passive film of 
AA because the presence of Mg and Cu, but the 
detrimental effect of the welding process can be reduced 
when an EMILI of 3 mT is applied. 
 
5 Conclusions 
 

(1) The EMILI of 3 mT in conjunction with the 
MIEA technique makes an enhancement of micro- 
structural characteristics and mechanical properties of 
7075 AA, thus both can be used as an alternative      
to improve or diminish the worsening overaging 
phenomenon in this alloy. 

(2) The grain refinement observed in the fusion 
zone and segregation zone is attributable to the 
detachment of the parent metal, which in combination 
with the external electromagnetic stirring induced by the 
EMILI, increases sites for heterogeneous nucleation, 
promoting a grain refinement. As a consequence, the 
mechanical properties of the heat affected zone and the 
weld pool increase compared with the welded joint 
without EMILI. 

(3) EIS results indicate that the sample welded with 
3 mT has an improvement on the corrosion resistance in 
comparison with the welded sample without EMILI in 
the weld condition in natural seawater due to the 
redistribution of reinforcing phases and limitation on the 
segregation of low melting point elements. 
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改进间接电弧焊过程中电磁交互作用对 
7075 铝合金显微组织和耐腐蚀性能的影响 

 
J. S. REYNA-MONTOYA1, M. A. GARCÍA-RENTERÍA1, V. L. CRUZ-HERNÁNDEZ2, 

F. F. CURIEL-LÓPEZ1, L. R. DZIB-PÉREZ3, L. A. FALCÓN-FRANCO1  
1. Faculty of Metallurgy, Autonomous University of Coahuila, 
Carretera 57 Km. 5 CP 25720, Monclova, Coahuila, México; 

2. Instituto de Investigación en Metalurgia y Materiales, 
Universidad Michoacana de San Nicolás de Hidalgo, A. P. 888, CP 58030, Morelia, Michoacán, México; 

3. Centre for Corrosion Research, Autonomous University of Campeche, 
Av. Agustín Melgar s/n, Col. Buenavista, CP 24039, Campeche, Cam, México 

 
摘  要：研究低强度电磁交互作用(EMILI)对改进间接电弧(MIEA)焊 7075-T651 铝合金板(厚度为 13 mm)的显微组

织和耐腐蚀性能的影响。焊接过程为单道次，热输入约为 1.5 kJ/mm。通过测量显微硬度和电化学阻抗谱分别研

究 EMILI 对局部力学性能和天然海水中耐蚀性的影响，并将其与焊缝的显微组织观察结果相关联。焊缝的显微组

织表征表明，在电磁搅拌作用下，3 mT 的 EMILI 使焊缝金属的晶粒细化。此外，扫描电镜观察表明，热影响区

(HAZ)的富铜相析出和共晶偏析也因受到 EMILI 的影响而减少。使用 3 mT 的 EMILI 焊接可以减少 7075-T651 焊

缝在天然海水中的腐蚀溶解性和热影响区的过时效程度。因此，EMILI 结合 MIEA 技术可使焊接接头具有更好的

显微组织特征，能改善热影响区的力学性能，降低电化学活性。 
关键词：7075-T651 铝合金；改进间接电弧焊；显微组织表征；耐腐蚀性；电磁交互作用 
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