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Abstract 

The aerospace, energy, and chemical industries have 
benefitted from favorable applications of titanium and 
titanium alloys since the 1950's. Only about 15 years 
ago, researchers began investigating titanium as a mate
rial with the potential for various uses in the dental field, 
mainly because of its proven biocompatibility and other 
attractive properties. The present review examines up
dated information on the use of titanium in a major area 
of dentistry. Titanium-based alloys used for casting, 
casting equipment and procedures, casting investment 
materials, and porcelain veneering are discussed. Infor
mation about advances made in techniques other than 
casting, which could widen the applications of this metal 
to dentistry , is also included. 
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Introduction 

Compared to the metals and alloys commonly used 
for many years for various industrial applications, tita
nium is a rather "new" metal. Before the success of the 
Kroll process in 1938, no commercially feasible way to 
produce pure titanium had been found. The use of tita
nium alloys has increased since then, mainly because of 
their good mechanical properties, which include high 
strength, stiffness, and ductility, along with excellent 
corrosion resistance (ASM, 1961). The biocompatibility 
of titanium has been well recognized since 1940 (Bothe 
et al., 1940; Leventhal, 1951 ; Clarke and Hickman, 
1953), and the explanation for its excellent biocompati
bility has recently been reviewed by Hanawa and Ota 
(1992). Therefore, this metal has long been a highly 
potential candidate for the manufacture of medical in
struments and implants. Williams (1981) stated that ti
tanium is essentially a physiologically indifferent metal 
and that it seems neither to be an essential dietary ele
ment nor to have any significant toxic or irritant effects 
on tissue. In the 1960's, the first commercial titanium
containing orthopedic implant material was produced in 
Europe (Lechner, 1991). Titanium and its alloys gradu
ally became materials of great interest to dental re
searchers, first in the U.S. and then in Japan and 
Europe. As a result, numerous fmdings were made in 
the technology of casting titanium, development of vari
ous casting machines, and formulation of special invest
ment materials necessary for preventing the oxidation of 
titanium. 

As early as 1959, Beder and Ploger (1959) suggest
ed how titanium dental castings might be produced using 
a centrifugal casting machine with induction heating 
housed in a vacuum chamber and why this would be 
worth doing. Finally in 1977, at the NIST [National 
Institute of Standards and Technology (then NBS, the 
National Bureau of Standards)], Waterstrat (1977) suc
cessfully cast experimental partial dental frames using a 
Ti-Cu (13 wt%)-Ni (4.5 wt%) alloy by melting it in an 
induction furnace under a reduced atmosphere (approxi
mately w-2 torr). This work was accomplished with the 
cooperation of the Garrett Corporation, Air Research 
Manufacturing Company in Arizona. This alloy was 
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Table 1. Selected mechanical properties for grades 1-4 CP wrought titanium and for 
types I-IV dental casting gold alloys 

0.2% Yield 
Material Strength 

(MPa) 

CP Titanium Grade 1 1708 

Grade 2 2808 

Grade 3 3808 

Grade 4 4808 

Gold Alloys Type I 100-110c 

Type IT 150-185c 

Type ill 200-240c 

Type IV 277-310c 

8Numbers obtained from Donachie (1988, p. 14 and 353). 

cNumbers obtained from Craig (1993, p. 395). 

Table 2. Impurity limits (wt. %) in unalloyed titanium•. 

Designation N c H 0 Fe 

ASTM Grade 1 0.03 0.10 0.015 0.18 0.20 

ASTM Grade 2 0.03 0.10 0.015 0.25 0.30 

ASTM Grade 3 0.05 0.10 0.015 0.35 0.30 

ASTM Grade 4 0.05 0.10 0.015 0.40 0.50 

•Numbers obtained from Donachie (1988, p. 14). 

