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ABSTRACT  

Three commercial materials were deposited using electric arc thermal spraying: 140MXC (with Fe, W, Cr, Nb), 530AS (AISI 1015 steel) 

and 560AS (AISI 420 steel) on AISI 4340 steel. The aim of this paper was to evaluate the best strategy for improving a coating-substrate 

system’s corrosion resistance, using the following combinations: homogeneous single coatings, bilayers consisting of 530AS or 560AS 

under 140MXC and 140MXC + 530AS and 140MXC + 560AS coatings deposited simultaneously. The coatings were characterised 

using optical microscopy, scanning electron microscopy and X-ray diffraction. Corrosion resistance was evaluated through poten-

tiodynamic polarisation and hardness by using the Vickers test. 

Corrosion resistance depends on the amount of microstructure defects, the deposition strategy and the alloy elements. However, 

corrosion resistance was similar in single coatings of 140MXC and bilayers, having -630 V corrosion potential and 708 nA corrosion 

current. The details and corrosion mechanism of the coatings so produced are described in this paper. 
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RESUMEN 

Mediante proyección térmica de arco eléctrico fueron depositados tres materiales comercialmente conocidos como: 140 MXC (a 

base de Fe, W, Cr, Nb), 530 AS (acero AISI 1015) y 560 AS (acero AISI 420), sobre acero AISI 4340. Con el objetivo de evaluar la mejor 

estrategia para incrementar la resistencia a la corrosión en el sistema capa-sustrato, los recubrimientos fueron depositados de tres 

formas: 1) monocapas homogéneas de cada material; 2) bicapas compuestas de una monocapa de 530 AS o de 560 AS y la 

segunda de140 MXC en ambos casos; y 3) recubrimientos tipo monocapa, el primero depositando de manera simultánea 140 MXC 

+ 530 AS y otro depositando de manera simultánea 140 MXC + 560 AS. Los recubrimientos fueron caracterizados mediante micros-

copía óptica, microscopía electrónica de barrido y difracción de rayos X. Fue evaluada la resistencia a la corrosión por medio de 

polarización potenciodinámica y la dureza mediante el ensayo Vickers.  

Se encontró que la resistencia a la corrosión en los recubrimientos producidos depende de la cantidad de defectos en la microes-

tructura, de la estrategia de depósito y de los elementos en aleación. La resistencia a la corrosión fue muy similar en los recubrimien-

tos producidos con alambres disímiles o bicapas, con un potencial de corrosión de -630 V y una densidad de corriente de 708 nm. 

Los detalles y mecanismos de corrosión de los recubrimientos producidos se describen en esta investigación. 
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Introduction1 2 

Thermal spraying is becoming increasingly used in Colombia and 

has become the focus for research due to its easy implementa-

tion and the high quality of the coatings so produced. This pro-

cess consists of projecting molten and semi-molten particles 
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within a short time-frame onto a substrate, so that they have 

minimal contact with oxidising agents such as air (Deshpande, 

Sampath et al., 2006; Newbery and Grant, 2006). When these 

particles are deposited on a substrate or work-piece, they be-

come deformed and compacted to produce a microstructure of 

rounded lamellae called "splats", which become stacked and 

rapidly coalesce, resulting in coating formation (Rabiei, Mumm et 

al., 1999). These are characterised as being polycrystalline and 

uniform, and may be applied to improve surface properties or 

for recovering parts which have become worn during service. 

Depositing methods have become widely diversified into tech-

niques such as flaming (characterised by high oxide content in the 

microstructure), arc technique (involving an intermediate quanti-

ty of defects), high velocity oxy-fuel (HVOF), and plasma (ASM 

2004). The last two techniques are recognised for involving very 

few defects. New materials having different chemical composi-
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tions have also been developed, such as wires, powder or pow-

der-filled wire. The combination of techniques and materials has 

resulted in a wide range of industrial and research applications. 

