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Abstract

Plasma sprayed hydroxyapatite (HA) coating is known to improve the osteoconductivity of 

metallic implants. However, the adhesive bond strength of the coating is affected due to a 

mismatch in coefficients of thermal expansion (CTE) between the metal and the HA ceramic. In 

this study, a gradient HA coating was prepared on Ti6Al4V by laser engineered net shaping 

(LENS™) followed by plasma spray deposition. In addition, 1 wt.% MgO and 2 wt.% Ag2O were 

mixed with HA to improve the biological and antibacterial properties of the coated implant. 

Results showed that the presence of an interfacial layer by LENS™ enhanced adhesive bond 

strength from 26 ± 2 MPa for just plasma spray coating to 39 ± 4 MPa for LENS™ and plasma 

spray coatings. Presence of MgO and Ag2O did not influence the adhesive bond strength. Also, Ag
+ ions release dropped by 70% less with a gradient HA LENS™ layer due to enhanced 

crystallization of the HA layer. In vitro human osteoblast cell culture revealed presence of Ag2O 

had no deleterious effect on proliferation and differentiation when compared to pure HA as control 

and provided antibacterial properties against E. coli and S. aureus bacterial strands. This study 

presents an innovative way to improve interfacial mechanical properties of plasma sprayed HA 

coating for load-bearing orthopedic implants.
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1. Introduction

One of the most prominent human health concerns facing the population today surrounds 

musculoskeletal disorders. In the US alone, 310,800 total hip replacements were performed 

in 2010 with patients aged 45 and up [1]. Younger patients under 40 receiving hip implants 

is anticipated to increase which also means shorter implant life is expected due to the higher 

activity lifestyle [2]. Many factors can limit the life of load-bearing implants including stress 

shielding, poor osseointegration, or implant loosening.

To address these challenges, this study utilizes a novel gradient surface modification system 

whereby the gradient is produced by Laser Engineered Net Shaping (LENS™) and 

hydroxyapatite (HA) is used as a coating material. Gradient is used in this study to describe 

the embedding of HA between a Ti6Al4V substrate and plasma HA coating, reminiscent of 

a gradient going from 0 % HA to 3 wt. % HA to 100 % HA. LENS™ is a type of direct laser 

deposition additive manufacturing technique that has grown in a number of commercial, 

aerospace, and Department of Defense applications [3–6]. It utilizes a high power laser to 

melt powders for deposition of molten material and as the laser moves, the deposited 

material instantly solidifies creating a cross-sectional layer [7,8]. LENS™ not only provides 

the ability to manufacture complex 3D objects but can also be used to modify surfaces 

[9,10]. In addition, the composition of each layer can be varied easily, and the depth of the 

gradient layer can be changed, which makes it an excellent tool to manufacture metal-

ceramic composite coatings. To the best of our knowledge, additive manufacturing with 

titanium and hydroxyapatite employing selective laser melting has been reported by only a 

few studies however LENS™ utilization has not been explored extensively [11,12]. We 

propose a system whereby Ti6Al4V substrate, a widely used titanium alloy for biomedical 

applications [13,14], is modified with a 3 wt.% HA doped Ti6Al4V LENS™ layer prior to 

plasma thermal spraying of a MgO/Ag2O doped HA coating. This study expands and 

optimizes a previous study where a gradient HA coating was also prepared by LENS™ 

processing and plasma spray deposition however HA was not doped and had decomposed to 

tricalcium phosphate and calcium titanate after LENS™ processing [15].

HA has been widely used as a coating material in load-bearing implants to improve 

osteoconductivity which enhances osseointegration [16–18]. HA has excellent 

biocompatibility due to its compositional similarity to bone mineral. Additionally, HA has 

higher stability and lower dissolution rate compared to other calcium phosphate materials. 

Plasma sprayed coating has advantages of low cost, high deposition rate, and bulk 

production, enabling its use in industry for commercial orthopedic implants [19–22]. High 

adhesive bond strength is crucial to minimize spalling and increase the lifespan of the 

coating. A gradient HA layer will reduce thermally induced stresses between HA and 
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Ti6Al4V thereby increasing the adhesive bond strength through decreasing crack formation 

at the coating / implant interface.

Doping the HA coating can improve osteoconductivity as well as provide other benefits such 

as reducing bacterial infection. Silver (Ag) is effective against a wide range of bacteria and 

has been approved for the use in various medical devices for 20 years. Compared to other 

antimicrobial agents, such as antibiotics, Ag contained HA coatings have long-term 

infection protection and will not decompose during implant sterilization techniques. 

