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Abstract 
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Chair: Amit Bandyopadhyay 

 

 
 Direct laser deposition is an additive manufacturing technique capable of producing 

complex geometries, bond different materials, repair broken parts, and add protective coating. In 

the present study it is used to make micro-porous scaffolds and apply protective vanadium and 

niobium carbide coatings. Micro-porous metal filters are a difficult thing to make but are required 

for many applications. In this study it was hypothesized that laser engineering net shaping (LENS) 

could be used to make porous Ti6Al4V scaffolds with an interconnected micro-porous structure. 

This proved to be true with cylinders made to have 15.9% porosity, and  a pore size less than 

100µm. These structures were made by only altering processing parameters, which yielded a 

scaffold with obstructed random pore interconnectivity. The scaffolds had a compressive strength 

of 645-556MPa and martensitic like α′ grains. Another study was done to apply hard niobium and 

vanadium carbide surface coatings to stainless steel. The objective was to used LENS to deposit 

stainless steel coatings with added carbides to eventually make a gradient coating with increased 

protective qualities. Parts that have suffered material loss from abrasive wear or cavitation could 

have material added back as well as add a protective coating at the same time. Compositions 
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ranging from 5% to 100% of the carbides were mixed with stainless steel. The coatings were then 

deposited on a stainless steel 304 substrate individually, as well as in a series to make a gradient 

structure. These coatings all increased hardness, wear resistance, and 100%VC significantly 

increased the materials resistance to damage from abrasive water. The carbides integrated into the 

SS304 matrix on the grain boundaries making a metal ceramic composite. These precipitates left 

residual stress in the structure which increased the hardness and wear resistance. The study proved 

that the addition of these carbides did increase the protective qualities and could make a gradient 

coating with properties tailored to the user’s preference.  
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CHAPTER ONE 

LASER FABRICATION OF POROUS STRUCTURES AND HARD SURFACE 

COATINGS  

 

1.1 Introduction 

 Direct laser deposition (DLD) is an additive manufacturing (AM) technology that has 

recently been given much attention for its versatile abilities. DLD is one of the more advanced 

forms of additive manufacturing1. It is a form of direct energy deposition and can also be known 

as laser solid forming (LSF). One of the most common of these machines is laser engineering net 

shaping (LENS)2. LENS is a free form laser deposition system that can make 3D parts from a CAD 

file. Its additive abilities allow it to make complex geometries, bond different materials, and repair 

damaged parts2–4. DLD separates itself from other AM processes by being able deposit material 

simultaneously or at different points during a build. This ability to add different materials has the 

potential to significantly reduce processing cost and shorten product development5,6. It gives it 

much more versatility than powder bed methods, and has opened up a field of research for making 

new materials via laser bonding. Three research projects were conducted to explore some of LENS 

capabilities. The first one was trying to build micro-porous Ti6Al4V filters using LENS. The next 

two projects were based on making gradient metal-ceramic-composite (MCC) coatings with 

vanadium carbide (VC) and Niobium carbide (NbC) mixed with stainless steel. This coating could 

then be used to repair damaged parts that have experience material loss while simultaneously 

adding extra protection. All projects demonstrate the flexibility of LENS and increase the 

understanding of all the abilities of this AM process. 
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1.2 LENS Unique Capabilities 

 The impact that 3D printing can have on modern manufacturing is well known7. It is not a 

farfetched idea to think of custom implants being printed or astronauts printing parts in space5,8,9. 

DLD is a very lucrative AM technique due to its capabilities to make complex geometries, bond 

new materials, apply coatings, and repair parts. For these reasons it has been of interest to many 

industries such as aerospace, medical, and repair industries. 

 LENS operates by melting powder material with a continuous wave Nd:YAG laser then 

depositing it on a substrate. Powder is deposited under the laser from a hopper via argon transport. 

It is delivered under the laser through four nozzles that are positioned around the beam.  

Figure 1.1: Laser Engineering Net Shaping (LENS) – A freeform powder based additive 

manufacturing process 
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The powder is then melted and deposited on the substrate where it solidifies. The platform moves 

in the x and y directions, and the deposition head moves in the z direction. It builds a part layer-

by-layer while the laser powder, powder feed rate, scan speed, hatch angle, and hatch distance are 

controlled to achieve desired structure and part properties. This is all done in an argon atmosphere 

with oxygen levels held below 10ppm. An image of the LENS process can be seen in Fig 1.1. 

The main thing that LENS can offer is it can build a part in a way that optimizes 

functionality in one process, that currently cannot be done or would take multiple steps. For 

example, in the past research has been done on the LENS to make custom porous hip implants10–

12. The LENS could make the main body of the hip implant to the exact size and shape the patient 

requires. It could then change the build parameters to tailor the mechanical properties. In this 

example make a dense outside layer for strength and a porous interior to reduce the stiffness. The 

LENS could then add a calcium phosphate coating to the outside of the stem for increased tissue 

growth and add a MMC on the femoral head for increased wear resistance3,13–15. This shows the 

power of DLD and how it could make manufacturing more efficient and flexible. The LENS was 

able to make a complex part, optimize mechanical properties, add different material coatings, and 

be able to change any of these parameters for no extra manufacturing cost.  

The capabilities of LENS have led to it being researched for applications such as making 

intricate structures, repairing parts, adding hard coating, and more. Being that LENS is an AM 

process it is expected to be able to make intricate parts. This has been proven in the past and is not 

a surprise6. The real novel research is in the repair and coating research. Past examples of this is 

LENS has been used to strengthen metal by just running a laser on the surface16,17. The laser melts 

the surface which then solidifies at a high rate, and subsequently strengthens the surface. The 

deposition ability of LENS makes it so it can fix parts that have experience material loss18–22. 
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LENS adds back material just as a welder can deposit feed stock to different areas. This saves 

companies money by not having to replace parts. In addition to fixing parts, a large area of research 

has been devoted to using DLD to deposit protective coatings to prevent further damage of 

components23–27. Since the laser can reach very high temperatures, LENS can be used to melt and 

deposit various refractory metals and ceramics. These two abilities mixed together make it so 

LENS can be used to not only repair parts, but add a coating to them as well to prevent future 

damage. To add to that the LENS can also do more than just add a coating to the top of base 

material. It can mix and bond the coating and bulk material, and add the material back gradually. 

This results in a compositionally gradient layer that increases adhesion and protection of the 

coating to the part6,13,28–31. LENS has even been used to add protective coatings by bonding the 

substrate metal with the atmospheres. For example a laser ran over titanium in a nitrogen 

environment, producing titanium nitride while simultaneously depositing silicon nitride32. Though 

much research has been done, the versatility of DLD means it has the capabilities to do much more.  

Though DLD is an advanced AM technique that has had extensive research done on it, it 

is still a young technology. AM in general is not a mature field, and DLD does not deviate from 

that5. There is still much research to be done on the abilities of LENS in order for it to be fully 

integrated into manufacturing. For this reason, the projects presented in the paper were conducted. 

The first one involves making micro-porous titanium structures using the LENS. The next two are 

focused on making gradient surface coating to repair and protect stainless steel.  

1.3 DLD of Micro-Porous Ti6Al4V Filters 

Porous metal structures serve an important function in several systems and are required for 

many applications. They play a significant role in many industries and have been used as filters, 

scaffolds, flame arrestors, and various other purposes that are difficult to replace with other 
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materials. Micro porous interconnected metal structures are especially difficult to make and only 

certain processes can produce such structures 33. In this study it was hypothesized the LENS was 

a viable way to make micro porous Ti6Al4V structures by only changing processing parameters. 

This idea was tested and the results were analyzed for interconnectivity and internal structure.  

Important factors must be taken into consideration when making micro-porous structures. 

Based on the application, features such as size, interconnectivity, shape, consistency, surface area 

to volume ratio, and more must be controlled. AM is now being looked at to make these difficult 

structures, as well as new ones that could not be made before 34. This is due to AM’s ability to give 

more precise control of internal structure, be able to make complex bulk structures, and fabricate 

structures not possible with conventional manufacturing 35. LENS processing could possibly be 

used to make these metal structures with fine interconnected porosity. In this study 

experimentation was done using LENS to see if it is a viable process for creating micro porous 

interconnected Ti6Al4V structures. 

As mentioned earlier, AM has starting to be adopted in many industries such as the aerospace 

and medical 22,36–38. AM has potential to make massive changes in these fields by making designs 

in one process with no additional tooling required 39,40. This makes it so parts can cost much less 

as well as can be made more efficient by optimizing the geometry 41. In order for AM to make 

parts in one process it needs to be able to make all types of components, such as a porous and 

dense parts. Porous metals in the past have been made to be used as filters, flow meters, pressure 

control, storage reservoirs, flame arrestors, attenuation devices, gas distribution, and media 

retention 42. Many parts are housed internally in different systems, and it would be ideal to have 

these structures built internally, as opposed to adding it later during assembly. This means AM 
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could add these porous structures internally to parts without having to design for installation or 

assembly. This is only possible if the process can build the porous structure.  

LENS is a viable candidate for making controlled porosity structures. In the past many other 

processes have been used to make porous metal such as compressing and sintering titanium fibers, 

compressing and sintering particles, plasma spraying of powder, foaming by expansion of argon 

filled pores, and polymeric sponge replication 43. LENS can be used to make porous structure by 

designing porosity as well as controlling process parameters. Other AM processes have been used 

in the past to make porous Ti6Al4V such as direct metal laser sintering 44,45, direct laser forming 

46,47, select laser melting/select laser sintering 33,48, electron beam melting 49–52, multistage lost wax 

investment casting 34 and 3D fiber depositing system 43,53. All these methods have their advantages 

and disadvantages when compared to each other. Direct metal laser sintering, direct laser forming, 

and electron beam melting all require a powder bed in order to build parts. This makes it so these 

processes can produce large overhangs, but powder must be removed after the part is finished. 3D 

fiber depositing uses a binder and dispersant to hold the metal suspension together before sintering, 

which is a post processing step. These post processing steps are setbacks when manufacturing and 

it would be ideal to avoid them. LENS unique capabilities of directly building a part and not 

requiring a powder bed or binder give it advantages over other AM processes. It also has the ability 

to modify the material and add secondary materials during the build, which may be needed when 

optimizing a system 54  

1.4 Deposition of Hard Carbide Coatings for Repair and Protection 

As mentioned earlier, laser cladding and repair is a way LENS can be utilized in industries. 

Vanadium carbide (VC) and Niobium Carbide (NbC) coatings have been used in the past to protect 

tools from damage, improve mechanical properties, lengthen service life, and increase corrosion 
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resistance55–57. Both carbides are incredibly hard, have high wear resistance, and a high melting 

temperature58–60. In the past both carbides have shown to increase protective properties by being 

added to steel either as a coating or a metal matrix composite (MMC). For this reason, it has now 

been looked at to be added to stainless steel to make a gradient coating to repair and add protection 

to damaged parts.  

1.4.0 Abrasive Wear and Cavitation 

 

Figure 1.2: Cavitation erosion marks in a Pelton turbine61 

In many industries there are service parts that undergo material loss due to wear, erosion, 

corrosion, cavitation, and more. These damaged parts cost industries a lot to replace and time to 

repair them. An industry where this is prominent is the hydroelectric. Parts are constantly damaged 

and broken due to abrasives water flow and cavitation. Cavitation erosion is damage to parts caused 

by the continual evaporation and collapse of bubbles. These vapor bubbles cause pitting, material 

loss, and makes the part more susceptible to corrosion62,63. Fig 1.2 shows an image of some 

common cavitation damage in hydraulic turbines. When this happens it lowers the efficiency of 

the turbine by changing the hydraulic profile61. Likewise abrasives in the water can wear away 

parts, causing damage and reduction and efficiency64–66.  

1.4.1 Surface Modifications 

A way to prevent this damage is surface modification of the turbines and components. One 

of the main benefits of this method is inexpensive materials can be used for the bulk of the part 

while only a small portion of expensive ones are used to increase protection67. Generally speaking 
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materials with high hardness and tensile strengths are the most resistant to abrasive water and 

cavitation damage68,69. In the past many hard high modulus materials have been research for 

coatings to be applied to components for increased resistance61–63,65,67,70–81. A common coating 

used for increased cavitation resistance is tungsten carbide. Transition metal carbides in group IV 

to VI are generally used as hard phases in many common alloys82. Since WC showed potential to 

increase cavitation and abrasive resistance in steels, this paper explored the use of VC and NbC.  

1.4.2 Strengthening Mechanisms 

 VC and NbC can be used to make a protective coating by using it to strengthen the metal, 

or be applied as a hard ceramic coating. Both carbides can diffuse into the grains and strengthen 

the lattice by substitution83,84. It can also be added as a precipitate and be dispersed in the steel 

making the coating a MMC85. These precipitates cause internal stress and increase the hardness 

and strength. This method has been used to enhance metal properties in stainless cast iron and tool 

steels to increase wear and corrosion resistance86,87. The other way is the carbides are deposited on 

the surface. Both carbides are very hard, stable, and ideal for a protective coating. These are the 

three ways the carbides can be used to coat and strengthen steel. 

1.4.3 Vanadium and Niobium Carbide Coatings 

In the past VC, NbC, and other V and Nb compound coatings primarily have been applied 

using thermal-reactive diffusion(TRD)56,58,88,89, chemical vapor deposition(CVD)66,90,91, physical 

vapor deposition(PVD)66,90,91, and plasma jet cladding60,86. These methods have all proven to make 

very hard coatings with impressive properties of high hardness and good adhesion. There are some 

issues though. CVD requires high processing temperatures which can be costly88. PVD need 

expensive equipment and generally results in a weaker coating due to limited diffusion88. TRD 

also is limited by diffusion and only yields coatings with a small depth and limited coating 

thickness60. This means there is very little depth of material that needs to be removed before the 
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bulk material is exposed and the part is just as vulnerable to damage as it would be without the 

coating. It would be more ideal to have a coating with a larger depth in order to further protect the 

part if the initial coating is breached. 

1.4.4 Past Research of Laser Processing of Coatings 

Laser surface processing has many advantages compared to the other coating techniques. 

It has a fast processing speed, can give very good metallurgical bond between substrate and 

coating, is easily automated, parameters can be accurately controlled, can process complex shapes, 

and depending on material, deposit thick coatings92. In the past it has been shown that VC coatings 

could be applied using Nb:YAG laser84,85,92,93. All past research was slightly different in the way 

they bonded the carbides and used one of the strengthening mechanisms to make a good coating. 

