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Abstract  

Electroless coating brings the advantage of providing films on the complex geometry of additively 

manufactured components. However, there is a knowledge gap about the impact of AM part surface and 

postprocessing parameters on the quality of electroless coating. This study explores the application of 

three solution-based surface finishing techniques on the microstructure and surface hardness of additively 

manufactured stainless steel components coated with electroless nickel films. Given that AM techniques 

for metal parts often yield surfaces with inherently rough textures and differences in properties along the 

different planes, we investigated their relationship with nickel coating. To mitigate the impact of surface 

irregularities on electroless nickel coating quality, this research evaluated the effectiveness of chemical 

polishing (CP) and Electropolishing (EP) as post-processing treatments for AM stainless steel. 

Characterization of the treated samples was conducted using the analytical Digital Microscope, Scanning 

Electron Microscope (SEM), and scratch tester. Additionally, the study incorporated an instant 

segmentation machine learning algorithm to overcome image analysis challenges. The findings indicate 

that EP and CP significantly improve surface smoothness, decreasing the arithmetical mean height (Ra) by 

as much as 4 µm and 10 µm, respectively. Furthermore, the nickel-coated AM samples demonstrated an 

enhancement in scratch resistance, exhibiting up to a two-fold increase in surface hardness compared to 

their as-built counterparts. Taguchi design of the experiment was applied to investigate the effect of 

process parameters. This study provides insights for developing improved surface quality and acquiring 

new properties via the coating process to make AM parts suitable for challenging environments and novel 

applications.  

Keywords: Additive manufacturing, electroless nickel, scratch test, 3D printing, Laser metal sintering. 

1. INTRODUCTION  

Additive manufacturing (AM) has brought a significant paradigm shift in the realm of product design and 

manufacturing [1-4]. AM has substantially enhanced the efficiency of producing intricate metal 

components. However, as produced AM components remain susceptible to various issues, including wear 

[5-7], corrosion [8-11], fatigue [12-14], normal stress [15-17], and shear [18-21]. AM components are 

needed to exhibit qualities such as high toughness, durability, and corrosion resistance. However, 

achieving the desired mechanical properties within a single material or production process presents a 

formidable challenge. Some materials may demonstrate exceptional corrosion resistance but 

simultaneously exhibit heightened susceptibility to mechanical stress, whereas others may possess 

remarkable deformation resistance but may prove unsuitable for utilization in acidic or saline 
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environments [22, 23]. It is widely recognized that the surface quality of a manufactured component has 

a direct bearing on factors such as wear, corrosion, and the initiation of cracks [24]. In cases where a 

component's surface finish is suboptimal, the likelihood of failure is considerably elevated [25]. 

Consequently, various post-processing techniques, including heat treatment, chemical treatment, spray 

coating, electroplating, and electroless plating, are extensively employed to ameliorate surface integrity 

and mitigate corrosion-related concerns [26, 27]. It is a common observation that the as-produced 

surfaces of AM parts often fall short of the desired quality standards, necessitating post-processing 

interventions [28-30]. 

Electropolishing, also referred to as electrochemical polishing (Fig. 1a), is a technique primarily used on 

metals such as stainless steel and aluminum for reducing surface roughness [31]. The process involves 

submerging the metal component in an electrolyte, typically with an acidic composition. After that, an 

electrical current is applied, with the metal component acting as the anode. This initiates an 

electrochemical reaction that selectively eliminates a thin layer of material from the surface of the metal. 

As a result, numerous advantages are achieved [32]. Electropolishing effectively smooths the surface by 

eliminating scratches, imperfections, and microscopic peaks. It also excels in eliminating contaminants and 

embedded particles, thereby enhancing the cleanliness of the material. Furthermore, electropolishing 

contributes to improved corrosion resistance and significantly enhances surface brightness and reflectivity 

[33]. However, electropolishing is not possible for very intricate shapes involving difficult-to-access surface 

areas. For such a situation, chempolishing can be adopted since it does not require typical counter 

electrode proximity to the target surface and electricity flow necessary in Electropolishing (Fig.1a). Our 

group has implemented chempolishing as the effective surface improvement method for the complex-

shaped AM steel components[34] and also compared the advantages of this method with respect to 

electropolishing [25]. Chempolishing (Fig. 1b) is a chemical polishing technique that exhibits versatility in 

its application, catering to both metal and non-metal materials. This process entails immersing the 

component in a chemical bath specifically tailored for the material at hand [35]. The chemical solution 

selectively interacts with the surface, removing microscopic irregularities and asperities [36]. 

