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Abstract:  
The corrosion behaviour of the laser coatings was investigated in 3.65 % sodium chloride 

solutions at 30oC via potentiodynamic polarization technique. The composition of Zn-
50Ni-5Fe at parameters 900 W and 1.2 m/min exhibited enhanced electrochemical 

performance in 3.65wt.% NaCl solution. Microstructures with unique characteristics and 
refinement of grain size were observed. The fast solidification of the coating is accounted 
for this unique features.  In terms of corrosion performance, results revealed that increasing 

the laser scanning speed was beneficial to the property, showing that the corrosion 
performance became better at higher scanning speeds. At the set laser intensity of 900 W 

and increased laser velocity, Zn-50Ni-5Fe coatings showed enhanced microstructure. The 
multiple tracks applied in the direct laser metal deposition (DLMD) process had resulting 
fields of residual stresses which attributed to the solid-state phase transformation that was 

a repeated process. The study validated the reliability of optimizing DMLD set parameters 
for metallurgical and mechanical considerations. These bring improvements in coatings 

which were laser cladded in terms of their corrosion performance and the dimensional 
accuracy, by optimizing the processing parameters. The only processing parameters which 
were varied was the laser intensity and the scanning speed, which were employed to 

numerically design the DLMD experiment. An empirical method was also developed and 
was used to validate the results achieved experimentally. The Grey relational model (GRM) 

used in this research described vividly the influence of optimized factors on the improved 
corrosion resistance and compared reasonably with the experimental results. In addition, 
the proposed model has the potential to provide induced corrosion rate predictions of 

coatings fabrication that are additively manufactured. 
 

Keywords: ASTM A29 steel; Corrosion resistance; microstructure; Zn-Ni-Fe coatings; 
Grey Relational Model;     

 

1. Introduction  
 

Additive manufacturing rate of progressive from global perspective has become a source of joy in 

the design world. Investment into A.M technologies is mind blowing and has eliminated the draw 

backs of complex shape design, fabrication of coatings with exceptional properties and near net 

shape designs. AM techniques of metals and polymer had been reported by many researchers in 

the literature. The focus had been on metals and polymers over the years. But literature on the 
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additive manufacturing of advanced and complex-shape materials are scarce in the literature. In 

the capabilities of engineering design and analysis, establishing the relationships between process 

parameters, material and final product properties are largely dispersed in reference to Additive 

Manufacturing processes had been the source that link process parameters, materials and the 

properties of final product as a results of engineering design and analysis abilities. [1-4]. 

 

There are cogent factors responsible for DLMD technique. Change in this factor can alter the 

microstructure positively or negatively. Therefore, optimization of factors is very important in 

getting better results from our experiments and these factors can also be used to model any property 

exhibit by the DLMD coating. Physical-mechanical characteristics, deposition time, solidification 

time, and integrity of the DLMD coatings are depended on optimization factors [5-8].   

 

The rate of spending in aerospace industry cannot be over-emphasised as a result of aircrafts engine 

components which needs to be repaired and maintained for optimal performance. Most of these 

engines are fabricated with super alloys materials like chromium based, nickel based and titanium 

alloys. These materials can give optimal performance at extreme conditions [9-12]. Component 

parts design and material design determine the effectiveness and lifecycle of that component. To 

enhance the effective of components parts, several techniques had been highlighted in the literature 

for this purpose [13-16]. Engineers and scientists all over the world are in the race of developing 

new materials and techniques with exceptional qualities that can address the issue strength at high 

temperature, ability to withstand heat and improved mechanical performance. The drive behind 

new material development and peak performance of components parts are realised through surface 

modification. Material surface is at the mercy of its environment when in contact, therefore, 

surface modification can retain and enhance the components integrity against corrosion and wear. 

This study analyses the surface and corrosion performance of DLMD Zn-Ni-Fe on ASTM A29 

steel.  