J. Nurminen from the Technology Centre KETEK used laser cladding to make MMC’s of with 

nickel and steel alloys, but not stainless steel. He compared the wear resistance of different MMC’s 

of WC, VC, and TiC. It was found that of all the steels, the M2 steel with VC had the best abrasive 

wear resistance85. Y. Herrera of Central University of Venezuela deposited pure VC with a 

Nb:YAG laser on AISI 1045 steel. He proved that VC could be successfully deposited on an α-Fe 

matrix. It was found that there was good integration, adhesion, and the coating had a hardness of ̴ 

2500-2800HK100
84. Swapnil Shah of University of Tennessee also deposited VC using a Nb:YAG 

laser on AISI H13 steel. In this study they tested the oxidation and found VC has a high affinity 

towards oxygen, making it more susceptible to oxidation above 800˚C. The VC coating did show 

great resistance to exposure to molten aluminum and was able to protect the steel from chemical 

attack. Likewise research has been done on depositing NbC this way as well94. M. Sansone of 

Universita della Basilicata deposited thin films of NbC using a Nd:YAG laser. This study was only 

to show thin films could be made with NbC, material property testing was minimal94. 
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1.4.5 Objectives and Novelty of Research 

 It is now known that abrasive wear and cavitation cause significant damage to hydro 

turbine parts. This damages results in material loss, lower efficiency, and failure of parts. Currently 

the most common way to fix cavitation or abrasive water damage is by adding welding filler back 

to where material was lost61. These patches do not considerably improve future cavitation 

resistance and more maintenance procedure are needed for their maintenance. In the past coatings 

consisting of MMC’s or very hard materials are applied to resist cavitation and abrasive water 

damage. Though many of these processes can only make a small coating that cannot be added back 

to damaged parts and if broken will not protect the material any longer. Likewise, these coatings 

cannot be added back to a damaged part to restore material and fix it. It was hypothesized that 

LENS would be a viable process to be able to add a functionally gradient coating of VC and NbC 

mixed with stainless steel. The objective of this research was to make a coating that was first a 

MMC of VC and NbC that would have higher hardness and wear resistance than the stainless steel 

substrate. It would then be able to gradually increase carbide content, which would increase 

hardness and wear resistance, until the coating was 100% carbide. This would make it so the top 

coating had very abrasive wear resistance, hardness, and modulus. If broken over time though, the 

material underneath would still provide added protection. LENS could then be used to not only 

build new parts with these coatings, but fix damaged parts and add extra protection. If successful 

it could reduce maintenance cost of damaged parts, increase efficiency of hydropower plants, and 

increase the lifetime of components.  
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CHAPTER TWO 

MICRO-POROUS TI6AL4V FILTERS  

 

 Introduction 

Porous metal filters are an important part of many systems and also a rather difficult structure 

to manufacture. They are used as flame arrestors, scaffolds, filters, flow control devises, and many 

other applications. It is especially difficult to make these structures with interconnected porosity. 

In many of these application the structure needs to have proper size, interconnectivity, shape, 

consistency, surface area to volume ratio, and more. AM processes are now being researched with 

to see if they can make these complex structures. In the present study LENS was examined to see 

if micro-porous Ti6Al4V structures could be made consistently and with interconnectivity.  

 Materials and Methods 

2.2.0 LENS Processing of Porous Ti6Al4V Structures 

Porous Filters were made using LENS 750 (Optomec Inc., Albuquerque, NM). Description of 

how LENS works in the first chapter (pg. 2). Ti6Al4V powder (ATI Powder Metals, Pittsburgh, 

PA) with a powder size of -100/+325 mesh was deposited under the laser from a hopper via argon 

transport. All samples were built using only Ti6Al4V on a Ti6Al4V plate. 

2.2.1 Designing Parameters for Porous Structure 

Processing parameters were first chosen based on past work done on LENS1,2. Other AM 

methods have previously used designed porous structure made in a CAD file to build there 

scaffolds 3–7. This was considered before building the samples for this study. Due to past 

knowledge of how the LENS runs it was decided to try and control porosity by only changing the 

build parameters. By doing this it would mean the user would not have to make a designed porosity 
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in the CAD file, but only have to change build parameters in a certain location to make a porous 

structure with known properties. Testing was done by first researching how porous structure were 

built in the past. Each sample had either the powder feed rate, scan speed, hatch distance, angle of 

hatch layer, or slice distance adjusted based on the previous builds results. Due to so many 

parameters and a large range of values for each, not all combinations could be tested. First 10 

samples were built, all having different build parameters. Based on the results from that, 

parameters were refined and 10 more samples were made. Out of those 10 samples, the parameters 

for the parts with the finest porosity and build quality are shown. Build quality is the part having 

no visible or unwanted defects.  

 Analysis 

2.3.0 SEM Analysis of Pores and Microstructure  

The microstructure and apparent pore size was observed using a field emission scanning The 

microstructure and apparent pore size was observed using a field emission scanning electron 

microscope (FEI Quanta 200) (FEI Inc., OR, USA). The samples were all first ground and polished 

until they had a mirror surface. This was done starting with 200 grit SiC and successively using 

higher grits, ending at 1200. Polishing was done using 1µm, 0.3µm, and 0.05µm alumina 

suspensions on a velvet cloth wheel. First the samples were looked at under the SEM so pore size 

could be estimated visually. The samples were then removed and etched using Kroll’s Reagent 

(2ml hydrofluoric acid, 6ml nitric acid, 92ml DI water). The etched samples were then viewed 

again in SEM to observer the microstructure.  

2.3.1 Pore Shape and Interconnectivity Test 

Proof of pore interconnectivity was done by physical testing as well as running micro CT scans. 

The physical testing was done by observing if air would pass though the samples. An apparatus 



20 

 

was made that clamped the sample cylinders down and did not let air pass around the sides. This 

can be seen in Fig 2.1. One side had an opening where an air compressor hose was inserted. The 

other side was open to the environment. The apparatus was immersed in a water tank where a 

camera was set up in front of it. Air was then let in on the one side of the sample from an air 

compressor. If bubbles released from the sample, it proved there was interconnectivity. Next the 

apparent porosity of the samples were calculated using the Archimedes method 8. From this the 

density of the sample was calculated to compare with the density of standard Ti6Al4V to show 

accuracy of pore calculation. 

 

Figure 2.1: Image of interconnected porosity test apparatus. A) Apparatus loaded with a 

porous Ti6Al4V disc before testing. B) Front view of test apparatus. C) Side view of test 

apparatus. 

2.3.2 Compressive Strength Test 

Compression tests were conducted on samples built using the parameters that produced the 

lowest porosity. Three cylinders were built to be 7mm by 14mm to try and achieve 2:1 diameter 
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to height ratio. Test were conducted on a screw-driven universal testing machine (AG-IS, 

Shimadzu, Japan). A stroke rate of 0.5 mm/min was used. The samples were pressed until they 

fractured. The stress-strain was then plotted and ultimate compressive strength determined.  

 Results  

 

Figure 2.2: LENS processed Ti6Al4V porous structure, sample 2 from table 1. The Z 

direction, which is the build direction, is normal to the image. 

2.4.0 Parameters and Properties  

When building the scaffolds, it was found that best way to build the porous structures was by 

using a low laser power and slow scan speed. Parameters and porosity calculations can be seen in 

Table 2.1. The parameters listed are from the final build and samples that exhibited the lowest 

porosity. Sample 2 resulted in the lowest calculated porosity and images of it can be seen in Fig 
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2.2, Fig 2.3, and Fig 2.4. Porosity calculations of sample 2 can be seen in Table 1. It was found 

that it had a porosity of 15.4% with pore interconnectivity. 

Table 2.1: Processing Parameters for Ti6Al4V Structure† 

Number 
Hatch 

(in) 
Angle (°) 

Slice 

(in) 

PF* 

Rate 

Laser 

(Amp) 

Porosity 

(%) 

Density 

(g/cm^3) 

1 0.03 [0/90] 0.01 17.9 31 15.78 4.40 

2 0.03 [0/90] 0.01 17.9 31 15.38 4.46 

3 0.03 [0/120/240] 0.015 17.9 31 17.25 4.37 

4 0.025 [0/120/240] 0.005 11.5 31 21.51 4.36 

5 0.025 [0/90] 0.005 11.5 31 17.04 4.40 

†All samples proved to have interconnected porosity 

*Powder Feed Rate (g/min) 

Avg. 17.39 4.40 

STD 2.18 0.03 

 

The average porosity of the final samples was 17.4% with the highest porosity sample 

being 21.5%. It should be noted that earlier builds produced samples with much large apparent 

porosity that are not listed in the table. Using the weight measurements used to calculate the 

porosity, the density of the metal was calculated. It came out to be 4.40g/cm3 ±0.03 which is what 

past research has also found Ti6Al4V to be 9,10. This verifies the calculations accuracy and that 

most all pores are open. If there was closed porosity the buoyancy of the internal channels would 

cause the density calculation to have variation 11.  

 

Figure 2.3: LENS processed Ti6Al4V µCT image of internal porous structure. 
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Figure 2.4: LENS processed Ti6Al4V µCT image of top surface of porous structure. 

2.4.1 Pore Shape, Size, and Morphology 

Fig 2.3 shows and image of the polished top section of sample 2 from the table. It can be seen 

that there are pore openings in linear patterns going across the sample in the x direction. Within 

the larger pores there are spherical shaped structures randomly oriented. These can also be seen in 

Fig 2.5. These structures are partially sintered Ti6Al4V. One advantage of free form laser based 

AM processes is there is no stress being applied to the build such as in molding processes. No 

mechanical force being applied to powder based parts has been known to lead to porosity 12. The 

metal is in powder form when deposited under the laser. The low laser powder does not fully melt 

the powder as fast as higher powers. Then as a hatch is being built, a melt pool forms and grows. 

It grows larger the longer the laser is at that location. By having a slow scan speed, the melt pool 
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has time to grow and fully melt in the center. At a certain width the powder is being deposited on 

top of the hatch, slightly above the focal point of the laser, as well as on the sides of the hatch. Due 

to it not being directly under the laser, and the laser power being relatively low, the powder only 

partially sinters on the sides. This leaves the spherical structure seen in between the larger pores 

in Fig 2.3.  

The larger pores are in a linear pattern due to the formation between the hatches. Each dense 

area is where a scan of the laser was making a hatch. The pore shape looks random across each 

pore. The pores in between the hatches are not continuous and are broken in intervals. This is due 

to the [0/90]˚ build orientation. This makes the pores form into a pattern, but each pore has a 

random shape, and filled partially with sintered powder. It should also be noted the areas between 

pores appear to have no porosity and are fully dense. 

This pattern can also be seen in Fig 2.4 which is a micro CT scan of the cross section of sample 

2. There was column like structures that appeared to be fully dense in the direction of the build. In 

between them were layers in the horizontal direction that were fully dense. Within the open areas 

between them, there were small spots of material in spherical shapes. The large columns areas 

were places the hatches crossed when being built in the [0/90]˚ configuration. The layered areas 

were spots that only the hatch going in either the 0˚ or 90˚ direction was heading. In between all 

these hatches were the partially sintered Ti6Al4V. It also appears that the outside is almost fully 

dense, but may have some voids allowing for gas transfer. 

2.4.2 Microstructure 

Microstructural images can be seen in Fig 2.5 of Ti6Al4V porous structures. The grain 

structure consists of homogeneous acicular grains that are quasi-directional in certain areas. This 

is due to epitaxial growth of grains while the part is being built layer-by-layer 13. The needle like 
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grains are acicular α′ (HCP) grains 7,14. This is typical of LENS processed Ti6Al4V due to fast 

cooling rates. The areas where the acicular grains are oriented in the same direction is where β 

(BCC) grains existed 7. When the metal first begins to solidify, it forms the β phase, which then 

begins to transform to the α phase upon further cooling 7,13. The fast cooling does not allow for a 

full transition to the α′ phase due to no time for the V atoms to diffuse out of the β structure 7,15. 

This results in a martensitic type structure with fine α′ plates 10,13.  Then as the alloy cooled rapidly 

the acicular α grains developed. Some areas, such as in Fig 6, are random oriented martensitic type 

acicular grains.  

 

Figure 2.5: Image of LENS processed Ti6Al4V microstructure, 2500x and 10000x 

magnification 

2.4.5 Compression Testing 

When building the samples for testing, the parameters for sample 2 from Table 2.1 were used 

because it produced the lowest porosity. Ideally this would produce samples with the exact same 

porosities. This did not prove to be the case and it was found that there was some variability in the 



26 

 

measured porosities. Out of five cylinders built using the same parameters, the porosity ranged 

from 15.9% to 21.9%, with an average porosity of 19.3% and standard deviation of 2.0%. Table 2 

shows the different porosities of the samples built for compression testing. The samples were all 

built using a STL file of a cylinder that was 7mm diameter and 14mm tall. Due to the large hatches 

and contours of the build, the cylinder’s dimensions on average were 9.5mm diameter and 15.9mm 

tall. Therefore, the ratio of height to diameter on average was 1.7, slightly less than 2:1.  

 

Figure 2.6: Stress-Strain plot of compression test of porous Ti6Al4V cylinders. Though 

processed using the same parameters, different porosities were measured for each sample. 

The respective porosities of each compression test is listed on the plot. 

Fig 2.6 shows the stress strain plot from the compression tests. Only three test were done in 

order to preserve 2 of the samples. It can be seen they all follow a similar trend of starting linear, 

then as the pores start to collapse, the slope gradually decreases. This continues until the ultimate 

compressive strength is reached, and the porous structure catastrophically fractures 45° to the axial 

direction. This is common for metals because they fail in shear, which is 45° to the axial directions 
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when loaded in the axial direction 16. Fig 2.7 shows an images of the 19.3% sample before and 

after testing. It also shows an image of the samples after compressive testing. It can be seen that 

the 15.9% and 19.3% sample both fractured in the 45° direction. Fig 2.8 is an image of the fracture 

surfaces of the 15.9% porous sample. There is clear signs of shearing and plastic deformation that 

resulted in a planar fracture 45° to the axial direction. Globules of the partially sintered powder 

can be seen distributed across the fracture surface. Surrounding them are planer surfaces that were 

the supporting structure that have plastically deformed and failed in the 45° direction.  

 

 

Table 2.2    

Porous Ti6Al4V Compression Test* 

Porosity 
Ultimate Compressive 

Strength (MPa) 

15.90% 645.4 

18.70% N/A 

19.70% 631 

20.10% 556.4 

21.90% N/A 

Avg. 19.30% Avg. 610.9 

STD 2.00% STD 47.8 

*Samples ultimate compressive strength listed 

as N/A means compression tests were not 

conducted on them.  
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Figure 2.7: Top Left: 19.7% sample loaded for compression test. Top Right: 19.7% porous 

structure fractured at 45°. Bottom: Samples after compression test: A: 15.9%, B: 19.7%, C: 

20.1%. 