The electric arc thermal spraying technique involves using a gun 

having two electrically-charged wires having opposite polarity, 

bringing them close to each other at constant speed and creating 

an electric arc, which thus melts them. A stream of compressed 

air passes at high speed through the arc at the same time, spray-

ing and dragging the molten material towards the substrate 

surface. Industry offers a wide range of products for this tech-

nique, differing in terms of coating properties, chemical composi-

tion and cost, meaning that material ranging from cheap carbon 

steels to complex alloys of unknown composition and high cost 

can be found on the market. Each wire is designed for specific 
applications and must be deposited with clearly defined current, 

potential and compressed air pressure. Different materials have 

been deposited and investigated in recent years; studies such as 

those by Edrisy, Perry et al.,; Edrisy, Perry et al., 2001, Edrisy and 

Alpas 2002; Jin, Xu et al., 2007 correlate micro-structural charac-

terisation with wear resistance. However, little research has 

correlated microstructure with corrosion resistance. 

On the other hand, depositing bilayers and single coatings with 

different materials is known in techniques such as physical vapour 

deposition (PVD) and chemical vapour deposition (CVD). How-

ever, this type of architecture using thermal spray processes is 

underdeveloped and has been under-researched. Only a few 

strategies are known involving the use of flame processes and 
powders, because it is easy to control the precursor mixture in 

the input hopper. A few studies have addressed such combina-

tions of materials using an electric arc. For example, some coat-

ings have been made using Zn, Al, and 316 to form bilayers (Lin, 

Lu et al., 2009); the production of simultaneous coatings of Al, 

Cu or Zn has also been explored in order to develop pseudo-

alloys (mechanical mixing) and partial alloys (Syddorak, 2002). 

The present research was aimed at using the electric arc thermal 

spraying technique to obtain single coatings and bilayers using 

commercial products 140MXC, 560AS, and 530AS deposited on 

AISI 4340 steel, and furthermore to correlate corrosion re-

sistance through potentiodynamic polarisation assays with the 

microstructure characterised through X-ray diffraction, hardness, 

optical microscopy and scanning electron microscopy (SEM). 

Experimental procedure  

The coatings were produced with the thermal spray technique, 

using the following materials: Fe-based 140 MXC tubular wire  

with Cr, W and Nb powder filler (Praxair Surface and Incorpo-

rated, 2006), wire having 530AS composition similar to AISI 1015 

(Eutectic 2008) and 560AS wire having similar composition to 

AISI 410 (Eutectic 2007). These materials were deposited using 

three strategies or architectures, as seen in Figure 1: three inde-

pendent monolayers composed of 140MXC, 530AS, and 560AS, 

two bilayers composed at the bottom of 560AS or 530AS and at 

the second layer of 140MXC in both cases and two coatings 

deposited simultaneously using dissimilar wires 530AS + 

140MXC in the first case and 560AS + 140MXC in the second 

case. All coatings were deposited on AISI 4340 steel (ASM, 1990) 

substrates having ~5 GPa hardness, polished with an abrasive disc 

to 0.5 roughness (Ra) and also cleaned with acetone and isopro-

panol in ultrasonic immersion. The substrates were blasted with 

96.04% purity aluminium oxide using 413X103 Pa pressure, 

according to published recommendations (Mellali, Grimaud et al., 

1997; Wang, Li et al., 2005; Patel, Doyle et al., 2010), consuming 

up to 3.108 cm3/cm2 on average to get white metal having 2.2 

roughness (Ra). 

140MXC 530AS 560AS 

140MXC 140MXC 
140MXC + 

530AS 

140MXC 

+ 560AS 
530AS 560AS 

Substrate AISI 4340 

(a) (b) (c) 

Figure 1. Coatings produced on 4340 substrate (a) Monolayers of each 
material, (b) bilayers of 530AS with 140MXC and 560AS with 140MXC, 
and (c) monolayers 530AS+140MXC and 560S + 40MXC 

The Eutronic Arc Spray 4 system was used to produce the coat-

ings in this investigation, using the parameters shown in Table 1; 

these parameters were established after studying the range 

recommended by the manufacturer for each material. 