Magnesium (Mg) is another dopant reported to improve osteoblast attachment, enhance ALP 

production, and induce nitric oxide production in endothelial cells comparable to the 

mechanism VEGF uses to induce angiogenesis [23].

The objective of this study is to understand the effects of a gradient HA coating utilizing 

LENS™ on Ti6Al4V load-bearing implants for improved mechanical properties. The 

hypothesis is the gradient layer will increase the adhesive bond strength of the plasma 

coating by providing a thermal barrier, reducing fast quenching, and increase crystallinity. 

Coating mechanical properties were evaluated as well as in vitro characterizations of 

antibacterial properties against Escherichia coli (E. coli) and Staphylococcus aureus (S. 
aureus), as well as biological properties utilizing a preosteoblast cell line. This novel 

gradient surface modification system can improve osseointegration for patients with active 

lifestyles and decrease the risk of implant failure from loosening or infection.

2. Materials and Methods

2.1 LENS™ Processed Gradient HA Layer

Ti6Al4V plates were purchased from President Titanium (MA, USA) and were cut via water 

jet cutter to create circle substrates with a diameter of 2.54 cm and 1.22 cm for adhesive 

bond strength test and other characterizations, respectively. Then substrates were 

sandblasted and washed in deionized water and acetone alternately under ultrasonic. An 

optimization study was performed with 1, 3, and 5 wt.% commercial grade HA powder 

(Berkeley Advanced Biomaterials, Inc, Berkeley, CA) mixed with Ti6Al4V powder (ATI 

Powder Metals, Pittsburgh, PA) for depositing a gradient HA layer on Ti6Al4V substrates 

using LENS™. 3 wt.% HA was chosen as the optimum addition as 5 wt.% HA produced 

large cracks. LENS™ 750 (Optomec, Albuquerque, NM, USA) unit with 0.5 kW continuous 

wave Nd:YAG laser was used in this study. The chamber atmosphere was controlled by 

argon with an oxygen level less than 50 ppm to reduce the oxidation of Ti6Al4V. A single 

layer coating with a thickness of 0.3 mm was deposited on Ti6Al4V. The laser power, scan 

speed, and powder feed rate used in this study were listed in Table 1. These parameters were 

selected according to prior optimizations.

2.2 Plasma Sprayed HA Coating

HA powder with a particle size between 150 and 212 μm (Monsanto, USA) was used for 

plasma sprayed HA coating. MgO-Ag2O-HA powder was prepared by mixing 1 wt.% MgO 

and 2 wt.% Ag2O with HA using 1:1 milling media to powder ratio at 70 rpm for 2 h. 

Concentration of dopants was chosen based on previous optimizations in our group [24,25]. 
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The induction coupled RF plasma spray system (Tekna Plasma Systems, Canada) with a 

supersonic nozzle and axial powder feeding was used to deposit HA coatings. Four different 

types of samples were made including HA/Ti6Al4V, HA/LENS/Ti6Al4V, MgO-Ag2O-HA/

LENS/Ti6Al4V, and MgO Ag2O-HA/Ti6Al4V. Table 1 also lists the plasma operating 

parameters used in this study. Two coating strategies and all coating compositions are 

presented in Fig. 1.

2.3 Phase and Chemical Group Identification, and Microstructure

An X-ray diffractometer (Siemens D5000, Aubrey, TX) using CuKα radiation at 40 kV and 

30 mA was used to identify phase formation of HA/Ti6Al4V, HA/LENS/Ti6Al4V, and 

MgO-Ag2O-HA/LENS/Ti6Al4V.

HA/Ti6Al4V, HA/LENS/Ti6Al4V, and MgO-Ag2O-HA/LENS/Ti6Al4V were also scanned 

using Fourier Transformed Infrared Spectroscopy (FTIR) to identify their chemical groups. 

Coatings were faced on an ATR diamond crystal followed by scanning in the range from 400 

to 1200 cm−1. The final graph was achieved by plotting transmittance against wave number.

Samples for the observation of interface microstructure were mounted with polymer resin. 

Then cut by a low-speed diamond saw at 300 rpm to expose the interfaces. Interfaces were 

polished and etched followed by observation under a Field Emission Scanning Electron 

Microscope (FESEM).

