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Abstract 

 

Ti6Al4V is an alloy of titanium that is commonly used in the biomedical industry because of its 

high strength, low weight, optimal corrosion resistance, and excellent biocompatibility.  For design 

of biomaterials, the goal is to create an implant that mimics bone and surrounding tissue to 

optimize the performance of the implant while minimizing any detrimental effects on the patient.  

Molybdenum is often added in order to decrease the hardness and elastic modulus of Ti6Al4V, 

bringing it closer to that of bone.  This paper presents the characterization of functionally graded 

Ti6Al4V-Mo deposited via Laser Metal Deposition.  The Ti6AL4V based sample consists of seven 

layers, each with a different composition of Molybdenum deposited in the following order: 0-5-

10-15-10-5-0 wt% Mo.  The cooling rates within each layer may have been different depending 

on where it is in the sample, and how many layers were deposited on top of it.  These different 

cooling rates may have led to different mechanical properties within layers of the same 

composition.  The samples were characterized by their microstructure, their microhardness, their 

corrosion resistance.  After analysis, it was found that the grains in the top layers were larger than 

the grains in the bottom layers of the same composition, with the microstructure changing from 

Widmanstätten α to lamellar as the composition of Mo increased.  The hardness changed 18% 

between the respective 5 wt% Mo layers, 4% between the respective 10 wt% Mo layers, and 2% 

between the 0 wt% Mo layers.  The best corrosion resistance was found in the 5 wt% Mo layer, 

with a corrosion rate of 0.46 microns per year. 
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1. Introduction 

 

1.1. Ti6Al4V 

 
Titanium alloys have recently gained attention for their ideal mechanical, chemical, and physical properties that 

include an “excellent blend of low density and high strength, superior corrosion resistance, and strength at moderately 

high temperatures” [1]. Titanium alloys, specifically Ti6Al4V, can provide strength similar to steel, while being as 

lightweight as aluminum.  It has recently claimed fame in many different industries, including architecture, when the 

Guggenheim Museum in Bilbao, Spain was built mainly using titanium in 1997 [2]. Its high strength and low weight 

make it desirable for aerospace applications, and those properties, combined with its corrosion resistance and 

biocompatibility have made it a staple in the biomedical industry.  In fact, when comparing it to more conventional 

metallic biomaterials like stainless steel and Co-Cr alloys, Zhou et al. claims that “Ti-64 alloy is one of the most 

frequently used implant materials, particular for orthopedic applications due to its higher corrosion resistance, better 

biocompatibility, and significantly lower modulus of elasticity” [3]. 

 

1.2. Functionally graded material 

 
Functionally graded material (FGM) belongs to a relatively new subset of materials classified by their varying 

properties over their changing dimension [4].  Though FGMs have only recently been introduced into the manufacturing 

industry, they have been around since the beginning of time.   FGMs are found in natural materials such as bamboo, 

and in the bones and teeth of the human body.  Within the culm of bamboo, the fibers are non-uniformly dispersed 

within the lignin in order to optimize the distribution of stress within the culm [5].  The bones of the human body are 

softer and more flexible on the inside and gradually become harder and stiffer towards the outside in order to optimize 

their strength and load distribution.  When biomedical engineers design implants, their goal is to make the implant as 

similar to the original bone as possible in order to enhance the biocompatibility and limit any detrimental effects.  

Therefore, designing the implants to be functionally graded improves their performance within the body.  Functionally 

graded materials also allow for specific tailoring for highly customizable products [4].  Within the body, this means 

that one patient can receive a unique implant that is built using his body as the template, with the specific mechanical 

properties of his bones as a guide. 

 

1.3. Laser metal deposition 

 
Laser Metal Deposition (LMD) is a subset of additive manufacturing specific to metals.  LMD is capable of producing 

functional parts directly from 3-D CAD models, which lowers tooling and equipment costs, as well as reducing the 

Figure 1. Schematic of Laser Metal Deposition process. 
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amount of steps (and waste) it takes to produce a part [4].  Figure 1 is a schematic of the Laser Metal Deposition 

process.   Powder metal is loaded into two hoppers and is pneumatically dispensed onto a substrate.  As the metal hits 

the working piece, it intersects with a concentrated laser beam.  The laser melts the powder metal and substrate and 

they cool together, bonding to each other in the process.  Raju et al. further discusses the benefits of LMD, stating that 

“distortion and residual stresses are minimal by LMD when compared to other processes, such as arc welding and 

electron beam melting” [6].  Because there are separate hoppers, the operator has independent control of the powder 

flow rate of each powder stream.  Therefore, it is possible to create functionally graded material using LMD. 