Table 1. Deposition parameters for the coatings so produced 

Deposit parameter  Value Unit 

Chamber pressure 4X106 Pa 

Pressure in the “arc jet” 4X106 Pa 

Amperage 130-150 A 

Voltage 30-35 V 

Projection distance  0.33 M 

Corrosion resistance was evaluated through potentiodynamic 

polarisation tests using Gamry 600 equipment, following ASTM 

G3 and G5 (ASTM 2010) recommendations. High purity graphite 

was used as a counter electrode and a saturated calomel elec-

trode (SCE) as reference electrode in the tests. A 3% NaCl 

solution was used as an electrolyte, with -0.3 V initial potential, 

0.4 V final potential, 6.030 pH at room temperature, -0.3 V initial 

potential, 0.4 V final potential, 0.5 mV/s scan rate and 0.196 cm2 

exposed area. A 45-minute solution settling time after sample 

immersion was allowed for all tests. 

The structural study involved X-ray diffraction (XRD) using an 

X-Pert Pro analytical system for grazing incidence and Bragg-

Brentano configurations and monochromatised CuK α radiation 

(1.540998 A) functioning at 45 kV and 40 mA. Morphology was 

determined with a scanning electron microscope (FEI QUANTA 

200 SEM) using high vacuum and 30 KV voltage. Hardness was 

measured with a Vickers micro-hardness tester using a Leco, 

with a 300g load for 15 sec. 

Results and Discussion 

Figure 2 shows the XRD spectra for the coatings produced in 

this investigation. The 140MXC coating had one signal which may 

have been FCC, or simple HCP iron, or Fe alloyed with Cr, Nb, 

or W. This was likely due to the formation of an amorphous 

structure, which may have had its origin in the size of the filler 

powders in 140MXC tubular wire. Previous research (Castella-

nos Dimate LM, 2011) using transmission electron microscopy 

(not shown) identified the formation of randomly orientated 

nanograins in an amorphous matrix. The same pattern was seen 
in the 140MXC + 560AS and 140MXC + 530AS bilayers, possibly 

being associated with 140MXC layer thickness, which was great-

er than 50μm, and this may have impeded X-ray beam penetra-

tion through the lower coating. 

The BCC structure of alpha iron with mixed orientation planes 

(110), (200), (220), (310) and (310) was found in the 530AS and 

140MXC + 530 AS coatings. It was also observed that the 

140MXC +530 AS sample had less signal intensity, close to 45°, 

which may have been attributed to the formation of an amor-

phous structure. The XRD pattern found in the 530AS coating
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Figure 2 Patterns of X-ray diffraction carried out on the coatings so produced 
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Figure 3. Potentiodynamic polarisation curves for the coatings and the AISI 4340 substrate. The points represent the Icorr and Ecorr, and the arrows show the 
change in the materials’ properties when they were deposited simultaneously. 

was consistent with other studies using the same steel deposited 

using an electric arc (Edrisy, Perry et al., 2001). Furthermore, the 

560AS sample showed the BCC alpha iron structure with chro-

mium as a solution with compositions (CrFe4 Cr1.07Fe18.93 

Cr0.03Fe0.97 Cr1.36Fe0.52) randomly distributed in planes (110) 

(200) (211) (220), thereby agreeing with other studies (Jin, Xu et 

al. 2007). These signals’ intensity decreased when 140 MXC wire 

was added to the coating, due to amorphous formation. 