 

 

 

 

 

2. Methodology 
 

2.1. Materials Specifications and Sample Preparation Method 
 
Dimensions 70 x 70 x 5 mm3 was used for the rectangular substrate in this research. The 

composition of the ASTM A29 substrate in wt.% was (wt%) 0.39 Mn, 0.022 S, 0.011 P, 0.160 C and 

Bal. Fe. Preceding the contact of the base metal to laser treatment, the substrates were blasted with 
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sand, washed in H2O, eviscerated with acetone and desiccated at 25 degrees. The process was 

necessary in order to avoid radiation reflection at the time of laser processing thereby allowing the 

substrate to absorb more laser irradiation. The reinforcement materials properties used in this 

research study is stated in Table 2. The reinforcement metallic powders were used as alloying 

powders mixed in Zn-50Ni-3Fe (A1); Zn-50Ni-3Fe (A2); Zn-50Ni-5Fe (B1); Zn-50Ni-5Fe (B2) fractions 

correspondingly. The thorough mixing of the reinforcements was achieved in 16 hrs at a constant 

spinning velocity of 72 rpm in a Tube-shaped shaker mixer (T2F).  The mixer has a 3-dimensional 

design that allows reinforcements of different particle sizes, weights and contents to be mixed 

unvaryingly. The mixture occurred in a bolted bottle that is air-tight.  

 

Table 1:  Reinforcement powders information 
Reinforcement Zn Ni Fe  

Particle size (μm) 50-105 50-105 50-105  

Purity % 99.8 99.8 99.8  

Density (g/cm3) 7.14 8.90 7.86  

 

Characterizations were done on the coated samples using scanning electron microscopy and energy 

dispersive spectroscopy (EDS) analysis (SEM/EDS: VEGAS TESCAN) and X-ray diffraction 

(XRD). A 3-kW continuous wave (CW) Ytterbium Laser System (YLS) was used for the 

fabrication of the coatings. The distance between the substrate and the three co-axial nozzle was 2 

mm. The mixed homogeneous reinforcements were delivered through powder feeders at 2.0 g/min 

and the argon inert gas protecting the powder was set at 3.0 L/min. Intersecting tracks were attained 

at 75% overlap. Design of experiment (DOE) was applied to obtain optimal process constraints. 

The best process parameters were used to fabricate the composite coatings at 800 and 900 W and 

1.0-1.2 m/min scan speeds. 

 

 

 

 

 

3. Result and discussions 

3.1. Zn-Ni-Fe ternary alloy coating microstructure 
 

The prepared coating is mainly composed of Zn, Ni and Fe phases; subsequent to laser cladding, 

reactions occurred between the molten substrate and the reinforcement material which led to 

formation of advantageous fine-grained microstructure and phases. From Figure 1, it can be 
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deduced that the following phases: FeNi3, FeNi, ZnNi, Fe2Zn10, Zn11Ni2, FeNiZn13 and Fe5C2 were 

formed. Furthermore, this could be attributed to the high energy of the laser beam. In addition, it 

should be noted that FeNi has FCC structures. Jian, Chun and Song [17] affirmed that during 

cladding intermetallic compounds are formed. The existence of Fe is minimized, probably due to 

the number of tracks that caused an increase in the diffusion path of Fe, restraining it to diffuse 

into the surface [18]. The reduction of Fe on the surface could indicate good properties of the 

alloyed coating, since Fe cannot diffuse towards the surface.  

 
Figure 1: XRD Spectrum of Zn-50Ni-5Fe Ternary Coatings at Laser Power of 900 W and 

scanning speed of 1.2 m/min 
 

Figure 2 shows SEM image cross-sectional view of Zn-50Ni-5Fe-1.2 coating. It also highlights an 

area of heat affected zone and interfacial bonding between the Zn-Ni-Fe coatings. In terms of their 

atomic weights Zn and Ni are much denser than Fe, having weights of 65.38, 58.70 and 55.85 

respectively. Therefore, the lighter area indicates the substrate and the darker area indicates the 

coating. Figures 6 exhibits smoother compact coating, indicating that it contains finer grains and 

it can be observed that the layers are pore-free, moreover there are minimal grooves which resulted 

from metallographic grinding. 