Chempolishing achieves surface uniformity and smoothness, making it highly effective in eliminating 

surface contaminants, oxides, and stains. It is a preferred method for enhancing the overall appearance of 

the material, offering an appealing and polished finish. Additionally, chempolishing can also contribute to 

improved corrosion resistance in certain cases [37]. Further advancements in the post-processing of 

chempolished and electropolished AM components are possible through the integration of electroless 

coating. However, there is a knowledge gap in the literature regarding the effects of electroless coating on 

chempolished and electropolished AM steel components.  

Fig 1. Schematics of experimental set up for (a) Electropolishing, (b) Chempolishing, and (c) electroless 

nickel plating of any sample. 



   

 

   

 

Electroless plating offers excellent opportunities to bring a wide range of new properties not available for 

metal and alloys after additive manufacturing. Similar to chempolishing, electroless plating can occur 

without requiring complex instrumentation and is relatively unaffected by the AM part geometry. 

Electroless nickel plating is a very popular and successful method for improving surface wear resistance 

and corrosion protection. Electroless nickel plating (Fig. 1c), a highly versatile and controlled process, plays 

a pivotal role in surface modification and engineering applications [38]. Unlike electroplating, it does not 

necessitate an external electrical current for metal deposition, rendering it a self-catalytic process. In this 

method, a carefully formulated aqueous solution comprising a reducing agent and a source of nickel ions 

is utilized to deposit a uniform layer of nickel onto the surface of a substrate, typically composed of metals 

like steel, aluminum, or copper [39, 40]. The reduction reaction occurring on the substrate surface 

facilitates the controlled and precise deposition of nickel, leading to enhanced surface properties such as 

wear resistance, corrosion protection, and improved hardness. Electroless nickel plating finds wide-

ranging utilization in industries encompassing aerospace, automotive, electronics, and engineering, owing 

to its ability to confer desirable material enhancements and precise coating thickness control [41, 42]. 

According to the available literature, there are gaps in understanding of how surface orientation and 

solution-based electropolishing and chempolishing post-processing methods affect the electroless nickel 

coating process for additively manufactured (AM) steel components. 

In the present study, we have investigated three surface finishing methodologies to enhance the 

surface quality of additively manufactured surfaces (Fig. 1). Our investigation predominantly centers on 

the application of chemical-based techniques for reducing surface roughness in additively manufactured 

stainless steel specimens. The selection of chemical etching methodologies stems from their effectiveness 

in reducing surface roughness in concealed areas. We utilized electropolishing and chempolishing 

processes to smooth surfaces. Additionally, we expound upon our procedure for the generation of a 

protective coating on the chemically refined surfaces of the specimens. Our chosen approach involves the 

application of electroless nickel coatings to additively manufactured stainless steel samples. This paper 

provides a comprehensive exposition of the experimental procedures employed in obtaining EP, CP, and 

electroless nickel coatings, accompanied by the application of machine learning instance segmentation for 

the analysis of microscopic and scanning electron microscopy (SEM) images. 

2. METHODOLOGY  

2.1 Sample Material 

The sample material chosen for this study is a 

molybdenum-alloyed austenitic steel, specifically 

stainless steel 316. Its composition primarily 

comprises iron, chromium, nickel, and 

molybdenum, with mass percentages typically 

falling within the range of 55-60% iron, 17-19% 

chromium, 13-15% nickel, 2-3% molybdenum, 6-8% carbon, along with trace amounts of other elements 

such as manganese and silicon (Fig. 2). The raw material powder, used in the experimentation, is spherical 

in shape and has a nominal particle size of 25 ± 15 μm. The production of stainless-steel powder is achieved 

through the atomization process, a well-established technique in powder metallurgy. Atomization entails 

the initial melting of the stainless steel 316 alloy, followed by subjecting it to high-pressure gas or water 

Fig 2. L-shaped stainless steel AM samples. 



   

 

   

 

jets to disintegrate the molten metal into fine droplets. These droplets subsequently undergo rapid 

solidification, resulting in the formation of spherical particles during the cooling phase. 

2.2 Sample fabrication 

The specimens are fabricated using the EOS M280 laser sintering-based metal 3D printer housed within 

the facilities of the Kansas City National Security Campus. The optimization of the 3D printing process for 

Stainless Steel 316L samples with the EOS M280 laser sintering-based metal 3D printer necessitates 

meticulous attention to crucial parameters. The process of fine-tuning involves the establishment of a layer 

thickness of 40 microns, a laser power of 400 Watts, and a scanning speed of 7 m/s. Furthermore, the 

Powder Bed and Build Chamber Temperature maintained at 40 degrees Celsius ensures the creation of 

optimal sintering conditions. A nitrogen gas atmosphere is employed to prevent oxidation during the 

printing process and enhance the final product's quality. The implementation of these parameters 

guarantees the attainment of high-quality results in the 3D printing of stainless-steel specimens. 

