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Abstract 
This research evaluates the wear resistance characteristics of the Ti6Al4V + Molybdenum reinforced titanium alloy, 

as well as the characterization of its microstructure and identification of its predominant phases. Ti6Al4V is a grade 

5 titanium alloy that is commonly used throughout the world, especially in the aerospace industry because of its’ 

admirable properties. Molybdenum is a metal with a high thermal conductivity, low coefficient of thermal expansion 

and it has good resistance to molten metal. It is hypothesized that with the combination of ten weight percent 

molybdenum and the Ti6Al4V alloy, it will be a more desirable, reinforced titanium alloy for increased wear 

applications than that of just Ti6Al4V. The way these metals will be combined is through laser metal deposition 

(LMD). A hopper calculates the specific weight percent of each metal in its powder form and deposits the powder 

into the nozzle of a 4.4kW Nd:YAG laser attached to a KUKA Robotic arm. The laser then melts the powder and the 

robotic arm moves to deposit the metal onto the substrate. The hardness, microstructure and tribology was evaluated 

using a Vickers hardness test, an optical/scanning electron microscope, and a tribometer respectively. The 

conclusions of the research revealed that there was a significant improvement in wear resistance from the reinforced 

alloy compared to that of just Ti6Al4V. 
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1. Introduction 
In industries, such as aerospace, the most commonly used titanium alloy used is Ti6Al4V because of the fact that it 

has high strength, yet is also lightweight and has great formability
1,2

. These enhanced properties are often generated 

through surface modification processes, which has caused a wide range of possibilities for property improvement to 

meet specific service conditions, such as elevated wear and temperature applications. The most attractive method for 

this surface modification is laser metal deposition (LMD) because of its ability to produce parts quick and 

effectively, as well as its ability to introduce new elements together in powder form. The front runner element to add 

to the Ti6Al4V is molybdenum. Molybdenum offers high strength at elevated temperatures, high thermal and 

electrical conductivity, and low thermal expansion
3
. Laser surface modification of Ti6Al4V via the deposition of 

Ti6Al4V and molybdenum is not yet a well characterized process despite the potential it offers. As a result, the 



 

objective of this research is to determine the range of molybdenum concentrations and the optimum range of laser 

processing parameters for successful deposition of defect free Ti6Al4V + molybdenum surface modified alloy using 

LMD. Additional goals are to characterize the microstructure and its predominant phase(s) of the reinforced titanium 

alloy and to evaluate its resistance to wear and elevated temperatures. 

 

2. Background 

2.1 Laser Metal Deposition (LMD) 

 
Figure 1. Schematic of laser metal deposition: www.scielo.org.za/img/revistas/jsaimm/v112n10/12f02.jpg 

 

Figure 1 is a cross sectional view of how LMD works. A shielding gas flows into the gas chamber to reduce 

oxidation as the mixture of the Ti6Al4V powder and molybdenum is fed into the powder inlets. A laser beam, in this 

case a 4.4kW Nd:YAG Laser system was used, is focused so that when the powder flows into its field of view, the 

powder rapidly melts creating a melt pool
4
. The melt pool is then deposited onto the Ti6Al4V substrate in a certain 

pattern using a programmed KUKA robotic arm and is rapidly cooled by the environment.  

 

3. Methodology 

3.1 Sample Preparation 
The substrate used in this experiment was 100mm x 100mm and 7mm thick and was made of Ti6Al4V. The 

substrate was sandblasted to remove any defects on the surface. After sandblasting, each sample was washed and 

then doused in acetone to make sure that it was as clean as possible before deposition. The substrate was then 

clamped to the corner of a metal test stand. 
 

3.2 Laser Preparation 
Once the substrate was ready for deposition, the KUKA robot and laser system has to be initialized with the correct 

parameters. The parameters that were selected are shown in Table 1 and were used based on previous benchmark 

experiments done by advisor, Dr. Sisa Pityana. If more time was allotted for the research, all parameters would have 

been varied to have more data to produce concise results for which parameters worked best with the Ti6Al4V + 

molybdenum powder. 

