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Abstract
This paper investigates the use of chemical etching to develop repeating macro and micro geometric surface features on plain carbon steel. Important properties can be imparted in a material by the use of these surface features or textures leading to enhanced corrosion resistance in plain carbon steels. Maskant perforated with pinholes combined with standard chemical etching methods was used to create repeating features on the sample’s surface. Surface characterization was carried out using optical materials analysis microscopy and dynamic-mode imaging using an Atomic Force Microscope. Surface profiles were evaluated based on their center-to-center distance, surface topography and average surface roughness. Comparison with control sample revealed the effects of chemical etching in terms of changes in the average surface roughness and surface topography. Limitations were observed in the control of etchant flow to sample’s surface. However, the results were significant in refinement of the chemical etching methodology for this application.
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introduction
Chemical etching is a manufacturing process that has gained popularity over the years for its low cost, simple and user friendly techniques for material removal in order to form various nanostructures as well as surface patterns to achieve the desired results. Chemical etching process is appropriate to be used for metals (but not limited to) like Stainless Steel, Mild Steel, Carbon Steel, Aluminium, Silicon, Copper, Brass etc. in order to get high precision, multi-layer and complex parts/surfaces [1].
Chemical Etching is a widely adapted tool to measure surface roughness of a material ranging from commonly used material like Stainless Steel to various uncommon alloys for specific applications [2]–[4]. Other properties can also be modified/achieved in material surfaces in order to increase their strength, corrosion resistance, wear resistance [5], [6]. Superhydrophobic coated materials are also chemically etched to determine the efficacy of the coatings and determine the extended life of the material surface after being coated [7], [8]. With the advancement of technology, even a material surface can be modified to become superhydrophobic with the help of chemical etching as one of the processes [9], [10].
Chemically etched surfaces can be analysed under an Atomic Force Microscope [11]. AFM was first invented by combining the principles of STM (Scanning Tunneling Microscope) and Stylus Profilometer [12]. AFM has the ability to give a complete surface characterization of a material sample and further analyse the particular properties such as roughness of a material, topography etc. [13]–[15]. Whereas optical microscopy is also used in the literature for the study of surface properties of etched material [16], [17].
Carbon Steel is one of the common materials used in industrial as well as household applications. Its properties can be altered using various processes such as chemical etching, ionization etc. [18]–[20]. 
In this work, a perforated maskant was first created and then put on top of plain carbon steel substrate before etching the substrate chemically. The etched sample was then investigated under an optical materials analysis microscope followed by an Atomic Force Microscope (AFM) to study its surface topography and average surface roughness properties. Results from AFM were used to evaluate changes that took place due to chemical etching. The intended repeating pattern due to the perforation was successfully obtained. Some preliminary results of average surface roughness and surface topography are presented here.

MATERIALS
Sample
Plain carbon steel (ASTM) samples measuring 30mm x 12.5mm x 4mm were used in this investigation. 

Maskant
Stick-it adhesive sheets combined with 70 gsm A4 paper were used as the maskant material to cover the sample and allow etching to be performed on exposed areas alone. The maskant was perforated using CNC Denford PCB Engraver which works like a small scale milling machine and has the ability to drill holes with a minimum diameter of 1200µm (valley) and a centre-to-centre distance of 200µm (hill). Pattern for the same was prepared in PTC Creo 2.0 as a CAD from which a CAM file was generated for the PCB Engraver to create holes for perforation.

Etchant
Nital formed by mixing 10 ml Nitric Acid and 90 ml Ethanol was prepared and used for the etching of the plain carbon steel sample.