 

Figure 2.8: Fracture surface of 15.8% porous sample. Cylinder axial direction is normal to 

the image. 
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The 15.9% and 19.7% samples have curves that continue all the way until no load is present. 

The 20.1% curve however stops as the slope becomes negative. This was due to the machine 

thinking that the sample had fractured and it stopped recording data. It is believed that the 20.1% 

sample would follow the same trend as the last two though, and would fracture shortly after 

ultimate compressive strength (UCS). The UCS for the three samples are listed in Table 2.2. As 

is expected the UCS increases with decreasing porosity.  

 Discussion 

2.5.0 Microstructure 

The laser processed microstructure of Ti6Al4V has been known to change the properties of the 

metal. The martensitic like structure tends to increase the hardness due to the alloying elements 

forming tiny compounds such as Ti3Al. These small compounds are hard spots that improve 

microhardness 7. This intern can also make the structure more brittle. The dispersed α’ grains that 

are randomly oriented in a martensitic type manner are characteristic of Widmanstatten structure 

17. This happens when cluster of α laths group together, which happens during the β to α transition. 

To truly know the mechanical properties and hardness of these structures, more mechanical testing 

must be done.  

2.5.1 Building Porous Ti6Al4V Structures 

Finding the proper hatch distance, powder feed rate, and laser power proved to be difficult. In 

order to make fine pore size there needed to be very little distance between each hatch. As laser 

power increased, more material melted, and made thicker hatches. Likewise, as the powder feed 

rate was increased, larger hatches were made. It was difficult to figure out these parameters 

because as one changes, the others needed to be adjusted. It was found that a hatch distance of 

0.025 and 0.03in. worked well to make small gaps between hatches when the PFR was 17.9 g/min 
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and laser power was 31A. To make fully dense Ti6Al4, generally a laser power of 40W is used. A 

low laser power was used in order to only partially sinter the Ti6Al4V powder and make a structure 

of powder metal all partially bonded together. This would make very fine channels between areas 

that were left open by the hatches. Therefore, the structure has larger channels that air can pass 

through, but in-between those channels there is randomly oriented partially melted powder that 

obstructs direct flow.  

2.5.2 Morphology of Structure 

The resulting scaffold structure provides many advantages over traditional manufacturing and 

other AM processes. The partially sintered powders obstruct passage ways that are present 

throughout the scaffold. In Fig 4 these globules of Ti6Al4V can be seen in the middle of the 

channels. This increases the filtering ability of the structure as well as the surface area. Porous 

structures have been used in the past as catalyst for various processes. For higher efficiency it is 

optimal to have the highest surface area per unit volume 18. The small globules in the LENS 

processes structure provide an increase in surface area, as well as extra filtration ability if used for 

such an application.  

These obstructed channels are unique to LENS processes samples compared to other AM 

processes. Other AM processes can make porous structures with interconnected porosity, as listed 

in the introduction. Many of them can make fine interconnected porosity and channels as well. A 

distinct difference the LENS process has is the randomness and internal obstruction of the 

interconnected channels. Fig 2.9 shows a schematic representing different types of internal 

porosity. Some AM processes can make micro porous scaffolds, but only have internal channels 

that run strait through the sample. This means the only thing obstructing flow or filters undesirables 

is the channel size. This type of pore can be seen in Fig 2.9A. Many of the other AM processes 
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used to make scaffolds also can make designed porosity with internal channel structures that make 

a non-direct path through the sample. It is a large advantage of other AM systems that they have 

the ability to make designed porosity then make a scaffold almost exactly as the design7,18. The 

channels then obstruct direct flow, increasing filtering capability and surface area of the structure. 

Fig 2.9B is an example of this type of structure. As mentioned before, the porous structures in this 

study were not made from a CAD designed pore structure, but by adjusting the processing 

parameters of the build. The pore structure was created by producing hatches near each other, then 

having powder spill over and partially sinter between them. This left a scaffold with the structure 

of Fig 2.9A, but added random oriented powder in between the hatches. The partially sintered 

particles build up and obstruct the passages in the center of the channel as well as add extra surface 

area and roughness. A representative schematic of this can be seen in Fig 2.9C. This structure 

could be favored in applications where high surface area and filtration capabilities are required.  

Another advantage to the LENS processed structure is the dense supporting columns that are 

present across the samples. Fig 4 shows the columns present in the Z-direction of the build. These 

columns form where two hatches cross each other during the build. Fig 4 in particular is an image 

of a [0/90]˚ specimen. This means the columns form where the 0˚ crosses the 90˚ hatch. Fig 2.3 

point out where this would be located on the top section. These structures add strength and 

structural integrity to the scaffold. They are oriented in the X, Y, and Z directions, giving support 

in the horizontal and vertical directions. The number and direction of these support columns can 

be changed with different hatch orientation. For example samples 3 and 4 were built using 

[0/120/240]˚. This would mean there were support structures in all those directions, as well as the 

Z-direction. 
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Figure 2.9: Images of different pore structure AM is capable of making. (A) Direct channel 

where gas and particles that are smaller than the pore size can pass through. (B) Non-Direct 

Channel where gas and items cannot directly pass, but structure is still open between 

channels. (C) LENS processed porous structure with non-direct channels, variability on 

walls, and obstructions in between passage ways. 

2.5.3 Compressive Strength 

As expected, the UCS decreased with increasing porosity. An interesting thing that occurred 

was there was a much larger difference in the UCS between the 19.7% and 20.1% porosity 

(74.6MPa) compared to the difference between 15.9% and 19.7% (14.5MPa). This could possibly 

suggest as porosity continues to increase, the UCS begins to decrease at an increasing rate. Yet 

there is too little of data to draw any major conclusions. In one study the compressive strength of 

17% porous pure titanium structure developed using LENS processing was found to have an UCS 

of 463MPa 2. This was the closest study found to the testing done for this paper. The 17% pure 



33 

 

titanium had 182.4MPa less than the 15.9% sample from this study. There were no other reports 

of UCS of Ti6Al4V with this low of porosity to compare the results to. The UCS of pure Ti6Al4V 

is ̴1000MPa 16. This means that the addition of 15.9% porosity reduces the UCS by roughly 35%. 

Overall this shows the scaffold still has a relatively high UCS even with the added porosity, and 

is still substantially more than CP-Ti with roughly the same porosity. 

2.5.4 Designed vs. Processed Porosity 

When comparing the designed porosity and the LENS processed porous structures, there are 

pros and cons for each. The designed porosity can yield very predictable structures with 

homogeneity. It can be tailored to have different sizes and integrated into a design of a larger 

structure. Yet it would be difficult or impossible to create a designed porosity that has the 

morphology of the LENS processed structure. As mentioned earlier this structure could be 

favorable for high surface area and filtration applications. One problem that always arises with 

random structure is if it is reproducible. In our study we found that using the same parameters 

yielded near the same porosity (±2.0%), build quality, and always produced interconnected 

porosity. It can be seen in Fig 2.4 that even though there is variation across the structure, the overall 

structure has the same pattern. From this it can be said the structure is reproducible and consistent 

with a small degree of error.  

Another large advantage is these structures can be added to a part at any given time during the 

build. Since this structure is not designed in a CAD file, it can manually be added to any structure 

by simply changing the building parameters. This could add simplicity to a build instead of trying 

to add porosity to the CAD model of the entire part. Though this tactic may not be ideal for all 

situations, it could prove to be an easy solution in some. For example, if a designer want to add a 

porous structure to an intake of a part. Instead of spending all the time designing it, they just add 
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a solid plate covering the intake in the CAD file. Then the operator programs the build speed and 

parameters into the machine, and changes them for when it builds this particular plate to the 

parameters that produce the desired porosity. Then the part can be built with microporous intake 

filter with little to no effort in changing the design.  

 Summary 

 Porous structures are an important and needed structure in many modern day applications. 

They are difficult structure to make, especially if fine interconnected porosity is desired. AM 

processes have been looked at to make these structures due to their versatility and ability to make 

intricate geometries. In this study LENS was used to make micro porous structures out of Ti6Al4V. 

The structure was made by changing the build parameters as opposed to designing a CAD model 

of the pore structure. After optimization of build parameters interconnected porous structures were 

made with porosity ranging from 21% to 15.5%. The structures had a supporting network of dense 

columns with obstructed interconnected channels in between them. The obstructions were made 

by partially sintered Ti6Al4V powder that were created by using a slow scan speed and low laser 

power. Visual analysis of the structure shows it would have higher surface area and be ideal for 

use as a filter due to the globules of metal in the center of the interconnected channels. The structure 

had an ultimate compressive strength that varied from 645-556MPa. The microstructure was 

similar to that of laser processed Ti6Al4V with martensitic like grains. Overall LENS proved to 

be a viable way to make porous structure by only changing build parameters, which means the 

structure could be added to any part of a build and implemented easily on designs. 
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CHAPTER THREE 

VANADIUM CARBIDE METAL-CERAMIC COMPOSITE COATINGS  

3.1 Introduction. 

 VC has incredible hardness (̴ 2500 HV), high wear resistance, and a high melting 

temperature (2810˚C)1,2. It is a part of the group VB that is known to make very hard phases in 

many common alloys3. In the past it has been used to strengthen steel as a protective coating for 

tooling and other components4–6.  This added strength increased modulus and hardness which has 

shown to increase resistance to cavitation and abrasive wear damage7,8. An easy and cost effective 

way to protect a part from damage is to add a surface treatment, which can be done by laser surface 

treatment4,9.  It would also be ideal if this coating could be gradient and have the ability to gradually 

increase the protective capabilities. Likewise, be able to fix damaged parts by not only adding back 

material, but increasing resistance to future damage as well. It was hypothesized that LENS could 

deposit a gradient coating of VC in SS304 to make an metal matrix composite (MMC) with 

increased hardness, wear resistance, and abrasive water resistance. The LENS process could then 

be used to build and add these coatings to new parts, or repair damaged ones and add extra 

protection.  

3.2 Materials and Methods 

3.2.0 LENS Processing 

VC powder was purchased from American Elements® with 99% purity and a particle size 

of -100/+270 mesh. 304/304L (SS304) powder was bought from Carpenter® with a powder size of 

-140/+325 mesh. The composition of the powder is listed in Table 3.1. They were mixed in 

proportions of 0%, 5%, 10%, and 20%wt.VC. Powders were weighed and mixed on a ball mill for 
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one hour to ensure thorough mixing and heterogeneity. For the rest of this paper the coatings will 

be referred to by their respective VC content. Coatings were mixed before and not mixed using 

the LENS to know the exact content of the VC powder. The LENS could mix the powders by 

loading each one separately into different hoppers. The LENS system used had two hoppers that 

could be engaged separately or at the same time. If this was done the composition could gradually 

be changed at any rate the operator desired. This gives complete control of the rate of change and 

ratio of VC:SS304. If this was done it would be difficult to know the exact amount of VC in each 

coating. Therefore, the powders were mixed before in exact weight amounts for research purposes.  

Table 3.1: Chemical Compositions of Materials Used (wt.%) 

  C Cr Ni P Si Mn S N 

304/304L Plate 0.022 18.15 8.05 0.033 0.44 1.72 0.0003 0.07 

304/30L Powder 0.03 18 to 20 8 to 12 0.045 1 2 0.030 - 

 

Coatings were deposited on both SS316 and SS304 substrates, but only the SS304 results 

will be reported. SS316 was first used because it was all that was available at the time. The 

intention of this study was to build only on SS304. Since only the coatings properties were tested 

and not the substrate, no analysis of SS316 was done in this paper. The only thing analyzed was 

the coatings adhesion to the SS316. All mechanical properties were tested away from the bond 

zone. Adding the coating to SS316 should not change the bulk coatings properties. SS316 is very 

similar to SS304 with the a slight differences of Ni and Cr proportions, and the addition of small 

amounts of Mo and Co10. Once SS304 substrates arrived, all coatings were built on the SS304.  

Hot rolled SS304 substrates were purchased from Penn Stainless Products and its constituent 

elements are listed in Table 3.1.  
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Table 3.2: Build Parameters of Coatings† 

 Hatch (in.) Angle (˚) Slice (in) PF* (g/min) Power (W) 

All Compositions‡ 0.015 [0, 90]˚ 0.015 27.6 580 

100%VC 0.015 [0, 90]˚ 0.015 21.0 650 

* Powder feed rate is estimated by calculation of other powders feed rates, and difference in densities leaves some 

error 

† All laser passes were done at the power as the deposition of the coating 

‡ All compositions except 100%VC 

 

 Coatings were made using a LENS 750 (Optomec Inc., Albuquerque, NM). Description of 

LENS processing is in the first chapter (pg. 2). Parameters were chosen based on past work done 

in the lab. After some trail an error a set of parameters were chosen. These are listed in Table 3.2, 

and were used for all the coating with the exception of the 100%VC. This was done in order to 

keep consistency between the coatings, and only study how the addition of carbides changed the 

coating properties. The 100%VC were made differently because of past research and the fact VC 

has a very high melting temperature (2810˚C)2. It was assumed that higher power would ensure 

better diffusion into the coating, as well as be more likely to melt the powder. All samples were 

made in argon gas with oxygen levels below 30ppm.  

 For each samples two layers were deposited in a .42in x .58in rectangle with one contour. 

The only exception to this was the 100%VC which was deposited twice on top of a 20%VC sample 

to make a gradient coating. For each composition a sample was also made with an additional laser 

pass. This means after the second layer was deposited, the powder feeder was shut off and the laser 

was run over the sample again at the same speed and power as it was built. This was in order to 

densify and smooth the surface of the coating. This method has shown in the past to increase the 

hardness of SS410 and Ti6Al4V 11,12. A sample was also made with a laser pass being performed 

on each layer, to see if it helped to densify the coating even more. After the first batch of samples 



40 

 

was created it was apparent the coatings were porous. Because of this a 20%VC sample was made 

with a laser pass done on each layer to try and make the coating denser. Also to show proof of 

being able to make a gradient filling on a broken part, a 12mm diameter cylinder was built with 

twenty layers of 10%VC, twenty layers of 20%VC, and five layers of 100%VC. All parameters 

remained the same for the respective coatings of the cylinder.  