chosen mainly because of its lower-melting nature [ap
proximate melting temperature: 2,425°F (1,331 °C)] 
which is comparable to that of nickel-chromium alloys 
(Craig, 1993, p. 426). In this study, a wax pattern was 
coated using a mixture of yttrium oxide and potassium 
silicate solution; it was reported that the oxide formed 
on the surface of the casting appeared to be minimal. 
After that time, Waterstrat occasionally continued his 
efforts to examine various factors affecting dental tita
nium casting in collaboration with Northwestern Univer
sity researchers (Waterstrat et al., 1978; Waterstrat and 
Giuseppetti, 1985; Rupp et al., 1987; Mueller et al., 
1988, 1990). The group at Northwestern, who had initi
ated investigations of titanium casting, was headed by 
Greener (Greener et al., 1986; Taira et al., 1989; 
Takanashi et al., 1990). At about the same time that 
Waterstrat performed his work with titanium, Ida's 
group at Kyoto University, Japan, began experimental 
casting using the Castmatic machine developed by Oka
moto Dental Laboratory and lwatani and Company, Ltd. 
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Ultimate Tensile 
Elongation Elastic 

Strength Modulus 
(MPa) 

(%) 
(GPa) 

2408 248 103-107b 

3408 208 103-107b 

4508 188 103-107b 

5508 158 103-107b 

285-315c 25-30c 77.2d 

315-375c 26-35c ---
400-450C 30-40c lOOd 

470-520C 30-35c 99.3d 

bNumbers obtained from Boyer et al. (1994, p. 178). 

dNumbers obtained from O'Brien (1989). 

(Takeuchi et al., 1978). His group remained at the fore
front of Japanese casting research until studies of dental 
titanium "exploded" in Japan in the mid-1980's. In Eu
rope, some dental titanium studies, paralleling the re
search activities in the U.S. and Japan, were performed 
at various dental laboratories, universities, and other 
institutions. The first international conference on tita
nium was organized in 1990 by Weber and Monkmeyer 
in Germany. Among the leaders in this activity were 
Weber's group at the University of Tiibingen, a dental 
clinician, Hruska (in Rome), and other researchers such 
as Bergman (in UmeA, Sweden), Monkmeyer (in Frank
furt, Germany), Meyer (in Geneva, Switzerland), and 
Hen~ (at NIOM, Norway). 

During the last ten years, a tremendous number of 
research papers have been published on dental titanium; 
within the last three years, several scientists and 
research teams have reviewed these topics and presented 
much information about the application of titanium to 
dentistry (Waterstrat, 1987; Greener, 1990; Stoll et al., 
1991; Probster et al., 1991; Lautenschlager and 
Monaghan, 1992; Hamanaka, 1993; Meyer, 1993; 
Miyazaki, 1993). 

Although some major difficulties still remain, in
cluding problems regarding its clinical use (Tani, 1991), 
the use of titanium and its alloys for dental protheses 
holds much promise in the development of materials for 
dentistry. The present paper focuses on some of these 
recent developments in dental titanium technology, 
including developments in titanium-based alloys for 
casting, casting equipment and methods, investment 
materials, and porcelain veneering. A summary of the 
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Table 3. Some properties of titanium before and after casting (from Ida, 1991). 

Material Investment 

Pure Titanium Grade II 
Before Casting 
After Casting Magnesia 

Phosphate-bonded Silica 

Ti-6Al-4V Alloy Before Casting 
After Casting Magnesia 

progress made in techniques other than casting, which 
have widened the applications of this metal to dentistry, 
is also included. 