2.3 Sample preparation 

The sample preparation involved a series of sequential procedures designed to ensure the removal of 

various impurities and contaminants from the surface of the test specimens (Fig. 3). These contaminants 

typically encompass substances such as greases, oils, organic and inorganic compounds, tarnish, light rust, 

fingerprints, and oxides. Initially, the samples are subjected to a 3-minute sonication process in acetone, 

a solvent well-suited for dissolving greases, oils, resins, inks, permanent markers, adhesives, and paints. 

Subsequently, the samples undergo a thorough rinse with distilled water and are dried using a blower. 

Following this preliminary cleaning, the specimens are subjected to a further 3-minute sonication step, 

utilizing 99% isopropyl alcohol (IPA), in an ultrasonic sonicator. This stage is instrumental in dissolving any 

remaining impurities on the sample surface. 

Following the IPA sonication, the next phases encompass intermediate-alkaline cleaning and electro-

cleaning. Intermediate-alkaline cleaning is accomplished by immersing the samples in a sodium 

hypochlorite solution at 82 °C for a brief duration of 2 minutes. This process serves to eliminate residual 

solvents and oils that may have been loosened during the initial pre-cleaning phase. 

Subsequent to intermediate-alkaline cleaning, the samples undergo a thorough rinse, drying, and electro-

cleaning (EC). EC is an electrochemical process that utilizes an alkaline electrolyte and direct current (DC). 

In our experimental setup, a ready-to-use solution from Krohn Industrial Inc. was employed, maintaining 

the bath temperature at 50°C and applying a voltage of 10V for a duration of one and a half minutes 

between the sample and titanium anode. Krohn Industrial Inc.'s electro-cleaning solution is designed to 

prepare steel surfaces for electroless plating by effectively removing contaminants and oxides. The 

solution typically contains a blend of alkalis and surfactants, which function to clean and etch the steel 

substrate. It operates at a pH range of 10 to 13. The electrocleaning process involves applying a voltage to 

the solution, facilitating the removal of organic and inorganic residues from the steel surface. During 

electro-cleaning, the titanium anode was positioned within the tank. The steel components being cleaned 

serve the role of cathode and are connected to the anode via a power supply. These anode and cathode 

are immersed in the electro-cleaning solution. This electro-cleaning operation results in the formation of 

an oxide layer on the sample surface, necessitating a subsequent acid dip in 3M HCL for 40 seconds to 

remove the oxide layer and neutralize the sample. This pre-treatment ensures optimal adhesion and 

performance of the subsequent electroless plating. 



   

 

   

 

 

 

 

 

Fig 3. Standard cleaning process steps 

The electropolishing method hinges on the use of highly concentrated acidic electrolytes, continually 

dissolving the sample throughout the electropolishing procedure. In electropolishing, the electrolyte 

comprises a mixture of 70% phosphoric acid and 30% sulfuric acid by volume, with the preferred 

operational temperature sustained at 75°C. The sample is electrically connected to a power source along 

with the lead electrode, whereby the negative terminal is linked to the electrode (cathode), and the 

positive terminal is associated with the sample (anode). A current density of 70 A/dm2 is diligently applied 

over the course of 30 minutes during the electropolishing process. An alkaline solution is judiciously 

employed to neutralize the sample post-electropolishing. To execute the chempolishing (CP) procedure, a 

highly concentrated acidic solution is employed as an electrolyte, serving the purpose of dissolving the 

areas of high-stress concentration and crack nucleation present on the submerged sample within the 

chemical bath. Notably, this process is electroless, with surface refinement occurring subsequent to the 

cleaning phase. The chemical bath, constituting a composition of 10-30% phosphoric acid, 1-10% 

hydrochloric acid, 1-10% nitric acid, and 1-10% proprietary surfactants, is an important component of the 

chempolishing regimen. It is of paramount importance to rigorously maintain the bath temperature at a 

constant 75°C throughout the procedure, as deviations in temperature could lead to contamination of the 

chemical bath. Furthermore, agitation emerges as a critical element in the chempolishing protocol, 

effectively dispersing localized heat generated during the electropolishing phase. In the experiments that 

were conducted, agitation was executed through the utilization of a 20 mm magnetic stirrer set at 200 

rpm. Following a 30-minute dissolution period, the samples were meticulously rinsed in distilled water. 