3.2.1 Physical Characterization 

 The microstructure was analyzed by first grinding and polishing the top surface. Silicon 

carbide paper was used successively with 120, 300, 600 and 1000 grit sandpapers. Sample surfaces 

were then polished on a felt disc with 1µm, 0.5µm and 0.3µm alumina powder until surfaces had 

a mirror surface finish. Polished surfaces were then etched with either 15ml HCl – 5ml HNO3 – 

100ml H2O or 100ml HCl – 5ml H2O2 (30%). Different etchants were used because results were 

slightly different between samples from the first etchant. It was later found the second etchant 

worked much better and was used for all samples after the first batch. Each sample was then 

examined in a field emission scanning electron microscope (FEI Quanta 200, OR). Energy 

dispersive spectroscopy (EDS) was done down the cross section of the gradient cylinder with a 

Field Emission SEM (FE Sirion, Portland, OR) fitted with a Genesis EDAX detector. XRD 

analysis was done on the coatings using a Cu Kα1 radiation (PANalytical X’Pert Pro MPD, 

Netherlands).  

3.2.2 Mechanical Characterization 

 The coatings hardness, wear rate, coefficient of friction (COF), and abrasive water 

resistance were all examined. Hardness was measured down the cross section of the coatings 

starting at the top surface, and taking a measurement every 0.2mm until the substrate was reached. 

Then a few more data points were taken into the bulk of the substrate. Measurements were taken 



41 

 

using a Vickers micro hardness tester (HMV-2T, Shimadzu, Kyoto, Japan). A load of 0.9807N 

with a dwell time of 15s. Three passes were done down the depth of each sample and the averages 

of the top surface were reported.  

 Wear rate and COF were measured using a Nanovea series tribometer (Microphotonics 

Inc., CA. USA). A linear reciprocating test was conducted with a spherical pin on the square 

coatings. A silicon nitride ball with a 3mm diameter was used with a 10mm stroke length, 5N load, 

1200mm/min speed, and 1km distance. 1km was chosen to determine stable COF and also cause 

enough material loss to have an observable wear track. Test were done in DI water at room 

temperature. Images of the wear tracks were taken with an optical microscope to measure the width 

of the wear track and calculate approximate wear rate. Force sensors recorded data from the 

tribometer as it took a measurement every 100ms and was reported as a sine curve. The average 

value of the curve was found and made the zero value. Absolute value of the adjustment from the 

baseline was taken to make all the data positive. Then for every 5000 values the largest 10 were 

averaged and divided by 5N to normalize the data and attain the static COF. 

 Abrasive water tests were conducted using an OMAX 2652 JetMachining® Center 

abrasive water jet (OMAX, Kent, WA). Samples were built in linear patterns on a SS304 plate. 

Abrasive water was then shot at the samples and run over them at 180in/min. The spot size of the 

jet was 0.030in, it was shot at 49Ksi, with a 1lb/min garnet flow rate. 80 HPA® (High Performance 

Alluvial) garnet (Barton, StreetGlens Falls, NY) was used as the abrasive. Three test were run 

down each coating, and there were two of each type of coating. The cross section of the cut area 

was then analyzed and compared.  
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3.3 Results 

3.3.0 Processing Parameters  

 

Figure 3.1: (A) SEM image of a coating with two layers 100%VC (bottom), 2 layers 20%VC 

in the center, on a SS304 Substrate (B) SEM image of a coating with the same compositions 

as A, but had a laser pass on each layer of the 20%VC, and one laser pass on the top layer of 

the 100%VC (C) Porous gap between first and second 100% VC coating 

 A high laser power was used in order to melt and integrate the VC into the stainless steel. 

Past research has even used higher laser powers than our machine is capable of reaching5. Lower 

laser power has shown to retain more austenite11. This study wanted to increase abrasive water and 

cavitation resistance of the metal, which a martensitic structure is better suited. Higher power has 

been shown to produce more martensite and also should better diffuse the VC into the coating. For 

these reasons a higher laser power was used for the 100%VC.  

A difficulty with LENS processing is it takes a long time to optimize parameters. When 

doing the first set of builds parameters are chosen based on past research and the operators 

knowledge of the LENS. Then the only way to know if the coatings were dense at the time is by 

visual inspection through the radiation shielding panel. In order to really see the build quality, the 

parts must be taken out of the machine, cut from the substrate, and analyzed by a microscope. This 
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takes a considerable amount of time and is why optimizing build parameters takes a considerable 

amount of time, material, and trials. Full optimization of building parameters was not done in this 

study for the reasons mentioned, with an emphasis on the time and cost of materials. Since this 

study was done for initial proof of concept and material property testing, the porous coatings made 

were deemed satisfactory.  

The goal of this study was to have fully dense coatings and parameters were chosen to try 

and achieve this. When the first pure SS304 coatings were built they appeared to be dense by visual 

inspection while in the LENS. Since it appeared good the parameters were used for all the other 

coatings. This was in order to keep consistency between the samples. Even if one parameter is 

changed, it can change the mechanical properties of the coating. This is because any change in 

parameters changes the shape and dynamics of the melt pool, which changes the thermal history, 

and subsequently produces a different grain structure13. Therefore, it was important for testing to 

keep all parameters the same for the coatings with mixed compositions to compare. Though if 

these coatings were going to be used in a real application, optimization for all different 

compositions should be done. When the first batch of coatings were finally cut and analyzed it was 

found they all had varying degrees of porosity. When this was found it was hypothesized that 

possibly by doing a laser pass on each layer deposited would help to densify the coating. This was 

tried when making the 20%VC coating.  

 The high laser power used when depositing the 100%VC effectively melted the powder 

but did result in some cracking and porosity. There is a highly porous layer between the first and 

second layer deposited which can be seen in Fig. 3.1C. This could weaken the top layer and inhibit 

the ability to build multiple layers on a structure with good mechanical properties. Since this layer 

was present and the laser was melting the VC, it was hypothesized that by running a laser pass on 
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the top layer, it could help to bond the two layers and get rid of the porosity. The results from this 

will be discussed later. There are definite dense areas of the VC deposited, but also many areas of 

very fine microporous structure. This is most likely a result of solidification of the particles not 

melting and densifying completely. It could also be because the laser was not melting the VC fully, 

or the dynamics of solidification have a tendency to leave small porosity upon cooling. In past 

work VC powder has very small porosity in the particles14. The porous areas of the coating have a 

very similar appearance.  By visual inspection of the top surface of the polished VC there is some 

cracking apparent and pores. Also when building the 100%VC the layers deposited were not as 

thick as the mixture coatings. 

3.3.1 Microstructure 

LENS processing of SS304 resulted in finer small grains with more heterogeneous 

morphology. Microstructure of all the samples can be seen in Fig 3.2.The grains in the substrate 

were much larger and typical of a hot rolled plate 30415,16. The grains have a non-uniform size and 

shape dispersed in grains elongated in the direction the plate was rolled. This is better shown in a 

less magnified image, which can be seen in Fig 3.3.  It is quite apparent that LENS processing 

caused a significant decrease in grain size. This is typical of LENS due to fast solidification rates 

but also can be a factor of other causes17,18. In the 5%VC, 10%VC, and 20%VC samples the grain 

structures all look very similar. They have roughly the same morphology and size as the SS304, 

but there is now a lighter color material occupying the grain boundaries. Looking at the 5%VC, it 

appears there is less of the lighter color material, with some grain boundaries still being void like   

in the SS304. The 10% sample seems to have almost all the grain boundaries occupied, and the  
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20%VC is fully saturated with the material. Fig 3.4 is a larger image of the 20%VC laser pass  

grain structure.  Along with being on the grain boundaries, there are also small globules dispersed  

Figure 3.2: Microstructure of all samples 
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on the grains. The structure is very homogeneous as there appears to be no area void of the material. 

Due to the lighter color material being absent in the SS304 and present in all other samples, it is 

quite apparent it is VC or other constituent compounds formed during processing. This has also 

been seen in the past when a high vanadium content steel, Vanadis 4, was deposited using a laser5.  

 

Figure 3.3: (Left) Image of 100%VC-20%VC-SS304 coatings (Center) Image of the 

respective grain structures at each layer (Right) Image of interfaces between each layer. 

Fig 3.3 shows the coating from Fig 3.1B. The left most image is the profile of the coating, 

next to it is the respective microstructures of each layer, and to the right of them are the interfaces 

between each layer. The interface between the SS304 substrate and 20%VC coating shows a 

distinctive line were the coating bonded to the substrate. Inspecting the interface, there appeared 



47 

 

to be no gaps or pores between the two zones. There were some pores near the interface in the 

coating, few to none on the interface. There is a distinct line where the grain structures change 

size, but no micro-porous area, or large bond area that could be brittle or a week spot. An 

interesting thing to note is it appears the substrate has no change in grain structure near the 

interface. This means there was no notable heat affected zone (HAZ), or it is highly localized. Fig 

3.3A shows a small area of grains that look more like the SS304 coatings. They are small grains 

but have no VC in the grain boundaries. There are a few areas like these along the interface, but a 

majority of it is a distinctive boundary with no visible HAZ. 

 

Figure 3.4: 20%VC microstructure 

The 100%VC to 20%VC have a much more gradient interface. Fig 3.5 is a larger image of 

the interface to display just how gradient it is. As 100%VC is deposited the VC is mixed and with 

the primarily SS304 coating and disperses into roughly 50µm precipitates. These precipitates are 

curved and have few to no sharp edges, which suggest the VC is dissolving in the surrounding 
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matrix19.  It then gradually became more VC until only pockets of the 20%VC coating were 

remaining. Finally, it became 100%VC. There is some large porosity between the interface which 

could be seen in Fig 3.1.  

 

Figure 3.5: Interface of 100%VC and 20%VC coating 

3.3.2 Effect of Laser Pass 

 The laser pass proved to densify the metal at the surface, as well as increase the distribution 

of the VC. When comparing the laser pass grains to the non-laser pass in Fig 3.2, there was not a 

very large difference in the grain morphology or size. In the SS304 the grains do appear to become 

slightly smaller and more homogeneous. Between the VC samples this is harder to distinguish. 

The images were taken near the top surface to be sure they were in the HAZ. In almost all the 

images, it appears the VC was more heterogeneously distributed between the grains. The grain 

morphology also seems more uniform as well.  
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Figure 3.6: A & C are optical images of 5%VC coating with a laser pass. B & D are images 

of 5%VC without a laser pass.  

By visual inspection the laser pass smoothed out the top surface that was rough prior. As 

it passed on the top surface it created another melt pool. This gave the top surface more time for 

diffusion and for the voids to collapse. The result is a majority of the voids and pores closing and 

densification of the coating. By optical inspection of the cross section of the coating, it can be seen 

that roughly 300µm deep in the laser pass sample the coating had no pores. Fig 3.6 is an image of 

the laser pass 5%VC sample and no laser pass 5%VC sample. The top surface ̴ 300µm deep is 

almost completely dense. Any deeper into the coating the pores returned and are roughly the same 

size as with no laser pass. It can also be seen that the top surface was flat and relatively even 
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compared to the rough surface of the non-laser pass. This shows that the laser pass did densify the 

coating to a certain depth. 

3.3.3 XRD Analysis. 

 

Figure 3.7: XRD plots of all VC samples 

Figure 3.7 shows the XRD curves for all the compositions. Analysis of the graphs show 

shows that the SS304 was all γ-Fe. The 3 peaks present were 43.8˚ - γ (111), 51˚ - γ(200), and 

74.8˚ - γ(220)16,20. Peaks at 37.2˚, 43.3˚, 62.9˚, and 75.5˚ are peaks for V4C3 (ICDD PDF #001-

1159)2. The last peak at 79.6˚ is for V2C (ICDD PDF #071-1258)2. One research paper has shown 
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Cr7C3 and Cr3C2 also have a peak at 75.5˚21. Whether or not it is present will be discussed later. 

Shifting of the peaks is caused by the introduction of VC to the structure. As the amount of carbides 

increased the large peak had a slight shift to the left. This is can be described by Bragg’s equation 

(2dsinθ = nλ). The VC causes lattice strain and increases the interplanar spacing of iron. This 

increase of spacing has been known to cause small shifts in the peak22. Therefore, the large peak 

is a mixture of the V4C3 and γ-Fe peak.  

As more VC is added the more V4C3 peaks begin to develop. Between SS304 and 5%VC, 

the major peak shifts slightly to the left but nothing else changes. At 10%VC the 37.2˚ V4C3 peak 

begins to develop. At 20%VC the 62.9˚ and 75.5˚ have very small peaks. Then at 100% there is 

no γ-Fe phase peaks left, and only V4C3 and V2C. Though XRD cannot quantify the amount of 

each phase when analyzing a solid sample, there is only one small peak for the V2C, and very 

strong peaks for V4C3. This suggest that the 100% VC is primarily all V4C3.  It should be noted 

the peaks are broadening as the carbide content increases. The broadening of the peak as the 

carbide content increases indicates that the grains structure is either smaller based on the Scherrer 

equation or there is more strain in the grain structure2.  

3.3.4 EDS Analysis 

 Fig 3.8 is an image EDS mapping done on the SS304 substrate, 10%VC, 20%VC, and 

100%VC. When mapping was done, an area with one of the precipitates was chosen to characterize 

what they were made of. The SS304 substrate shows primarily iron and chromium, with evenly 

distributed Ni. The supplier of the plate did not report any vanadium present as received. Yet there 

appears to be trace amounts detected in the plate. One reason this could be happening is the VC is 

diffusing down into the plate as the coating is being deposited.  
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Figure 3.8: EDS mapping of Fe and V on the SS304, 10%VC, 20%VC, and 100%VC 

The 10%VC image is placed over one of the VC precipitates. By comparing the iron and 

vanadium maps, it clearly shows the precipitate is VC with no iron present. Though faint, by close 

inspection of the chromium map, it can be seen that the areas around the precipitate have a higher 

density of Cr than in the precipitate. The Cr present in the precipitate suggest the Cr bonded with 

some of the VC, or at least diffused into it. VC was still present outside of the precipitate 

confirming the VC had dissolved into the metal matrix. The 20% VC showed the same trend as 
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the 10%VC with more vanadium surrounding the precipitate. This makes sense considering the 

higher VC amount.  

The 100%VC only has the scans for iron and vanadium. This is because no Cr or Ni was 

detected. As expected the 100%VC had primarily vanadium and only trace amounts of iron. The 

trace amounts of iron could be residual SS304 left in the feeder tubes and was being deposited as 

an impurity. SS304 dust in the chamber could also have been mixing with the powder being 

deposited leaving impurities. Overall EDS concludes the VC is dissolving in the grain boundaries 

and the precipitates being seen are primarily VC with possibly trace amounts of Cr.  

3.3.5 Hardness Measurements  

 Average hardness of the top surface of the coatings are reported in Fig 3.9 and Table 3.3. 

