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Abstract

New Ti-5Ag and Ti-5Ag-35Sn (wt.%) alloys were designed and synthesized by three-
dimensional printing (3DP™) through liquid-phase sintering or liquid-tin infiltration, re-
spectively. The corrosion behavior of these alloys as well as of pure titanium was studied by
means of short- and long-term open-circuit potential and potentiodynamic measurements
during immersion in a saline solution at body temperature, as well as by Auger electron
spectroscopy (AES). Due to its relatively low porosity level and the presence of silver, the Ti—
5Ag alloy sintered at 1300°C exhibited good passivation behavior. However, the Ti-5Ag-35Sn
alloy, while exhibiting improved dimensional stability, suffered from a deteriorated corrosion
resistance. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Both clinical experience and research on metallic implants have indicated the
destructive effects of corrosion in human body. Corrosion affects the performance
and durability of the implant device, but it also releases products that may stimulate
an unpredicted biological response.

Titanium is the most widely used material for medical implants [1,2]. It is light
(p =4.51 gem™?), biologically and chemically inert, and has low electrical and
thermal conductivity (¢ = 2.3 x 10* Q 'em™! at 22°C, 1 =22 Wm™' K" at 27°C,
respectively) in comparison to other metals [3,4]. Titanium does not warm signifi-
cantly as a result of exposure to the magnetic field involved in magnetic resonance
imaging (MRI) testing. In addition, because it has a coefficient of thermal expansion
which is similar to that of the bone, MRI testing complications due to thermal ex-
pansion and distortion are minimized. Since titanium is weakly paramagnetic, image
interference in MRI or computed tomography (CT) scans is not observed [5]. The
ability to form surface passive films on titanium, and to retain them under conditions
of in vivo service, provides a protective barrier from corrosive environments and
characteristics that allow for histological osseointegration.

Three-dimensional printing (3DP™) is a process invented at MIT for the rapid
fabrication of three-dimensional parts directly from computer models [6-8]. Fig. 1
shows a schematic of this process, in which a solid object is formed by printing a
sequence of two-dimensional layers. The formation of each layer involves the
spreading of a thin layer of a powdered material, followed by selective joining of
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Fig. 1. A schematic of three-dimensional printing (3DP™) process.
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powder through printing of a binder material. Subsequently, the cylinder containing
the powder bed is lowered, allowing for the spread of the next layer of powder.
Unbound powder temporarily supports unconnected portions of the component,
allowing overhangs, undercuts and internal volumes to be formed. The unbound
powder is removed upon process completion, leaving the finished green part.

3DP™ offers several significant advantages over other processes for customized
fabrication of prostheses. First, it can form parts of almost any geometry; e.g.,
structures with complex geometry and/or small dimensions can be produced with
significantly more precision. In addition, it can be scaled-up both in size and rate
through the use of multiple nozzle printheads on a raster machine, and is adaptable
to different material systems.

In spite of these promising advantages, suitable material systems that exhibit the
vital combination of strength and biocompatibility have yet to be identified. Thus,
the objective of this work was to study the corrosion behavior of advanced Ti-based
alloys, designed and synthesized by 3DP™, with respect to their potential use for
biomedical applications.

2. Experimental details

Two types of alloys were designed and synthesized in the framework of this work —
Ti-5Ag made through liquid-phase sintering, and Ti—5Ag-35Sn made through liquid-
tin infiltration. A detailed description of design criteria and synthesis procedures is
given elsewhere [9].