2.4 Electroless nickel plating 

In the domain of electroless nickel plating, it is customary to employ three distinct types of solutions. The 

crucial determinant in the deposition of nickel lies in the concentration of phosphorus within these 

solutions. In the scope of our specific investigation, we utilized electroless nickel plating solutions classified 

into three categories: low phosphorus (ONE PLATE 3001), mid phosphorus (ONE PLATE 1001), and high 

phosphorus (ONE PLATE 2001) (Table 1). These solutions were procured from Plating International Inc., 

which was recognized for their stability and characterized by pH values within the range of 5 to 6. It is 

imperative to ensure the pristine condition of the sample prior to commencing the deposition process, as 

any surface impurities may detrimentally affect the quality of deposition and impede the adhesion of the 

nickel coating. Therefore, a prerequisite is to thoroughly clean the substrate, free from any extraneous 

debris, oils, greases, or oxide layers. So, the sample must pass through the standard cleaning process. Once 

this preparatory phase is concluded, the sample is ready to undergo activation. 

 

 

Table 1. Electroless nickel solution content and properties acquired from Plating International Inc.  

Pre-Cleaning 
Intermediate 

alkaline 

cleaning 

Electro - Cleaning Acid Dip 



   

 

   

 

Plating 
Solution 

Trade name pH Phosphurs Content 
(by weight) 

Operation 
temperature (oC) 

Plating rate 
(micro/Hr) 

Low 
Phosphorus 

ONE PLATE 
3001 

5.8 3 to 5% 90 20 

Mid 
Phosphorus 

ONE PLATE 
1001 

5.8 6 to 9% 90 17 

High 
Phosphorus 

ONE PLATE 
2001 

5.0 10 to 13% 85 10 

 

Certain metals necessitate surface activation to guarantee optimal adhesion for subsequent plating [43, 

44]. In our experiment, the sample underwent activation through immersion in a Woods nickel strike 

solution while being subjected to a direct current (DC) of 5V for a duration of 30 seconds. The plating 

procedure is conducted immediately after activation. The maintenance of an ideal temperature is of 

paramount importance during the electroless plating process, as any slight deviation in temperature could 

trigger an exothermic reaction with the potential to compromise the integrity of the samples. The 

recommended temperature for the bath solution in the case of low and medium phosphorus is 90°C, while 

for high phosphorus solutions, it is set at 85°C. The deposition time allocated for all samples was set at 30 

minutes. 

 Table 2. L9 Taguchi design of experiment (TDOE)  

DOE Phosphorus Content  Surface Finish  Orientation Temperature 

1 High Elec-Polishing XY Plane T + 5 
2 High Chempolishing YZ Plane T  
3 High As-Built XZ Plane T - 5 
4 Mid Elec- Polishing YZ Plane T - 5 
5 Mid Chempolishing XZ Plane T + 5 
6 Mid As-Built XY Plane T 
7 Low Elec- Polishing XZ Plane T 
8 Low Chem- Polishing XY Plane T - 5 
9 Low As-Built YZ Plane T + 5 

 

2.5 Taguchi Design of Experiment (TDOE) 

In the course of our experimental investigation, we employed a Taguchi Design of Experiments (TDOE) 

methodology, which encompasses a series of controlled experiments characterized by four parameters, 

each exhibiting three distinct levels. The first parameter under scrutiny pertains to the concentration of 

phosphorus within the electroless nickel solution, with categorizations ranging from low, medium, and 

high levels. The second parameter centers around the type of surface finishing applied to ameliorate 

surface roughness, namely Electropolishing (EP), Chempolishing (CP), and the inherent as-built surfaces. 

The third parameter addresses the configuration of the 3D part coordinate plane, which significantly 

influences the surface characteristics resulting from the selective laser melting process. The core objective 

of our study lies in elucidating the responses of different plane surfaces to the deposition process. Finally, 

the fourth parameter revolves around the temperature of the nickel solution, which necessitates an 

optimal bath temperature tailored to each level. Our aim is to discern the manner in which the nickel 



   

 

   

 

solution reacts to temperature fluctuations relative to the established optimum temperature. To optimize 

the quality of experiments while concurrently streamlining the allocation of time and resources, we have 

adopted a strategic approach encompassing a temperature range spanning 5°C both below and above the 

defined optimum temperature (Table 2). Through the judicious application of TDOE orthogonal arrays, we 

have effectively curtailed the number of requisite experiments to a total of nine trials (Table 2). This 

methodological approach not only ensures the efficient utilization of resources and time but also provides 

Fig 4. Microscopic imagery for (a) Top view - electropolishing, (b) Isometric view - electropolishing, (c) 

Top view - chempolishing, (d) Isometric view - chempolishing, (e) Top view – as built, (f) Isometric 

view - as built. 