Figure 3 shows the coatings’ potentiodynamic polarisation curves 

and those for the substrate. This illustrates the points corre-

sponding to the calculated potential and corrosion current for 

each curve. The polarisation curves overlapped for the MXC 140 

sample and the bilayers, which may have indicated that the elec-

trolyte only interacted chemically with the surface of the coating, 

with little diffusion through its thickness. It can also be observed 

that the 560AS and 530AS coatings increased the corrosion 

current when they were simultaneously deposited with the 

140MXC wire. However, the effect was the opposite in the 

latter material; this was possibly due to the formation of a pas-

sivation layer consisting of Cr and Nb oxides, (Valencia, 1986) 

(Cheng, Bullerwell et al., 2003) which allowed the corrosion 

current to become reduced. The curves obtained confirmed the 

increase in 560AS + 140 MXC and 560AS +140 MXC monolayer 

corrosion potential regarding the precursor materials. Table 2 

gives a summary of the results for the current (Icorr) and the 

corrosion potential (Ecorr), calculated from the potentiodynamic 

polarisation curves. These results showed that corrosion re-

sistance did not change significantly when the 140 MXC wire was 

combined with steel wires. 

All the coatings produced were observed in cross-section using 

optical microscopy, and the structures were defined depending 

on the etchant. Figure 4 shows monolayers and bilayers attacked 

by Nital and Vilella. Nital allows the carbon steel structure to be 

appreciated (see mark 2 in b and d) and Vilella facilitates observa-

tion of steel having high chromium content (see mark 3 in CYE), 
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thereby facilitating differentiating the splats produced by wires 

used as precursors (ASTM 2007). 

Table 2. Summary of results of Icorr and  Ecorr, calculated  
from potentiodynamic polarisation curves 
 
 

 

 

Sample Icorr (A) Ecorr  (V) 

530AS 140MXC bilayer 6.85X10E-6 -646.7 

560AS 140 MXC bilayer 7.24X10E-6 -611.5 

140MXC monolayer 7.17X10E-6 -632.5 

530AS monolayer 3.10 X10E-

6 

-799 

560AS monolayer 0.45 X10E-

6 

-682.25 

530AS + 140MXC monolayer 4.9 X10E-6 -657.4 

560AS + 140MXC monolayer 3.50 X10E-

6 

-576 

AISI 4340 substrate 0.59 X10E-

6 

-833.33 

 

 

Figure 4.  Optical images in cross-section at 50X a) 140MXC monolayer b) 
530AS monolayer, c) 560AS monolayer d), 530AS/140MXC bilayer and e) 
460AS/140MXC bilayer 

The reactive used did not attack the 140MXC coating. Figure 5 

shows. a cross-section. using optical. microscopy on.. monolayers 

deposited with dissimilar wires; 530AS +140 MXC was etched 

with Nital and 560AS +140 MXC 560AS with Vilella. The white 

shown in these results represents 140MXC splats, the gray tones 

were mixed, and the dark colours were 530AS and 560AS splats; 

un-melted particles were also observed as round elements.  

Table 3 gives the average values for chemical composition 

through EDX, and Table 4 shows hardness, taken from the sub-

strate/coating interface towards the coating surface. The areas 

numbered on the microstructures presented in Figures 4 and 5 

were thus considered. It can be seen that neither the chemical 

composition nor hardness changed significantly in the coating 

with the two strategies used; also, the partial mixtures had their 

precursors’ average values, possibly because of the elemental 

diffusion caused by the concentration difference as a driving 

force. Furthermore, 140 MXC coating hardness values decreased 

considerably when it was combined with carbon or stainless steel 

wires. This suggested that these mixtures could reduce the 

system’s wear resistance. 