In brief, due to its good sinterability and flowability, spherical atomized pure
titanium powder was selected as feedstock for the titanium alloys. The commercial
powder (99.9% pure, Surepure Chemetals, Florham Park, NJ) size was 60 + 15 pm in
diameter. Binders are used in 3DP™ to selectively join the powder particles together
during printing [10]. Four different wax- and acrylic polymer-based binders were
shown to introduce carbon contamination into the final sintered part [9]. To avoid
this problem, inorganic reactive binders were selected for use. Because silver exhibits
high solubility and diffusivity in titanium as well as acceptable biocompatibility, two
aqueous silver salt solutions were examined as potential binders. While silver car-
bonate (Ag,CO3) was shown to provide insufficient binding of the titanium particles,
a solution of silver nitrate (AgNO;) worked well and was used in this work. A 5.8 M
aqueous solution of AgNO; (Alfa Aesar, Ward Hill, MA) was deposited as droplets
into a titanium powder bed. The powder bed was subsequently heated for 1 h at
450°C under argon gas atmosphere in an alumina tube furnace. Under such con-
ditions, silver is reduced to form rigid necks between titanium powder particles. The
mechanical integrity of the sintered block material was evaluated by verifying that it
was undamaged after being placed in an ultrasonic bath (GT-120, LECO, St. Joseph,
MI) for a few minutes. The block material was then machined into thin samples with
large square faces.

Full densification of the printed material was achieved through either a final
sintering stage (Ti-5Ag) or liquid-tin infiltration (Ti-5Ag-35Sn). In the first case, the
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thin samples were sintered in a vacuum furnace at two different temperatures
(1150°C or 1300°C). Alumina powder bed encapsulation was used both to protect
the samples against oxidation and to reduce the temperature gradient around them.
A heating rate of 8°Cmin~' was employed up to 700°C, followed by heating at
2°Cmin~" up to the maximum sintering temperature, at which the samples were kept
for 1 h. Upon completion of the final sintering stage, the number of pores and their
size were measured by analyzing environmental scanning electron microscope (XL30
ESEM-FEG, Philips, Eindhoven, Holland) micrographs with an image analysis
software package (NIH Image 1.62, NIH, Bethesda, MD), following a standard
procedure [11]. The porosity (i.e., the volume fraction of pores) was found to in-
crease with decreasing sintering temperature (Fig. 2(a) and (b), Table 1).

In the case of liquid-tin infiltration, the printed Ti—-Ag material was infiltrated
with tin at 700°C under argon gas atmosphere. ESEM and X-ray diffraction (XRD)
observations revealed the presence of pure titanium particles surrounded by thin
layers of the Ti-7Ag-61Sn and Ti-67Sn (TisSns) phases. Typical microstructure of
the infiltrated alloy is shown in Fig. 2(c). Some Ti-Ag-Sn samples were further
homogenized at 750°C for 10 h under vacuum. The microstructure of the infiltrated
and homogenized alloy (Fig. 2(d)) was consisted of the Ti-67Sn (TigSns) and Ti—
57Sn (Ti,Sn) phases.

The corrosion behavior of the fully densified alloys, as well as of pure titanium
control samples, was characterized. The control samples were cut from a 3.175 mm
thick plate (Alfa Aesar, Ward Hill, MA), formed by a sequence of hot rolling, cold

Fig. 2. Back scattered electron images of Ti-5Ag alloys sintered at: (a) 1300°C, and (b) 1150°C. Secondary
electron images of: (c) infiltrated, and (d) infiltrated and homogenized Ti-Ag—Sn alloys.
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Table 1
Porosity and corrosion measurements of Ti-5Ag and Ti-5Ag-35Sn (wt.%) alloys. The equivalent values
for pure titanium are shown for comparison

Sample Fabrication Porosity® Eeors® (mV) icorr® (Acm™?)

Pure Ti¢ Rolling and annealing ~0 —380£42 (1.3+£0.3) x 1077
Ti-5Ag Sintered at 1300°C¢ 1.50+0.73 —210£ 35 (7.8+£0.2) x 1077
Ti-5Ag Sintered at 1150°C® 6.30 £3.30 —230 £ 31 (8.940.5) x 1077
Ti-5Ag-35Sn  Sn-infiltrated <0.8 —500 + 37 (53+£1.7) x 1076
Ti-5Ag-35Sn  Sn-infiltrated and homogenized  <0.8 —530+49 (4.6+£1.9) x 1076

#In percent. The mean and standard deviation were obtained by analyzing SEM micrographs with an
image analysis software package, taking into account seven fields in each sample.