   

 

   

 

an in-depth understanding of the effect of different parameters and the correlation among them. It 

provides an in-depth understanding of the effect of different parameters and their correlation.  

3. RESULTS AND DISCUSSION 

3.1 Surface roughness characterization 

after EP, CP, and as-built AM samples 

were conducted utilizing the SEM (Fig. 

4a-f) and KEYENCE Digital Microscope 

VHX-7000 (Fig. 5). We prepared one 

sample each for each design of the 

experiment. The pictorial depiction of 

key roughness parameters we included 

in this study is shown in Figure 5a. Ra is 

the arithmetic average of the absolute 

values of the surface profile deviations 

from the mean line, measured over a 

specific sampling length. It quantifies 

the average height of the surface 

irregularities. Rz measures the average 

height of the roughness profile by 

calculating the distance between the 

highest peak and the lowest valley over 

a specified sampling length. It reflects 

the peak-to-valley height and provides 

insight into the overall texture of the 

surface. RzJIS measures the average 

peak-to-valley height of the surface profile over a specified length. This value indicates the overall surface 

roughness by averaging the vertical distances between the highest peaks and the lowest valleys over 

several sampling lengths. Rp measures the height of the highest peak above the mean line within a given 

sampling length. It reflects the maximum elevation of the surface profile. Rv measures the depth of the 

lowest valley below the mean line within a given sampling length. It reflects the maximum depression of 

the surface profile. 

Figures 4a and 4b, present the outcomes of the electropolishing surface finishing technique, revealing a 

substantially flatter topography with diminished hills and peaks. Figure 5 (b) summarizes different 

roughness parameters for the AM surface after three types of cleaning. The associated surface roughness 

parameters are: Ra = 4.85 μm, Rz = 22.89 μm, RzJIS = 13.02 μm, Rp = 11.76 μm and Rv = 11.13 μm (Fig. 

5b). Figure 4c and 4d, illustrate the surface finish post chempolishing. The corresponding surface 

roughness measurements are as follows: Ra = 11.65 , Rz = 56.84 μm, RzJIS = 17.79 μm, Rp = 33.33 μm and 

Rv = 23.50 μm (Fig. 5b). Figure 4e-f, depict the surface topography of the as-built samples. The surface 

roughness parameters for the as-built specimens are as follows: Ra (arithmetic mean roughness) = 15.95 

μm, Rz (the average maximum peak) = 86.99 μm, RzJIS (Ten-point mean roughness) = 38.54 μm, Rp 

(Maximum profile peak) = 40.73 μm, and Rv (Maximum profile valley depth) = 46.26 μm (Fig. 5b). Figure 

4 and 5 suggests that surface topography and roughness changed significantly after chempolishing and 

electropolishing.  

Fig 5. (a) Pictorial description of roughness parameters. (b) 

Bar chart for different topographical parameters after three 

surface finishing methods. 



   

 

   

 

3.2 Surface Roughness Characterization after Nickel Plating  

To gain insight into the role of the surface treatment method and different coating parameters, we 

investigated the 9 specimens prepared as per the Taguchi Design of the experiment scheme (Table 2). 

Figure 6 shows the topography of different DOE specimens, whereas Figure 7 summarizes the roughness 

data on each specimen quantitatively. Figure 6a in our study portrays the outcomes of Design of 

Experiment (DOE) #1, where a specific set of experimental parameters was employed (Table 2). These 

parameters encompassed the utilization of a high phosphorus nickel solution, an electropolished surface 

finish, orientation within the XY plane, and an elevated temperature exceeding the optimum by 5°C. 

