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Flame Spray Deposition of Titanium
Alloy-Bioactive Glass Composite Coatings
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Powders of titanium alloy (Ti-6Al-4V) and bioactive glass (45S5) were deposited by flame spraying to
fabricate composite porous coatings for potential use in bone fixation implants. Bioactive glass and
titanium alloy powder were blended and deposited in various weight fractions under two sets of spray
conditions, which produced different levels of porosity. Coatings were characterized with cross-sectional
optical microscopy, x-ray diffraction (XRD), scanning electron microscopy (SEM), and Fourier trans-
form infrared spectroscopy (FTIR). Immersion testing in simulated body fluid (SBF) was conducted for
0,1, 7, and 14 days. Hydroxyapatite (HA) was found on the bioactive glass-alloy composite coatings after
7 days of immersion; no HA was observed after 14 days on the pure titanium alloy control coating. The
HA formation on the alloy-bioactive glass composite coating suggests that the addition of bioactive glass
to the blend may greatly increase the bioactivity of the coating through enhanced surface mineralization.

Keywords bioactive glass, composite coating, flame spraying,
mineralization

1. Introduction

Biomedical implants are typically made of bio-inert or
bioactive materials. The most common biomedical
implant material is titanium and its alloys, specifically
Ti-6Al-4V (Ref 1). When a titanium implant is placed in
the human body, there is often fibrous encapsulation of
the implant, which may lead to loosening and pre-mature
failure (Ref 2-4). Titanium has only been shown to pro-
mote cell growth after specialized surface preparation.
Other studies have used methods such as sodium
hydroxide (NaOH) surface treatment at an elevated
pressure or micro patterning, in order to change surface
properties and structure (Ref 5, 6).

Biomedical materials also include bioactive materials.
Two common bioactive ceramics are 45S5 bioactive glass
and hydroxyapatite (HA). Bioactive materials promote a
cellular response, resulting in attachment of cells to the
surface of the implant (Ref 2-4, 7). Bioactive glass and
HA, which are ceramics, have the disadvantage of being
brittle and unsuitable for load bearing applications.
A study by Hench (Ref 2) found that it was not the pres-
ence of HA that was responsible for the cellular response,
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but rather the release rates of ions from the dissolution of
the bioactive glass. The dissolution of the bioactive glass
induces the crystallization of HA and cellular growth.
HA deposited alone may not cause the same process to
occur (Ref 2). Bioactivity can be assessed in vitro
through the use of simulated body fluid (SBF). This is an
acceptable proxy because the first stages of the processes
that result in cellular attachment can be simulated in the
fluid (Ref 8).

Titanium implants typically require treatment to induce
bioactivity of their surfaces (Ref 5, 6, 9). Surface treat-
ments are typically expensive and labor-intensive. For
example, Ou et al. (Ref 9) used an oxygen plasma oxida-
tion technique to create an amorphous bioactive oxide
surface layer. Thermal spraying—a manufacturing process
that is used to fabricate thin coatings on a variety of solid
surfaces—may be used to modify the surface to promote
bioactivity. In this process, powder particles are introduced
into a high-temperature flame or plasma, where they are
melted, accelerated, and deposited on a surface to produce
a thin layered coating. Other studies have prepared com-
posites of bioactive materials and titanium and its oxides
through air plasma spraying (APS) (Ref 1, 10, 11) and
high-velocity oxy-fuel (HVOF) spraying (Ref 12, 13).
These studies found evidence of surface bioactivity in vitro.
However, APS and HVOF spraying are more expensive
than flame spraying. Flame spraying is a process in which
the combustion of acetylene (C,H,) and oxygen (O,)
produces a high-temperature flame to facilitate fabrication
of the coatings for the purposes of surface modification.

A review of previous studies has shown that limited
work has been conducted on the fabrication of a com-
posite coating of bioactive glass and Ti-6Al-4V for bio-
medical implants. A study by Verne et al. (Ref 10) used a
sintered composite of bioactive glass and titanium powder
that was ground and deposited by APS. Flame spray
deposition of a mechanical blend of powder eliminates the

Volume 20(6) December 2011—1339

pamaInay Jead




3
=
2
]
c
w
8
Q

preparation and milling of a sintered composite. The
additional cost of APS is also eliminated.

In this study, the effect of two sets of flame spray
conditions and different powder blend compositions of
Ti-6Al-4V and bioactive glass on the microstructure and
phases of the final coating are assessed. One set of spray
parameters and one composition were selected from a test
matrix for further study. The thickness, porosity, and
bioactive glass content of the selected coatings were
examined. In addition, the bioactivity of both the com-
posite coating and a pure Ti-6Al-4V alloy control was
assessed in order to ascertain if the addition of bioactive
glass resulted in a greater degree of bioactivity through
surface mineralization. The porosity was examined to
determine if osseointegration could be possible and to
modify future spray conditions. Mechanical stability and
quantification of bio-mineralization rate was beyond the
scope of this study.