Table 1: Laser parameters 

 
 

   The laser power was the variable that was varied and everything else was held constant. The scan speed is how 

fast the laser moves while depositing and is measured in meters per minute. The powder flow rate is how much 

powder is fed into the nozzle and was measured in revolutions per minute, referring to the rotational speed of a 

spinning disk that pushes the powder into the feeder. The amount of molybdenum to be deposited was initially 



 

intended to be varied between 6-10 weight percent, but because of the machine limitations, only 10 weight percent 

was able to be recorded. The 10 weight percent comes from the 0.2 RPM molybdenum flow rate divided by the total 

amount of powder being deposited, which is 2.0 RPM. The beam size is the diameter of the focused laser beam that 

is used to melt the powder. The parameters were implemented into the KUKA robot system by the technician of the 

machine.  

 

3.3 Laser Deposition 

 
Figure 2. Samples after deposition 

As shown in Figure 2, a total of seven different samples were created with fourteen different deposits on three 

separate substrates. A single pass track was done so the microstructure and microhardness could be analyzed. Next 

to the single track is a ten pass track with a 50 percent overlay which was done so the wear tests could be conducted. 

The microstructure will also be analyzed on the multiple track using scanning electron microscopy (SEM). 

 

3.4 Cutting 

 
Figure 3. Mecatome T300 cutting apparatus 

 

A traverse cut was done on each of the samples using a Silicon Carbide blade per direction by the manufacturer of 

the cutting apparatus. As seen in Figure 3, cutting was done by clamping the samples to the apparatus and having the 

blade come down in small bursts at 4000 RPM while the orange nozzles deposited a coolant onto the blade. The 

coolant ensures that the blade, as well as the sample, does not overheat. If the sample were to overheat, it could have 

affected the microstructure leading to skewed results. The single track deposits were cut into the final 7mm long by 

less than 20mm wide by the thickness of the substrate plus the deposition microstructure samples (most were about 

7mm x 7mm x 9mm). The multiple track deposits were cut into two separate final samples, one for wear testing and 

the other for microstructure. The wear testing samples were cut to be 20mm x 20mm x 9mm and the microstructure 

samples were cut to about 5mm x 15mm x 9mm.  

 

3.5 Mounting 

     
Figure 4. A). Struers CitoPress-1 hot mounting machine and B). Example of a samples mounted in PolyFast 

B A 



 

Once cutting was completed, the microstructure samples were hot mounted in a PolyFast thermosetting black 

bakelite resin with a carbon filler, as seen in Figure 4B. Mounting allows for easier workability when it comes to 

grinding samples, and it also acts as a solid place holder for the samples. After each mount, the number of the 

sample denoting which laser power was used was engraved into the bottom. 

 

3.6 Grinding and Polishing 

 
Figure 5. Struers LaboPol-25 grinding and polishing apparatus 

 

Since there needs to be a clean surface finish on the samples to look at the microstructure, each sample underwent 

four different grinding and polishing steps. The first step was to grind away the first layers of the mounting resin that 

may have ended up on the surface of the sample and to ensure that the sample was flat in case the cutting happened 

to be on an angle. The sand paper used for this step was a Silicon Carbide FEPA P #320 grit disc. Because the 

intention is to make the surface flat, it has large grit sizes which cause scratches. The second step was to remove the 

scratches using the MD Piano 1200 which is a resin bonded diamond grinding disc that has a finish comparable to a 

Silicon Carbide FEPA P #1200 grit disc. The first two steps used water as the lubricant to cool the wheel and the 

sample so no burning occurred. The third step was to finish the grinding and the MD-Largo diamond disc was used 

with a DiaPro-Largo suspension that contains high performance diamonds and cooling lubricant. The last step was 

to use the MD-Chem polishing cloth with an oxide polishing suspension. After this last step, the samples had a 

mirror-like finish.  