2.4 Adhesive Bond Strength Test, Microhardness Measurements, and Surface 
Roughness

The adhesive bond strength was tested on HA/Ti6Al4V, HA/LENS/Ti6Al4V, and 

MgOAg2O-HA/LENS/Ti6Al4V. All test parameters were based on ASTM C633. Samples 

were glued to two sandblasted counter posts using protocol recommended glue, Armstrong 

A-12 (Resin Technology Group, LLC, Easton, MA). Then glue was cured at 93°C (200 °F) 

for 30 min followed by the test using a standard tensile test setup at a constant crosshead 

speed of 0.0013 cm/s until failure. The adhesive bond strength was calculated as maximum 

force divided by sample area. The data is reported as mean ± standard deviation (n=3).

Microhardness was measured using a Phase II Plus, Micro Vickers hardness tester (Upper 

Saddle River, NJ, USA) on triplet cross-sections of HA/LENS/Ti6Al4V and MgO-Ag2O-

HA/LENS/Ti6Al4V mounted in phenolic thermoset resin and ground with grinding paper 

then polished. A load of 200 g and 15 s dwell time was used on the Ti6Al4V, LENS™ 

processed 3 wt.% HA, and plasma sprayed coating regions. A depiction of the measurements 

taken on each sample is shown in Fig. 2. Spacing in all directions from each measurement to 

the next is at least 5x the indent size as to not influence any data.

Surface roughness of Ti6Al4V, MgO-Ag2O-HA/Ti6Al4V, and MgO-Ag2OHA/LENS/

Ti6Al4V samples were investigated in triplicate using a profilometer (SPN Technologies 

Inc.) with an elapsed time of 33.3 s across 5 mm at a velocity of 0.10 mm/s.
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2.5 Ag+ release

To mimic the pH of the physiological environment, phosphate buffer solution (PBS, pH=7.4) 

was used as a buffer for one release study. To mimic the acidic microenvironment post injury 

or implantation, acetic buffer solution (pH=5) was used for a second release study. 

MgOAg2O-HA/LENS/Ti6Al4V and MgO-Ag2O-HA//Ti6Al4V coated samples (n=3) were 

immersed in 5 ml of either buffer solution at 37 °C under 150 rpm constant shaking for 17 

days. Release buffer was removed and supplemented with 2 vol.% HCl and 5 vol.% HNO3 

to prevent any precipitation of ions during storage. Fresh buffer solution was replaced for 

each timepoint and readings were taken at a dilution factor of 6x. ICP-MS (Agilent 7700, 

Agilent Technologies, Inc. CA, USA) was used to measure the Ag+ release at each time 

point. The temperature of the spray chamber was maintained at 2 °C. Argon gas flow 

conditions were 15 L/min plasma gas, 1 L/min auxiliary gas, 0.8 L/min nebulization gas, and 

0.3 L/min make-up gas. Similar protocols have been followed by other researchers [26–28].

2.6 Antibacterial Disk Diffusion Test

Bacterial cultures of Escherichia coli (E. coli) (Carolina Biological Supply Company, 

Burlington, NC, USA) and Staphylococcus aureus (S. aureus) (Carolina Biological Supply 

Company, Burlington, NC, USA) in the form of MicroKwik Culture® pathogen vials were 

employed for the disk diffusion test. Nutrient agar was used for the E. coli inoculation and 

brain heart infusion agar was used for the S. aureus inoculation. Culture vials were 

rehydrated with respective media and left to incubate for 48 h at 37 °C. Bacterial inoculation 

onto the appropriate agar dishes was performed using sterile swabs and MgO-Ag2O-HA/

Ti6Al4V and pure HA disc samples were placed. After 24 h of incubation at 37 °C, plates 

were imaged to assess the respective zones of inhibition. All procedures were followed per 

manufacturer recommendations. Sample compositions were tested in duplicate to ensure 

consistent zones of inhibition.

2.7 Osteoblast cell - materials interactions

Samples were sterilized in an autoclave at 121 °C for 20 min. Primary human osteoblasts 

(PromoCell, Heidelberg, Germany) was cultured for in vitro characterizations of coated 

samples. After cells reached their confluency, they were transferred onto each sample at a 

density of 1 × 104 cells/sample. The cell medium for this cell line was prepared by mixing 

osteoblast growth medium (PromoCell, Heidelberg, Germany) and osteoblast growth 

medium supplement mix (PromoCell, Heidelberg, Germany). Cells were incubated at 37 °C 

and 5 vol. % CO2 according to the manufacturer recommended protocol for this particular 

cell line. Cell medium was changed every alternate day for the following 11 days.