2. Experimental Method

2.1 Thermal Spraying

2.1.1 Spray Conditions. In this study, two sets of spray
parameters were used for flame spray deposition. An oxy-
acetylene flame spray torch (6PII ThermoSpray Gun,
Sulzer Metco Inc., Westbury, NY) was operated under
two sets of parameters, these parameters will be referred
to as “low temperature” and ‘‘high temperature.” Table 1
includes the flow rate of O,, C,H,, and argon for each set
of parameters. The flame spray torch was mounted on a
robot (HP20, Motoman Inc., West Carrollton, OH) that
was operated at a velocity of 400 mm/s for both sets of
spray parameters. The powder feed rate varied between 60
and 90 FMR (flow meter reading) on a volumetric powder
feeder (SMPE Powder Feeder, Sulzer Metco, Inc., West-
bury, NY). The number of passes of the torch was varied
between 5 and 10.

2.1.2 Coatings Fabricated Under the High- and Low-
Temperature Spray Conditions. 45S5 bioactive glass
(Mo-Sci Health Care, Rolla, MO) powder (derived from a
melt casting route) was sieved to a size range of 106-
212 um (—212+106 um) with a Ro-Tap powder siever
(RX-29-CAN, W.S. Tyler, Mentor, OH). Two blends of
titanium alloy (Ti-6Al-4V) (5573-S, Raymor Industries,
Boisbriand, QC, Canada) and 45S5 bioactive glass were
prepared. The 45S5 bioactive glass powder and Ti-6Al-4V
powder were placed in a 1 L Nalgene® polymeric bottle in
the indicated amounts, see Table 2. The bottles were inverted
and shaken end over end for 15 min. Additional mixing
occurred in the volumetric powder feeder by using an air

Table 1 Flame spraying conditions

Oxygen  Acetylene Argon Standoff

flow rate, flow rate, flow rate, distance,
Condition NLPM NLPM NLPM mm
High temperature 35 22 9.5 100
Low temperature 25 15 9.5 150

vibrator. The titanium alloy powder had a size range of
<45 um (—45 pm). Titanium substrates, with a thickness
of 1.6 mm (CP-Ti grade 2, McMaster-Carr, Chicago, IL)
were cut into 25 x 12 mm coupons using a slow speed saw
(TechCut 4, Allied High Tech Products, Inc., Rancho
Dominguez, CA) and a metal-bonded diamond wafering
blade (Allied High Tech Products, Inc., Rancho Domin-
guez, CA). The titanium substrates were grit-blasted
(Trinco Dry Blast, Trinco Tool Co., Fraser, IL) with #24
grit alumina (686 um Al,O5;, Treibacher Schleifmitel
North America, Inc., Niagara Falls, NY). The substrates
were clamped to the substrate holder and cleaned with
compressed air prior to deposition. The blends were
deposited with the oxy-acetylene flame spray torch on to
the prepared titanium substrates. Both blends, along with
a pure bioactive glass and a pure titanium alloy powder
sample, were deposited with both the high-temperature
and low-temperature spray conditions.

The low-temperature spray conditions were used to
fabricate Ti-6Al-4V alloy (control) and Ti-6Al-4V-bioac-
tive glass composite coatings. The composite coating was
fabricated from a powder composition similar to the 85/15
blend (Table 2). The bioactive glass powder was sieved to
a size range of 45-90 um (—90+45 um) after it was ball-
milled with cylindrical alumina media (20.6-mm diameter
Al,O3, US Stoneware, East Palestine, OH) for 5 h. The
coated titanium samples were stored in a desiccator cab-
inet (Secador, Fisher Scientific, Ottawa, ON, Canada)
after deposition.

2.2 Coating Characterization

An SEM (Evo MA 15, Carl Zeiss Inc., Toronto, ON,
Canada) was used to characterize the morphology of the
Ti-6Al-4V and bioactive glass feed powders. The Ti-6Al-
4V powder was characterized as received; the bioactive
glass powder was characterized as received and as milled.
The bioactive glass powder was coated with gold (SEM-
prep II DC sputter coater, NanoTech, Prestwich, Man-
chester, UK). The powders were imaged in secondary
electron (SE) mode with a LaB6 filament operating at a
voltage of 10 kV.