(Fig.7)Figure 6b, denoting DOE#2, features a distinct combination of experimental parameters involving a 

high phosphorus nickel solution, chempolished surface finish, alignment along the YZ plane, and an 

optimal temperature setting (Fig.7). The resultant surface roughness measurements are as follows: Ra = 

10.90 μm, Rz = 49.99 μm, RzJIS = 34.61 μm, Rp = 23.1 μm, Rv = 26.89 μm, Rc = 37.03 μm, Rt = 49.99 μm, 

and Rq = 12.90 μm (Fig.7). In Figure 6c, we present the outcomes of DOE#3, executed with the utilization 

of a high phosphorus nickel solution, an as-built surface finish, alignment along the XZ plane, and a 

temperature setting lower than the optimum by 5°C. The measurements of surface roughness revealed 

the following values: Ra = 15.76 μm, Rz = 70.21 μm, RzJIS = 19.22 μm, Rp = 35.01 μm, Rv = 35.20 μm, Rc = 

35.63 μm, Rt = 70.23 μm, and Rq = 18.77μm. Fig 6d, representing DOE#4, comprises parameters involving 

Fig 6. Microscopy imagery for (a) DOE#1, (b) DOE#2, (c) DOE#3, (d) DOE#4, (e) DOE#5, (f) DOE#6, (g) 

DOE#7, (h) DOE#7, (i) DOE#8, (j) DOE#9 

 



   

 

   

 

a mid-phosphorus nickel solution, an electropolished surface finish, alignment along the YZ plane, and a 

temperature set lower than the optimum by 5°C. The surface roughness characteristics of this 

configuration resulted in: Ra = 15.15 μm, Rz = 67.91 μm, RzJIS = 36.42 μm, Rp = 38.38 μm, Rv = 29.53 μm, 

Rc = 43.58 μm, Rt = 67.94 μm, and Rq = 18.21 μm. Figure 6e, representing DOE#5, describes an 

experimental framework characterized by using a mid-phosphorus nickel solution, CP surface finish, 

alignment along the XZ plane, and an elevated temperature surpassing the optimum by 5°C. Surface 

roughness measurements for this setup yielded the following results: Ra = 14.59 μm, Rz = 73.4 μm, RzJIS 

= 36.18 μm, Rp = 32.95 μm, Rv = 40.45 μm, Rc = 44.43 μm, Rt = 73.4 μm, and Rq = 17.48 μm. Figure 6f, 

representative of DOE#6, outlines a specific combination of parameters that incorporates a mid-

phosphorus 

nickel solution, as-built surface finish, alignment along the XY plane, and the optimal temperature. 

The corresponding surface roughness measurements are as follows: Ra = 17.56 μm, Rz = 84.77 μm, RzJIS 

= 32.82 μm, Rp = 46.77 μm, Rv = 38.03 μm, Rc = 50.1 μm, Rt = 84.81 μm, and Rq = 21.0 μm (Fig.7).  

Fig 7. Bar chart representing the roughness for the nine experiments after nickel deposition. 



   

 

   

 

Figure 6g corresponds to DOE#7, characterized by using a low phosphorus nickel solution, an 

electropolished surface finish, alignment along the XZ plane, and the optimal temperature setting. Surface 

roughness measurements for this particular configuration revealed the following values: Ra = 18.54 μm, 

Rz = 87.49 μm, RzJIS = 17.44 μm, Rp = 46.06 μm, Rv = 41.42 μm, Rc = 25.57 μm, Rt = 87.54 μm, and Rq = 

22.22 μm. Figure 6h, emblematic of DOE#8, incorporates a set of parameters that entail a low phosphorus 

nickel solution, chempolished surface finish, alignment along the XY plane, and the temperature setting at 

the optimum level. The associated surface roughness characteristics are as follows: Ra = 17.44 μm, Rz = 

71.88 μm, RzJIS = 20.65 μm, Rp = 32.87 μm, Rv = 39.01 μm, Rc = 55.84 μm, Rt = 71.9 μm, and Rq = 20.44 

μm. Finally, Figure 6i represents DOE#9, wherein the experimental parameters encompass the utilization 

Fig 8. SEM imagery for (a) DOE#1, (b) DOE#2, (c) DOE#3, (d) DOE#4, (e) DOE#5, (f) DOE#6, (g) DOE#7, 

(h) DOE#7, (i) DOE#8, (j) DOE#9 



   

 

   

 

of a low phosphorus nickel solution, an as-built surface finish, alignment along the YZ plane, and a 

temperature exceeding the optimum by 5°C. The surface roughness measurements for this configuration 

resulted in the following values: Ra = 11.30 μm, Rz = 51.26 μm, RzJIS = 19.56 μm, Rp = 26.08 μm, Rv = 

25.17 μm, Rc = 25.49 μm, Rt = 51.26 μm, and Rq = 13.66 μm (Fig.7).  

3.3 Scanning electron microscope (SEM) 

In high phosphorous solution (Figures 8a-c) an approximate phosphorus concentration of up to 11% per 

deposition is observed. The primary objective of the coating is to maintain an amorphous structure 

characterized by the absence of grain boundaries or phase boundaries, effectively mitigating the creation 

of initiation sites for corrosion. The mid-phosphorous solution (Figures 8d,8e, and 8f) provides evidence 

of robust adhesion and elevated plating hardness in the context of deposition on an as-built sample. 