®Vs. SCE (n = 4).

“The corrosion current density obtained from the potentiodynamic curve generated during the first
hour of immersion in saline solution (n = 4).

4 Control sample (plate).

° Heating rate: 2°C min~"'.

rolling and annealing operations. Electrochemical measurements were carried out on
specimens with an exposed area of approximately 1 x 1 cm?. Both open-circuit
potential and potentiodynamic measurements were carried out on four specimens to
ensure repeatability. Each specimen was prepared in three steps. First, a copper wire
was attached to the sample by both a silver paint and 5 Minute® epoxy. A glass tube
was epoxied to the sample to prevent exposure of the wire to the electrolyte. Next,
the sample was mounted in a cold mount resin. Finally, after curing, the specimen
was ground with 600 grit grinding paper. A standard three-electrode system was used
for the electrochemical measurements, with saturated calomel electrode (SCE) as the
reference electrode, and pure platinum foil as the counter electrode. A non-deaerated
saline solution (0.9% NaCl, pH 5.5), maintained at body temperature (~37°C), was
used as the electrolyte. The open-circuit potential (Eocp) was monitored for 20 min
using an electrochemical interface (Model SI 1286, Schlumberger, Hampshire, En-
gland). Subsequently, potentiodynamic measurements were carried out at a scan rate
of 1.0 mVs~! from —200 mV vs. Eocp to +1500 mV vs. SCE. The corrosion current
density was determined through extrapolation of the cathodic polarization curve
(potentiodynamic measurement).

To assess the long-term stability of the surface passive layer, another set of
measurements was carried out, in which Eocp was monitored for 20 days, while
samples as those described before were kept at 37°C. Finally, Auger electron spec-
troscopy (AES) depth profiles were obtained for pure titanium control samples and
Ti-5Ag samples sintered at 1300°C, before and after 20 days immersion. For this
purpose, samples were cut into 5 x 2 mm? pieces and ground with 600 grit grinding
paper. After being dried in a desiccator at room temperature, the samples were
Argon-ion sputtered at 2.0 kV and 10 mA cm~2. The chemical composition of the
surface was scanned at 1 min intervals until the oxygen level significantly decreased.
Then, the samples were immersed in a saline solution at 37°C for 20 days. Subse-
quently, AES experiments were repeated to identify any changes in either chemical
composition or thickness of the oxide layer.
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3. Results

Fig. 3 shows typical potentiodynamic curves for each of the five materials. From
this figure it is evident that the curves for the pure titanium control sample and for
the Ti-Ag alloy sintered at 1300°C are similar in shape, although the Ti-Ag alloy
exhibits a less active corrosion potential (E.). The Ti-Ag alloy sintered at 1150°C,
however, exhibits a less stable passivation (or metastable pitting) at high potentials.
With regard to corrosion current density (i), the Ti-Ag alloys sintered at either
1300°C or 1150°C exhibited higher values compared to the titanium control samples,
although of the same order of magnitude (Table 1). From Fig. 3 it is also evident that
the corrosion potential is much more active, and the corrosion current density is
higher, for the Ti-Ag—Sn alloys, either in the as-infiltrated or in the infiltrated and
homogenized conditions. Values of E.., and i, typical for the different materials
are summarized in Table 1.

Fig. 4 shows the typical time dependence of the open-circuit potential of all five
materials during long-term (20 days) immersion in a saline solution at 37°C. During
the first week of immersion, Eocp of pure Ti and the Ti-Ag alloy sintered at 1300°C
increased (i.e., became more noble) with time. After one week, a steady state was
attained in both cases. Over the whole 20 day period, the Ti-5Ag alloy sintered at
1300°C exhibited the less negative Eqcp among all five materials. The Eqcp of the Ti—
Ag alloy sintered at 1150°C as well as of the Ti-Ag—Sn alloys did not show a similar
distinct increase with increasing immersion period.