The coated titanium substrates were mounted in cold-
mount epoxy (EpoxySet, Allied High Tech Products Inc.,
Rancho Dominguez, CA) and cured overnight (approxi-
mately 10 h). The epoxy-mounted samples were ground
(TwinPrep 3, Allied High Tech Products, Inc., Rancho
Dominguez, CA) with silicon carbide grit paper (SiC Grit
Paper, Allied High Tech Products, Inc., Rancho Domin-
guez, CA). The grit sizes used were in the sequence 240,

Table 2 Powder blends

Mass of Mass of
bioactive Ti-6Al-4V,
Blend glass, g g
85 wt.%  Ti-6Al-4V (78 vol.%) 80 533
15 wt.%  45SS5 bioactive glass (22 vol.%)
62 wt.%  Ti-6Al-4V (50 vol.%) 232 380
38 wt.%  45S5 bioactive glass (50 vol.%)
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320, 400, 600, 800, and 1200. The samples were polished
(Imperial Polishing Pads, Allied High Tech Products, Inc.,
Rancho Dominguez, CA) with a diamond suspension
(Polycrystalline Diamond Suspension Water-based, High
Tech Products, Inc., Rancho Dominguez, CA). The dia-
mond sizes used were 3, 1, and 0.25 um. The samples
prepared under the high-temperature and low-tempera-
ture conditions were viewed with an optical microscope
(Epiphot 300, Nikon Corporation, Markham, ON, Can-
ada). Micrographs (4288 x 2848 pixels) were taken with a
digital camera (D300 Camera, Nikon Corporation,
Markham, ON, Canada). The micrographs were taken in
bright field (BF) mode, with an exposure time of 5 ms.
A total of 40 micrographs were taken (five micrographs
for each sample composition for each spray condition).

The alloy-bioactive glass samples, deposited under the
low-temperature spray conditions with milled bioactive
glass powder, were mounted using dyed epoxy (Oracet
Blue, Met Tech, Calgary, AB, Canada) to provide better
contrast between the bioactive glass particles and the
pores in the coating. The polished samples were viewed
with an optical microscope (Axio Imager M2m, Carl
Zeiss, Inc., Toronto, ON, Canada). Micrographs
(2776 x 2080 pixels) were taken with a high dynamic
range pixel shifting digital camera (Axiocam HRc, Carl
Zeiss Inc., Toronto, ON, Canada). BF images, with an
exposure time of 9 ms, and ultraviolent fluorescent images
(UV FL; excitation of 350 nm), with an exposure time of
60 ms, were taken. The UV FL images were used to
identify pores filled with epoxy. The micrographs were
analyzed using Image Pro software (Media Cybernetics,
Bethesda, MD) using the Count and Measure feature to
determine the porosity, bioactive glass content, and
thickness of the coating. For this analysis, 12 images (6 per
sample) were used for the control and 7 (3 and 4 for each
sample) images were used for the alloy-glass composite.

The samples produced under both spray conditions
were analyzed with x-ray diffraction (XRD) (RU-200B
Line Focus X-ray System, Rigaku Rotating Anode XRD
System, Rigaku, ON, Canada). The patterns were solved
with the Jade 7 software (Jade 7, Materials Data, Inc.,
Livermore, CA). A continuous reflective XRD mode was
used in which the 28 angle was changed at a rate of 3° per
minute. The XRD machine employed a Cu anode oper-
ated at 40 kV and 110 mA.

In addition, for the low-temperature samples produced
from both milled bioactive glass powder and Ti-6Al-4V
powder, an SEM with EDX (Silicon Drift Detector,
Bruker, East Milton, ON, Canada), and a FTIR spec-
trometer (Nicolet Magna-IR Spectrometer 750, Thermo
Scientific, Newington, NH) were employed. The SEM was
used to image the features of the surface layer and to
indicate changes in surface composition. The samples
were carbon coated using a carbon evaporator (EM
SD005, Leica, Richmond Hill, ON, Canada). Samples
were imaged at 100x, 1000x, and 40,000x magnification
in both SE and backscattered electron (BSE) image
modes at a tilt of 30°. EDX spectra were captured over a
6.05 mm? area. A potassium bromide (KBr) pellet method
was used to prepare the sample for the FTIR analysis.
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The coating was planed from the substrate using a razor
blade to obtain powder from the sample to be mixed with
KBr powder (Xymotech Biosystems, Inc., Cote Saint-Luc,
QC, Canada) and compressed into a spherical pellet. The
pellets were run in absorbance transmittance mode with
32 scans and a resolution of 4 cm™!. The scan range was
between 400 and 4000 cm ™',

2.3 Assessment of Bioactivity

SBF was prepared according to the formulation and
method developed by Kokubo and Takadama (Ref 8). In
preparation for immersion, the samples were rinsed with
5 mL of pure isopropyl alcohol (C3HgOH), and then with
SmL of de-ionized ultra-filtered water (DIUF). The
samples were placed in 25 mL Petri dishes and the SBF
was added. The Petri dishes were held at 36.5 + 1.5 °C in
a water bath (Isotemp 210, Fisher Scientific, Ottawa, ON,
Canada). In this study, the coatings were exposed to the
SBF solution for 1, 7, and 14 days. The sample surface
area to SBF volume ratio was maintained at 0.14 cm ™' and
the SBF solution was changed every 3 days, according to
the procedures developed by Kokubo and Takadama (Ref
8). After the testing was completed, the samples were
rinsed with 5 mL of DIUF and 5 mL of pure C;HgOH.
The samples were allowed to dry in air overnight before
being placed into a desiccator cabinet. Only the 15 wt.%
alloy-bioactive glass composite and pure Ti-6Al-4V alloy
samples that were prepared with the low-temperature
spray conditions were immersed in SBF (further expla-
nation to follow).