Equipment
Leica DM1750 M Microscope
Leica DM1750 M is an upright optical materials analysis microscope as shown in Figure 1. Bright-field imaging was used to mark the centre-to-centre distance between the holes.

ezAFM by NanoMagnetics Instruments
The second instrument that was used in this study is ezAFM by NanoMagnetics Instruments mounted on a vibration isolation table as shown in Figure 2. The equipment is capable of Dynamic, Tapping and Contact mode analysis and provides meaningful topography and average surface roughness data through its output channels. PPP-NCLR probes by NANOSENSORS were used in this investigation. The high force constant value is ideal for dynamic mode analysis and allows for a wider range of excitation amplitudes to be used. The complete cantilever data as provided by the manufacturer is in Table 1.
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Figure 1. Leica DM1750 M Materials Analysis Microscope at DHA Suffa University
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Figure 2. ezAFM by NanoMagnetics Instruments at DHA Suffa University
Table 1. Cantilever Data of PPP-NCLR Probe by NANOSENSORS 
	Property
	Nominal Value

	Resonance Frequency / kHz
	190

	Force Constant / Nm-1
	48

	Thickness / µm
	7

	Mean Width / µm
	38

	Length / µm
	225



Experimental Methodology
Sample measuring 30mm x 12.5mm and 4mm in thickness were obtained from rolled plain carbon steel plate by sectioning using an Abrasive Cutter. The sample was soaked in vinegar for 24 hours to remove surface impurities such as corrosion and was then filed to remove excessive burrs. A clean and smooth surface was obtained. 
The sample’s surface was grinded using emery papers of grit size 80, 120, 180, 220, 480, 600, 1200, 2000 and 4000 grit sizes using Struers LaboPol-5 surface grinding equipment maintained at 350 rpm. By opting for this coarse to fine grit size refinement, cut-off marks and scratches from the sample’s surface are refined sequentially to obtain a very fine surface for polishing. The sample’s surface was then polished using Struers LaboPol-5 surface polishing equipment with DP-Nap polishing cloth and DiaDuo-2, 3 µm diamond suspension diluted with water. This polished surface allows adequate adhesion of the maskant over the sample’s surface.
Perforated maskant was then applied over the sample. Masked sample was dipped in Nital solution for 30 seconds to etch the sample’s surface at the exposed areas followed by washing with distilled water and drying in open air.
A control sample was also prepared in the same way, where etching was performed without a maskant to derive comparison with average surface roughness and surface topography results.
Etched samples with the maskant applied were investigated under the optical materials analysis microscope to evaluate the centre-to-centre distance between the adjacent perforation holes as shown in Figure 3. Hole diameters with and without the maskant were also investigated to measure the region affected by the etchant as shown in Figure 4. The maskant was then removed and both the control and the actual samples were scanned using an atomic force microscope to evaluate average surface roughness and surface topography of the samples. Dynamic mode scanning was achieved using the parameters listed in Table 2. Topography scanning results are presented in Figure 5.
Table 2. AFM Scanning Parameters 
	Parameter
	Value

	Scan Area
	10µm x 10µm

	Scan Speed
	1µm/s to 5µm/s

	Scan Mode
	Dynamic

	Pixel Density
	128 x 128
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Figure 3. Center-to-center distance of 0.75mm between 2 adjacent holes in the maskant.
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Figure 4. (a) Diameter of masked hole, 0.39mm and (b) diameter of unmasked hole, 0.26mm.
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Figure 5. Surface topography scans of (a) non-etched, (b) etched without maskant and (c) etched with maskant 
Results and Discussion
Results were obtained using 2 characterization techniques. The first one was using a simple materials analysis microscope followed by AFM. 
The first characterization led to the development of a practical understanding regarding the size of the etched hole and the hydrostatic pressure head responsible for the flow of the etchant through the hole.
Size of etched hole
The hydrostatic pressure for the etched samples was estimated using the Young-Laplace Equation,

	
	(1)


Where,
 = hydrostatic pressure head
 = surface tension of the fluid
 = radius of the maskant hole

Using Equation 1,



From the pressure value obtained, i.e. 738.46 Pa, the pressure head can be calculated by using, 

	
	(2)



Where, 
 = density of the etchant
 = acceleration due to gravity
 = pressure head