Dental Applications of Titaniwn by Casting 

Materials for casting 

Typical values of yield strength, ultimate tensile 
strength, elongation, and elastic modulus for the four 
grades of commercially pure (CP), unalloyed, wrought 
titanium (99.5%) (ASTM standard) and those for the 
four different types of dental casting gold alloys are 
compared in Table 1. When the properties of each 
grade of CP titanium are compared with each type of 
gold alloy, it can be seen that CP titanium has similar 
strength and higher yield strength than each correspond
ing type of gold alloy. It is also worth noting that CP 
titanium higher than grade 2 is less ductile than the gold 
alloys with corresponding numbers. Therefore, unlike 
dental casting metals, the unalloyed, "pure" form of tita
nium can be used for fabricating crowns, onlays, 
bridges, etc. As a result, many titanium casting studies 
have been initiated with CP titanium. Titanium exhibits 
an allotropic phase transformation at 882 ± 2°C 
(Murray, 1987) in which a hexagonal close-packed (hcp) 
(a phase) structure is transformed into a body-centered 
cubic (bee) structure (/3 phase) as the temperature is 
raised above that temperature (Donachie, 1988, p. 28, 
133). Even rapid quenching does not suppress the {3 -
a phase transformation. Thus, a pure titanium casting 
has an a-hcp structure near room temperature. Howev
er, the addition of certain alloying elements to titanium 
permits the {3 phase to stabilize; some alloys contain a 
two-phase (a + {3) structure at room temperature. This 
two-phase structure allows for more refinement in the 
casting, and because of its optimal microstructure, an 
excellent combination of strength and ductility is 
achieved. The {3 alloys are in a metastable state which 
tends to transform to the two-phase equilibrium micro
structure. Some {3 alloys have also been examine-d for 
dental applications (Okuno, 1988a) because of their 
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Tensile Elongation Vickers 
Strength (%) Hardness 
(MPa) (Hv) 

421 25- 36 137 
490- 539 16 - 18 150- 160 

510 2 161 

1,078 11 264 
882- 980 4-7 290- 310 

strength resulting from the intrinsic strength of the {3 
structure (for example, high yield strength) and because 
of increased malleability attributed to the body-centered 
cubic structure. 

Alpha and near-alpha alloys. The a-phase alloy 
that has been most commonly examined is commercially 
pure (CP) titanium. Commercially pure titanium, in
cluding near-alpha titanium alloys, generally exhibits the 
best corrosion resistance. These are also the most weld
able of the titanium/titanium alloy family (Donachie, 
1988, p. 159, 162). The mechanical properties of a ti
tanium can be altered using different cooling rates after 
annealing at temperatures higher than that for the a - {3 
phase transformation; these cooling rates can produce 
structures with vnrious grain morphologies and therefore 
produce titaniuo1 with varying strengths (Donachie, 
1988, p. 162). However, the presence of a minimal 
amount of interstitial elements such as hydrogen, oxy
gen, nitrogen, and carbon can affect the mechanical 
properties in a much more distinct manner. Even a con
centration of approximately 0.15 wt% hydrogen pro
duces detectable embrittlement due to the precipitation of 
titanium hydride when the alloy is slow-cooled in an 
a-phase region (for example, 400°C). This is why the 
maximum allowable hydrogen content in each grade of 
unalloyed titanium is specified in the ASTM standard to 
be no greater than 0.015 wt% (Table 2). Table 2 lists 
the allowed impurity limits for each of the unalloyed 
grades of CP titanium. Small amounts of carbon (up to 
0.3 wt%), oxygen (up to 0.8 wt%), and nitrogen (up to 
0.4 wt%) all strengthen titanium appreciably but reduce 
its ductility (Donachie, 1988, p. 159, 162). Thus, as the 
amounts of oxygen and nitrogen increase, the elongation 
decreases, as seen in the ASTM standard (Table 2). 
Note that among these four elements, the allowable 
amount of hydrogen is one order of magnitude lower, 
indicating the importance of controlling the hydrogen 
concentration. Even aging titanium with 100 ppm hy
drogen at 25°C (7rF) was reported to cause embrit
tlement (Donachie, 1988, p. 162). Also note that the 
amount of iron is specified in each grade of titanium 
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Table 4. Selected properties of some cast dental alloys (from Okuno and Hamanaka, 1989). 