The samples were assessed for the presence of hydroxyl
apatite (HA) (Ca;o(PO4)s(OH),) as an in vitro bioactivity
indicator, using three techniques: scanning electron
microscopy (SEM) with energy dispersive x-ray spectros-
copy (EDX), Fourier transform infrared spectroscopy
(FTIR), and XRD. For each technique, one sample was
analyzed at each exposure time for each coating type.

3. Results and Discussion

3.1 Flame Temperature Under High- and
Low-Temperature Spray Conditions

The temperature of the flame in combustion flame
spraying depends on the spray parameters of the torch. In
particular, the flow rates of C;H, and O, into the com-
bustion process, as well as the volume of air entrained into
the high-speed flame jet will have an impact on the flame
temperature. The flame temperature will play a role on
the degree of melting of the particles injected into the jet
and on the final microstructure of the coating. While it is
difficult to measure and estimate the true temperature of
combustion flames, differences in the adiabatic flame
temperature—the maximum possible temperature that
can be achieved by the products of combustion with no
heat loss—can be used to provide a qualitative under-
standing of the impact of high- and low-temperature spray
conditions on the final alloy-bioactive glass composite
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coating. The true flame temperature will be lower than the
adiabatic flame temperature due to heat loss to the
ambient, air entrainment, and the formation of nitrogen
oxide (NO,) products.

In the complete, stoichiometric combustion of C,H,
with theoretical O,, the balanced chemical reaction is

CH; (g) +2.50; (g) — 2CO; (g) + H20 (g), (Eq 1)

with carbon dioxide and water being formed as the only
products. Under the low-temperature spray conditions,
15 NLPM of C,H, and 25 NLPM of O, were used. If the
gases are assumed to be ideal, there were 1.7 mol of O,
for every mole of C,H,. Under the high-temperature
spray conditions, 22 NLPM of C,H, and 35 NLPM of O,
were used, resulting in 1.6 mol of O, for every mole of
C,H,. Based on reaction (1), 2.5 mol of O, are required
to complete the reaction to form carbon dioxide and
water vapor as products. For both the high- and low-
temperature spray conditions, an O, deficiency exists,
and carbon monoxide will be formed. For the low-
temperature spray conditions, the balanced combustion
reaction is
GH, (g) +1.70, (g) —0.4CO, (g) +1.6CO (g) +H,0 (g)
(Eq2)
This incomplete combustion reaction will produce lower
flame temperatures than that of reaction (1). It is also
expected that due to the lower mole ratio of O, and C;H,
under the high-temperature conditions, the flame tem-
perature should be lowered even further. While not de-
tected, there is potential that the lower mole ratio of O,
and C,H, may produce small amounts of ultra-fine parti-
cles of carbon (soot) in the incomplete combustion of
C,H,, which could contaminate the coatings.

The first law of thermodynamics can be applied to a
constant, steady flow of gases and combustion in an open
ambient to estimate the adiabatic flame temperature of
the jet. Assuming no heat loss (Q,,=0) and that the
reactants are at 298 K, the law is given as

Qout :OZZNril?r.zosK _ZNp (B?,Z‘)SK +B—E;98K)p7
(Eq3)

where N is the number of moles, /4f 5y is the standard
enthalpy of formation at 298 K, hSygy is the standard
enthalpy measured at 298 K, and # is the enthalpy at a
temperature other than 298 K. Since the reactants were
assumed to be at 298 K, (h—h3eg ) =0. The enthalpy, h
cannot be determined directly. However, since & =h(T), it
is possible to determine the adiabatic flame temperature
of the combustion products and the flame through the use
of thermodynamic tables and iteration. Enthalpy data for
use in Eq 3 are presented in Table 3 (Ref 14). Substituting
the enthalpy data into Eq 3 and using mole values from

reaction (2) gives
830,326 kJ = 0.4ilc02 + 1.6ilc0 + /lezo. (Eq 4)

An initial estimation of the adiabatic flame tempera-
ture can be obtained by dividing the energy in Eq 4

1342—Volume 20(6) December 2011

Table 3 Enthalpy data (Ref 14)

Gas ht 598 ¢ » kJ/kmol h3gg «» kJ/kmol
GH, (g) +226,730 "
O, 0 8682
CO, —393,520 9364
CO —110,530 8669
H,0 (g) —241,820 9904

(830,326 kJ) by the total number of moles (3 kmol) of
product. The enthalpy that will be used as an initial guess
of the adiabatic flame temperature is 276,775 kJ/kmol.
Three different temperatures will be expected due to the
three different gas species that are present in the com-
bustion product. However, given that larger quantities of
carbon monoxide and water are present in the flame, it is
expected that their temperatures will dominate the overall
flame temperature. A weighted average temperature was
calculated for the three gas temperatures at 276,775 kJ/
kmol, and it was used to determine the gas enthalpies. The
gas enthalpies were used to verify if both sides of Eq 4
were balanced. After further iterations to balance Eq 4, it
was found that the adiabatic flame temperature for the
low-temperature spray conditions was approximately
6040 °C. A similar procedure was employed for the high-
temperature spray conditions to give an adiabatic flame
temperature of 5830 °C.