Fig. 5 shows AES depth profiles for pure Ti and Ti-Ag alloy sintered at 1300°C,
before and after 20 days of immersion in a saline solution at 37°C. The sputtering
time is proportional to the depth of removed material. However, the exact thickness
of surface layer could not be determined in the absence of a titanium oxide standard
of known thickness. Yet, the AES depth profiles indicate a slight increase in the
thickness of the oxide on pure Ti, but no increase in the thickness of the oxide on Ti—
Ag sintered at 1300°C. Furthermore, the outer layer of the oxide on the Ti—-Ag alloy
became significantly enriched with oxygen as a result of immersion.

4. Discussion

The dominant cathodic reaction in the non-deaerated saline solution can be es-
timated on the basis of the corrosion potentials measured for the different materials
(Table 1). From the Nernst equation for the hydrogen evolution reaction

Ey+ n, 1s approximately —0.57 V vs. SCE at pH 5.5. Because none of the samples
exhibited a corrosion potential which was more negative than —0.57 V vs. SCE,
hydrogen reduction was probably not a major cathodic reaction in this study.

Fig. 3 shows a similar shape of potentiodynamic curves for pure titanium and the
Ti—5Ag alloys. The corrosion potential of both Ti-5Ag alloys is higher than that of
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Fig. 3. Typical contours of potentiodynamic curves for the studied materials.
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Fig. 4. Time dependence of the open-circuit potential of the studied materials.

the pure titanium metal, as also evident from the long-term monitoring of Eqcp (Fig.
4). Fig. 4, however, shows that the Eqcp of the Ti-5Ag alloy sintered at 1150°C
becomes smaller than the Eqcp of pure titanium after almost four days of immersion
in saline solution. In principal, the Ti-Ag system may represent galvanic coupling
between a passive metal and a noble metal. Typically, coupling of titanium with
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Fig. 5. Auger electron spectroscopy depth profiles before and after 20 days of immersion in a saline
solution at 37°C: (a) pure Ti before immersion, (b) pure Ti after immersion, (c) Ti-Ag sintered at 1300°C
before immersion, and (d) Ti-Ag sintered at 1300°C after immersion.

noble metals such as platinum, gold, or palladium results in spontaneous passiva-
tion, since these noble metals act as good catalysts (i.e., have higher exchange current
densities, i;) for the hydrogen and oxygen reduction (cathodic) reactions. The
presence of 5 wt.% Ag (standard reduction potential, Egg =0.799 V vs. SHE) may
thus be enough to raise the corrosion potential of the Ti-Ag system. Because sin-
tering at 1300°C results in a more chemical homogeneity in comparison to sintering
at 1150°C, the mentioned effect of silver on the corrosion potential is more significant
for the former alloy. It should be noted that a non-deaerated solution was used for
this study. If the solution was deaerated, however, the combination of a more sig-
nificant contribution of the hydrogen reduction reaction and a corrosion potential
increase due to the presence of Ag could have stabilized the Ti-Ag system in the
passive region. Thus, the positive effect of adding silver, in terms of corrosion be-
havior, could have become even more distinct.

In terms of corrosion current density, the values for both Ti-5Ag alloys were
higher than that for pure titanium (Table 1). This difference can be explained in
terms of the real surface area in contact with the electrolyte. The porosity in both Ti—
5Ag alloys makes the real surface area larger, thus increasing the corrosion current
density. Furthermore, because the Ti—-5Ag alloy sintered at 1150°C has more as well
as bigger pores on the surface, localized breakdown of the passive layer is evident
from its potentiodynamic curve (Fig. 3). It is well known that for high-porosity
compact samples, the morphology of surface porosity (e.g., open channels), as well
as the size and number of pores, affect the occurrence of localized corrosion [12].
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Ti-Ag—Sn alloys also exhibit a galvanic couple behavior. However, this behavior
is much different from the one observed for the Ti—Ag system, as evident from the
different shape of potentiodynamic curves in both cases (Fig. 3). At a constant po-
tential, the cathodic polarization curve of Sn typically exhibits a lower current
density, while the anodic polarization curve of Sn exhibits a much higher current
density, compared to Ti [13]. Therefore, the corrosion potential is likely determined
by Sn anodic reaction and Ti cathodic reaction. Consequently, the Ti—-Ag—Sn alloys
do not exhibit any passivation before the dissolution of tin is significantly increased.