Alloy Casting Yield Tensile Elastic 
Resilience Hardness Investment Mold Temp. strength strength Elongation modulus 

(%) (J/m3) (Hv) CC) (MPa) 

Ti (Grade 1) 
R.T. 277 

Magnesia 800 286 

Ti-Cr-Si 
Phosphate- R.T. 809 

bonded Silica 800 669 

Ti-Pd-Cr 
Phosphate- R.T. 680 

bonded Silica 800 659 

Co-Cr 710 

Ni-Cr 690 

Gold Alloy Type IV 493 

because the oxygen and iron contents principally deter
mine the strength level of CP titanium. An important 
fact about these impurities is that the mechanical proper
ties of titanium after casting often deviate from what is 
observed in pure CP titanium ingots before casting 
(Table 3) (Ida, 1986): tensile strength and hardness fre
quently increase, whereas elongation significantly de
creases to a degree that is dependent on the types of 
casting machine, crucible, and investment material used. 
Thus far, it has been explained that these changes in 
properties after casting were attributed to the incorpora
tion of oxygen during the melting and casting processes 
(Ida, 1986). In Table 3, it can be seen that a similar 
trend has also been observed for the titanium alloy 
Ti-6Al-4V. Therefore, casting needs to be performed 
under very precisely controlled conditions. 

Unalloyed titanium is not the only form of titanium 
consisting solely of a-phase grains. When titanium 
alloys contain elements which stabilize the a phase, the 
maximum temperature at which the a phase is stable in
creases. Therefore, the binary a or near-a alloy has a 
phase diagram of a simple peritectic or a peritectoid sys
tem as classified by Molchanora (Collings, 1988). Some 
common a-stabilizing elements are aluminum, oxygen, 
nitrogen, carbon and boron. Some a or near-a titanium 
alloys have been examined for use in dental castings by 
several investigators (Waterstrat, 1977; Ida et al., 1983; 
Okuno et al. , 1985; Taira et al., 1989); the alloy sys
tems investigated included Ti-Ag (up to 50 wt% ), Ti-Cu 
(up to 30 wt%), and Ti-13Cu-4.5 Ni . The addition of 
copper to titanium is not recommended since the alloys 
are brittle (probably due to the precipitation of Ti2Cu), 
although copper is considerably more effective in reduc
ing the liquidus temperature (Okuno et al., 1985). In 
contrast to copper, the addition of silver did not make 
alloys brittle, and some ductility was maintained. 

(MPa) (GPa) 

347 43.5 104 0.37 115 
354 29.0 114 0.36 129 

938 14.5 110 2.79 320 
874 5.6 111 2.02 318 

850 10.3 109 2.12 263 
880 5.0 107 2.03 261 

870 1.6 224 1.13 432 

800 3.8 182 1.31 300 

776 7.0 90 1.35 264 
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Beta alloys (metastable beta alloys) . Alloying tita
nium with beta stabilizers results in the stability of the 
beta phase at lower temperatures. The phase diagrams 
of beta alloys usually have partial miscibility in the a 
and {3 phases and eutectoid decomposition of the {3 
phase. Many elements, including: Au, Ag, Co, Cr, Cu, 
Fe, Mn, Mo, Nb, Ni, Pd, Si, Ta, V, and W, exhibit 
this beta-stabilizing effect when alloyed with titanium 
(Collings, 1988; Okuno, 1988a). None of the elements 
is able to form 100% pure {3 phase at room temperature; 
however, in some of the alloy combinations, a metasta
ble {3 phase may be retained since the {3 -+ a transforma
tion in these alloys is usually slow. Cold working at 
ambient temperatures or heating to elevated temperatures 
can cause partial transformation of the {3 phase to the a 
phase. In general, one advantage of the {3 phase alloys 
is that they have lower fusion temperatures since the 
solubility of alloying elements is often extensive (Okuno, 
1988a); they can be strengthened, if needed, by solution 
heat treatment. These alloys have excellent forgeability 
at elevated temperatures and good cold-formability be
cause of their crystal structure (bee). These mechanical 
properties indicate that the {3 titanium alloys s~m to be 
excellent candidates for dental casting alloys. System
atic work on binary {3 titanium alloys was initiated by 
Okuno et al. (1985) and Okuno and Hamanaka (1989). 
They examined various binary and ternary titanium al
loys employing Co, Cr, Fe, Mn, Pd, and Si as {3 stabi
lizers. They suggested that Ti-20Cr-0.2Si and 
Ti-25Pd-5Cr would be well suited for casting fixed 
bridges, clasps, and denture frameworks for removable 
prosthodontics, as can be seen in the comparison of the 
mechanical properties of these alloys with those of the 
type IV gold alloys (Table 4). Another {3 titanium alloy, 
the Ti-V (15%) alloy, was investigated by Taira et al. 
(1989). Castings made using this alloy and a phosphate 
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investment with a Y 20 3 or Zr20 3 coating technique 
showed high tensile strength (- 1000 MPa) with only 
1. 7% elongation. No report appears to have been pub
lished with re:spect to the castability and corrosion 
resistance of these alloys mentioned above. 