The difference in the maximum temperature of the
flame under the low- and high-temperature spray condi-
tions (210 °C) is small compared to the maximum tem-
peratures. Therefore, any difference observed in the flame
temperatures will be due to other factors. In this study, the
stand-off distance under the low-temperature spray con-
ditions (150 mm) was larger than that under the high-
temperature spray conditions (100 mm). Larger stand-off
distances will result in larger volumes of cold air entering
the flame, as well as larger heat loss values due to greater
flame surface area exposed to colder air. As cold air be-
comes entrained in the flame jet and heat is lost from the
flame, the true flame temperatures will decrease. There-
fore, it is expected that under the high-temperature spray
conditions, the flame temperature should be higher due to
lower heat loss and less entrainment of cold ambient air. It
is also expected that the actual flame temperatures will be
lower than the adiabatic flame temperatures due to heat
loss from the flame and the entrainment of cold air into
the flame jet.

3.2 Coating Characterization

3.2.1 Implications of Flame Temperature Under High-
and Low-Temperature Spray Conditions. The morphol-
ogy of the Ti-6Al-4V and bioactive glass powder was char-
acterized by SEM. The bioactive glass micrographs were
adjusted to the same scale as the alloy powder micrographs
through image processing. The Ti-6Al-4V powder was
spherical in shape (see Fig. 1, left images). The bioactive
glass powder as received was jagged and angular, after mill-
ing the powder was similar in shape (see Fig. 1, right images).
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Ti-6Al-4 Bio-active Glass (As Received) Bio-active Glass (As Milled)

Fig. 1 SEM micrographs of powder morphology. Left: Ti-6Al-4V, center: bioactive glass (as received), and right: bioactive glass (as

milled)

Low Temperature

a8 e 5%%
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\

High Temperature

Fig. 2 Optical cross-sectional micrographs of high- and low-temperature sample. Left: low temperature and right: high temperature

Coatings of bioactive glass blended with Ti-6Al-4V and
the control coatings (pure bioactive glass and pure Ti-6Al-
4V) were deposited by flame spraying onto titanium sub-
strates. Both high-temperature and low-temperature spray
conditions were used. The coatings were examined with

Journal of Thermal Spray Technology

optical microscopy, and images are presented in Fig. 2.
The pure bioactive glass did not adhere well to the sub-
strate for either set of spray conditions, leaving only a
scattering of glass particles on an otherwise bare substrate.
When 38 wt.% bioactive glass was mixed with Ti-6Al-4V,
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the composite coating exhibited a rough and porous
microstructure for both spray conditions. The coating was
continuous (see Fig. 2). However, the distribution of bio-
active glass through the coating was not homogenous. In
the composite coatings containing 15 wt.% bioactive glass,
the glass distribution throughout the sample was more
homogenous than that of the composite coatings with
38 wt.% bioactive glass. However, in the high-tempera-
ture spray condition; there was no visual evidence of pore
connectivity within the cross section. The pure Ti-6Al-4V
coating deposited under the high-temperature spray con-
ditions exhibited a more compact and less porous coating

Low Temperature
Anatase= @ - : ;
Rutile= O
(Ti0.9V0.1}203= Q
_\F’i{Og n
Vo o]
Tloo.sg_ b4 2 [ ]
3
5,
= Owt% BG
D
c
g
= 15wt% BG
38wt% BG
100wt% BG
20 25 30 35 40 45
26(°)
(a)
Low Temperature (38wt% BG)
200 T T T . -
150
)
c
=
8
g 100
]
c
2
IS
O 1 1 1 1 1
20 40 60 80 100
26(%)

(b)

Intensity(a.u.)

than that deposited under the low-temperature spray
conditions.