Using Equation 2,



The surface tension and the density of the etchant is estimated to be that of water being Nital’s base constituent [21].
The pressure head was found to be 7.52 cm, which means that the sample must be dipped into the etchant up till this height in order for the etchant to flow completely into the hole and therefore etch the specimen completely. 
In this particular experiment, a 250ml beaker of 7cm diameter and 9.5cm height was used for etching of the sample which satisfies the minimum requirement. However, since the dimensions are critical, it is likely that etchant flow was restricted by the lack of adequate hydrostatic pressure. Furthermore, the Young-Laplace equation assumes zero wetting of the maskant’s surface which is not true. In practical situations such as this one, the maskant does get wet which leads to reduced flow of the etchant to the hole leading to reduction in the size of the etched holes. 
Surface Topography
The second characterization technique was using the AFM which was used to analyse surface properties. The surface properties under scrutiny were surface topography and the average surface roughness of the sample (the plain surface and the hole). 
A reference average surface roughness (non-etched) of the sample was also measured as to compare it with the results obtained.
The surface topography was best recorded with the intent to capture the flat surface-hole region, starting from the plain surface extending to the etched hole. The plots of surface topography in Figure 4 shows the decline in the topography as the scan move towards the hole. 
The results show that the smoothest surface is obtained in the polished non-etched sample which acts as our reference. A comparison between the unmasked and masked sample clearly shows that the masked sample has a few regions not particularly affected by the etchant. Whereas, the unmasked sample etched almost equally throughout the sample.
Average Surface Roughness
A comparison of surface roughness values was made for the non-etched surface, etched surface and the hole as given in Table 3. Average surface roughness plots are as shown in Figure 6.
The comparison of these three instances of roughness yield that the plain surface without etching has a low average surface roughness as it is the polished and newly prepared surface, whereas the etched surface has a higher average roughness value. It can further be observed that the average surface roughness of the masked sample is highest because of the differences in roughness computed between the flat region, interfacial region and the hole. 
Table 3. Average surface roughness of 
non-etched and etched samples using AFM 
	Sample
	Average Surface Roughness 

	Non-etched
	28.20 nm

	Etched without maskant
	180.30 nm

	Etched with maskant
	148.60 nm



1D Power Spectral Density (PSD)
Comparison of 1D PSD curves for non-etched, etched without maskant and etched with maskant was also made in the x-direction. The plots are presented in Figure 7. As shown, the PSD curves for the non-etched and etched samples have inverse trends.
This is attributed to the small average surface roughness of the non-etched sample in comparison to the etched surface. 
Upon isolating the peak observed in Figure 7b at logarithmic frequency value of 16.15 and comparing it with Figure 7c at the same instance in Figure 8, it can be seen that the sample etched without the maskant has an overall greater energy as compared to the sample etched with the maskant applied.
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Figure 6. Average surface roughness plots of (a) non-etched, (b) etched without maskant and (c) etched with maskant 

CONCLUSION
This study is an experimental analysis to eventually obtain surfaces with different surface properties. The experiments yield the following results:
a) Pressure head is an important factor in order for the etchant to flow completely inside the hole, where the wetting of the maskant is an important consideration in practical applications.
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Figure 7. 1D PSD plots of (a) non-etched, (b) etched without maskant and (c) etched with maskant 
b) Once the pressure head is known, a suitable container must be selected (with appropriate height) to dip the sample into the etchant.
c) The surface topography plots show that the polished non-etched surface is the smoothest. The masked sample was etched almost uniformly whereas the unmasked sample shows clear non-etched regions.
d) Average surface roughness comparison shows that the highest average surface is of the unmasked sample. Whereas, the lowest average surface roughness value is of the non-etched plain surface, as it is polished.
e) PSD plots show that the sample etched without the maskant has the highest overall energy attributed to the highest average surface roughness values.
This study is a preliminary investigation carried out to develop a chemical etching technique suitable for the development of surface features responsible for imparting useful properties by changing the contact behaviour. This will be further extended and refined to obtain various surface properties in future.
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(b)
Figure 8. Isolated 1D PSD plots of (a) etched without maskant and (b) etched with maskant 
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