 

The dimensions of the molten pool varied in accordance to an invariant energy density and, 

although a combination of processing parameters might have resulted at the same energy density 

value, the characteristics of the molten pool varied. This is the reason why process parameters are 
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optimized. Any tempt in slight changes to process parameters without optimization can affect the 

microstructure negatively. Design of experiment (DOE) is one of the techniques used in optimizing 

process parameters. The influence of the parameters is also tied to the thermal history and input 

energy density. The process creates a molten pool from a small layer on the surface of the material 

by re-melting it with a laser and the effects of the surface tension in the pool are exploited which 

results in a less rough surface. Superficial modifications were done to the surface of the fabricated 

coatings due to the layer of molten pool on the surface that re-solidified instantaneously and the 

thermal effects on the substrate. 

 

Observations of the process on the preheated substrate revealed that the preheating allowed for 

lower processing laser power to be used and reduced the rate of cooling between the peaked 

temperatures which were generated consecutively, in effect it improved the resistance of micro-

cracks. During the cladding process, the heat had built up as the successive layers were deposited 

and due to this phenomenon, it was observed that the subsequent coats applied had a much lower 

rate of cooling than the first deposited layer. The application of the first coated layer had a peak 

stress gradient that exceeded the maximum strength but only for a short while during the process. 

However, application of the second coating of reinforcement powders had a peak stress gradient 

that was lower than the maximum strength. This observation served as evidence that with 

successive coatings applied the micro-cracks susceptibility of the cladded Zn-Ni-Fe materials 

reduced. In the case of the substrate that was not preheated and had a subsequent coatings and 

tracks was highly susceptible to cracks that propagated transverse to the tracks in proximity to the 

substrate. In some cases, the superficial surface of the clad has cracks that propagate across it. 

Usually what causes the promotion of cracks during the coating of the tracks is the thermal effect 

that the processing laser has on the tracks alongside the newly formed tracks. The limitation of not 

preheating the substrate prior to the cladding process made the coating susceptible to experiencing 

cracks on its surface which originated internally. 
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Figure 2: SEM Image cross-sectional view of Zn-50Ni-5Fe Ternary Coatings at Laser 
Power of 900 W and scanning speed of 1.2 m/min  

Small quantities of blow holes are also visible which would indicate that air could be trapped 

during rapid cooling as reported by Yuan et al. [19]. The finer grains highlight that the mechanical 

properties have been enhanced. The structures of coatings are quite homogeneous; due to the rapid 
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revealed that between the low to moderate energy densities, the Heat Affected Zone (HAZ) had 

such minimal variation, whereas the volume of the molten pool was linearly proportional to the 

energy density. Laser cladding process was employed and created in-situ coatings of desirable 

strength and low coefficient of friction and subjected the ASTM-A29 steel components to 

corrosion degradation. The industry desires coatings with such characteristics as it renders the 

components a much longer service life in environments where the material is susceptible to 

corrosion degradation.

The DLMD process is known to provide a high molten pool solidification rate, and this facilitates 

in the improvement of corrosion property in coatings which are produced by the process. From the 

results, it was observed that obtaining desirable material properties is possible through the 

optimization of the influencing factors thereby enabling more control of the process. Figure 3 

shows the EDS spectrum; it shows the elements that are present in the sample. From the EDS the 

elements that are present are; Zn, Ni and Fe. However, there is presence of carbon as well which 

could be attributed to the presence of carbon in the substrate during the dilution of reinforcement 

powders and the substrate.  
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Figure 3: EDS of Zn-50Ni-5Fe Ternary Coatings at Laser Power of 900 W and scanning 
speed of 1.2 m/min 

 
3.2 Corrosion test results  
 

The polarisation test results which include the corrosion potential (Ecorr), corrosion current 

density (Icorr), corrosion rate (Cr) and polarisation resistance (Rp) obtained from the polarization 

curves in Figure 4 are listed in Table 1.  