Samples for cell morphological observation were transferred to new well plates after 3, 7, 

and 11 days of incubation. The samples were fixed in a 2 % paraformaldehyde/2 % 

glutaraldehyde in 0.1 M phosphate buffer solution overnight at 4 °C followed by a post-

fixation in 2 % osmium tetroxide (OsO4) at 4 °C overnight. After fixation, each sample was 

dehydrated in an ethanol series from 30 % to 100 % followed by hexamethyldisilane 

(HMDS) drying before gold coating. Gold coating was conducted using a Technics Hummer 

V sputter coater at 10 milliamps for 6 min. After gold coating, cellular morphology was 

observed under FESEM.
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Osteoblast proliferation was evaluated by using a 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl 

tetrazolium bromide (MTT) assay (Sigma, St. Louis, MO). MTT assay solution was made 

by dissolving 50 mg MTT powder in 10 ml filter sterilized PBS. 100 μl of as prepared MTT 

solution and 900 μl of cell media were mixed and added to each sample followed by 

incubation at 37 °C for 2 h. After aspirating MTT solution, 600 μl of solubilization solution 

(10 % Triton X-100, 0.1 N HCl and isopropanol) was added to samples. The resulting 

supernatant was transferred into a 96-well plate and read by an ultraviolet-visible 

spectroscopy (UVS, Synergy 2 microplate reader, Biotek, Winooski, VT) at 570 nm. Three 

biological and technical replicates were used in MTT measurements.

Osteoblast differentiation was evaluated by an alkaline phosphatase (ALP) kit purchased 

from SensoLyte (Fremont, CA). The procedures used for ALP measurements were provided 

in the instruction recommended by the manufacturer. Briefly, cell media was first aspirated 

from samples. Then cells on samples were detached from the sample surface and 

homogenized in assay buffer followed by adding 5 mM p-nitrophenyl phosphate solution to 

initiate the reaction. The reaction was continued for 60 min at room temperature in a dark 

place. After adding the stop solution, ALP intensity was measured by using UV-Vis at 405 

nm.

2.8 Statistical Analysis

Coating bond strength, hardness, ion release, MTT, and ALP tests were conducted in 

triplicate. Data is reported as mean ± standard deviation with statistical analysis performed 

with a p value < 0.05 considered significant and indicated by *.

3. Results

3.1 Phase and Chemical Group Identification and Microstructure

XRD and FTIR plots of LENS™ processed 3 wt.% HA, HA/LENS/Ti6Al4V, and Mg2OAg 

O-HA/LENS/Ti6Al4V are shown in Fig. 3. LENS™ processed 3 wt.% HA shows prominent 

α-Ti (JCPDS# 51–0631) and β-Ti (JCPDS# 44–1288) peaks as well as small HA peaks 

(JCPDS# 09–0432) from the XRD plot. The FTIR plot supports the XRD result by showing 

small P-O symmetric stretching mode (ν1), antisymmetric P-O stretching modes (ν3), and 

antisymmetric P-O bending modes (ν4) from HA. Both HA/LENS/Ti6Al4V and MgO-

Ag2O-HA/LENS/Ti6Al4V show major HA formation (JCPDS# 09–0432), while MgO-

Ag2O-HA/LENS/Ti6Al4V also presents a silver peak (JCPDS# 41–1402) by its XRD plot. 

Strong P-O symmetric stretching mode (ν1), antisymmetric P-O stretching modes (ν3), and 

antisymmetric P-O bending modes (ν4) are observed from HA/LENS/Ti6Al4V and MgO-

Ag2O-HA/LENS/Ti6Al4V indicating their prominent HA formation.

Interface microstructures between LENS™ processed 3 wt.% HA and Ti6Al4V, HA and 

LENS™ processed 3 wt.% HA, and Ag O-MgO-HA and LENS™ 2 processed 3 wt.% HA 

are shown in Fig. 4. The interface between LENS™ processed 3 wt.% HA and Ti6Al4V can 

be clearly recognized in Fig. 4 (a) and (b). The thickness of the LENS™ layer is 120 μm. 