The samples were also analyzed with XRD and the
profiles are presented in Fig. 3(a). The background on the
profiles have been stripped and filtered. A representative
raw profile has also been included in Fig. 3(b). Peak
assignments were determined according to the guidelines
provided in the Jade 7 XRD database. The pure bioactive
glass coatings exhibited peaks for combeite (Na,Ca,.
Si303), titanium sub-oxide (TiOg go), titanium, and anatase
phase of titanium dioxide (TiO,). TiO, was present due to
oxidation of the titanium substrate. Na,Ca,Si;O5 is the

High Temperature
Anatase= @ ! ' ’
Rutile= O
(TiO.E‘rVU 1}203: D
2 3=
Cqmbefﬁ L 2 v
Tloo.ag_' O'
Ti=
L) o a | ] Q
L ] Q ]
¢ oo Owt% BG
AM 15wt% BG
38wi% BG
100wt% BG
20 25 30 35 40 45

26(%)

Fig. 3 (a) XRD patterns of high- and low-temperature sample. Left: low temperature, right: high temperature and (b) representative

raw XRD pattern
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crystalline phase of bioactive glass. The Na,Ca,Siz;O3
peaks were present only in the coatings deposited under
the high-temperature spray conditions. No Na,Ca,Si;03
peaks were present in the bioactive glass coatings depos-
ited under the low-temperature spray conditions (see
Fig. 3a). The absence of Na,Ca,Si;O3 peaks indicates that
the bioactive glass remained amorphous during the spray
process. The presence of Na,Ca,Siz;O;5 indicated that the
bioactive glass was heated above its recrystallization point
(650-700 °C) during deposition (Ref 15, 16). The cross-
sectional micrographs (see Fig. 2) indicate that the bio-
active glass is spherical in shape. The spherical shape
differs from the usual angular and jagged shapes of the
initial glass powder (see Fig. 1, right images). Therefore,
the bioactive glass, in both sets of spray conditions, was
heated above the softening temperature of the bioactive
glass (which is higher than the recrystallization tempera-
ture). The heated bioactive glass changed from a jagged
shape to a spherical shape to minimize surface energy.
A previous study by Nychka et al. (Ref 17) indicated that
the dissolution rate of bioactive glass in a crystalline form
is slower than its amorphous form in an in vitro environ-
ment. As such, the crystallization of the bioactive glass
during the high-temperature deposition would likely lead
to a lesser bioactive response.

The pure Ti-6Al-4V coating, composite coating with
15 wt.% bioactive glass, and the composite coating with
38 wt.% bioactive glass all exhibited similar XRD profiles.
The samples primarily exhibited peaks for titanium,
TiOy g9, anatase and rutile phases of TiO,, vanadium oxide
(V,053), and titanium vanadium oxide (TipoVy.1)>O5 (see
Fig. 3a). However, in the case of the pure Ti-6Al-4V coat-
ing deposited under the high-temperature spray conditions,
there were no anatase peaks, but rutile peaks were present.
Anatase peaks were present in the pure Ti-6Al-4V coating
deposited under the low-temperature spray condition. High
flame temperatures will promote the transformation of the
meta-stable anatase phase of TiO, to the stable rutile
phase, with complete transformation at temperatures
greater than approximately 700-1150 °C (Ref 18, 19).

The adiabatic flame temperatures are much greater
than the recrystallization point of the bioactive glass for
both sets of spray conditions. The absence of crystalline
Na,Ca,Siz;03 peaks under the low-temperature spray con-
dition, and the recrystallization of the bioactive glass under
the high-temperature spray condition can be explained
by two possible mechanisms. The first mechanism is
due to possible in-flight cooling of the particles between
the torch and the substrate during deposition under the
low-temperature spray conditions. During deposition with
the low-temperature spray conditions, the torch is farther
from the sample, compared to the high-temperature spray
conditions. The increased distance allows additional con-
vective cooling of the flame jet and the particles within the
jet. The increased distance also allows entrainment of cold
air into the flame jet. The larger temperature difference
between the hot particles and cold air entrained into
the flame results in higher cooling rates. This is supported
by the presence of amorphous bioactive glass in the
coating samples produced under the low-temperature spray
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conditions, since higher cooling rates are necessary to pre-
vent recrystallization and produce amorphous phases. The
second mechanism may be due to the substrate tempera-
ture. During deposition under the high-temperature spray
conditions, the torch is closer to the substrate, compared
to the low-temperature spray conditions. The decreased
distance results in additional heating of the substrate that
was covered by the initial layers of the coating. The higher
temperatures produced smaller temperature gradients
between the substrate and the hot deposited particles.
These smaller temperature gradients led to lower cooling
rates, which produced recrystallized bioactive glass in the
final coating. This mechanism is also supported by the
presence of amorphous bioactive ceramic in the samples
produced under the low-temperature spray conditions.
Identification of the mechanism that plays a dominant role
requires further study, but it is indisputable that the
cooling rate of the bioactive ceramic particles is higher in
the low-temperature deposition condition—otherwise the
particles would not be amorphous after having been
heated well above the recrystallization temperature.

3.2.2 Control and Bioactive Glass-Alloy Composite.
Coatings of ball-milled bioactive glass blended with
Ti-6Al-4V and the control coatings of Ti-6Al-4V were
examined with both optical and SEM. As sprayed, both
compositions exhibited a porous and rough structure (see
Fig. 4). The alloy-bioactive glass composite coating had a
cross-sectional thickness ranging from 298 to 646 um with
an average thickness of 470 + 56 pm (n=12). The control
sample coatings (coatings of Ti-6Al-4V only) had a cross-
sectional thickness ranging from 275 to 440 pym with an
average thickness of 358 4+ 62 pm (n=7). Figure 4 shows,
for both compositions, a topographical SEM micrograph,
in SE mode, and an optical cross-sectional micrograph,
taken in BF mode.