The average of the top surface is only reported because this is the most critical hardness of the of 

the coatings. It can be seen that the hardness did increase with increasing carbide content. The 

5%VC raised the hardness by 67.5-86.8HV0.1, 10%VC by 79.5-151.7HV0.1, and 20%VC by 92.9-

150.9HV0.1 (∆ No LP - ∆ LP). The laser pass had a much greater impact on the increase in hardness 

than the addition of more VC after 5%VC. For the non-laser pass samples, the hardness had a 

67.5HV0.1 increase when 5%VC was added. The addition of 10% and 20% only yielded a 12HV0.1 

and 13.4HV0.1 rise on average, respectively. Those are the on average values, where in reality there 

was no real difference between the 10% and 20% when standard deviation is taken into 

consideration. When considering the laser pass, the 5%VC addition increased the hardness by 

86.8HV0.1 when compared to the laser passed SS304. That is 19.3HV0.1 more than the 5% addition 

without the laser pass. Next the 10%VC 1LP sample increased the hardness by 64.9HV0.1. 

52.9HV0.1 larger increase than the difference between the 5% and 10% non-laser pass samples. 

Like the non-laser pass, the 20%VC showed no change in hardness compared to the 10%, besides 
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it had a slightly larger standard deviation. The higher standard deviation is due to the increase in 

VC precipitates in the coatings. Depending on how close the measurement was taken next to a 

precipitate, the hardness would drastically increase or decrease. For consistency, measurements 

were taken away from carbides to only get the saturated matrix readings. 

 

Figure 3.9: Bar graph of coating hardness 

Table 3.3 

Average hardness of Top 0.4mm 

Sample 
Average 

Hardness 
STD 

SS304 193.8 4.03 

SS304 1LP 198.3 6.85 

5%VC 261.3 4.46 

5%VC 1LP  285.1 4.13 

10%VC  273.3 4.40 

10%VC 1LP 350.0 5.91 

20%VC 286.7 29.57 

20%VC 1LP 349.2 10.08 

100%VC 1466.2 290.6 

100%VC 1LP 1658.2 270.3 
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Figure 3.10: Hardness depth profile of 100%VC-20%VC-SS304 coating 

The 100%VC increased hardness by a very large amount compared to the other coatings. 

The average hardness at the top was 1466.2HV0.1 and 1658.22HV0.1 of the non-laser pass and laser 

pass samples respectively. That is a 1272.4-1459.9HV0.1 increase. The standard deviation was very 

high at 290.6HV0.1 and 270.3 though. This is due to the microporous areas and cracking. Even 

with a high standard deviation, the VC still exhibits very high hardness relative to the base 



56 

 

coatings. Fig 3.10 is an image of the hardness depth profile of the 100%VC-20%VC-SS304 

coating. The hardness at the top is very high with a lot of variability. Between 0.8mm and 1mm is 

the interface between the 100%VC and the 20%VC. Between those two points there is a sharp 

drop in hardness. Around 1.4mm the coatings were fully 20%VC and the readings were close to 

that of the data from before. Then once the substrate was reached the measurement became uniform 

and leveled out. 

3.3.6 Wear Studies 

 

Figure 3.11: Coefficient of Friction plots for 1km tests 

 Fig. 3.11 shows two plots of the COF of the coatings during the 1km wear test. The top 

plot shoes the samples without a laser pass and the bottom with. The SS304 did as expected of 



57 

 

most metals and had a sharp rise in COF right at the beginning. This happens as the wear track 

begins to develop and the surfaces begin to become rough as material is worn away. Next the COF 

begins to drop as the wear track begins to develop and the ball and track form into the same shape 

of contact. Then as time goes on the COF curve becomes steady and has fewer fluctuations due to 

the ball and track being formed to each other. Both of the SS304 coatings followed this trend which 

can be seen in the plots.  

Observing the non-laser pass samples, it would appear the addition of VC to stainless steel 

did increase the COF. All mixture coatings followed the same trend as the SS304. The 20%VC  

samples seemed to be decreasing slightly as the distance increased. The laser pass mixture samples 

seemed to follow the same trend, with the exception of the 5%VC. It had a lower COF than the 

SS304 until ̴ 600m when they became approximately the same. Though it had a low COF, it also 

had a large degree of change, and varied a lot during the test. The 100%VC samples both caused 

a decrease in COF compared to the SS304. The non-laser pass started lower than the SS304, then 

it rose to be about the same, and after 700m started to decrease below it again. The laser pass 

samples had a steady increase but still was substantially below the SS304 by roughly 0.1.  

 

Figure 3.12: Bar graph of Average COF values after 200m 
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Table 3.4   

Average COF after 200m of Wear Test 

Samples  Avg. COF STD 

SS304 0.70 0.020 

SS304 1LP 0.70 0.029 

5%VC  0.77 0.017 

5%VC 1LP 0.67 0.057 

10%VC 0.79 0.017 

10%VC 1LP 0.86 0.016 

20%VC 0.79 0.032 

20%VC 1LP 0.84 0.008 

100%VC 0.67 0.012 

100%VC 1LP 0.58 0.023 

 

Fig 3.12 shows a bar graph of the average COF after 200m. Table 3.4 has the values of the 

average COF and standard deviation (STD). The average was taken after this distance because as 

mentioned earlier, this is where the ball and track began to form to each other and the COF became 

steady. It can be seen the laser pass did not change the overall COF of the SS304. It in fact 

increased the standard deviation value slightly. As mentioned before, the COF increased with the 

addition of the carbides with the exception of the 5%VC laser pass. Yet it can be seen there is a 

large STD that puts it in the range of the SS304 coatings. For the 10%VC and 20%VC samples, 

the COF increased when compared to their respective non-laser pass counterparts. It also should 

be noted the 10%VC and 20%VC samples had almost the exact same COF. The 100%VC non-

laser pass coating had the same COF as the 5%VC laser pass, but a much lower standard deviation. 

Overall the 100%VC with a laser pass had the lowest with a 0.58, which is 0.12 less than the 

SS304.  
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After the wear test the average wear rate was calculated from the width of the wear track. 

Figure 3.13 and table 3.5 show the results from these calculations. It can be seen the addition of 

VC significantly decreased the wear rate of the coatings. The SS304 samples were around 4.00E-

04 and all the carbide samples were below 1.00E-04 with the exception of 10%VC laser pass. An 

issue was found when calculating the wear rate during this study which makes these results 

difficult to compare. The method used the width of the wear track to calculate the cross sectional 

area of the ball that would be below the surface, and multiplied it by the width of the wear track to 

attain the volume lost. The calculation was all based on the assumption the ball retained its original 

radius and geometry. After inspecting the wear tracks, this assumption proved to not be true.  

When observing the wear tracks it was found the balls underwent a considerable amount 

of wear, causing the contacting surface to become flat. This broke the first assumption of the ball 

retaining its geometry, which meant the wear track did not have a perfect spherical shape. 

Therefore, the calculation of the volume loss and subsequent wear rate have a considerable amount 

of error. Fig. 3.14 is an optical image of some of the laser pass samples wear tracks at 5x,  

 

Figure 3.13: Bar graph of wear rate of coating based on width of wear track 
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* Width of wear track may not be accurate measurement because wear ball wore away. Though the track has a larger 

width, it is believed less material was lost. 

† 100%VC looked as though little to know material was lost, and the wear track was just residue from the Si3N4 ball 

on the surface 

‡ Due to grinding errors it is believed too much of the laser pass coating was grinded down, leaving only the porous 

coating that was unaffected by the laser pass left. This made the wear rate closer to that of the non-laser pass sample 

Table 3.5 

Wear Rate Calculations of Coatings 

Sample 
Wear Rate 

(mm3/N*m) 
STD 

SS304  3.85E-04 1.84E-05 

SS304 1LP 4.52E-04 4.99E-05 

5% VC 8.84E-05 1.19E-05 

5%VC 1LP 4.96E-05 9.19E-06 

10%VC 0LP 4.51E-05 2.48E-06 

10%VC 1LP* 7.60E-05 9.19E-06 

20%VC 7.98E-05 8.01E-06 

20%VC 1LP 9.48E-05 6.83E-06 

100%VC* 2.92E-05 8.52E-06 

100%VC 1LP* 2.45E-05 7.53E-06 

10x, and the wear ball at 5x. It can be seen that the wear balls of all the carbide samples have a flat 

surface that was contacting the coatings. This means the ball was wearing away indicating the 

coating had a considerable amount of wear resistance or was more abrasive as the COF data would 

suggest. The SS304 ball retained a spherical shape, but by using SolidworksTM   to measure the 

wear surface, it was found the ball had a larger radius than the original. This means the calculation 

for all the samples were larger than what they really were, especially the wear tracks where the 

ball had a flat surface. It was found that all the carbide samples had a flat surface on the wear ball 

and the SS304 both retained spherical shape.  

This makes comparing the wear rate trends between the carbide samples with the current 

data inaccurate. Unless a more accurate method that takes into consideration the geometry of the 
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ball is used, the only thing that can be taken away from the quantitative data is the carbides did 

significantly reduce the wear rate. This claim is valid because they each had a flat face on the wear 

ball, which means the calculation is over estimating the amount of volume that is lost from the 

track. Likewise, the calculation is also overestimating the SS304 wear volume, but because it still 

has a spherical surface, not as much as the balls with the flat surface are being over calculated. 

Since all the wear volumes are being over estimated, and the VC coatings are still roughly 83% 

less that the SS304, it can be claimed that the addition of VC significantly increases wear resistance 

of the coating.  

This also makes sense by visual inspection. Fig 3.14A shows the SS304 wear track which 

is much wider than all the others.  It has an oval shape, indicating the wear ball had dropped into 

the material farther than the other tracks. The 5%VC sample has a much smaller wear track with 

an average width and resulting wear rate that is 89% less than the SS304. The wear tack does not 

seem as developed as the SS304 based on the fact there is a center area that seems much  
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Figure 3.14: Images of wear tracks of laser pass samples and wear ball of (A) Wear track 

(B) 5%VC (C) 10%VC (D) 100%VC 

smoother and does not have the wear lines as seen on the sides of the track and in the SS304. The 

10%VC sample has a higher wear rate calculation than the 5%VC, but it is obvious by visual 

inspection this is not true. The flat spot on the ball measured to be 1.27mm across and the width, 

and the width of the wear track on average was 1.20mm. This means the flat spot was larger than 

the area that marked the surface of the 10%VC sample. Based on this and by clear visual 

inspection, the wear track is just scratches on the surfaces and in no way has an elliptical cross 

section. Therefore, the wear rate calculation is extremely overestimated, and the 10%VC laser pass 

sample is less than the 5%VC sample.  

The 100%VC sample’s wear track is more of a smudge than a wear track. There is a visible 

mark where the wear ball made contact but little to no material was lost. This can be seen in the 

10x image where the track hasn’t even begun to make a continuous pattern. An interesting thing 
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that happened is the wear ball did not lose as much material as it did in the 10%VC test. This is 

believed to be because the COF was much lower in the 100%VC than in the 10%VC. The Si3N4 

slid with much less resistance on the 100%VC, therefore not damaging the coating or the ball as 

much as the 10%VC sample. This is most likely the reason why not much material was lost from 

the 5%VC ball either. It also had a very low COF.  

3.3.7 Abrasive Water Tests 

 

Figure 3.15: Cross section and top images of abrasive water test of coatings 

 Fig 3.15 shows an image of the cross section and top of the coatings after the abrasive 

water test. The 20%VC and the SS304 both had considerable material. Both had roughly a 1mm 

width cut that penetrated 0.5mm. The difference between the two is negligible. It seems the cut 

was much cleaner through the 20%VC because the cross section has very fine continuous edges. 

The SS304 seems to have a lot of rough variation. But nothing can really be concluded from this 

information. The most notable thing is the 100%VC coating had no noticeable damage occur. The 

water jet is a very aggressive cutting process that easily removes material form the SS304. Yet it 
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only changed the surface finish of the 100%VC coating. This is quite impressive and shows the 

100%VC is a very protective coating that could withstand many forces that steel would erode away 

to easily to.  

3.3.8 Building of Gradient Cylinder 

 

Figure 3.16: (Top) Image of machined cylinder and as built cylinder. (Bottom) Machined 

gradient cylinder. 

 To show that this process could be used to add filler material back to damaged parts, a 

gradient cylinder was made using LENS. Fig 3.16 shows two cylinders. One has been machined, 

and the other hasn’t They are both the same compositions though. It consists of 20 layers of 

10%VC, 20 layers of 20%VC, and 5 layers of 100%VC. The cylinder built well with the exception 

of the surface finish of the 20%VC. Fig 3.16 top image shows the before machined surface finish. 
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It has some small spires protruding from the walls of the 20%VC samples. This was not the case 

when the coating was being deposited, only when added to the 10%VC. This could be due to the 

state of the machine at the time, since 100%VC had been deposited before. Possibly residual 

powder was left in the piping or was stuck in the delivery system. This has been known to happen 

with carbides and disrupt the powder flow. When the powder flow is disrupted it can cause hatches 

to grow in odd directions. The cylinder exhibited its ability to be machined except for the 100%VC 

coating. VC is a brittle material and this cracking was expected, and broke off large portions as 

brittle materials do. This cylinder shows LENS could add material back to stainless steel parts, 

which would then give them the added protection of high vanadium carbide SS304, and a very 

protective coating of 100%VC on the surface.  

3.4 Discussion 

3.4.0 Microstructural Characterization  

The results showed that the VC agglomerated on the grain boundaries, but it also integrated 

into the grains. VC has a solubility limit temperature from 1100˚C to 1150˚C in austenite23. The 

melting point of SS304 is 1399˚C to 1454˚C24. Since the LENS melted the SS304, the temperature 

was well above the solubility temperature, and some of the VC dissolved in the metal matrix. In 

the past when 100%VC was deposited by a laser, there was a high amount of substitution of iron 

in a α-Fe system19. Being that this is γ-Fe the diffusion rates most certainly will be different.  

The VC is residing on the grain boundaries could be for two different reasons. One is the 

matrix could have been fully saturated with VC so no more could dissolve into the grains. With 

nowhere else to go it precipitated on the grain boundaries. The other reason could be the melt pool 

solidified so fast the VC did not have time to dissolve in the metal matrix. If the second reason 

were the case though, more time for diffusion would cause the VC to dissolve into the grains. Yet 
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by observing the laser pass microstructures, we see VC is still present on the grain boundaries. 

This means it was more likely the first assumption was correct.  