HA particles are distributed in the LENS™ processed 3 wt.% HA layer. For plasma sprayed 

HA and Ag2O-MgO-HA coatings, they are strongly bonded with LENS™ processed 3 wt.% 
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HA without any gaps. The plasma layer thickness ranges between 60 and 80 μm with an 

average thickness of 70 μm.

3.2 Adhesive Bond Strength, Microhardness Profile, and Surface Roughness

Adhesive bond strength for HA/Ti6Al4V, HA/LENS/Ti6Al4V, and MgO-Ag2OHA/LENS/

Ti6Al4V are shown in Fig. 5. All coatings have higher adhesive bond strength than the 

minimum required 15 MPa [16,29]. The presence of LENS™ processed gradient HA layer 

significantly increases the adhesive bond strength of plasma sprayed coatings. The presence 

of Ag2O and MgO does not have significant effects on the adhesive strength of plasma 

sprayed HA coating. The microhardness profiles of HA/LENS/Ti6Al4V and MgO-Ag2O-

HA/LENS/Ti6Al4V are shown in Fig. 6. The profile of both coatings can be separated into 

three distinct regions: Ti6Al4V substrate, LENS™ processed gradient HA layer, and plasma 

sprayed coatings. In both coatings, the microhardness increases in the LENS™ processed 

gradient HA layer region compared to Ti6Al4V substrate and then significantly drops in 

plasma sprayed coatings region. The maximum microhardness for HA/LENS/Ti6Al4V and 

MgO-Ag2O-HA/LENS/Ti6Al4V is found to be 737 ± 38 Hv and 684 ± 38 Hv, respectively, 

while the microhardness of Ti6Al4V is only around 398 ± 23 Hv. Surface roughness average 

height (Ra) of the Ti6Al4V (sandblasted), MgO-Ag2O-HA/Ti6Al4V, and MgO-Ag2O-HA/

LENS/Ti6Al4V samples were 4 ± 1 μm, 14 ± 2 μm, and 16 ± 2 μm.

3.3 Ag+ release

The accumulative Ag+ release in PBS for MgO-Ag2O-HA/LENS/Ti6Al4V and MgOAg2O-

HA/Ti6Al4V shows a burst release in the first 3 days and reached nearly steady state 

onwards, as shown in Fig. 7. In acetic buffer solution, the accumulative Ag+ release for both 

compositions had an initial burst release but did not quite reach a steady state release. For 

both dissolution plots, the accumulative Ag+ release is notably lower than the toxic limit for 

the average human body with a much higher release in acetic buffer solution. In both buffer 

solutions, MgO-Ag2O-HA/LENS/Ti6Al4V releases significantly less Ag+ ions compared to 

without LENS.

3.4 Antibacterial Disk Diffusion Test

Antibacterial properties were observed for MgO-Ag2O-HA/Ti6Al4V samples against E. coli 
and S. aureus strands of bacteria. Pure HA discs were also tested to serve as a control and 

showed no zone of inhibition. Doped plasma samples clearly showed zones of inhibition 

against both bacteria strands with a higher efficacy against E. coli, as shown in Fig. 8.

3.5 Cell-materials Interaction

Stretched osteoblast morphology is observed for Ti6Al4V control, HA/LENS/Ti6Al4V, and 

MgO-Ag2O-HA/LENS/Ti6Al4V from day 3 to day 11, as shown in Fig. 9, however, the 

number of osteoblasts cannot be quantitively compared between different compositions by 

SEM images since the reprecipitation of coatings covers most of the cell surface. MgO-

Ag2O-HA/LENS/Ti6Al4V shows lower cell viability compared to pure HA coating at day 3 

and 7, but its cell viability significantly increases at day 11 compared to day 7, which is 

close to the cell viability of pure HA coating, as shown in Fig. 10. In addition, coated 
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samples show significantly higher cell viability compared to Ti6Al4V control at days 3, 7, 

and 11. All samples show low osteoblast differentiation at day 3 and 7. Osteoblast 

differentiation starts to increase at day 11. HA/LENS/Ti6Al4V and MgO-Ag2O-HA/LENS/

Ti6Al4V show comparable osteoblast differentiation at day 11, which is significantly higher 

compared to Ti6Al4V control, as shown in Fig. 11.