 

3.7 Etching 
The etchant used for the Ti6Al4V + molybdenum samples was Kroll’s reagent. Kroll’s reagent is a mixture of 92ml 

of distilled water, 6ml of nitric acid, and 2 ml of hydrofluoric acid. Once the samples were polished, they were 

dipped face down into the reagent for 15-20 seconds. The etchant allows for the microstructure to be analyzed 

because the reagent selectively corrodes elements in the titanium alloy and the molybdenum to expose the grain 

boundaries and highlight the metallic phases
5
.  

 

3.7 Optical Microscopy (OM) 

 
Figure 6. Olympus OM apparatus  

 

The Olympus OM was used to look at the microstructures of each of the samples. Each sample was looked at 

magnifications of 50x, 200x, and 500x. The 50x magnification allowed for a more broad view of how the deposition 

affected the substrate to see the fusion zone and the heat affected zone. The 200x magnification showed the 

difference between the microstructures at a broad level. The 500x magnification was then used to see the 

microstructures of the heat affected zone, the fusion zone, the deposition, and any other defects that may have been 

relevant.  

 



 

3.7 Vickers Hardness Test 

 
Figure 7. Masuzawa Vickers microhardness tester: www.t-instr.com/UploadFiles/201231512330708.jpg 

 

The hardness for each of the samples was found using a Masuzawa Vickers microhardness tester. The tester has 

three heads that are used in this process. Two of the heads are microscopes that allow you to have a broad and close 

view of where you are going to be indenting. The other head is the indenter itself, which is in the shape of a diamond 

and is made of tungsten carbide. The indentation came under a 0.3 kilogram load for a total of 10 seconds. Each 

sample had nine indentations, three in each of the zones that were found using the optical microscope to be 

explained later (deposition, interface, and heat affected zone). The length and width of the indentations were 

measured and the hardness was calculated using the equation
6
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   The average of the three indentations per zone was then taken and plotted on a bar graph and compared to each of 

the samples. The hardness of the substrate for each of the samples was also taken and averaged so the samples could 

be compared to just Ti6Al4V.  

 

3.8 Wear Resistance Test 

  
Figure 8. A). CETR UMT-2 Tribometer and B). Sample Measurement 

 

For the wear resistance test, the CETR UMT-2 was used. The machine works by placing the sample in a holder and, 

if needed, placing pieces around the sample to ensure that it will not move during testing. The rod that comes down 

and on top of the sample contains a tungsten carbide ball, which is an alloy stronger than titanium, and is used to 

impose a rubbing force on the surface of the sample. The parameters used in this test, were a 25 Newton downward 

force for 1000 seconds. Once the time was up for each sample and the substrate, they were brought under an OM 

and the measurements for the length and the width were taken as seen in Figure 8B. These measurements (L being 

length and w being width) and the radius of the tungsten carbide ball, r, were then used to solve for the wear volume 

in millimeters cubed using the following equation
4
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4. Results and Discussion 

4.1 Microstructural Evaluation 

A B 



 

 
Figure 9. Sample 2 single track under A). 50x magnification and B). 500x magnification 

 

The regions of the deposition are laid out in Figure 9A. The deposition is where the laser deposited the metal onto 

the substrate, the interface is where the deposition adhered to the substrate, and the heat affected zone is the area in 

which the substrate was affected by the high levels of heat coming from the laser. Figure 9B shows signs of 

Widmanstatten groupings which indicates that the metal had gone from high heat and rapidly cooled
4
. The 

microstructure results overall were unclear, so a scanning electron microscope (SEM) was used and the results are 

seen below. 