Elemental analysis performed on the sample surface reveals an approximate phosphorus concentration of 

around 8% per deposition. Notably, the low phosphorous solution (Figures 8g-i), in certain instances, 

observations indicate a phosphorus concentration of less than 5%, coupled with an inconsistent 

distribution pattern.  

 

3.4   Scratch testing  

Fig 9. Scratch microscopy imagery for (a) DOE#1, (b) DOE#2, (c) DOE#3, (d) DOE#4, (e) DOE#5, (f) 

DOE#6, (g) DOE#7, (h) DOE#7, (i) DOE#8, (j) DOE#9 



   

 

   

 

Scratch testing is a fundamental technique for the comprehensive analysis and characterization of 

mechanical wear behaviors. The meticulous application of precisely defined scratches, performed in a 

consistent and reproducible fashion, becomes of paramount importance in the pursuit of surface wear 

resistance characterization. In the scope of our study, we opted for the standard 10 N scratch test 

methodology, conducted on samples coated with nickel (Fig. 9). Each of the nine samples (Table 3) was 

subjected to scratch testing (Fig. 9a-f). We were successful in obtaining clear scratch on nickel-coated 

samples with high phosphorous content (Fig. 9a-c), medium phosphorous content (Fig. 9d-f), and low 

phosphorous content (Fig. 9g-i). However, a major challenge was in analyzing different scratches. The 

acquisition of precise measurements of the scratch width from the microscopic imagery was difficult due 

Fig. 10. (a) scratch image from SAM model (b) image after denoise and threshold   

Fig. 11. Bar profile representing the roughness for the nine experiments after nickel deposition 

 



   

 

   

 

to the scratch's inconsistent width. Consequently, the methodology has been adapted to calculate the 

projected area of the scratch, which is then divided by its length to achieve a standardized measure (Fig. 

10a). In the realm of image segmentation, the Segment Anything Model (SAM), developed by Meta, 

previously known as Facebook, has been employed. As a foundational model for segmentation, SAM has 

undergone training on a dataset encompassing 11 million images and in excess of one billion masks. The 

architecture of SAM is tripartite, consisting of an image encoder, a prompt encoder, and a mask decoder. 

The strength of SAM lies in its dual utility, offering both a no-code and a code-based solution. For the 

purposes of our experiment, the no-code, fully online option was selected. Subsequent to this, we applied 

denoising and thresholding processes using ImageJ to refine the results (example shown in Fig. 10b). Once 

we have performed instance segmentation and thresholding on the scratch, we proceed to determine the 

material's hardness using an equation (1) [45, 46]. 

𝐻𝑠 =  8𝑃/𝛱𝑤2                                                           (1) 

Where Hs = Scratch hardness number (MPa), P = Normal force (N), and w = scratch width in mm.  

 

The presented data (Table 3) showcases the percentage increase in hardness across nine different Design 

of Experiments (DOE) trials. The results indicate a notable variation in the effectiveness of the treatments 

applied, with percentage increases ranging from 165.84% to 202.99%. The highest increase was observed 

in DOE trial 9 at 202.99%, while the lowest was in DOE trial 1 at 165.84%. This variability highlights the 

differing impacts of the experimental conditions on hardness. The overall trend suggests that the 

treatments applied in most DOE trials significantly enhance hardness, with several trials, such as DOE 6 

and DOE 7, also demonstrating substantial improvements with increases of 199.46% and 193.16%, 

respectively.  

 

Table 3. Surface Hardness before and after Ni coating  

DOE Hardness before Ni deposition Hardness after Ni deposition % Hardeness Increase 

1 125.13 332.64 165.84 
2 119.67 338.10 182.53 
3 207.47 587.53 183.19 
4 218.19 610.02 179.58 
5 194.94 538.22 176.10 
6 297.36 890.48 199.46 
7 219.64 643.89 193.16 
8 233.46 660.62 182.97 
9 269.18 815.58 202.99 

 

3.5 Taguchi Analysis: 

Multi-plots serve as a visualization tool for elucidating the impacts of numerous factors on a response 

variable (Fig. 12). Within these plots; the presentation encompasses both the main effects and interaction 

effects of the factors on the response variable (Fig. 12). The main effects delineate the individual influence 

of each factor on the response variable, while the interaction effects depict the collective impact of two 

or more factors on the response variable. Surface finish impacted surface hardness significantly (Fig. 12b). 

electropolishing appears to yield low hardness compared to the chempolish and as-built samples. 