4. Discussion

HA coatings on titanium implants are a widely used and researched composite system for 

enhanced osseointegration. HA coatings provide osteoconductive properties that bare 

titanium implants cannot produce alone. Despite the improvements made by introducing a 

ceramic coating, differing thermal properties and high residual stress between coating and 

implant materials compromise the optimum mechanical properties [30]. Thermal stresses 

can be introduced during plasma spray coatings due to the rapid cooling rates. These 

quenching stresses can induce strain mismatches, which could lead to cracking of the plasma 

coatings [31,32]. In this study, LENS™ is used to create a 3 wt.% HA gradient layer 

incorporating a thermal barrier between Ti6Al4V and a doped HA plasma coating. This 

thermal barrier reduces the heat loss seen with plasma spray deposition. The thermal 

conductivity of Ti6Al4V is 19 W m−1 K−1 [33] and HA is 0.7–2.2 W m−1 K−1 [34]. Thermal 

diffusivity of Ti6Al4V is 2.2 × 10−6 m2 s−1 [33] and plasma sprayed HA is 0.29 ± 0.05 × 

10−6 m2 s−1 [35]. With the addition of 3 wt.% HA into the Ti6Al4V powder preparation for 

the LENS™ layer, the thermal diffusivity from Ti6Al4V would decrease therefore creating a 

thermal barrier between the Ti6Al4V samples with the plasma HA coating. In doing so, the 

crystallinity of the plasma coating is retained or even enhanced. The silver ion release in this 

study supports the hypothesis that the gradient layer enhanced crystallinity by reducing the 

release compared to control.

Silver has been employed as an antimicrobial agent for centuries and can be seen in many 

medical devices such as catheters and even everyday items like door handles [36–38]. The 

use of silver in this system can offer remarkable antimicrobial effects for orthopedic 

implants to prevent secondary infections [39–41]. The use of silver as a coating in 

biomedical devices has been approved by the US Food and Drug Administration (FDA). The 

use of dopants in this study is not only beneficial to the overall system for osseointegration 

and infection control but can be useful in analyzing crystallinity of the surface 

modifications. In this study, two pHs were used to evaluate the release kinetics of the doped 

MgO and Ag2O plasma coating with the LENS™ gradient layer and without. One reason to 

test the coating durability in an acidic environment (pH=5) is to mimic orthopedic surgery 

practices. During orthopedic surgery, tranexamic acid is commonly used for bleeding control 

leading to an acidic environment near the surgery site [42,43]. The burst Ag+ release should 

not exceed 10 ppm to stay within toxic levels which was the case in this study [44]. Post-

surgery, the implant will stay in the physiological environment (pH=7). Our study utilizes 

PBS (pH=7.4) to ensure long-term Ag+ release below the toxic limit for healthy integration 

between implant and host tissue as well as provide effective secondary infection control. In 

both buffer solutions, the LENS™ gradient layer produced significantly less release 

compared to without. In PBS, the LENS™ gradient layer released 70 % less and in acetic 

buffer, the LENS™ gradient layer released 73 % less compared to without. With more 
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amorphous phase in the just doped HA plasma coating, the dissolution rate increased due to 

the randomized, short-range order of the lattice. With the LENS™ gradient layer, the release 

significantly decreased indicating higher crystallinity of the plasma coating. The lattice of a 

crystalline solid is held together uniformly via the intermolecular forces. Crystalline phase 

enhances the ability of the coating to withstand the constant shaking in the buffer solutions 

compared to a more amorphous coating. This phenomenon of an increased level of 

crystallinity decreasing the dissolution rate and reducing the amount of ions released has 

been explored by other researchers as well [45]. For pharmaceutics, researchers will actually 

try to enhance dissolution properties to enable better saturated drugs within the body through 

increasing amorphous phase of their system [46–48].

The presence of a LENS™ processed gradient HA layer not only enhanced crystallinity but 

also significantly increased the adhesive bond strength of plasma sprayed HA coating by 

52 %. Bond strength is determined by the weakest bonding interface and in this case, would 

be the interface between HA plasma coating and the LENS™ layer. Several studies have 

reported calcium phosphate coating on titanium based substrates by laser deposition with 

one above 50 MPa adhesive bond strength [49,50]. HA plasma coatings on titanium show 

much less adhesive bond strength on their own, as seen in this work and others [24,51,52]. 

LENS™ processing can create a pattern on the substrate thereby increasing the surface area 

as seen in Fig. 1 and enhancing the coating adherence by plasma spray deposition. The 

gradient HA LENS™ layer also decreases the challenges faced by the mismatch in 

coefficients of thermal expansion that inhibit the coating bond strength. The thermal 

expansion coefficient of titanium is 9–10 × 10−6 / °C and HA is 12 × 10−6 / °C [53]. By 

utilizing a composition of 3 wt.% HA into Ti6Al4V powder during LENS™ layer 

processing, the thermal expansion coefficient of the gradient HA layer will be between the 

coefficients of Ti and HA.

