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ABSTRACT
Three important considerations in the fabrication
of customized cranio-maxillofacial prostheses are
geometric precision, material strength, and
biocompatibility. Three-dimensional printing
(3DPTM) is a rapid part-fabrication process that
can produce complex parts with high precision.
The aim of this study was to design, synthesize by
3DPTM, and characterize a new Ti-5Ag (wt%)
alloy. Silver nitrate was found to be an appropriate
inorganic binder for the Ti powder-based skeleton,
and the optimum sintering parameters for full
densification were determined. The hardness of
the Ti-5Ag alloy was shown to be much higher
than that of a pure titanium sample. Potentiodynamic measurements, carried out in saline
solution at body temperature, showed that the Ti5Ag alloy had good passivation behavior, similar
to that of pure titanium. It is concluded that the TiAg system may be suitable for fabrication of
customized prostheses by 3DPTM.
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A New Ti-5Ag Alloy
for Customized Prostheses
by Three-dimensional Printing
3DPTM)
INTRODUCTION
This study investigated the potential for 3DPTM fabrication of customized
complex cranio-maxillofacial prostheses with the use of a new titaniumbased alloy. Currently, anatomical reconstruction for the treatment of
extensive and complex anatomic bony defects in the cranio-maxillofacial
structure involves either autogenous bone graft or implantation of artificial
prosthetics made from various biomaterials (i.e., alloplastic implants). While
autogenous bone grafts provide tissue compatibility, autograft availability is
limited for large defects, and secondary surgery, bone resorption, and donor
site morbidity are concerns (Binder and Kaye, 1994). Consequently, alloplastic
implants have become an integral part of craniofacial reconstruction.
Titanium is widely used for cranioplasty and oral/maxillofacial repair
(Toth et al., 1988; Chandler et al., 1994). It possesses low density, good
mechanical properties (e.g., high modulus of elasticity, toughness, and fatigue
strength), and biological and chemical inertness. In addition, because of
favorable thermal and magnetic properties, titanium is compatible with
magnetic resonance imaging (MRI) and computed tomography (CT) scanning.
The oxide layer on the surface of titanium and its alloys provides corrosion
resistance and allows for histological osseointegration (Sullivan et al., 1994).
However, because osseointegration of titanium implants takes a long time
(typically from 3 to 6 months), they are often coated with hydroxyapatite [HA,
Ca10(P04)6(0H)2]. This bioactive ceramic is more osteoconductive than the
titanium surface and can form direct bonds with adjacent hard tissues, leading
to an earlier fixation of the implant. Yet, the long-term survivability of HAcoated implants is still controversial, since some clinical reports have indicated
failures caused by coating resorption or fatigue.
Three-dimensional printing (3DPTM) is a process for the rapid
fabrication of three-dimensional parts directly from computer models
(Sachs et al., 1992a,b, 1993). An accurate three-dimensional computer
model of a customized prosthesis can be designed with the use of a set of
CT slices (Fig. 1). This Fig. shows the skull of a patient (13 yrs 7 mos
old at the time of scanning) exhibiting congenital multiple defects.
Although titanium hardware may not be appropriate for a growing skull,
the Fig. clearly demonstrates the potential of 3DPTM for the fabrication of
customized cranio-maxillofacial prostheses. The prosthesis model is
digitally sliced into discrete cross-sections for 3DPTM. The 3DPTM
process starts by the spreading of a thin layer of powdered material,
which is followed by selective joining of the powder by the printing of a
binder material in areas delineated by the model cross-sections. As this
process is repeated layer by layer, unbound powder provides temporary
support for part overhangs, undercuts, or internal volumes. This unbound
powder is removed upon process completion, leaving the finished
"green" (packed) part.
Several significant advantages of 3DPTM over other processes in
customized prosthesis fabrication include: an ability to produce complex
geometry and small dimensions with high precision (e.g., feature-size
resolution on the order of 100 microns, which is not attainable in casting or
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Figure 3. Typical potentiodynamic curves for Ti 5Ag (wt%) alloy made
by 3DPT. and sintered at either 1 300 or 1] 50'C The equivalent curve
for the pure titanium control sample is shown for comparison The Ti5Ag alloy sintered at 1 300"C exhibits the lowest corrosion current
density and the most noble corrosion potential.
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Figure 2. Typical SEM micrograph showing the binding of titanium
particles by silver necks following sintering of the titanium powder and
silver nitrate binder at 450 C.
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corrosion current density. Typical values of the rest potential
and the corrosion current density are shown in the Table.

DISCUSSION
Characterization of the as-received titanium powder provided
several promising indications as to its applicability to 3DPTM
fabrication. First, the small powder diameter allows for
reduction of the minimum thickness of printed layer attainable.
The large surface area of such powder should also provide a
large driving force for sintering. Second, the smooth surfaces of
the particles should enhance powder flowability and, hence,
printability. The flowability can also be improved by the
presence of a thin oxide layer with higher hardness and lower
friction coefficient on the surface of the titanium powder.
Finally, the angle of repose measured in this work is smaller
than 25 deg, a threshold value above which a smooth powder
bed is difficult to achieve (Hong, 2000).
The aqueous solution of silver nitrate was found to be a
good binder for prosthetic fabrication by 3DPTM. It formed
strong interparticle silver necks at temperatures lower than
the initial sintering temperature of titanium powders, and did
not introduce carbon contamination. The good particle
binding provided by this binder may be related to the wide
gap between its melting temperature (212°C) and its
decomposition temperature to form solid silver (444°C). This
binder, however, has a significant drawback that has to be
considered. Because of the high corrosiveness of this
solution, it causes some irritation to human skin and is
destructive to the 3DPTM equipment. Thus, a safe printing
procedure has to be established. Since the conventional type
of high-speed bubble-jet printhead is not recommended for
use with silver nitrate, the use of a piezo-based printhead is
currently being studied.
Suitable parameters (temperature, heating rate, and time at
maximum temperature) for the final-stage sintering of the Ti5Ag alloy were determined in this work. The sample that was
sintered at 1300°C for 1 hr at a heating rate of 2°C/min
exhibited both fairly low porosity (1.50% + 0.73%) and a
narrow distribution of pore size.
The sintered Ti-Ag alloy exhibited high hardness, a
desirable property of materials for prosthesis construction. Basic
design criteria for surgical prostheses also require that the
material be sufficiently inert in the in vivo environment. For
most metallic biomaterials, including titanium, corrosion
resistance is derived from their ability to form surface-passive
films and to retain them under the in vivo environment. The
half-cell electrode potential for hydrogen evolution obtained
from the Nemst equation (Jones, 1996) at pH 5.5 is -0.56 V (vs.
SCE). Because the corrosion potential values measured for all
samples were less negative than this value, it may be assumed
that oxygen reduction is the major cathodic reaction. It should
be noted that because oxygen reduction is more oxidizing than
hydrogen evolution in the saline solution, the absence of deaeration (e.g., by nitrogen gas bubbling) in this work resulted in
a relatively corrosive environment. Yet, the Ti-5Ag alloy
exhibited a more noble rest potential in comparison with pure
Ti, probably due to the higher exchange current density for
hydrogen/oxygen reduction on silver than on titanium. The
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slightly more noble rest potential for the sample sintered at
1300°C in comparison with the one sintered at 1150°C may be
attributed to a more even distribution of silver in the former.
With regard to corrosion behavior, the Ti-5Ag alloy looks
promising. However, it should be noted that corrosion resistance
is only a partial indication of biocompatibility. Cell culture
and/or animal studies should be carried out before implantation
of any prosthesis into human bodies.
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