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Abstract 

This research analyzes the effect of Laser Metal Deposition on the production of functionally 

graded Ti-6Al-4V + Mo for biomedical applications. Ti-6Al-4V is a common alloy used for 

aerospace and biomedical applications due to its optimal properties, namely its high strength and 

low density. Molybdenum has recently been used to increase the biocompatibility of Ti-6Al-4V. 

The sample described in this paper is Ti-6Al-4V, produced with a 1700 W laser, at a scanning 

speed of 0.5 m/min, with layers of differing percentages of molybdenum in the following order: 

15-10-5-0-5-10-15 wt% Mo. The sample was deposited on a pure Ti-6Al-4V substrate. To 

characterize this sample, tests were performed to determine the hardness, microstructure, and 

corrosion resistance. The lowest hardness and corrosion rate were found at the 10 wt% Mo layers 

and the hardness and microstructure showed a consistent difference between the upper and lower 

layers of the functionally graded material. From these results, it was determined  that a 

functionally graded material produced for biomedical applications should range from 0 to 10% 

Mo to take advantage of the optimal properties of pure Ti-6Al-4V and Ti-6Al-4V + 10% Mo. It 

was also determined that the ordering of the layers has a significant impact on the properties of 

the material. Further attention should be placed upon the order at which functionally graded 

materials are produced using laser metal deposition. Despite the need for further research, this 

research proved the usefulness of functionally graded material production through laser metal 

deposition. 

Keywords: Functionally Graded Material (FGM), Laser Metal Deposition (LMD), Ti-6Al-4V 



 

1. Introduction 

Titanium grade 5 (Ti-6Al-4V) is very commonly used for biomedical applications because of its high strength, low 

density, high corrosion resistance and great biocompatibility.[1] Other research has shown that molybdenum (Mo), 

when added to titanium grade 5, increases its biocompatibility by reducing the modulus of elasticity and increasing 

the corrosion resistance.[2] It has been proposed that by slowly varying the percentage of molybdenum across the 

thickness of a titanium grade 5 material, thus making it functionally graded, the overall properties and bonding of 

the material can be improved. This graded characteristic is often seen in the natural world; for example, a tooth has a 

hard outer surface but gradually transitions to a soft interior.[3,4] This makes it perfect for its applications in the body 

– the hard outer surface is necessary for food consumption and the soft interior is needed for a strong connection to 

the gums and surrounding tissue. Using laser metal deposition (LMD), the goal is to imitate this natural 

characteristic with titanium grade 5 and molybdenum and characterize the sample to see what effect the LMD 

process has on the properties. 

2. Background 

2.1 Biocompatibility 

Biocompatibility is the characteristic of a material to be or not to be toxic or harmful to the body.[5] When 

considering if a material is biocompatible, it is important to consider what conditions the material will experience. 

For load bearing applications, such as a bone implant, it is important to consider the strength and elastic modulus of 

a sample. The biomaterial must be able to have at least the strength of the bone (preferably more) so it does not fail 

due to normal loading. The modulus of elasticity is important because a mismatch between that of the biomaterial 

and that of bone can cause stress shielding which results in loss of bone. For contact surface applications, such as 

joint implants, it’s important to consider the wear resistance of the material because the integrity of the material may 

be compromised and parts of the material (possibly toxic or harmful) would be released into the body over time. For 

any implant into the body, it’s also important to consider the surface roughness and corrosion resistance of the 

biomaterial. The surface roughness of a biomaterial affects the ability of living tissue and bones to interact well with 

it. Corrosion is undesirable and like wear will compromise the integrity of the biomaterial and release harmful 

particles into the body. When considering a material as a biomaterial, all these should be considered and determined 

to what extent they are important.  

2.2 Laser metal deposition 

 

Laser metal deposition (LMD) is an additive manufacturing process characterized by a high-powered laser used to 

deposit metal onto a workpiece. As shown in Figure 1, the process operates by melting a base plate while adding 

powder into the weld pool so that a small deposited layer is added onto the surface. The LMD machine follows a set 

path, depositing layer by layer to produce a final product. LMD is a highly desirable process because of its ability to 

produce complex metal parts and use more than one material at a time.[6] Its ability to use more than one material is 

Figure 1: Diagram of Laser Metal Deposition 



 

especially useful for creating functionally graded materials because it allows the composition of the produced part to 

easily vary as it is deposited.  

3. Methodology 

3.1 Laser metal deposition 

 

Figure 2: Schematic of samples produced by LMD 

Laser metal deposition of the samples was performed at the CSIR National Laser Center following the layout as 

shown in Figure 2. Prior to depositing the samples, the substrates were sandblasted and cleaned using acetone and 

then placed in the work zone for deposition. The laser power, scanning speed, and spot size remained constant 

throughout the procedure and were 1700 Watts, 0.5 m/min, and 4 mm respectively. The samples were produced with 

6 tracks in each layer with 50% overlap, giving each sample a total width of 12mm. The functionally graded sample 

was analyzed to find the microstructure and hardness while the single layer samples were analyzed to find the 

corrosion resistance. The samples produced are shown in Figure 3.  