 

2. Methodology 

 

2.1. Sample creation 

 
One functionally graded sample was created at the Council of Scientific and Industrial Research (CSIR) in Pretoria, 

South Africa. The seven-layer sample was deposited using the Eskom 3kW IPG laser mounted onto a Kuka robot arm.  

Praxair Surface Technologies Inc. supplied -165/+270m Ti-6Al-4V powder and Alfa Aesar supplied spherical -170m 

Molybdenum powder used in all samples.  The layers were deposited directly on top of each other, with the bottom 

layer deposited onto the 6 mm thick, sandblasted, pure Ti-6Al-4V substrate.  The substrate was sandblasted in order 

to aid in the absorption of the laser and minimize reflection [4].  All laser parameters were held constant except for the 

powder flow rate of the apparatus.  Previous research by Mahamood et al. proposed that using separate hoppers for 

the powders achieves better composition control for the FGM because “premixing the powder before deposition can 

result in having the powder with higher density to be deposited first before the less dense powder” [4].  The sample 

parameters are shown in Table 1.  Six tracks were laid for each layer, with a 50% overlap for each track.   

 
 
   In addition to the functionally graded sample, four single layer deposits were laid on a single substrate with 0 wt%, 

5 wt%, 10 wt%, and 15 wt% Mo, respectively, with the rest of the layer consisting of Ti-6Al-4V.  These single layer 

deposits acted as controls for the functionally graded sample.  The schematic in Figure 2 depicts the functionally 

graded sample and single layer depositions. 

Table 1. Sample parameters for functionally graded material. 

Figure 2. Schematic of functionally graded material and single layer depositions. 
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2.2. Sample preparation 

 
After creating all samples at the CSIR, the samples were prepped for testing.  The functionally graded sample and the 

single layer deposition samples were cut using a PRESI Mecatome T300 Abrasive Cutoff Machine at the University 

of Johannesburg.  For titanium, a Struers 20S25 High Quality Cut-off Wheel was used to limit smearing and burrs 

during the cutting process.  After cutting, the functionally graded sample was hot mounted in Polyfast using a Struers 

CitoPress-1 machine to prepare it for grinding and polishing.  One sample from each single-layer deposit was cut and 

mounted in Polyfast as well.  These samples were mounted so the cross section of the deposit and substrate were 

facing outward.  After mounting, these samples were ground using Struers #320, #800, and #4000 SiC paper, and then 

polished using an MD-Chem pad and OP-S solution. 

 

   One single-layer sample from each deposit was cold mounted in a mixture of Aka-Resin and Aka-Cure in order to 

prepare them for the accelerated corrosion test.  These samples were mounted with the deposit facing outward.  Before 

mounting, a copper wire was attached to the back of the sample using silver paint and glue in order to maintain 

electrical conductivity through the mount.   

 

2.3. Testing 

 

2.3.1. Microhardness 

 
The samples were ground completely in order to prepare for this test, but were not polished.  After loading into the 

Time TH713 Micro Vickers Hardness Tester, the load was set to 0.5 kgf and the dwell time was set to 15 seconds.  

Indentations were made every 150 microns, from the top of the sample to the bottom, and the microhardness was 

calculated based on the length of each diagonal of the indentation.  This process was repeated for the functionally 

graded sample and each single-layer sample, where approximately nine samples were taken per layer.   

 

2.3.2. Optical microscope analysis 

 
Samples were ground and polished completely, and then etched using Kroll’s reagent in order to prepare for analysis 

using the Olympus Optical Microscope.  The Kroll’s reagent consisted of 4 mL of 40% Hydrofluoric Acid, 2 mL of 

55% Nitric Acid, and 100 mL of water.  Based on the composition of Mo, the etching time changed.  All layers 

containing 0 wt% Mo needed 25 seconds to etch properly, all layers containing 10 wt% Mo needed 60-90 seconds to 

etch properly, and all layers containing 15 wt% Mo needed 105-150 seconds to etch properly.  The optical microscope 

allowed samples to be seen at 50x, 100x, 200x, 500x, and 1000x magnification. 

 

2.3.3. Scanning electron microscope (SEM) analysis 

 
The same sample preparation steps used for the Optical Microscope were used for the SEM analysis.  Proper etching 

was essential in order to see the microstructure using the SEM.  The prepared samples were brought to the University 

of Johannesburg, Doornfontein Campus and loaded into the Tescan Scanning Electron Microscope.  Samples were 

taken at 1000x and 2000x magnification. 