 

Table 1: Linear polarization test data of Zn-Ni-Fe Ternary Coating in 3.65wt % NaCl 
Medium 

 
Sample Ecorr (V) Icorr (A/cm2) �������	2) CR (mm/yr) 
Control -0.7916 0.0008384 42.499 9.74450 

Zn-50Ni-3Fe-1.0 -0.7578 0.000473 55.953 5.50160 

Zn-50Ni-3Fe-1.2 -0.7697 0.000498 56.455 5.78770 

Zn-50Ni-5Fe-1.0 -0.74364 0.000188 169.21 2.17910 

Zn-50Ni-5Fe-1.2 -0.2349 0.00002513 1820.61 0.29208 
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Figure 4: Linear polarization curves of Zn-Ni-Fe Ternary Coatings on AISI 1010 steel in 3.65wt. % 
NaCl medium 

 
 

According to Fatoba et al. [21-27], the mechanism behind the attack of chloride ion is due to its 

properties. Many metals will easily dissolve in solution of chloride as cations due to the fact that 

strong acid exhibit chloride as anions. The diffusivity of chloride is very high despite it’s fairly 

size as anion. This makes chloride to tamper with passivation. Attack on steel surface by chloride 

ion as reported in the literature is shown in the below equations 1-5 [28]. 

 

                                                 surfaceClFeClFe )( �� ��                                            (1) 

                              
���� ����� eClFeOHFeClFeOHFe surfacesurface 2)()(       (2) 

                                         OHFeHOHFe solution 2

2)( ��� ���
                                (3) 

                                         
���� eFeClClFe surfacesolutionsurface 22 2                              (4) 

                                           solutionerfacesurface FeClFeClFeCl 2int22 ��                           (5) 

 

��� 	�����
���� ��� ���
	��
����� ��
��	��� �
�� 
��	����
���� ��� ��� �!!�"!#� $���2), at low scan 

speed. The current density was also shown in four magnitudes Icorr (4.73x10-4 A/cm2), as the rate 

of corrosion reduce a bit compared to the substrate. As predicted, the substrate couldn’t withstand 

the chloride ion and this is shown in the corrosion rate and resistance to polarization. As shown in 

equations 1-5, the results gotten from the substrate is as explained in the equations. Sample B2 

showed greater resistance to the chloride ion by displaying higher corrosion potential and lowest 

corrosion rate. The corrosion density was also at the lowest value while the resistance to 

polarization picked the highest value in chloride solution as shown in Table 1. The SEM image of 
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B2 in Figure 5 also gave passivation that could withstand the chloride ions in the solution due to 

the reactions of ZnNi in DLMD which formed passivation films on the coatings.   

 

 
 

Figure 5: SEM Image of Zn-50Ni-5Fe Ternary Coatings at Laser Power of 900 W and 
scanning speed of 1.2 m/min after Corrosion. 

3.3. Mathematical models 

3.3.1. Grey relational model. 

lower-the-better condition in equation 6:  

)()(

)()(
)(

mlowHmhighH
mHmhighH

mG
ij

jj
j �

�
�                                                                                       (6) 

bigger-the-better condition in equation 7:

)()(

)()(
)(

mlowHmhighH
mlowHmH

mG
jj

jj
j �

�
�                                                                                       (7) 

The above equations are normalized [22].  

3.3.2. Grey coefficient and grade. 

The Grey relational coefficient )( ji� can be calculated in equation 8 as: 
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Where )()( jxjx iooi ���  the absolute value of the difference of )( jxo and )( jxi ; � is the 

distinguishing coefficient 10 		� . 5.0��  is generally used. 