 

Figure 3: Samples produced using LMD. From left to right; side view of FGM, top view of FGM, top view of single 

layer samples, side view of single layer samples 

 

3.2 Sample preparation 

After the samples were produced using LMD, they were then prepared for testing. Most samples required cutting, 

mounting, grinding, and polishing as preparation for testing.  

   Cutting was performed using a PRESI Mecatome T300 abrasive cut off machine. This machine limited the amount 

of heat through water-cooling on the blade and prevented undesired heat treatment. A Struers 10S25 high quality cut 

off wheel was used specifically for cutting because of its ability to effectively cut titanium alloys. The samples were 

cut across their width into small pieces, approximately 1cm by 1 cm in size. 



 

   Hot mounting was performed using a Struers CitoPress-1 machine. To mount, the cut samples were placed with 

their cut face down on the mounting surface and mounted with Poly-fast. Poly-fast was used because of its electrical 

conductivity, which is necessary for scanning electron microscopy (SEM).  

   Grinding and polishing were performed using a Struers Labopol machine. This was performed to remove the 

rough surface and produce a mirror-like finish on the face of the mounted sample. Grinding was completed in three 

steps using SiC paper in the following order: 320 grit, 800 grit, & 4,000 grit. Polishing was then performed with a 

MD-Chem cloth and OP-S suspension. This removed the final scratches and produced a mirror like finish on the 

sample.  

3.3 Vickers microhardness 

To perform the Vickers Microhardness tests, all samples were cut, mounted, and ground as outlined in section 3.2 

above. The Vickers Microhardness tests were performed with a Time Microhardness Tester. The machine produced 

indents, approximately 50µm in size, using a 0.5 kgf load for 15 seconds. These indents were made from the top of 

the sample down into the unaffected substrate in steps of 150µm. The diagonals of the diamond indent (length & 

width) were measured for each indent and the Vickers hardness was calculated using formula 1 as shown below:  
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3.4 Optical microscopy 

To analyze the microstructure using the optical microscope, all samples were cut, mounted, and ground as outlined 

in section 3.2. In addition, the samples were etched using Kroll’s Reagent, which is a combination of 100 mL of 

water, 2 mL of 40% hydrofluoric acid, and 4 mL of 55% nitric acid. Each sample was submerged until etched well 

enough to see the phases and grains of the sample. As the concentration of molybdenum increased more time was 

needed to fully etch the layer. The samples were then analyzed using an Olympus microscope with a digital camera. 

The microscope allowed 50x, 100x, 200x, 500x, and 1000x magnification.  

3.5 Scanning electron microscopy (SEM) 

Scanning electron microscopy was completed with the same samples as used in the optical microscopy. The 

scanning electron microscope allowed a second look at the microstructure of the samples and allowed energy 

dispersive spectroscopy (EDS) to be completed as well. EDS was used to determine the approximate composition of 

localized areas of the samples. 

3.6 Corrosion 

To perform the corrosion test, each single layer sample was cut and cold mounted with the deposited layer face 

down. A wire was also attached to the back of the titanium substrate to allow current to pass through the sample. 

The corrosion tests were performed with a DY2300 Series Potentiostat, which connected to three electrodes as 

follows: reference electrode, working electrode (sample), and the counter electrode. The three electrodes were 

placed in the a 5 Molar sodium chloride water bath and set to corrode for approximately 40 minutes. The electric 

current passing through the electrodes sped up the corrosion process and allowed an estimation of the corrosion rate 

to be calculated. 

 

 



 

4. Results & Discussion 

4.1 Energy dispersive spectroscopy (EDS) using scanning electron microscopy (SEM) 

EDS using SEM was used to find the composition of materials within the deposited layers. The results showed that 

the composition of the Ti-6Al-4V deposit was as expected. Performing EDS on a small section of that deposit 

showed there to be 89.84 wt% Ti, 6.35 wt% Al, and 3.81 wt% V, which is very close to the expected 90 wt% Ti, 6 

wt% Al, and 4 wt% V. This proved that the LMD process accurately deposited the titanium grade 5. 

    The tests also analyzed the layers with added molybdenum. In the Ti-6Al-4V + Mo layers, there was a defect in 

which small round particles were located in the sample near the bottom of each layer. After analyzing the center of 

one, the particles were confirmed to be pure molybdenum. This defect is most likely due to the difference in melting 

points and densities of titanium grade 5 and molybdenum. molybdenum has a much higher melting point, as well as 

a much larger density. The molybdenum particles as seen on the bottom of each layer most likely sunk to the bottom 

through the melted titanium grade 5 (due to higher density) before completely melting from the laser (due to higher 

melting point). 