Alpha-beta alloys. The addition of enough {3 stabi
lizer to titanium results in the formation of a + {3 phase 
structures. These alloys retain a hard {3 phase in the 
relatively soft a phase precipitated during cooling; the 
specific amount of these phases depends on the type and 
quantity of {3 stabilizers present and on the heat treat
ment. The result is an alloy of high strength in which 
formability is not sacrificed. One of the most successful 
a-{3 alloys is Ti-6Al-4V, which has an excellent combi
nation of strength, toughness, and corrosion resistance 
(Donachie, 1988, p. 31). This alloy has been popular 
for various industrial uses including aerospace applica
tions, aircraft turbines, compressor blades and disks. 
Aluminum is one of the a stabilizers which increase 
strength without reducing elongation and toughness when 
alloyed to a maximum of 6 wt% titanium; the addition 
of vanadium contributes solid-solution strengthening of 
the {3 phase and the capability of solution treating and 
aging in the a- {3 region (Okuno, 1988a). Some investi
gators have examined this alloy for use in various dental 
applications. When cast, using an investment casting 
technique similar to the one that Taira et al. (1989) used 
for the {3 Ti-V alloy casting, the Ti-6Al-4V alloy exhib
ited properties similar to the Ti-V alloy (Okuno, 1988a). 
Okuno (1988a) found that the cast Ti-6Al-4V alloy bad 
significantly higher strength but lower ductility com
pared to a wrought form of the alloy as reported by Ida 
(1986) (Table 3). Considering the excellent strength ob
tained, Okuno (1988b) suggested that this alloy could be 
used for fabricating partial denture frameworks and even 
complete cast denture bases. 

Cast appliances made from an alloy such as 
Ti-6Al-4V are strong enough for dental prosthodontic 
applications, and therefore, it may not be necessary to 
further strengthen the alloy for dental applications. 
However, for fabricating complete denture bases and 
multiple-unit bridges where greater strength is required, 
the heat treatment processes may become important, de
pending on the titanium alloy systems used in dental tita
nium casting. Also, careful consideration must be given 
to the structural changes of the titanium alloys in case a 
ceramic coating is applied at a high temperature. In 
using a titanium alloy, one should keep in mind that im
portant differences in the behavior of molten metal exist 
between the pure state of titanium and a titanium alloy. 
For instance, the addition of alloying elements to a pure 
metal always decreases "fluidity" and therefore, castabil
ity. According to Flemings (1974), this is because so
lidification no longer takes place with a planar surface. 
The dendrites that form create more resistance to fluid 
flow at an earlier stage of solidification. Although this 
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statement is only true if the same casting conditions are 
used for both metals, careful examination is needed 
when selecting an alloy system for titanium casting. 

Casting machines 
Because of the inherent properties of titanium that 

made it difficult to melt and cast this metal, traditional 
dental casting machines that cast in air with conventional 
ceramic crucibles and investment materials could not be 
used; more specialized casting equipment and mold ma
terials developed solely for this purpose were required. 
Casting problems arose from several factors: the high 
melting point of titanium (1670°C, Murray, 1987); the 
strong chemical affinity of titanium with gases such as 
oxygen, hydrogen, and nitrogen; the high reducing abili
ty of titanium; the unusually high solubility of some 
gases (oxygen, for example) in titanium; and the relative 
low density of titanium. Therefore, improvements in 
conventional dental casting methods were required to 
overcome these problems. From the many innovative 
ideas which have evolved in ihe titanium industry over 
the last 30 years, some important features introduced for 
dental titanium casting were: selecting heat sources high 
enough for fusing titanium; isolating the molten metal 
from air; developing a container which reacts very little 
or does not react at all with the molten titanium; and 
finding new ideas for delivering the molten metal into 
the mold at the desired velocity. 