From long-term open-circuit potential measurements (Fig. 4), both the pure Ti
control sample and the Ti-5Ag alloys exhibited an increased Egcp with increasing
time. Because the oxygen reduction rate on a titanium surface is much lower com-
pared to any other oxidizers, about a week may be required for the reduction re-
action to attain steady state. Silver seems to have no significant effect on the kinetics
of steady state passivation, as the difference between Eqcp values for pure titanium
and for the Ti-5Ag alloy sintered at 1300°C remained approximately constant over
the 20-day immersion period. The addition of Sn, however, affects the kinetics of
attaining steady state passivation.

From the Pourbaix diagram for the Ti-water system at 25°C [14] it is evident that
titanium hydroxide, Ti(OH);, or titanium oxide, TiO,, are expected to be thermo-
dynamically stable under conditions of pH 5.5 and non-deaerated solution. The
natural passive film formed on titanium when exposed to different synthetic physi-
ological solutions is typically a few nanometers thick, and contains a relatively high
concentration of oxygen vacancies. The titanium oxide layer may be described as an
n-type semiconductor containing anion vacancies (Fig. 6) [13]. It is known that the
kinetics of titanium corrosion in neutral solutions is controlled by migration of
oxygen vacancies across the oxide film. Thus, a thick TiO, film containing a low
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Fig. 6. Processes across an n-type anion vacancy titanium oxide film.



1790 S.-B. Hong et al. | Corrosion Science 43 (2001) 17811791

concentration of oxygen vacancies will lead to a very slow mass transport rate across
the film [15]. It is also anticipated that the basic oxidation reaction would usually
take place at the oxide/metal interface following oxygen anions migration [16].

On the basis of the aforementioned model for an n-type titanium oxide layer and
AES results for pure titanium control samples and Ti—5Ag alloy sintered at 1300°C
(Fig. 5), the increase in Eocp with increasing immersion time may be related to a
decrease in the passivation current density. With regard to pure titanium, as the
surface oxide layer becomes thicker, the kinetics of mass transport through the layer
becomes slower, thus resulting in a decrease in the passivation current density. On
the other hand, silver enhances the oxygen anion uptake in the oxide layer on Ti-
5Ag alloy, thus consuming oxygen anion vacancies. This vacancy deficit may result
in a reduced passivation current density.

5. Conclusions

In this study, new Ti-5Ag and Ti—5Ag-35Sn alloys were designed and synthesized
by 3DP™ through liquid-phase sintering or liquid-tin infiltration, respectively.
Based on results of in vitro electrochemical measurements and surface analysis, while
comparing to results for pure titanium control samples, the following conclusions
were drawn:

1. Due to its relatively low porosity level and the presence of Ag, Ti-5Ag alloy made
by 3DP™ and sintering at 1300°C exhibits good passivation behavior in an en-
vironment simulating body conditions. On the other hand, Ti-5Ag alloy made
by 3DP™ and sintering at 1150°C shows inferior corrosion behavior due to higher
porosity level and a less homogeneous distribution of silver.

2. Tin infiltration, while improving the dimensional stability of the material, de-
teriorates its corrosion resistance. Therefore, it does not seem a promising
approach for the fabrication of titanium-based prostheses.

3. Ti-5Ag alloy made by 3DP™ and sintering at 1300°C seems to be a good candi-
date for the customized fabrication of prostheses. Thus, cell culture and/or animal
studies should further be carried out to confirm biocompatibility.
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