In creating the LENS™ layer, a small wt.% of HA must be incorporated to avoid high 

mismatches in thermal expansion coefficients between the gradient layer and Ti6Al4V 

substrate. If too much HA is added into the gradient layer, the mismatch becomes a critical 

issue just as the mismatch between just a plasma coating and Ti6Al4V substrate. A notable 

mismatch could lead to residual stresses that cause cracking. A singular pass of the LENS™ 

was employed to lessen the amount of heat exposure that could cause residual stresses. 

These parameters enabled a crack-free Ti6Al4V-HA interlayer by LENS™ processing, as 

shown in Fig. 4 (a). HA is evenly distributed within the Ti6Al4V matrix and a clear interface 

between deposited and substrate material is observed in Fig. 4 (b). In this study, no phase 

transformation of the HA is seen which is an improvement to our last study [15]. HA and 

titanium were the only phases present in the Ti6Al4V-HA interlayer as shown in Fig. 3. A 

phase transformation is not beneficial to the osteoconductivity and the overall lifespan of 

coated implants. The processing parameter differs from the previous study by using a laser 

power of 400 W instead of 500 W as well as a shorter laser reaction time thereby preventing 

undesired phase transformations.

Evaluation of the doped coating in vitro with an osteoblast cell line shows significantly 

enhanced proliferation and differentiation with the presence of any HA coating. It should be 

noted that despite reprecipitation of the HA coating causing difficulties to see cellular 
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morphology by SEM images due to covering the cells, surface roughness plays a key role in 

cellular attachment. Researchers have found higher cellular attachment to surfaces when 

surfaces were rough compared to smooth counterparts [54–56]. The surface roughness did 

not significantly change between plasma coated samples with or without LENS however 

both provided significantly rougher surfaces compared to Ti6Al4V samples. MgO was 

reported to increase osteoconductivity by improving the osteoblast attachment, proliferation, 

and alkaline phosphatase production in vitro [25]. An in vivo study utilizing rabbit femoral 

defects also showed the presence of MgO in HA enhanced osteogenesis [57]. In this study, 

the combination of MgO and Ag2O had no deleterious effects on proliferation and 

differentiation of osteoblast cells compared to pure HA coating as control. The doped HA 

coating also showed zones of inhibition against bacterial strands of E. coli and S. aureus, a 

gram-negative and a gram-positive bacteria, respectively. Incubation time was limited to 24 

h to ensure reliable data between each sample testing. Beyond this incubation time, results 

can become highly unreliable [58]. This indicates the dopants do not negatively affect the 

benefits of HA coatings and can provide infection control that would otherwise be absent.

5. Conclusions

A gradient HA coating was processed using a 3 wt.% HA layer by LENS™ followed by 

plasma sprayed MgO-Ag2O-HA coating on Ti6Al4V substrates. Both interfaces were 

strongly bonded without any gaps. The adhesive bond strength increased by 52% with the 

gradient HA LENS™ compared to without due to the thermal barrier the LENS™ layer 

creates. This barrier reduces fast quenching and diminishes the prominent difference in 

coefficient of thermal expansion between the plasma coating and substrate. The presence of 

MgO and Ag2O had no significant effects on the adhesive bond strength of the coating nor 

negative effects on osteoblast proliferation or differentiation by day 11 but provided a long-

term silver release below the toxic limit for preventing non-aseptic loosening of implants. 

This novel gradient surface modification system can improve osseointegration for patients 

with active lifestyles and decrease the risk of load-bearing implant failure from loosening or 

infection.
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Statement of Significance

Implants are commonly composed of metals that lack osteoconductivity. 