The question of whether the carbides on the grain boundaries was only VC is difficult to 

answer with full confidence. The EDS, XRD, and fact a high amount of VC was added to the 

coating confirms the carbides were mostly comprised of VC. There is a possibility the VC could 

be bonding with the chromium and making complex carbides. EDS shows there is some readings 

of chromium on the precipitate. This could indicate the Cr is a part of the carbide, or it is just Cr 

being read from underneath the precipitate in the bulk material. The XRD reported possibly the 

presence of Cr3C2 or Cr7C3 and  Cr bonding with VC has been seen in earlier studies23. It has also 

been reported that in nitrogen, austenitic SS can form intermetallic phases, carbides, and nitrides 

at high temperatures25. Since the substrate did have trace amount of nitrogen, this could be taking 

place with the Cr, V, C, and possibly N. It seems unlikely though. Since the peak only appears 

with 100%VC and little to no chromium is present to bond with the carbon at the surface. Also no 

other peaks for chromium carbides are present. In the past no complex carbides and Fe-V 

compounds were detected when added to AISI 1045 using the same method19. In other studies VC 

did bond with chromium when using thermal diffusion to apply a coating21,23. The differences in 

the bonding methods between the studies does not give a clear conclusion. Based on the EDS and 

XRD it seems the VC did not bond with other elements, and the carbides present are almost all 

pure VC.  

As more carbides were added to the microstructure it seems the grains did become finer. 

The broadening of the γ-Fe peaks indicates the grains are becoming smaller. The VC could be 

doing this by inhibiting the grain growth of the SS304. Past research has shown that microalloy 

additions in γ – stainless steel impede grain growth because of finely dispersed carbides16. As more 
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VC was added to the coating, the VC became more widely dispersed, which inhibited grain growth 

even more. This is why the peaks on the XRD became broader as VC content increased. These 

small grains are ideal for the coating because they are a well-known way to increase strength and 

hardness of a metal according to the Hall-Petch formula26. Also the VC particles act finely 

distributed strengthening particles. Having this kind of particle present has been shown to be an 

effective way to improve creep strength steels23. Overall the effect the VC has on the grain 

structure is ideal for a protective coating.  

3.4.1 Interface of Coatings 

Microstructural images showed good bonding between the substrate and the coating. Past 

research shows a MMC of VC with low carbon steel Fe 52 has been able to be deposited and make 

a strong adhesion14. This small or highly localized HAZ has been seen before in other systems as 

well as stainless steel27,28. The fact there is no large pores or voids shows the VC does not alter the 

ability for a coating to bond to the substrate. This means the coating can be applied to current 

SS304 parts in use and should not have an issue with adhesion. The interface between the 100%VC 

and 20%VC was much more gradual. This type of dispersion can be seen in other studies where 

100%VC was deposited on a AISI 1045 steel19. The large carbide precipitates extend into the 

20%VC matrix, and the mixture remains heterogeneous and there seems to be no gradient change. 

3.4.2 Laser Pass Grain Refinement 

The laser pass appeared to give a more homogeneous uniform distribution of VC. This is 

due the reheating and extended diffusion time the laser pass gives19. The solidification rate of the 

melt pool does not change, so neither does the grain structure or morphology. Since no more 



68 

 

powder is flowing in and integrating itself in the structure, the layer that was being reheated does 

Figure 3.17: Image of Carbides in 20%VC 

Figure 3.18: Optical images of the 20%VC coatings. (A) 1 laser pass (B) No laser pass (C) 

Laser pass on both layers (1) 5x magnification (2) 10x magnification 
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not move a long distance. For this reason, when it is given the added diffusion time, it becomes 

more homogeneous. Fig. 3.1 gives more evidence as to why this might be true. When looking at 

the 20%VC coating in Fig 3.1A you can see many dark colored spots dispersed throughout the 

coatings. These can also be seen in Fig 3.17, which is a larger image of the 20%VC-100%VC 

interface. The dispersed dark areas are large precipitates of VC. Fig 3.1B shows the same structure 

but each layer of the 20%VC sample had a laser pass before the next was deposited. There were 

significantly fewer carbide precipitates. Most of the remaining ones are near the interface of the 

first layer on the substrate, and interface of the second on the first. These would be the zones 

farthest away from the laser pass and would be subject to less heat and subsequent diffusion. For 

this reason, it can be assumed when given more time for diffusion the VC will dissolve into the 

matrix and mix more homogeneously, which is proven by the disappearance of the heterogeneous 

precipitates of VC, and more homogeneous distribution on the grain boundaries. 

Another thing the laser pass did was agglomerate the voids. The purpose of the laser pass 

was to make the coating dense. Yet it appears the coatings with a laser pass are riddled with pores. 

The pores seem to be away from the HAZ and are larger than the non-laser pass. Fig 3.1 shows 

this very clearly with Fig 3.1A having many small pores, and Fig 3.1B having large pores all over. 

They are also near interfaces of layers as well. This is because when the layer is heated back up, it 

allows for not only the VC to diffuse, but also the voids become mobile. It appears the area that 

fully melts loses most all its porosity as the metal bond and collapses the pores. In the area below 

the melt zone, the voids do not collapse but agglomerate making large pores. Fig 3.18 justifies this 

further by showing the 20%VC sample with a laser pass, no laser pass, and a laser pass on both 

layers. The coating with one laser pass has a dense layer on top with pores underneath. The non-

laser pass is porous throughout the coatings. The coating with a laser pass on each level left two 
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dense zones on the top of each layer, with pores in-between the interfaces. This means that all 

porosity could possibly be removed with longer hold times of the laser, or increased power.  

3.4.3 Hardness 

The added VC increased hardness by lowering the grain size and causing internal stresses 

in the grain structure. The hardness decreased as it was measured down the depth because of LENS 

processing. As LENS is building a part, the previous layers deposited and the substrate acts as a 

heat sink from the layers being deposited. As heat transfers through the part the previously built 

areas are then annealed. This changes the grain structure and subsequent properties29. Though SEM 

inspection of the grains did not show a noticeable change down the cross section of the coating, 

very small changes must be taking place that change the properties. 

As the amount of VC increased so did the STD of the measurements. This increase in 

standard deviation is accredited to more precipitates being present as the carbide content increased. 

It is also why the laser pass standard deviation is less than the non-laser passed standard deviation. 

As mentioned before, the laser pass allowed for the VC to diffuse into the grains. Since the VC 

was more homogenously dispersed, it decreased the inconsistency in the hardness.  

3.4.4 Abrasive Wear Resistance 

 Abrasive water tests show the 100%VC had a very high resistance to material loss from 

abrasive water. All the coating experienced a definitive cut and the 100%VC remained undamaged. 

An issue with this test is it is very direct and aggressive. For this reason, the difference in abrasive 

water resistance is unmeasurable unless the difference is very high. Small changes in resistance do 

not change to amount of material lost to measure large enough difference to make a claim. This is 

what happened between all the mix test which leaves the results inconclusive. The only thing to 

take away from them is the coatings have similar abrasive wear resistance, if there is a difference 
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it cannot be measured from the test. What is known is the mix coatings have a much larger wear 

resistance and hardness. For this reason, it is believed the abrasive water and cavitation resistance 

of the coatings should be higher in the mix coatings. The abrasive water test does show the 

100%VC definitely has a higher abrasive wear resistance and should serve to better protect 

components in a hydroelectric generator.   

3.4.5 Gradient Coating 

 LENS was able to produce SS304 coating with different mixture of VC and deposit them 

to make a gradient cylinder The addition of VC proved to increase the wear resistance and hardness 

of the coating. The results suggest that the addition of any of these VC coatings should protect a 

part better than base SS304. From all the test it was clear the 100%VC was the most protective 

coating. The only issue the 100%VC coating had was it was difficult to build more than a couple 

layers. Even the deposition of two layers produced a very porous interface. Therefore, it would be 

difficult and expensive to fix a part that has experience material loss with 100%VC coatings. To 

overcome this the LENS could deposit SS304 until the missing material is almost replaced, then 

finish repairing the part with 100%. If the 100% eventually wore away, it would only be SS304 

there for protection, and the part would deteriorate as fast as before. 

 This study has shown that LENS provides another option of adding a gradient fill. By 

adding mixtures of VC, the hardness and wear resistance increase. Therefore, if LENS was used 

to repair a part, it could add SS304, then slowly add VC until it reaches the surface where it can 

apply 100%VC. This increases the protection of the part because if the 100%VC gets damaged, 

there will still be an even more protective layer underneath. It also is better because it gradually 

changes properties. Fig 3.16 shows the 100%VC is brittle and was not able to be machined. This 

is expected with ceramics, but also means there is a brittle coating on top of a ductile metal. If any 
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kind of deformation occurs, the 100%VC will crack exposing a weak spot. If the gradient coating 

is present underneath the VC, it will give better protection if this event occurs than if only SS304 

was there. Thereby increasing the longevity of the part. The gradient coating also provides an 

option to coat parts at less of a cost. If a part does not require a full 100%VC coating, a mixed 

coating could be used. This would cost much less than applying 100%VC, and still give a lot of 

added protection to the part.  

3.5 Summary 

 LENS was able to deposit mixed coating of SS304 and VC that exhibited higher hardness 

and wear resistance than only SS304. It also was able to deposit 100%VC coating and make a 

gradient coating. Laser processing yielded smaller and more homogenous grains with the VC 

integrated in the grains and on the grain boundaries. The VC acted as strengthening particles that 

increased hardness and wear resistance. The addition of a laser pass increased these properties as 

well as helped densify the coatings. Adhesion to the substrate appeared to be good with a very 

small heat affected zone. XRD showed the VC inhibited grain growth and produced finer grains. 

The addition of VC decreased the wear rate of the coating by over 80%. From abrasive water test 

it was also shown that 100%VC is incredibly resistant to harsh environments that would easily 

remove material from SS304, and not even harm the coatings. This process could be used to build 

new parts and apply coatings, or repair damaged ones while simultaneously increasing their 

resistance to damage in the future. 
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CHAPTER FOUR 

NIOBIUM CARBIDE METAL-CERAMIC COMPOSTIE COATINGS  

4.1 Introduction. 

 NbC has incredible hardness (̴ 17-22GPa), high wear resistance, and a high melting 

temperature (3873˚C)1,2. It is a group VB element which are known to make very hard phases in 

many common alloys2. Unlike other carbides between group IV to VI, it has been given little 

attention compared to titanium, vanadium, and chromium2. Similar to VC it has also been 

researched to be used to strengthen steel for high wear applications1. As mentioned in chapter 

three, materials with high modulus and hardness have been resistant to cavitation and abrasive 

wear damage3,4. For the same reasons as VC, NbC was tested to see if it was an effective additive 

to make protective metal ceramic composites. It was hypothesized that LENS could deposit a 

gradient coating of NbC in SS304 to make a metal matrix composite with increased hardness, wear 

resistance, and abrasive water resistance. The LENS process could then deposit and add these 

coatings to new parts, or restore damaged ones and add extra protection.  

4.2 Materials and Methods 

The processing and analysis of this study was the same as the VC, but a little less in depth. 

There was no 100%, 20%, or gradient cylinders made. When conducting these experiments, the 

batches of 0%, 5%, and 10% NbC and VC were made at the same time. Preliminary analysis was 

done and found VC increased hardness more and exhibited slightly higher wear resistance. For 

this reason, additional samples were built first for VC such as 20%, 100%, samples with a laser 

pass on every level, and a gradient cylinder. Due to time restrictions this was not done for NbC. 

Therefore, the only compositions made and tested were 0%, 5%, and 10%. In addition to that EDS 
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was not conducted on these samples. All other processing and analysis was the same for these 

samples as the VC. To reduce redundancy, materials and methods will not be written in this 

chapter. Please refer to chapter three for processing parameters and analysis.  

4.2.0 Materials 

 NbC powder were purchased from American Elements® with 99% purity and a particle 

size of -100/+270 mesh. 304/304L (SS304) powder was bought from Carpenter® with a powder 

size of -140/+325 mesh. The composition of the powder is listed in Table 4.1. They were then 

mixed in proportions of 0%, 5%, and 10% wt. Powders were weighed and mixed on a ball mill for 

one hour to ensure thorough mixing and heterogeneity. For the rest of this paper the coatings will 

be referred to by their respective NbC content. Coatings were mixed before and not mixed using 

the LENS to know the exact content of the NbC powder. The LENS could mix the powders by 

loading the different powders into the different hoppers, then gradually change the feed rate of 

each one. This way it could make a gradient part by changing the NbCC to SS304 ratio with each 

layer. If this was done it would be difficult to know the exact amount of NbC in each coating. 

Therefore, the powders were mixed before for research purposes. 

Table 4.1: Chemical Compositions of Materials Used (wt.%) 

  C Cr Ni P Si Mn S N 

304/304L Plate 0.022 18.15 8.05 0.033 0.44 1.72 0.0003 0.07 

304/30L Powder 0.03 18 to 20 8 to 12 0.045 1 2 0.030 - 
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4.3 Results 

4.3.0 Processing Parameters 

 In order to integrate the NbC into the stainless steel a high laser power was used. Even 

though a lower laser power has shown to retain more austenite, it was this study was more focused 

on melting the NbC into the coating so a higher power was used5. Though martensite may be more 

ideal for hard protective coatings. The coating made were porous as the VC were. As mentioned 

in chapter 3, it is difficult to optimize parameters of the LENS in these experiments. Since this 

study was done for initial proof of concept and material property testing, the porous coatings made 

were deemed satisfactory. (Refer to Ch. 3.3.1 for discussion on difficulties making dense coatings.) 

4.3.1 Microstructure 

 

Figure 4.1: Microstructures of SS304 and NbC coatings 

Fig 4.1 is an image of all the microstructures of the coatings. LENS processing of SS304 

resulted in small grains with more heterogeneous morphology. Fast solidification rates during 
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LENS processing do not allow for much grain growth, resulting in smaller grains6,7. Unlike the 

VC, there was a significant difference in grain size between the laser pass and non-laser pass 

samples. Looking at the difference in the 5%NbC this can be easily observed. The grain structures 

look very similar, with equiaxed morphology and carbides on the grain boundary. The 10%NbC 

and 5%NbC laser pass samples are almost indistinguishable between each other. The grain 

structures are the same and it is difficult to tell by observation if one has a higher carbide amount 

than the other. The real odd grain structure present is the 10%NbC non-laser pass. It has the pits 

as seen in the other sample that are assumed to be between grains. Yet the carbides are dispersed 

throughout the metal, not on the grain boundaries. The laser pass appears to have given NbC more 

diffusion time to agglomerate on the grain boundaries. The substrate and adhesion was almost 

identical to the VC. It appeared good with no voids or notable weak points. (Refer to Ch.3.3.2 for 

substrate and adhesion analysis) 

 The laser pass densified the metal at the surface, lowered the grain size, and allowed for 

the NbC to agglomerate on the grain boundaries. As mentioned earlier the laser pass made the 

grains much smaller in all the samples. The laser pass has been known refine, homogenize, and 

cause dissolution of coarse carbides5. This effect can be seen clearly in the 10%NbC sample. The 

non-laser pass has the carbides spread throughout the grain structure, making any grain structure 

hard to distinguish. After the laser pass the carbides agglomerated on the grain boundaries and the 

morphology has changed to that of the 5%NbC laser pass sample. The difference between the non-

laser pass samples could be an effect of the increased amount of NbC. It could be inhibiting grain 

growth as the VC did, but even to a higher extent. The NbC residing on the grin boundaries appears 

just as the VC did when high vanadium carbide steel was laser deposited8. Since they are in the 

same group of the periodic table, it does not seem unlikely they would act in the same manner. It 
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is known that carbide dispersion directly affects the strengthening of a coating9. Based on this, the 

higher distribution of carbides should be helping to strengthen the coating.  