 Figure 5. Cross-section of 530AS+140MXC monolayer observed with 
optical microscopy at 200X (a) attacked by Vilella and 560AS+140MXC (b) 
attacked by Pical 

Table 4. Average hardness taken from the substrate to the surface 

Material Hardness (GPa)  

 Substrate               Coating surface 

140MXC 10.3 9.4 9.6 10.1 9.4 

530AS 2.4 3.1 2.5 3.4 3.1 

560AS 4.4 3.9 4.1 3.2 3.7 

530AS+140MXC 9.3 10.2 9.7 9.5 10.0 

530AS+140MXC 3.2 3.3 2.4 3.3 2.6 

560AS+140MXC 3.8 4.2 4.3 3.3 3.7 

The specimens were cut in cross-section after the corrosion test 
to observe coating diffusion on the substrate. Figure 6 shows the 

SEM cross-section of a) bilayer 140MXC/530AS, b) 530AS coat-

ing and c) 560AS coating. The coating was observed to be with-

out degradation, corrosion residues, layer detachment or adhe-

sion loss in all three cases. These results could have been at-

tributed to the electrolyte only interacting 

chemically with the surface and low diffusion 

for electrolyte grain boundaries, cracks and 

gaps. 

Figure 7 shows 530AS +140 MXC and 560AS 

+ 140MXC coatings’ surface and cross-

section. Corrosion and corrosion paths 

through splat boundaries can be observed, 

such defects allowing galvanic coupling. These 
coatings’ corrosion mechanism was related to 

defects such as porosity, un-melted and/or 

semi-molten particles, oxides, and micro-

cracks, which allowed the electrolyte to 

penetrate from the coating surface towards 

Table 3. Chemical composition, reference values and average of monolayer coatings taken through 
EDX. The measurements were taken regarding the numbered areas shown in Figures 4 and 5 

Measurement 

zone 

Material 

 

Alloy % 

Fe C Cr Mn W Mo Nb Al 

1 140MXC 57.8 3.3 15.9 
 

9.7 2.3 5.4 4.2 

2 530AS 84.6 0.18 
 

0.7 
    

3 560AS 80.4 
 

15.2 
     

4 
530AS 

+140MXC 
54.1 3.4 15.3 

 
15.3 2.3 3.8 1.1 

5 
530AS 

+140MXC 
86.0 0.14 

 
0.7 

    

6 
560AS 

+140MXC 
81.8 

 
14.8 
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the substrate surface. It could thus be established that a great 

many anions, Cl ions, promoted substrate reaction with the 3% 

NaCl solution. An anodic reaction on the coating surface and a 

cathodic reaction in the vicinity would thus be generated. 

 
Figure 6. SEM cross-section after the corrosion test following electrochem-
ical corrosion a) and b) bilayers 140MXC+530AS, c) monolayer 530AS, 
and d) monolayer 560AS 

 
Figure 7. SEM 500X image of coating surface and cross-section a) and b) 
530AS + 140MXC, c) and d) 560AS + 140MXC coatings after the corro-
sion test 

Conclusions 

140MXC (based on Fe, W, Cr, Nb), 530AS (AISI 1015) and 

560AS coatings (AISI 420) were deposited on AISI 4340 steel 

using the electric arc thermal spray technique and the same 

deposition parameters and were evaluated for corrosion re-

sistance. 

The 140MXC monolayer and bilayers proved to have very simi-

lar polarisation curves, thus indicating that the electrolyte mainly 

interacted with the top bilayer. This suggested that combining 

140MXC wire with carbon or stainless steel wire would not lead 

to a reduction in an industrial application’s corrosion resistance. 

Moreover, the simultaneous monolayer’s polarisation curve 

differed from its precursors and did not agree with the mixed 

potential theory; further investigation of corrosive phenomena is 

thus needed, using another technique, for instance electrochemi-

cal impedance spectroscopy. 

Hardness became considerably reduced in the coating obtained 

with dissimilar wires or using bilayers. Perhaps this would be a 

disadvantage when applied to surfaces subject to wear or when 

subjected to high loads. 

Pseudo alloys or mechanical mixtures from their wire precursors 

were formed when coatings were produced with dissimilar 

wires, possibly due to the high cooling rates and multiplicity of 

nucleation sites. Furthermore, since defects such as cracks, voids, 

oxides and un-melted particles were present in coatings having 

140MXC wire, it is recommended that an optimisation study 

should be carried out regarding deposition to improve final 

coating quality and density. 
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