)()( jxjxjim mo
lowlow

low �
�
��  is the smallest value of oi� ; and 

)()( jxjxjim mo
highhigh

high �
�
��  is the largest value of oi� . 

 Table 2 shows the orthogonal experimental design for corrosion rate. After averaging the Grey 

relational coefficients (As seen in Table 3), the Grey relational grade i�  (Table 4) can be computed 

as seen in equation 9 [29]:  


�

�
n

j
ii j

n 1

)(
1 ��                                                                                                                   (9) 

 
Table 2: Orthogonal Experimental Results for Corrosion Rate. 
 

Run 
Order 

Samples Laser Power(W) Scan Speed 
(m/min) 

Corrosion Rate 
(mm/yr) 

1 Zn-50Ni-3Fe 800 1.0 5.5016 

2 Zn-50Ni-3Fe 800 1.2 5.7877 

3 Zn-50Ni-5Fe 900 1.0 2.1791 

4 Zn-50Ni-5Fe 900 1.2 0.2921 

 

Table 3: Grey normalized values, analysis and coefficient. 
 

 Normalized Values Grey relational analysis 

( oi� ) 

Grey relational coefficient 

( )( ji� ) 

Run Order CR CR CR 

1 0.0521 

0.0000 
0.6566 
1.0000 

0.9479 

1.0000 
0.3434 
0.0000 

0.3453 

0.3333 
0.5928 
1.0000 

2 

3 

4 

 

Table 4: Grey Relational Grade for Factors and Levels of the Experiment. 
 

Run Order Sample Laser Power Scan Speed Grey relational 

grade ( i� ) 

1 Zn-50Ni-3Fe 800 1.0 0.3393 

2 Zn-50Ni-3Fe 800 1.2 0.5322 

3 Zn-50Ni-5Fe 900 1.0 0.7117 
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4 Zn-50Ni-5Fe 900 1.2 1.0000 

The grey approach devised by Taguchi and used in the study revealed that the most desirable 

material performance in terms of corrosion was found optimised at a 900 W laser intensity and 1.2 

m/min laser scanning speed. The Grey Relational Analysis (GRA) methodology applied and the 

results of the Grey Relational Grades (GRG) confirmed that there was great improvement in the 

values, as the enhanced GRG value was found to be 1.0000 (Table 4). The multi-objective 

approach of optimisation based on Taguchi’s Grey Relational Analysis was a suitable empirical 

design approach based on the significant enhancement on the multi characteristic corrosion 

performance evaluated. The study proved that the Laser Metal Deposition process is a feasible 

process in improving the life of parts made from ASTM A29 steel. This also correlates with Figure 

6 (Grey relational grade) which has highest at 900 W and 1.2 m/min. 

 

 

 
Figure 6: Grey relational Grade 

4. Conclusion 
 

 Observations of the process on the preheated substrate revealed that the 

preheating allowed for lower processing laser power to be used and reduced the 

rate of cooling between the peaked temperatures which were generated 

consecutively, in effect it improved the resistance of micro-cracks.



International Conference on Engineering for Sustainable World

Journal of Physics: Conference Series 1378 (2019) 042049

IOP Publishing

doi:10.1088/1742-6596/1378/4/042049

12

 In terms of the corrosion performance, the results revealed that increasing the 

laser scanning speed was beneficial to the property, showing that the corrosion 

performance became better at higher scanning speeds. At the set laser intensity 

of 900 W and a 1.2 m/min laser scanning speed, the fabricated coatings showed 

enhanced microstructure, measured 

 Stable and metastable intermetallic phases like FeNi3 and FeNi were formed 

which have substantial influence on the microstructural evolution performance 

of the clads. 

 Grey relational model showed excellent correlation with the experimental 

results. The Grey Relational Analysis (GRA) methodology applied and the 

results of the Grey Relational Grades (GRG) confirmed that there was great 

improvement in the values, as the enhanced GRG value was found to be 1.0000 
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