Figure 4.2: Optical images of laser pass coatings at 5x. Top row: Laser pass, Bottom Row: 

Non-laser pass. (A) SS304 (B) 5%NbC (C) 10%NbC 

The laser pass levelled out the top surface that was rough prior. The re-melting of the 

surface densified and graded out the top layer. Fig 4.2 show images of the coatings with and 

without laser pass. Starting with the SS304, the laser pass does densify the top layer roughly 

300µm deep. After that the coating becomes very porous, and seems to have the highest porosity 

of all the coatings. The pores also seem larger in the SS304 laser pass than in the non-laser pass. 

This is hypothesized to be because the added heat of the laser pass allowed for the pores to 

agglomerate. Though this ideally would lead to fewer and larger pores. This is not the case in the 

SS304, and there appears to be a greater number of larger pores than when compared to the non-

laser pass samples.  

The NbC coatings appear to have less porosity than the SS304, and have a smaller depth. 

All the coatings were built with the same parameters, but the coating depth was shorter for the 
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NbC samples. This would suggest the NbC is helping the coating bond more uniformly with little 

porosity forming. The difference in the laser pass and non-laser pass NbC are less obvious than 

the SS304. The non-laser pass also has a dense top layer roughly 300µm deep. When closely 

observing the samples it was found there were large precipitates of carbides in the coatings, and 

were heterogeneously mixed. This proposes the NbC did not have enough time for diffusion, or 

the matrix was saturated with the NbC and therefore agglomerated on the grain and in precipitates. 

The 10%NbC had more of these precipitates as expected due to higher NbC content. As seen in 

the VC samples, there were fewer precipitates after the laser pass due to increased diffusion time.  

4.3.2 XRD Analysis. 

 XRD analysis shows the NbC has an FCC structure with carbon occupying the interstitial 

positions10. Fig 4.3 is an XRD plot of the NbC samples. Analysis of the graphs show shows that 

the SS304 was all γ-Fe. The 3 peaks present were 43.8˚ - γ (111), 51˚ -γ(200), and 74.8˚ -

γ(220)11,12. The NbC peaks are a 34.6˚ (111), 40.2˚ (200), 58.3˚ (220), and 69.7˚ (311) 9,10,13,14. 

The only peak not able to be accounted for was a small one at 46.4˚. It only started to develop on 

the 10%NbC sample. It could be the bonding of the NbC to an oxygen or chromium. A similar 

peak close to this was seen in Ca4Nb2O9
15. Though since no calcium was present, this would 

seem unlikely.  

The main peaks slightly shift as NbC was added, but not nearly as much as the VC. NbC 

only caused a shift of roughly 0.1˚ where VC caused a shift of 0.2˚. This could mean the NbC is 

not causing as much lattice strain as VC16. Also there does not seem to be any noticeable peak 

broadening. Since the laser pass microstructures look the same, this makes sense that they would 

also be the same. It would only increase if the grains were getting smaller. Possibly a comparison 

between the non-laser pass and laser pass would cause a difference. 
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Figure 4.3: XRD plots of all NbC samples 

4.3.3 Hardness Measurements 

 Average hardness of the top surface of the coatings are reported in Fig 4.4 and Table 4.2. 

The top surface hardness is the most critical and is why it is the only part reported. The trend in 

the hardness is what would be expected of the laser pass and added NbC. As more NbC is added 

the hardness increases. Likewise the laser pass densifying the top surface proved to increase 

hardness as has been see before5. 
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Figure 4.4: Bar graph of coating hardness 

Table 4.2 

Average Hardness of Top 0.4mm 

Sample 
Average 

Hardness 
STD 

SS304 193.8 4.03 

SS304 1LP 198.3 6.85 

5% NbC  219.0 7.97 

5% NbC 1 LP 223.9 3.93 

10% NbC  250.8 6.17 

10% NbC 1 LP 256.9 3.68 

 

Though the hardness did increase with increasing carbide content it was not a very large 

change. The 5%NbC raised the hardness by 25.2-25.6HV0.1 and 10%NbC by 57.0-58.6HV0.1 (∆ 

No LP - ∆ LP). Unlike the VC the laser pass did have a large impact on the increase in hardness. 

The difference between the laser pass and non-laser pass was quite negligible, though all laser pass 

increased the hardness slightly. Overall the STD was small on all samples showing consistency in 

the coating. The only time there were large deviations was when a measurement was taken near a 

carbide precipitate. 
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Figure 4.5: Hardness depth profile of NbC samples  

 Fig 4.5 is an image of the hardness depth profile of all the NbC coatings. The top surface 

of the coating was the hardest due to the fastest solidification rate. The hardness then decreases 

down the depth of the coating due to annealing. As each layer is deposited the previous layers of 

the coating acted as a heat sink. This causes the grains to get some annealing time which lowers 

the average hardness slightly. It has been mentioned earlier that small changes in the heat history 

of the layer will change its properties17. As the depth increases all coatings return to the same 

hardness between 190-170HV0.1 on the substrate. This profile shows the gradient change of 

properties from the surface to the substrate. The coating will add extra protection on the surface, 

then slowly integrate to the bulk properties of the substrate.  
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4.3.4 Wear Studies 

 

Figure 4.6: Coefficient of Friction plots for 1km tests 

 

 Fig. 4.6 shows a plot of The COF over the course of the 1km wear test. All the tracks 

follow the general progression of a wear track where they start low as the two polished surfaces 

are interacting. As the material begins to deform, the metal shears, and the surface begins to 

become rough the COF has a sharp increase. Next the COF begins to drop as the wear track begins 

to develop and the ball and track form into the same shape of contact. Then as time goes on the 

COF curve becomes steady and has fewer fluctuations due to the ball and track being formed to 

each other. Both of the SS304 coatings followed this trend which can be seen in the plots. All the 

NbC samples followed the same trend besides the 10%NbC 1LP. They all had a COF above the 

SS304, and remained relatively constant. Over the duration of the test. The 10%NbC had a large 

drop in the beginning, then after 200m rose to the levels of the other NbC coatings. It almost 

followed the SS304 1LP exactly under 200m. It ended in the same COF range as the other NbC 

though. 
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 Fig 4.7 and table 4.3 show the averages of the COF after 200m. All the coatings were 

roughly the same and on average 0.1 above the SS304. If the average was take before 200m though, 

the 10%NbC 1LP would be less. The point of taking it after 200m though is to get the value after 

a wear track has been developed. The change in the 10%NbC 1LP from being low at 200m 

increased its STD. Overall the 5%NbC coatings had the lowest STD and most consistency. All the 

laser pass samples had higher STD due to the change in morphology of the grains. In the beginning 

the wear track was being developed on the densified layer. Once the track passed this it was on the 

porous layer with more heterogeneously dispersed carbides. This caused more fluctuations in COF 

and increased the STD. 

 

Figure 4.7: Bar graph of Average COF values after 200m 

Table 4.3   

Average COF after 200m of Wear Test 

Samples  Avg. COF STD 

SS304 0.70 0.020 

SS304 1LP 0.70 0.029 

5%NbC  0.82 0.011 

5%NbC 1LP 0.78 0.020 

10%NbC 0.81 0.026 

10%NbC 1LP 0.78 0.030 
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Fig 4.8 and table 4.4 show the normalized wear rates of the samples. The NbC caused a 

significant reduction in wear rate. The calculations were subject to the same issue as the VC, and 

the calculation is subject to some over estimation. Fig 4.9 is an image of the wear tracks and wear 

balls of the laser pass samples. It can be seen that the balls of the NbC samples are flat which 

means the wear rates are over estimated (Refer to Ch. 3.3.7 for discussion on errors with 

calculation). That being said the NbC lowered the wear rate by 77%. The laser pass also decreased 

the wear rate in the NbC coatings, but raised it for the SS304.  

 

Figure 4.8: Bar graph of wear rate of coating based on width of wear track 

Table 4.4 

Wear Rate Calculations of Coatings 

Sample Wear Rate (mm^3/N*m) STD 

SS304  3.85E-04 1.84E-05 

SS304 1LP 4.52E-04 4.99E-05 

5%NbC 8.91E-05 1.35E-05 

5%NbC 1LP 7.47E-05 4.99E-06 

10%NbC 9.03E-05 3.75E-06 

10%NbC 1LP 7.13E-05 7.59E-06 
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In Fig 4.9 wear tracks significantly reduce in size from the SS304. There is little difference 

between the 5%NbC and 10%NbC track widths. There is however a noticeable brown color on the 

side of the 5%NbC wear track. This was seen on some the VC samples as well. It is believed this 

is corrosion. It was not present on the 10%NbC coating though. This could suggest the added NbC 

gives more corrosion resistance. Though it was not seen on the SS304. The wear balls were flat on 

the carbide samples suggesting more abrasion and wear of the Si3N4 ball. This shows the carbide 

coating has significant wear resistance but also higher abrasion. 

 

Figure 4.9: Images of wear tracks of laser pass samples and wear ball of (A) Wear track (B) 

5%NbC (C) 10%NbC  
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4.3.5 Abrasive Water Tests 

 

Figure 4.10: Cross section and top images of abrasive water test of coatings 

 Fig 15 shows an image of the cross section and top of the coatings after the abrasive water 

test. All the coatings had a considerable amount of material loss. The difference is rather negligible. 

Due to the aggressive nature of this test, it is difficult to lower the parameters to only cause a slight 

amount of damage to the coatings. The machine used is made to cut through very large thick 

materials. It was interesting how some of the cuts have very definitive boundary lines, while others 

were very rough. There does not seem to be any noticeable pattern to this phenomenon. For 

example, the non-laser pass 10%NbC has a very clean and definitive boundary line. The 5%NbC 

though has a very rough and uneven one. This could have happened when grinding the cross 
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section before imaging. Or it could infer the 10%NbC has a higher resistance to abrasive water 

because it is not penetrating further into the material as fast. Overall this test proved inconclusive 

for if the coatings would have better abrasive water resistance.  

4.4 Discussion 

4.4.0 Microstructure and Mechanical Properties. 

SEM images showed the NbC agglomerated on the grain boundaries. This makes sense 

due to the fact NbC has low solubility in iron compared to other carbides such as tungsten2. This 

does not mean the NbC is not integrated into the grain boundaries, just most likely at lower 

amounts than the VC. The NbC is then causing stress in the metal as a secondary precipitate, 

overall increasing the strength, hardness, and wear resistance18–21. It was noticed the hardness had 

less of an increase than in the VC samples. This could mean the NbC do not cause as much lattice 

strain, therefore not increasing the hardness as much. The NbC added to the grain boundaries is 

what is causing the small increase in the hardness and significant increase in wear resistance. The 

precipitates of the NbC were what cause all the increases in mechanical strength.  

XRD showed as more NbC was added, more FCC peaks of NbC appeared. In the VC XRD 

the peaks broadened as more VC was added, inferring finer grain size based on Scherrer22. This 

means there was no grain refinement as more NbC was added. This agrees with the SEM images 

who’s grain size does not appear to change between the laser pass samples.  

The laser pass was effective in densifying the surface as well as allowing for extended 

diffusion of the NbC. The 10%NbC sample is a great example of this and shows how the NbC was 

dispersed in the structure with no distinguishable order before the laser pass. The material must 

have solidified so quickly the NbC could not diffuse to the grains. After the laser pass the NbC 

was situated on the grains with a distinguishable structure similar to the 5%NbC. All the laser pass 
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samples morphology and size were roughly the same. NbC is known to inhibit grain growth as 

other carbides do23. This could be why the 10%NbC had no noticeable grain structure until the 

laser pass gave it extended diffusion time. The densification of the top surface proved to increase 

hardness slightly and lower the wear rate. 

The dispersed carbides also increased the COF of the coatings. The NbC precipitates and 

presence on the grain boundary left small very hard particles dispersed throughout the structure. 

This made it so as wear occurred and the metal wore down, the carbides were left to interact with 

the Si3N4. This made the wear track like a piece of sand paper with smooth metal as the base and 

hard NbC placed on top of it. These particles increased abrasion and increased the COF. Likewise, 

they prevented damage to the underlying material and caused more abrasion on the wear ball. This 

is ideal for a protective coating. As it wears the NbC is exposed which acts as a defense mechanism. 

These particles prevent more wear and cause damage to the part acting on it. For this reason, the 

coating may not be ideal for a bearing where you want both surfaces to remain undamaged. It is 

however excellent when the application only requires wear resistance to the surface the coating is 

applied to.  

4.4.1 Laser Pass Effect on COF 

When looking at the COF 10%NbC sample was the anomaly of the NbC coatings.  It first 

dropped like SS304 laser pass, but then rose back up to the COF of the other NbC coating. This 

could be due to the laser pass. The laser pass could have dispersed the NbC enough that the 

particles were more finely spaced in the coating and homogeneous. This made it so the “sand 

paper” effect did not increase the abrasive properties of the coating. This made the COF remain 

low until the wear track reached the unaffected zone of the laser pass. Then the COF returned to 

the properties of the other coatings. The only issue with this theory is it was not the case for the 
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5%NbC. The 5%NbC did however experience a drop after 200M, and ended lower than all the 

other NbC coatings.  

4.4.2 NbC Used for Protective Coating 

The coating did prove to build well and have good adhesion to the substrate. It seemed to 

build with lower porosity than the SS304 samples. This meant using the same parameters yielded 

a coating with a smaller thickness. This could be attributed to the pores closing and having a denser 

coating, which is more ideal when depositing a protective coating. Based on the results seen this 

coating could be deposited in a gradient fashion to add extra protection to parts and tailor the 

properties.  