 

4.2 Scanning Electron Microscopy Evaluation 

  
Figure 10. A). Sample 2 under SEM at 500x magnification and B). Sample 6 under SEM at 1000x magnification 

 

Figure 10A shows what was also seen in Figure 9B which is the Widmanstatten grouping, which shows that it can 

be expected to be on each sample in the substrate area very close to the interface. Again, even though SEM was 

used, it is hard to make out grain boundaries in each of the images and is seen throughout. The reason for this, is that 

molybdenum is known to suppress grain growth and causes very fine grains. This has been observed in other 

research
7
 as well in which the higher the molybdenum content, the more suppression of grain growth. 

 

   In Figure 10B we see a close up of an entrapped molybdenum particle (see section 4.3). What was noted here is 

there are fine cracks coming off of the particle in multiple areas. The cause of this is from molybdenum having such 

a high melting temperature, that during deposition so much energy has to be put into melting the particle but at the 

same time it is being rapidly cooled. The cooling happened faster than the melting causing the high energy to be 

suppressed, inducing fine cracks.  

 

4.3 Energy Dispersive Spectroscopy 

 
Figure 11. A). EDS graph of the second part of sample 2, B). EDS graph of the third part of sample 2, C). SEM 

image at 250x magnification of sample 2. D). Weight percentages of each element based on part number 
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The EDS graphs allowed for the verification of which particles were entrapped in the samples. Parts 1 and 2 of the 

EDS were nearly identical so only part 2 is shown in Figure 11A. It can be seen that there is a molybdenum spike, 

which is dictated by how many counts of that element were found based on the elements atomic structure and how 

the electrons released energy in the form of x-rays. In part 3, it can be seen that this particle was mostly Ti6Al4V 

with some molybdenum interaction. This is verified in Figure 11D by looking at the weight percentage of each of 

the elements.  

 

4.4 Hardness 

 
 Figure 12. Vickers Hardness 

  

Here it can be seen that there was an improvement in the hardness of the alloy with values reaching close to 500. 

This is an increase of over 150 as the substrate is only around 330 for hardness. Based on previous research
4
 

conducted, the hardness should increase with laser power and the deposition should be the highest and should slowly 

get softer as it moves down the interface and into the heat affected zone of the substrate. A good example of this is 

seen with the first sample. After that there is no other sample that fits the trend as well. It was concluded that the 

laser powers were too high and that the materials could have actually started to soften at such a high wattage. All in 

all, the peak laser power that seemed to work best was with the first sample. Further research would need to be 

conducted where the start of the laser power would be around 400W and then increased up to about 1200W which 

was what the 2
nd

 sample in this experiment was. It would be ideal to go back up to the 2
nd

 sample to verify that there 

is a peak wattage and that the hardness does start to soften and differ going past the peak. 

 

4.5 Wear Volume 
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Figure 13. Wear Volume 

Looking at the wear volume for each of the samples compared to the substrate, it is quite clear that there was a 

serious improvement in wear resistance with the addition of the molybdenum. The substrate, again which is only 

Ti6Al4V, is much more susceptible to wear by a great deal. As for a correlation between each of the samples there is 

no clear cut result as to which sample produced the best wear resistance. This leads back to the hardness test in 

which there was no improvement after the first sample as that is where it peaked. With varying the laser powers 

from 400W to 1200W, the hopes would be that there is a clear result (both hardness and wear) of which laser power 

works best.  

 

Conclusion/Further Research 
The addition of molybdenum significantly enhanced the wear resistance for that of just the Ti6Al4V. There was also 

a slight correlation between the hardness and wear resistance in that since the samples became harder the wear 

resistance increased. The OM and SEM were useful in finding the elements that were entrapped during the 

deposition, however more analysis would need to be done to look at the grain boundaries.  

 

   Future research would include looking at different weight percentages of molybdenum being added in to see at 

what point there is too much or too little molybdenum being added for this application. Also, as stated in section 4.5, 

the laser power range was too high in this research and it would be best to use a range of 400W to 1200W to see a 

clearer result as to which laser power works best. Not only should the laser power be varied, but also a study should 

be done on how the scan speed effects the deposition because a slower scan speed could reduce the number of un-

melted particles.  
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