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H I G H L I G H T S   A B S T R A C T  
 Ni-Cu coatings were perfectly deposited on 

52 low carbon steel by using the flame 
thermal sprayed method.  

 Optical microscope showed that the 
experiment number six shows a 
homogeneous diffusion zone. 

 X-ray diffraction (XRD) of the coating layer 
revealed Cu and Ni-Cu phases which can 
acts as a protection barrier. 

  SEM analyses informed that the coated 
sample has a homogeneous structure   and 
covers all the substrate material.  

 The effect of some parameters on the diffusion depth of the Ni-Cu coating layer 
on 52 low carbon steel samples using flame thermal spraying was investigated. 
In this research, coating-powder particle (1926.6 nm) was used, spraying gases 
pressure (0.5, 1bar) for oxygen and acetylene was implemented, and the 
temperature of the sprayed coating layer on the substrate was in the range (500- 
750 C°). Diffusion cross-section was observed by using an optical microscope. 
The microstructure and phase analysis of the coating layer was observed by using 
X-ray diffraction (XRD), and SEM respectively. At standoff distance was 125 
mm, powder feeding rate 30g/ min, substrate surface roughness N10 µm, and the 
gun carrier transverse velocity 50 mm/m, the results showed high and 
homogeneous diffusion zone between the coating layer and the substrate (image 
1f and 3f), however, image 2f exhibit the porosity in the boundary between the 
coating layer and the substrate. A R T I C L E  I N F O  
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1. Introduction 
Thermal spraying is a group of coating processes that work on the deposited of melt or semi- melt or solid-state material 

on the other material surface. The coating material is spraying at high acceleration. The coating particles can permanently 
deform during a collision with the surface of the substrate and form the coating layer. Flame thermal spray is considered one of 
the earliest types of process spraying. The coating material may be used in powder or wires forms. The gases used to produce 
heat are usually oxygen and acetylene. The flare melts the coating material and is rapidly ejected to the substrate surface [1-3] 

Overlay metallic coating is performed by applying new materials onto the surface of an element. By adding one or even 
more strong metallurgically connected layers with the base material that has: mechanical, metallurgy, and chemistry able of 
ensuring barrier properties against the influence of corrosion, erosion and, different phenomena caused by the service. The 
overlay is an effective and cost-saving method to change the exposed surface of the base metal, which has been selected to 
support the desired strength at the operating conditions [4-5]. 

Steel with a carbon content of less than 0.25 % wt. is called low carbon steel. Mild steel is a remarkably low-price 
material, with good mechanical properties that are used for industrial, domestic, and petroleum applications. However, one of 
the major weaknesses of mild steel is its low corrosion resistance [4-7]. Because of their unique characteristics, Nickel-Copper 
alloys are extensively used as major engineering materials and most of these alloys show excellent corrosion resistance against 
a variety of severe conditions, such as seawater, acidic and alkaline corrosion media. Ni-Cu alloys are commonly used in 
various applications, due to their good machinability, they are extremely thermally and electrically efficient. and particularly 
resistance to bio-fouling [6-9]. In this study, Ni-Cu alloy was used to coat low carbon steel for marine applications due to 
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coating unique properties especially the pitting corrosion resistance (pitting the most common and insidious type of corrosion 
in the marine environment), and studying the effect of coating parameters (Standoff distance, Powder feeding rate, Substrate 
surface roughness, Gun carrier transverse velocity) on the structural and coating material's corrosion resistance [10-11]. 

2. Experimental Procedure and Materials Used 

2.1 Materials 
Samples of low carbon steel (St 52) according to DIN standard were machined to obtain surface roughness (N10, N8, and 

N6) using milling and grinding machines respectively. The chemical composition of the samples is illustrated in Table 1. 
Samples were cut with dimensions (10 *10 *3 mm) as shown in Figure 1.  

2.2 Powder coating: 
Ni-Cu binary alloy powder is used in the current research, with chemical composition and particle size 1926.6 nm are 

illustrated in Table 2 and Figure 2 respectively. 

2.3 Coating procedure: 
In this study, thermal spray coatings were achieved with an oxy-acetylene thermal spray gun mounted on a two-

dimensional table with a ball screw and drive system to allow the spray gun to move left and right smoothly. A flat table was 
used to place the work sample in the front of the spray gun. A ball screw with a drive system provides the sample holder, 
allowing it to move up and down. The distance between the spray gun and the sample surface was kept at 125 mm, the powder 
feeder was set to 30 g/ min, the Oxygen pressure was 0.5 bar while acetylene pressure was 1 bar, and the temperature of the 
sprayed coating layer on the substrate was (500-750 C°). All samples have a (1200-1400 µm) coating thickness. The system of 
the thermal spray gun is shown in Figure 3 System of thermal spray was provided by a powder automatic feeder. Figure 4 
shows the samples before and after coating. 

To optimize data and results, the Taguchi method was utilized. The current study looked at four factors with three levels 
each as shown in Table 3. 

X-ray diffraction analysis was used to identify the phase composition of the Ni-Cu coating layer by using (Shimadzu 
company/XRD 6000) at the Ministry of Science and Technology. The cross-section of the coating layer and substrate was 
accomplished by an optical microscope at the Ministry of Industry and Minerals. The SEM of the coated sample was carried 
out by (Inspect S 50) at the Applied science Department/ University of Technology. 