In this study, it was assumed that the area fraction of
porosity in the cross section is equivalent to the volume
fraction of porosity in the entire coating. The area of the
coating in the micrograph was measured as a percentage
of the total micrograph area. The area of the porosity and
bioactive glass as a percentage of the total micrograph
area was divided by the area of the coating as a percentage
of the total micrograph area. The calculation yielded the
porosity and bioactive glass content as an area percentage
of the coating only. The alloy-bioactive glass composite
coating had a porosity of 33 + 8 vol.% (n=7) and a bio-
active glass content of 9 + 2 wt.% (n=7). The Ti-6Al-4V
coating had a porosity percent of 26 &+ 6 vol.% (n=12).
The bioactive glass content of the coating, as determined
by this analysis, is lower than the theoretical bioactive
glass content of 15 wt.%, and the discrepancy could be
due to removal of bioactive glass particles during polishing
or non-homogeneity of the original powder blend.

The porosity and bioactive glass area distribution are
plotted in Fig. 5. Analyses of areas (in um?) were chosen
due to the irregular shapes of the pores. A previous study
by Klenke et al. (Ref 20) determined that significant
osseointegration is not expected for pore sizes below
15,000 um? (approximate effective diameter of 140 um for
circular pores). Therefore, based on Fig. 5, significant cell
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Fig. 4 SEM topographical SE micrographs (top) and optical cross-sectional micrographs (bottom): left: Ti-6Al-4V control and right:
bioactive glass-alloy blend. Black arrows indicate bioactive glass, white arrows indicate pores
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Fig. 5 Left: pore distribution and right: bioactive glass distribution. Solid: Ti-6Al-4V control and dashed: bioactive glass-alloy blend

growth into pores would not be expected for either coating
because the majority of the pores are clearly on the order
of 100 um? or less (effective diameter of 11 pm for circular
pores).

The bioactive glass area distribution was bimodal (see
Fig. 5). The majority of the bioactive glass particles in the
coatings had an area between 1 and 100 pm?; a smaller
portion, roughly 10% (see Fig. 5), had an area between
100 and 10,000 pm?. The second mode is closer to that
which is expected with the given bioactive glass powder
feed distribution. The first peak of the pore size distribu-
tion may indicate the fracture of bioactive glass particles

1346—Volume 20(6) December 2011

during deposition. The bioactive glass will dissolve in vivo
(Ref 1) resulting in the creation of pores, however, the
pore sizes formed through the dissolution of bioactive
glass particles in the present coatings would be, on aver-
age, still too small for osseointegration to occur. Some
bioactive glass particles are encapsulated in titanium alloy,
as shown in Fig. 4. Hence, the encapsulated bioactive glass
particles may not be exposed to the fluid environment.
However, it should be noted that the smallest pore radius
and pore interconnect will be the limiting factor in whe-

ther or not osseointegration is possible for any given pore
(Ref 21).
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Further work beyond this preliminary study will be
required to maximize the pore sizes in the coatings and to
assess the degree of pore interconnectivity. The size of the
bioactive glass was also reduced by milling. All subsequent
samples were flame-sprayed with the low-temperature
parameters and with milled bioactive glass.

3.3 In Vitro Bioactivity Assessment

The 15 wt.% alloy-bioactive glass composite coating
deposited under the low-temperature spray conditions

—<

were selected for SBF testing. The selection was made on
the basis of the possibility of pore connectivity for coatings
deposited under the low-temperature spray parameters and
bioactive glass crystallization under the high-temperature
spray parameters. The crystallization of bioactive glass is
undesirable as the dissolution rate in the aqueous envi-
ronment is different (Ref 17). A study by Hench found that
the dissolution rate of amorphous bioactive glass enables
the bio-activity (Ref 2). Therefore, an amorphous form of
bioactive glass is desired. The presence of pore intercon-
nects is desirable as it allows osseointegration (Ref 21).

Fig. 6 SEM micrographs of both the Ti-6Al-4V alloy control and bioactive glass-alloy blend exposed to SBF at 0, 1, 7, and 14 days: Left:

control and right: bioactive glass-alloy blend
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The control sample of Ti-6Al-4V coating was also used
during SBF testing. The samples were treated in SBF for
0, 1,7, and 14 days. One sample of each composition was
immersed for each exposure time. The in vitro response of
the bioactive glass-alloy composite and the alloy control
coatings to SBF exposure was assessed using three tech-
niques: SEM with EDX, FTIR, and XRD.