Interestingly, the phosphorus level significantly impacted the hardness level (Fig.12a). High phosphorous 

content appears to yield low hardness as compared to the medium and low phosphorous content. The 



   

 

   

 

surface orientation and temperature factor's level impact was relatively weaker (Fig.1c,d). We also studied 

the strength of interaction between two parameters. All potential interactions between pairs of two 

factors are computed (Fig. 13.a). The interaction pairs are presented in descending order based on their 

Severity Index (SI), which is expressed on a scale from 0 to 100%. In cases involving interactions among 

pairs of factors with three levels, the Severity Index (SI) is indicative of the highest angle within the array 

of feasible combinations of line segments (Fig. 13.a). Interaction data shows the relative independence of 

a factor in relation to other factors. The highest interaction strength of 72.76 was observed between the 

orientation and temperature; it means changing orientation will necessitate an adjustment in the plating 

temperature for the desired results (Fig. 13a). On the other hand, a low severity index of 8.95 phosphorous 

and temperature  interaction shows their independence from each other. 

  

  

We also investigated the impact of individual factors on film hardness (Fig. 13b). Phosphorus content and 

surface finish are the main factors in deciding the nickel coating hardness (Fig. 13b). This result is in line 

with the prior literature [47] relating the phosphorous content to the hardness of the nickel coating (Fig. 

13b). Hardness is highest for the as-built surface. The reason is that high roughness enables the creation 

Fig 12. Taguchi Multi-plot analisys (a) phosphous (b) surface finish (c) Orientation (d) Temprature 

 



   

 

   

 

of a better grip of the coating material on the surface (Fig. 13b). This result is consistent with the prior 

literature defining the impact of roughness on film adhesion. 

 

 

 

 

We also employed the Taguchi Design of experiment analysis to investigate the combination of parameters 

that will lead to the highest hardness. The optimal table represents the predictive equation delineating 

the anticipated performance under optimal conditions as well as any conceivable alternative conditions. 

The numerical values presented in the table are derived from computations conducted under the optimal 

condition, a state determined by the chosen quality characteristic for analysis. Conventional practice 

dictates the inclusion of only statistically significant factors (without pooling) in the computation of 

anticipated performance, aligning with established analytical methodologies. In the context of this 

experiment, The optimal condition for achieving the highest hardness is identified as a low-phosphorus 

nickel solution coupled with an as-built surface finish, YZ orientation, and a solution temperature of 90 

degrees Celsius. 

 

4. CONCLUSION  

This study explores the utilization of electropolishing (EP) and chempolishing (CP) techniques for the 

removal of surface roughness, coupled with the subsequent application of electroless nickel plating as 

a protective layer coating on stainless-steel samples fabricated through additive manufacturing. These 

findings encapsulate the key outcomes of the investigation. 

 

• The process of electropolishing exhibits a notable capability for achieving high-quality surface 

finishing, which is characterized by the rapid removal of material and giving a higher level of 

smoothness. In contrast, chempolishing emerges as a compelling alternative, primarily due to its 

capacity to remove material uniformly and impart smoothness to both internal and external 

surfaces. According to our Taguchi Design of Experiment, surface finishing was the main factor 

influencing the electroless nickel coating hardness 

Fig. 13. Bar profiles showing (a) Interaction among factors  (b) ANOVA analysis of impact of 

individual factors.     

 



   

 

   

 

• Our study demonstrated that nickel-plated samples exhibited increased scratch resistance 

compared to their non-plated counterparts. Our observation is in line with prior work showing 

that electroless nickel indeed increases surface hardness.  

• ANOVA analysis in our study suggested that surface orientation did not produce a significant effect 

on the hardness of the electroless nickel coating.  

• As the main conclusion, it has been observed that the optimal combination yielding the highest 

surface hardness involves the utilization of a low-phosphorus nickel solution, along with a built 

surface finish, XY orientation, and a solution temperature of 90°C. 

• In future studies, electroplishing followed by electroless nickel coating will be studied on samples 

with internal volumes. Further resaerch will also be needed to investigate the effect of applying 

the chempolishing and electropolishing sequentially on the AM components to prepare the AM 

surface for the electroless nickel coatings uniquely. Our recent work in this Journal demonstrated 

the unique microstructure and surface energy of AM components treated by chempolishing and 

electropolishing [36]. Hence, unique properties of electroless nickel coating may arise depending 

upon the specific sequence of the electropolishing and chempolishing. 
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