4.2 Optical microscopy 

 

 

The microstructure for all layers of the FGM sample is shown in Figure 4. The 0 and 5% Mo layers clearly show 

long columnar grains which can extend as far as the bottom of the deposit’s layer to the top. The grains in the 10, 

and 15% Mo layer cannot be seen clearly. The 0% layer clearly shows a basket weave, Widmanstätten alpha 

microstructure which is common in Ti-6Al-4V materials.[7] However, all layers that have Mo, are instead 

characterized by a lamellar microstructure as seen in the 10% layers above. The change in microstructure is likely 

due to molybdenum being a ß stabilizer. With the addition of more molybdenum, more ß phase should be present, 

and this is seen in the change of the microstructure. According to previous research the ß phase tends to have a low 

elastic modulus and increased corrosion resistance.[8] 

   The two 5% Mo layers show a sharp contrast. Half of the lower layer is characterized by a black over-etched 

surface. Although the optical microscope and scanning electron microscope could not provide a clear view of the 

microstructure, the hardness tests showed that this area was much harder than other layers. Because of this, it is 

likely that the bottom half of that layer is martensitic. Martensitic structures are often hard and brittle and commonly 

form due to fast cooling.[9] It is possible that the environment allowed the sample to cool fast enough to produce 

martensite in the 5% Mo layer. Martinsite is not desirable for most load bearing applications due to its brittle 

property. 

Figure 4: Microstructure of FGM sample layers 



 

   As shown in the 15% layer above, small unmelted particles of Mo (confirmed by EDS) were found near the 

bottom of the 5, 10, and 15% Mo layers. It was observed that as the concentration of Mo increased, the amount of 

unmelted Mo increased in the samples. It was also found that the lower layers tended to have more unmelted Mo 

than the top layers. This is likely because the top layers were printed onto layers that did not have enough time to 

completely cool, whereas the lower layers were printed closer to the initially cool substrate. Thus because the layers 

were already hot, when depositing the top layers, this would allow more of the lasers energy go into melting the 

added powder as opposed to the melting the previous layer.  

4.3 Vickers microhardness 

  

 

As shown in Figure 5, the overarching trend shows a decrease in hardness as the concentration of molybdenum 

increases. Although a decrease in hardness is usually undesirable, this decrease in hardness shows that there is likely 

an increase in ductility and thus a decrease in the modulus of elasticity. This is expected, as the ß phase is known to 

be more present with increasing molybdenum and the ß phase is known to have a relatively low elastic modulus.[8] 

This is particularly desirable for biomedical applications because a decrease in the modulus means that the 

biomaterial more closely matches that of bone, which decreases stress shielding and loss of bone.[5] Thus, for an 

improvement in ductility and modulus of elasticity the 10 wt% Mo layers prove to be optimal. 

It is also observed that the hardness increases when the percentage of molybdenum increases from 10 to 15 wt% 

Mo. This implies that there is a threshold to how much Mo can be added, as adding too much molybdenum can 

produce the opposite of the desired result. 

Another key observation is that the upper layers are consistently harder than the lower layers. This difference is 

likely due to the difference in the melting and cooling of the lower layers compared to the upper layers. However, 

the difference may also have to do with what the layer is printed on or printed on top of. The bottom 10% Mo layer, 

for example, is printed on top of the 15% Mo layer while the upper 10% Mo layer is just the opposite. More research 

would need to be performed to confirm these possibilities. Regardless, this shows that the order of printing does 

matter and has a significant effect on the hardness. 
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4.4 Corrosion 

 

 

As seen in Figure 6 above, the corrosion rate decreases from 0 to 10 wt% Mo and then increases at 15% with 15% 

having the highest corrosion rate and 10% having the lowest corrosion rate. This trend is similar to that of the 

hardness, which suggests that there may be a correlation between the two. For most applications, including 

biomedical, the lowest corrosion rate is most desirable and thus Ti-6Al-4V + 10% Mo is best suited for corrosion 

resistance. 

5. Conclusion 

The results of this research proved the usefulness of functionally graded Ti-6Al-4V + Mo for biocompatibility 

enhancement using laser metal deposition. All the test results showed that adding Molybdenum improved the 

biocompatibility up to a certain extent. With the addition of more than 10% Mo the results showed a reverse effect 

in biocompatibility and material quality for all tests. Therefore, when producing a Ti-6Al-4V + Mo functionally 

graded material for biomedical applications, the composition should range from 0 to 10% Mo to take advantage of 

the optimal properties of pure Ti-6Al-4V and Ti-6Al-4V + 10% Mo. 

   Another major finding in the results was the differences between the top and bottom layers. The results proved that 

the LMD process and the order at which layers are printed do have a significant effect on the properties of each 

layer. Further attention and research should be placed upon the order at which functionally graded materials are 

produced using laser metal deposition.  
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