3.3.1 Scanning Electron Microscopy with Energy
Dispersive X-ray Spectroscopy. The SEM micrographs
in Fig. 6 show very little change for the alloy control over
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the 14 days of SBF exposure. The micrographs show slow
development of a surface layer of material on the alloy-
bioactive glass composite coating, with the material
change becoming evident after 7 days of exposure.
A previous study by Boccaccini and Maquet (Ref 22) sug-
gested that the layer is HA. When coupled with the EDX
results shown in Fig. 7, it becomes clear that there is little
change in the composition of the alloy control. However,
there is a marked increase in calcium and phosphorous
on the alloy-bioactive glass composite coating surface.

Bioactive-Glass+Alloy

Fig. 7 EDX spectra: left: Ti-6Al-4V control and right: bioactive glass-alloy blend
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Fig. 8 FTIR spectra: left: Ti-6Al-4V control and right: bioactive glass-alloy blend
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Table 4 FTIR peaks assignments The combination of both techniques suggests the forma-
- tion of a surface layer with a chemical composition and :-DU
Bond type Wave numbers, cm References structure similar to that of HA, however, SEM/EDX Q
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Fig. 9 (a) XRD patterns: left: Ti-6Al-4V control, right: bioactive glass-alloy blend and (b) representative raw XRD pattern

Journal of Thermal Spray Technology Volume 20(6) December 2011—1349



3
=
2
]
c
w
8
Q

presented in Table 4. In the Ti-6Al-4V control coating,
there is no change in the peak profile as exposure time
increased. The major broad band at approximately
600 cm ™! is attributed to the presence of TiO, (Ref 23).
The series of bands between 1250 and 1000 cm ™" is due to
the presence of V,0;. In the bioactive glass-alloy com-
posite coating, the bands corresponding to (POs)™* (13
1050 cm™!, n4 600 cm ™', and n — 4 560 cm_l) are ob-
served after 7 days. Peaks were also observed for bioac-
tive glass (Ref 24, 25) in the bioactive glass-alloy
composite coatings. The peaks were assigned according to
the procedures outlined by other investigators (Ref 23-29).
The peak splitting of the 600-550 cm ™' band is indicative
of HA, as well as the carbonate peak at 875 cm ™' (Ref 23-
29). The FTIR spectra indicate the surface composition of
the samples. The sample surfaces, before treatment, are
predominately composed of TiO,, bioactive glass, and
V,0;. After treatment, there is very little change in the
control coating surface composition. These results suggest
that the bioactive glass-alloy composite coating initiates
the formation of HA.

3.3.3 X-ray Diffraction. XRD patterns are shown in
Fig. 9(a), where the background has been stripped and
filtered to allow peak identification. A representative un-
stripped and unfiltered pattern has been included in
Fig. 9(b). Peak assignments were determined according to
the guidelines provided in the Jade 7 XRD database. The
alloy control sample exhibited peaks for Ti, anatase, and
rutile phases of TiO, and V,0;. There were also peaks
present that correspond to a TiOg g9 and a (Tig;V.9)20s3.
There was no evidence of HA formation in the alloy
control after any immersion time investigated. When
coupled with the FTIR and SEM results, it became clear
that no HA had formed on the Ti-6Al-4V alloy control
after 14 days. The bioactive glass-alloy sample clearly
shows evidence of crystalline HA formation after 14 days.
The primary XRD peaks were observed at low intensities
after 7 days of exposure to SBF. Additional formation of
HA would require longer SBF exposure times.

4. Conclusions

This study demonstrates the effect of flame spray con-
ditions on the phases and morphology of the flame-
sprayed coatings produced by mixing 45S5 bioactive glass
and Ti-6Al-4V powder. The low-temperature spray con-
ditions were selected to prevent the bioactive glass from
crystallizing and to increase the porosity of the coatings.
The 15 wt.% bioactive glass-alloy blend was selected.

Work performed in this study demonstrates that flame-
sprayed coatings produced by mixing 45S5 bioactive glass
and Ti-6Al-4V powders results in in vitro surface miner-
alization of HA earlier than without the bioactive glass.
The pore sizes in both coatings are likely too small for
significant osseointegration to occur. However, the incor-
poration and eventual dissolution of bioactive glass may
lead to the formation of larger pores to enhance
mechanical interlocking of bone and the coating as bone
grows in place of the bioactive glass.

1350—Volume 20(6) December 2011

It is the authors’ opinion that this is a promising avenue
of pursuit for further research in the area of biomedical
implant coatings for bone fixation implants, although
much future work remains. This study may open the way
for coatings that are useful for load bearing applications
such as permanent dental implants.

This study is preliminary and a more exhaustive
investigation to increase pore size is required. This study
does not consider the mechanical stability of the coatings
and testing of the adhesion and fatigue behavior would be
required. Other studies involving the surface mineraliza-
tion rate and bio-mineral characteristics are also required.
Studies regarding the attachment of cells on the surface
must also be performed. Future work should focus on the
mechanical stability and strength of the coating as well as
improving the pore size and bioactive glass content of the
coating.
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