 

2.3.4. Accelerated corrosion  

 
The cold mounted samples were ground using the Struers #320, #800, and #4000 SiC paper until the ridges of the 

deposit were removed and the surface was smooth.  The samples were immersed in a 5 M NaCl solution and attached 

to a Digi-Ivy DY2311 Potentiostat and two tests were conducted.  The first test measured the Open Circuit Potential 

(OCP) by immersing the electrodes for 1 hour.  After determining the OCP, a Linear Sweep Voltammetry test was 

performed for 45 minutes with the reference electrode and a Platinum counter electrode in order to simulate corrosion.    
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3. Results and Discussion 

 
As shown in Figure 3a, the Widmanstätten α microstructure is present in the large, columnar grains of the layer 

containing 0 wt% Mo, 100 wt% Ti6Al4V.  This microstructure is common in most Ti alloys, and is responsible for its 

high strength and toughness [1].  The Laser Metal Deposition process further strengthens the alloy by producing this 

microstructure within columnar grains.  As the composition of Mo increases, the Widmanstätten α phase changes to a 

lamellar microstructure within smaller columnar grains, as depicted in Figure 3b.  

 
   The grain size tends to decrease as more Mo is added, with the grains in the upper layers being larger than the grains 

of the corresponding bottom layers of the same composition.  Figure 4 is a chart of the grain sizes within the 

functionally graded sample. 

 

 

   The microstructure and microhardness within corresponding layers were different.  Because of this, it is logical to 

hypothesize that the layers within the functionally graded sample cooled at a different rate according to their position 

within the sample. The average Vickers microhardness changed by almost 4% within corresponding layers of 0 and 

Figure 3. (a) Bottom 0 wt% Mo layer showing long columnar grains with Widmanstätten α microstructure; and (b) bottom 

10 wt% Mo layer showing shorter columnar grains with lamellar microstructure.  Figure 3b also shows porosity and 

unmelted Mo within layer. 

(a) (b) 
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10 wt% Mo, and as much as 18% within corresponding layers of 5 wt% Mo.  Figure 5 shows a comparison of the 

microhardness of the corresponding layers within the functionally graded sample with each other and the controls.  

 

 

   The top and bottom 5 wt% Mo layers displayed different results than the other layers in all tests.  While preparing 

the functionally graded sample for optical microscope and scanning electron microscope analysis, it was etched in 

Kroll’s reagent.  It is known that as the composition of Mo increased, the etching time increased for all layers with the 

exception of the 5 wt% Mo layer.  After etching the 5 wt% Mo sample for 1 second, it displayed signs of being over 

etched.  It is hypothesized that this behavior is due to its severely martensitic microstructure.  This hypothesis is 

supported by the drastic increase in hardness within the martensitic 5 wt% Mo layer.  This martensitic microstructure 

may be a result of the repeated heat treatment of the 5 wt% Mo layer as the laser repeatedly passed over it to deposit 

more layers directly on top.  The composition of this layer may also play a role, as this phenomenon was not displayed 

in other layers above or below it.  Figure 6 is a photograph taken with the SEM, which shows the burned 5 wt% Mo 

layer.  Because the scanning electron microscope uses electrical conductivity to create an image, the burned portion 

appears brighter because it is less electrically conductive than the other layers. 
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Figure 5. The bar chart comparing the microhardness of each corresponding layer within 

the functionally graded sample and the single layer deposition (control) sample. 

Figure 6. A SEM photograph of the functionally graded sample, depicting the 

burned 5 wt% Mo layer, which shows up brighter than the other layers. 
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   When the single layer deposits were tested, the optimal corrosion resistance was found in the 5 wt% Mo, which was 

calculated to corrode 0.47 microns per year.  As the composition of Mo increased after 5 wt%, the corrosion resistance 

decreased, with the peak corrosion rate seen in the 15 wt% Mo sample, which was calculated to corrode 1.6 microns 

per year.  

 

4. Conclusion 

 
Functionally graded Ti6Al4V-Mo was printed via Laser Metal Deposition and characterized.  The Ti6Al4V based 

sample consisted of seven layers, each with a different composition of Molybdenum added in the following order: 0-

5-10-15-10-5-0 wt% Mo.  The corresponding layers within the functionally graded sample displayed different grain 

sizes and different microhardness values.  Therefore, it was concluded that the mechanical properties of each layer 

were not merely dependent on their composition; the order in which the layers are deposited has an impact on their 

mechanical properties.  After analyzing all test results, it was further concluded that, for biomedical applications, no 

more than 10 wt% Mo should be alloyed with Ti6Al4V for optimum properties.   
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