Osteoconductivity is a propriety where bone grows on the surface meaning the material is 

compatible with the surrounding bone tissue. Plasma sprayed hydroxyapatite (HA) 

coating improves the osteoconductivity of metallic implants however the adhesive bond 

strength can be weak. This study incorporates a gradient HA coating by using an additive 

manufacturing technique, laser engineered net shaping (LENS™), followed by plasma 

spray deposition to enhance the adhesive bond strength by incorporating a thermal 

barrier. The proposed system has not been well studied in the current literature and the 

results presented bring forth an innovative way to improve the interfacial mechanical 

properties of plasma sprayed HA coating for load-bearing orthopedic implants.
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Fig. 1. 
Schematic of the work showing modified surface topography with a LENS™ layer 

compared to without. Figures show higher coating bond strength and less ion release 

indicating higher crystallinity with a LENS™ layer compared to just plasma.
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Fig. 2. 
Depiction of microhardness measurements on each sample (not to scale). Indents are spaced 

apart radially by at least 5x the indent size.
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Fig. 3. 
XRD and FTIR plots of LENS™ processed 3 wt.% HA, HA/LENS/Ti6Al4V, and 

MgOAg2O-HA/LENS/Ti6Al4V showing a little amount of HA phase in LENS™ processed 

3 wt.% HA, prominent HA phase in HA/LENS/Ti6Al4V, as well as HA and Ag phases in 

MgO-Ag2OHA/LENS/Ti6Al4V.
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Fig. 4. 
Interface microstructures between LENS™ processed 3 wt.% HA and Ti6Al4V (a)-(b), HA 

and LENS™ processed 3 wt.% HA (c), and Ag2O-MgO-HA and LENS™ processed 3 wt.% 

HA (d) showing their strong bonding without any gaps or cracks. Lines marked in (a) and 

(b) are the interfaces between LENS™ processed 3 wt.% HA and Ti6Al4V. (b) is the image 

from the interface of (a) in high magnification. Distributed HA can be seen in (b) as white 

agglomerated particles.
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Fig. 5. 
Adhesive bond strength of plasma sprayed HA and Ag2O-MgO-HA coatings on Ti6Al4V or 

LENS/Ti6Al4V showing significant strength increase with LENS compared to without (* p 

< 0.05). Addition of dopants does not significantly change the plasma sprayed coating bond 

strength.
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Fig. 6. 
Microhardness profile of compositionally graded HA coating and HA coating doped with 

Ag2O and MgO showing the microhardness improvement in the LENS™ processed gradient 

HA layer compared to plasma coating layer and Ti6Al4V substrate.
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Fig. 7. 
Accumulative Ag+ release from MgO-Ag2O-HA/LENS/Ti6Al4V and MgO-Ag2OHA/

Ti6Al4V in PBS (pH=7.4) and acetic buffer solution (pH=5) at 37 °C for 17 days showing 

70% and 73% less release with a LENS layer, respectively.
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Fig. 8. 
Disk diffusion test of MgO-Ag2O-HA/Ti6Al4V and pure HA disc samples against (a) 

Escherichia coli and (b) Staphylococcus aureus. Clear zones of inhibition can be seen with 

doped plasma coated samples (left) whereas control HA samples (right) show no 

antibacterial properties.
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Fig. 9. 
Microstructure of Ti6Al4V control, HA/LENS/Ti6Al4V, and MgO-Ag2OHA/LENS/

Ti6Al4V during the cell culture at day 3, 7, and 11 showing stretched osteoblast 

morphology.
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Fig. 10. 
MTT assay of Ti6Al4V, HA/LENS/Ti6Al4V, and MgO-Ag2O-HA/LENS/Ti6Al4V after 3, 

7, and 11 days of cell culture showing decreased cell viability at day 3 and 7, but comparable 

cell viability at day 11 for MgO-Ag2O-HA/LENS/Ti6Al4V compared to HA/LENS/

Ti6Al4V (n=3. *p<0.05).
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Fig. 11. 
ALP assay of Ti6Al4V, HA/LENS/Ti6Al4V, and MgO-Ag2O-HA/LENS/Ti6Al4V after 3, 7, 

and 11 days of cell culture showing comparable osteoblast differentiation for HA/LENS/

Ti6Al4V and MgO-Ag2O-HA/LENS/Ti6Al4V at day 11 (n=3. *p<0.05).
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Table 1

Processing parameters of LENS™ and plasma spray deposition.

Processing parameters of LENSThl

Laser power 400 W

Laser scan speed 17 mm 5−1

Powder feed rate 15 g mind

Processing parameters of plasma spray deposition

Central gas flow rate (s.l.p.m.) 25 Ar

Sheath gas flow rate (s.l.p.m.) 60 Ar + 6 H-)

Carrier gas flow rate (s.l.p.m.) 10 Ar

Powder (1cW) 25

Worlcing coordinate (mm) 100
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