The increase hardness and wear resistance would suggest it could be used to protect hydro 

components, though the abrasive water test did not show conclusive results. The issue with that 

test was the water jet is a powerful machine that is designed to cut through just about anything. 

The aggressive nature of the machine made it so it was very difficult to lower the invasiveness of 

the cut. The result was all coatings experienced material loss to a degree that it was 

indistinguishable if more lost from one coating or another. The only results gathered from the test 

were the 100%VC did not experience damage which was quite impressive. Fig 4.11 and Fig 4.12 

show the test samples before and after the cut. As you can see, even from a large image, all the 

samples experience roughly the same amount of damage besides the 100%VC. 
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Figure 4.11: Abrasive water test samples before test 

 

Figure 4.12: Abrasive water test samples after test 
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4.5 Summary 

 LENS was able to deposit mixed coating of SS304 and NbC that exhibited higher hardness 

and wear resistance than only SS304. Laser processing yielded smaller and more homogenous 

grains with the NbC integrated in the grains and on the grain boundaries. The NbC acted as 

strengthening particles that increased hardness and wear resistance. The addition of a laser pass 

increased these properties as well as helped densify the coatings. Adhesion to the substrate 

appeared to be good with a very small heat affected zone. XRD showed the NbC was FCC and 

was more was prominent as more NbC was added. The addition of NbC decreased the wear rate 

of the coating by over 77%. Abrasive water test was inconclusive for the samples because the test 

was too aggressive to acquire quantitative difference in the material loss. Overall this process could 

be used to build new parts and apply coatings, or repair damaged ones while simultaneously 

increasing their resistance to damage in the future.  
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CHAPTER FIVE 

CONCLUSIONS AND FUTURE WORK 

5.1 Conclusions 

LENS processing proved to be an effective way of making micro-porous filters and adding 

hard protective vanadium carbide coatings. As additive manufacturing continues to integrate into 

modern manufacturing, this shows it has the ability to do so much more. The present studies show 

the versatility of the LENS. It can make small interconnected filters, adjust porosity, and could 

add them to a part being built. That same machine can apply a gradient coating to a part for added 

protection and wear resistance. Or a broken part that has been experiencing material loss could 

have material added back as well as gain added protection by adding vanadium carbide. It can be 

used to only partially melt powder to create interconnected channels, or melt vanadium carbide 

with a melting temperature of 2800˚C.  

   

Conclusions that can be made from this work are: 

1. LENS was able to make porous structures with interconnected and varying porosity. It 

proved to be able to make a micro-porous filter with partially sintered particles obstructing 

direct passage through the filter. The structure also increased surface area and was 

reproducible to a 2% porosity difference. Porous structures were made by changing the 

build parameters as opposed to designing a CAD model of the pore structure.  

2. After optimization of build parameters interconnected porous structures were made with 

porosity ranging from 21% to 15.5%. The configuration of pores would have higher surface 

area and be ideal for used as a filter due to the globules of metal in the center of the 

interconnected channels. The ultimate compressive strength varied from 645-556MPa of 
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the porous cylinders. Microstructure was similar to that of laser processed Ti6Al4V with 

martensitic like grains. 

3. In this thesis LENS was also used to deposit a mixed coating of NbC and VC with SS304 

that exhibited higher hardness and wear resistance than only SS304. Laser processing 

proved to yield smaller and more homogenous grains. The VC and NbC strengthened the 

alloy by causing stress on the grain boundary, as well as inhibiting grain growth. The 

addition of a laser pass increased these properties as well as helped densify the coatings.  

4. The VC reduced the wear rate by 80% and the NbC by 77%. The hard carbide phase made 

the coating a metal matrix composite that reinforced the matrix and resisted wear. The side 

effect is the coefficient of friction increased slightly because of this. 

5. The Abrasive water test showed the 100%VC coating was very protective and was not 

damaged by the water stream. All the other coatings experience some material loss that 

was hard to measure between the samples. Though there was no distinguishable difference 

between the material loss of the mixture coatings, it does not mean the coatings would not 

have higher resistance to abrasive water and cavitation.  

6. A case can also be made from these finding that the coatings would have high cavitation 

resistance. It is incredibly hard, it had excellent wear resistance, and it showed good 

adhesion to the substrate. The fact it did not experience any damage from a jet of abrasive 

water that easily cut the other coatings shows it should add a high amount of protection 

from forces experienced in a hydroelectric generator.  

7. This study demonstrated is this process could be used to build new parts and apply coatings, 

or repair damaged ones while simultaneously increasing their resistance to damage in the 

future. The coatings were able to be deposited on a SS304 substrate. In the VC study, the 
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coatings were able to be deposited upon each other, which there is no reason why the other 

coating could not do this as well. This means a gradient coating could be built using the 

LENS and be deposited on a 316 or 304 substrate. The properties can be tailored by the 

amount of carbides present in the stainless steel. Parts could be made to gradually become 

harder and more wear resistant until there is a 100%VC coating with superior protective 

properties on the surface.   

5.2 Future Work 

 For the carbide coatings there is large variety of things to still be researched. For both 

studies processing parameters must be optimized to create a dense coating. Once this is done the 

true mechanical properties of the coating can be tested. Further research of the mechanical 

properties should be done, such as compression test to understand how the carbide change the 

modulus of the coating. In regards to protecting against cavitation, it should be tested on an 

accelerated cavitation testing in artificial sea water and deionized water should be done. 

Unfortunately, with no access to these machines this testing could not be done in the present study. 

On the same lines the corrosion resistance should be studied to see if the added carbides increase 

its oxidation resistance. To further optimize the coatings the VC should be built in a nitrogen 

environment due to its ability to bond with nitrogen and make very strong mixed coatings of 

vanadium carbonitride. Likewise, possibly mix the NbC with boron nitride to make niobium 

borides which also have shown excellent protective properties. 
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APPENDIX 

COMPRESSIVE DEFORMATION OF POROUS LUNAR REGOLITH 

A.1 Introduction 

NASA and other space organizations around the world have been trying to develop 

technology in order to make the idea of creating settlements on the moon a reality1,2. In order to 

make this idea feasible, large structural component must be able to be made by utilizing in situ 

resources such as lunar soil. The surface of the moon is covered in a layer of broken up 

heterogeneous soil-like rock that has no organic matter termed as regolith3,4. The abundance of 

this regolith makes it an ideal candidate for making building materials for structures if it could be 

processed into a strong stable building material. Past research has been done on microwave 

sintering of the lunar soil due to its proposed many advantages compared to conventional 

sintering5,6. Yet few studies have been conducted on conventional sintering to make structural 

components and had results published. In this study, the ability of making a dense ceramic from 

JSC-1A lunar regolith powder was tested using conventional sintering techniques.  JSC-1A has 

very little difference from the lunar regolith from the Apollo 17 sample 70051 besides slightly 

lower amounts of TiO2
 and higher amounts of alkali oxides, making it ideal for this study7,8. The 

objective was to test if the JSC-1A could be pressed and sintered to produce a dense ceramic; as 

well as see the difference in mechanical strength of the material as a function of porosity.  

A.2 Experimental Procedure 

The material used was a mixture of JSC-1A, JSC-1AF, and JSC-1AC lunar mare regolith 

simulant obtained from Orbital Technologies Corporation. The lunar simulant came in powder 

form ranging from 5mm to less than 25 micron. The powder was sieved in order to have the 

powder separated into different sizes. Different size powder particles were then pressed up to 
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~145MPa using 12.7 mm and 7 mm diameter cylindrical dies keeping the height to diameter 

ratio between 2:1 and 1.5:1. By changing the powder size being packed together the porosity was 

able to be changed and controlled. Samples were sintered in a Zircar Hot Spot 110 (Zircar, 

Florida, New York) furnace at 1200°C for 20 min.  

The phases of the sintered samples were analyzed and compared to the phases in the original 

powder using X-ray diffraction (XRD) analysis using a Siemens D-500 X-ray powder 

diffractometer (Siemens AG, Karlsruhe, Germany) with CuKα radiation and a Ni-filter. The 

microstructure was observed using a field emission scanning electron microscopy (FEI Quanta 

200) (FEI Inc., OR, USA). The apparent density of the samples was calculated using Archimedes 

method.  

Compression tests were conducted on the sintered samples using a screw-driven universal 

testing machine (AG-IS, Shimadzu, Japan). The test had a constant stroke rate of 0.5 mm per 

minute until fracture. Hardness tests were conducted using a Vickers micro-hardness tester 

(Shimadzu, HMV-2T) at a load of 100g (0.98N) with a dwell time of 15s. At least ten tests were 

conducted and the average value is reported here. 

A.3 Results and discussion 

A.3.0 Microstructure and Phase Analysis 

A micrograph of the polished surface of one of the higher porosity samples is shown in Fig 

A.1. Pores are present which appear to be closed with some interconnectivity. In another study of 

JSC-1AF, the hematite phase reduced to magnetite while in an oxygen environment. This 

reduction caused oxygen to be released which resulted in bubble type voids and porosity9. Pores 

seen in Fig. 1 are very similar and hypothesized that they are a result of the oxygen release  
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Figure A.1: Polished surface of high porosity JSC-1A sintered sample 

during sintering. The porosity is also the result of the free space between the coarse grains prior 

to heat treating. During sintering the grains bond where the surfaces are in contact, but the larger 

spaces between them do not always fill in leaving porosity.  The higher magnification image 

shows a pore with dense ceramic surrounding it. Such result confirms that the JSC-1A particles 

did sinter together and create a dense ceramic structure. The low porosity samples look the same 

but have fewer smaller pores. Melting temperature of JSC-1A was reported to be 1120°C.7 In our 

study, complete melting was not noticed however liquid phase sintering was evident from the 

polished microstructures10. Fig A.2 shows the fracture surface of the low porosity sample at both 

lower and higher magnifications. It can be seen that the initial failure appears to have started on 

the edges of the cylinder and propagated across the body. It is common in ceramic bodies 

pressed using a die to have higher porosity near the edges due to frictional forces which causes a 

porosity gradient from the surface to the inside11. Fig A.3 shows the higher porosity samples’ 

fracture surface.   
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Figure A.2: Fracture surface of low porosity JSC-1A sintered sample. 

 

 

Figure A.3: Fracture surface of high porosity JSC-1A sample. 
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XRD results showed that the as received JSC-1A did have the phases of anorthite and 

forsterite as seen in other studies (Results not shown)7,12. The sintered powder did appear to 

undergo some phase changes. It retained the anorthite phase but lost the forsterite. The new 

phases detected were albite, diopside, enstatite, and hematite (Results not shown).  

A.3.1 Mechanical Properties 

Hardness test results can be seen in Table A.1. The average hardness was 1030.2 HV0.1 ± 

69.73 HV0.1. Table 1 also shows the compression test results. The results show the 99.0 +/-0.5% 

dense samples had a failure stress on average of 232 MPa with an average modulus of elasticity 

of 10.9 GPa. The 92+/-2% dense failure stress was 103.2 MPa and its average modulus of 

elasticity was 5.98 GPa.  

 

The hardness results proved to be quite high and comparable to materials like Mg-PSZ 

(1020HV30) and other commercial grade zirconia13. The compression test showed that lowering 

the porosity did increase the failure stress and modulus of elasticity. On average raising the 

porosity from 8% ±2% to 1.0%±0.5% raised the failure stress by ~77%. Fig A.4 shows two 

representative compression test plots. Both tests had the same stress-strain curve shape, but the 

Table A.1: Hardness and 

compression test results for 

JSC-1A 

Apparent 

Porosity 

(%) 

Failure 

Stress 

(MPa) 

E (GPa) 

Hardness 

(HV0.1) 

99.0% Dense (+/- 0.5%) Avg. 0.41 232 10.9 1027 

Standard Deviation 0.24 43.7 1.89 98.41 

92% Dense (+/- 2%) Avg.  8.44 103.2 5.98 " 

Standard Deviation 1.44 26.7 0.71 " 
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lower porosity has a higher slope than the high porosity sample. We have used Ryshkewitch 

equation14 on our porous ceramic data - 

𝜎 = 𝜎0𝑒
−𝐵𝑃 

where σ = Strength of porous body, σ0 = Strength of nonporous body of the same material, P = 

porosity expressed as fraction and B = Slope of ln σ vs. P, a materials constant. Based on our 

data, the calculated value for σ0 is 240.7 MPa and B is 0.123. Theoretically, if the JSC-1A can be 

sintered into full density with zero porosity, the compressive strength should be ~240.7 MPa. It 

is worth noting that the theoretical strength is projected based on our average compressive 

strength, and not based on the highest strength data that we have measured. The highest strength 

data measured for JSC-1A was 275.5 MPa for 99.5% dense sample. If we use Ryshkewitch’s 

equation to calculate σ0, the calculated value for σ0 is 282.2 MPa considering full density. In both 

cases of curve fitting, R2 was 0.99.  

 

Figure A.4: Stress - strain plot of high and low porosity JSC-1A samples. 
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The failure stress exhibited by the cylinders was quite high and shows that the regolith 

has the possibility of being used for structural components. This is especially true if the sintered 

moon rock could be made dense which was found to be possible. The method of packing the 

very fine powder in a die worked well. The powder had a tendency to agglomerate and flow was 

not good when it was only particles smaller than 45µm.This was overcome by mixing the 

powders of different sizes. The result was a dense product but easier to handle. It was also easy 

to make a more porous sample if desired using the method of mixing larger particle size powder 

in the starting material. Samples were even made to have porosity as large as 12% without using 

any pore formers.  

The technique of sieving powder and then pressing and heating could be feasible to 

employ in a lunar environment. The regolith taken from multiple sites of the Apollo 12 and 14 

missions, as well as other missions, had a median grain size of 0.05 mm to 0.735 mm and went 

as low as 40µm2,15,16. This means the powders could be sieved to the sized used in this 

experiment without any extra processing. The results from sintering on the lunar surface should 

be close to the same if real lunar regolith was used due to the fact JSC-1A is very similar as 

mentioned earlier. Though it should be noted that some areas do have different compositions and 

there could be variation depending on where the soil is harvested from on the lunar surface16,17,18.  

A.4 Summary 

In this study JSC-1A was successfully pressed and sintered to produce a dense ceramics 

body. It was found that JSC-1A could be pressed in a die and will hold together well enough to 

be moved to a furnace and not break. A sintering process was found that caused the powder to 

undergo liquid phase sintering and created a strong ceramic body. Microstructural analysis 

showed that new phases developed during sintering. The final samples had average failure stress 
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in compression of 232 MPa and 103.2 MPa for 99.0 +/-0.5% and 92 +/-2% dense samples, 

respectively.  
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