Table 1: Chemical composition of St 52 samples 

Elements C Si M n S P Cr Ni Mo Cu V 

W t  % 0.2 0.5 0.9-1.7 0.03 0.025 0.5 0.5 0.08 0.3 0.1 
ASTM A572/A 572M-
03a[12] 

0.25 0.40 1.35 0.05 0.04 0.3 0.5 0.1 0.3 0.01-0.15 

Table 2: Chemical composition of Ni-Cu powder 

Elements Ni Cu Si Fe Al Ti Cr Mo Co S 

Wt % 40.525 30.085 4.159 0.437 0.277 0.064 0.064 0.046 0.026 0.1 

Table 3: Factors and their levels 

Factors Level 1 Level 2 Level 3 

Stand of distance (mm)  100     125    150 
Powder feed rate (g/min.)  10      20   30 
Substrate surface rough. (mic.)  N10      N8    N6 
Gun carrier tran. velocity (mm/min.)              40      50    60 

    

  
Figure 1: Low carbon steel (St 52) with surface roughness 

(N10, N8, and N6) Figure 2: Particle size distribution of Ni-Cu powder 
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3. Results and Discussion 
Taguchi method was used. Four factors with three levels were studied in the current study as shown in Table 4. The 

substrate cross-section of the coating layer as represented in Figure 4 shows the diffusion depth between the substrate and the 
coating layer. Diffusion between the coating layer and the substrate may play an important role in the adhesion of the coating 
layer. For this purpose, a high-resolution optical microscope with the assistance of an image format program was used to 
display the diffusion depth as mentioned in Table 4. Three images represent trial one, trial two, and trial three for each 
experiment which illustrate the shape and size of the diffusion area as shown in Figure 5. 

From which it has been shown that in experiment number one (image 1a, 2a, and 3a) the diffusion zone is narrow, and so 
is in experiment number two (image 1b, 2b, and 3b), four (image 1d, 2d, and 3d) and eight (image 1h, 2h, and 3h).  

The images that represent experiment number three (1c, 2c, and 3c) in which it appears extended into the substrate, The 
images that represent experiment number three appear extending into the metal, its extension in this way may cause residual 
thermal stresses in the substrate, and so is in the experiment number seven. Images representing experiment number five show 
porosity in the diffusion zone especially in trials one and two (image 1e and 2e), this may be related to the low powder feeding 
(20 g/ min.) and the compatibility of the powder feeding with the gun carrier transverse velocity. Experiment number six 
shows a homogeneous diffusion zone (image 1f and 3f) and image 2f exhibits the porosity in the boundary between the layer of 
coating and the substrate. Experiment number nine exhibits a crack in the boundary between the layer of coating and the 
substrate (trial 1image 1i), image 2i represents trial two a narrow and heterogeneous diffusion zone, while trial three (image 3i) 
shows an extended diffusion zone. 

3.1 XRD result: 
 The XRD pattern of the coating layer demonstrates two main phases, Cu/ NiCu and NiCu phases which behave as a 

protective barrier against the diffusion of unsafe kinds through the coating layer, therefore, decreasing the corrosion rate. The 
Ni may reduce the corrosion rate by forming Nickel oxide which acts as a protective film, as shown in Figure 6. 

3.2 SEM result: 
Substrate surface sample for the optimal conditions was examined using a Scanning electron microscope. The images 

exhibit the homogeneous coating layer which completely covers the substrate surface and the coating layer microstructure 
seems to be uniform and contentious and found to be rich in Ni-Cu as shown in Figure 7. 

Table 4: Taguchi orthogonal array matrix 

 

 
Figure 3: Thermal spraying system [13] 

Standoff  
distance  
(mm)        

Powder 
 feed rate 
(g/min.) 

  Substrate 
surface  
rough. (mic.) 

Gun carrier 
 tran. Velocity 
(mm/min.) 

Trail 1            Trail 2  Trail 3 Mean S/N 
ratio 

100 10 N10 40 166.560  167.120  166.871    166.871      44.437 

100 20 N8 50 171.017 171.020 170.450 170.829 44.655 

100 30 N6 60 189.782 190.561 193.170 191.171 45.623 

125 10 N8 60 172.787 172.896 172.002 172.562 44.708 

125 20 N6 40 194.407 195.861 196.530 195.599 45.815 

125 30 N10 50 288.054 290.453 291.082 289.863 49.237 

150 10 N6 50 190.840 189.694 186.709 189.081 44.370 

150 20 N8 60 166.402 167.269 167.269 166.980 44.405 

150 30 N10 40  169194 170.447 169.747 169.747 44.557 
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(A) Uncoated samples (B) Coated samples after surface machining 

Figure 4: Samples before and after coating 

 

 
Figure 5: Optical microscope diffusion images 10X 

magnification power 
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Figure 6: X-ray diffraction for the coating layer 

   
Figure 7: SEM image for coating layer 

4. Conclusion 
The Ni-Cu coatings were perfectly deposited on 52 low carbon steel by using the flame thermal sprayed method. The 

optical microscope showed that experiment number six shows a homogeneous diffusion zone (image 1f and 3f) and image 2f 
exhibits the porosity at the boundary between the layer of coating and the substrate. The X-ray diffraction (XRD) of the 
coating layer revealed Cu/ NiCu and Ni-Cu phases which can act as a protective barrier against the unsafe kinds. SEM analyses 
informed that the coated sample has a homogeneous structure and covers all the substrate material. 
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