More than ten different casting machines for dental 
titanium alloys are currently available on the market. 
These machines can be classified according to the 
melting methods and the casting processes they use 
(Hamanaka, 1993). In all of them, melting is performed 
under an inert gas (usually argon because of its price) in 
order for the highly reactive titanium melt not to react 
and "absorb" oxygen and nitrogen from the atmosphere. 
To reach the high melting point of titanium, electric arc 
melting or high-frequency induction melting methods are 
used. In order to pour the molten metal into the mold 
during the casting process, either a differential gas pres
sure mode or centrifugal force casting is employed. By 
combining these melting and casting techniques, four 
different types of machines have been developed. Table 
5lists representative commercial casting machines which 
correspond to each of the four different operating 
modes. Crucibles made of copper (in the Autocast, 
Castmatic, Cyclarc, and Tycast 3000), ceramic (in the 
Titaniumer, Argoncaster, and Arvatron) or carbon (in 
the Ticaster) are used to contain the molten titanium 
alloys. A detailed explanation of the Tycast 3000 
(Brodersen and Prasad, 1992) is given in articles such as 
ones by Prasad et al. (1994) and Takanashi (1993). 

In the electric arc/gas pressure casting equipment 
(such as the Castmatic), the equipment consists of two 
chambers: (1) an upper melting chamber which houses 
a copper crucible and a tungsten electrode [in a more 
recent Castmatic model, an improved copper crucible 
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Table 5. Titanium Casting Systems 

Melting Casting 

Electric Arc Gas Pressure 

Centrifugal Force 

High Frequency Induction Gas Pressure 

Centrifugal Force 

with tilting capacity is used (Hamanaka, 1993)], and (2) 
a lower casting chamber connected to the upper chamber 
by placing the invested mold so that the opening in the 
mold matches the opening at the center of the copper 
crucible. After placing the piece of titanium ingot to be 
melted in the crucible, both chambers are evacuated, and 
argon gas is then introduced into the melting chamber. 
The pressure of the argon in the upper chamber is ad
justed, and heating is initiated with the argon arc gener
ated between the titanium piece and the non-consumable 
tungsten electrode aligned at the center of the titanium 
piece; the titanium is then arc-melted at a temperature 
which is reported to be as high as 6000°C (Hamanaka, 
1993). Melting begins immediately, and one end of the 
molten metal moves toward the bottom of the ingot. Be
cause of the low thermal conductivity of titanium [0.02-
0.43 cal/cm2/cmfOC/sec for titanium or titanium alloys 
versus approximately 0.94 for pure copper (ASM, 
1985)], a considerable amount of thermal energy is re
tained at the center of the titanium piece within a limited 
time, usually approximately 60 seconds, until the molten 
metal suddenly drops down into the mold. During the 
melting or the pouring stage of the operation, the molten 
metal touches the surface of the copper crucible and im
mediately solidifies at the crucible surface; the crucible 
acts as a heat sink due to its large mass compared to the 
piece of titanium and also due to the high thermal con
ductivity of copper. As a result, a large part of the mol
ten metal flows on the titanium layer solidified on the 
crucible into the mold without any appreciable contami
nation. This is called "skull melting" and has been used 
for a long time for melting high-temperature alloys 
(Boyer et al., 1994, p. 1079). The Castmatic casting 
machine is a down-scaled version of the typical arc melt
ing/casting equipment which was developed earlier in the 

Equipment 

Castmatic 

Cyclarc 

Autocast 

Super Caster 

Iwatani (Osaka, Japan) 

Morita {Tokyo, Japan) 

GC {Tokyo, Japan) 

Ikura Seiki (Japan) 

Titaniumer 

Ticast 

Tycast 3000 

Ohara (Osaka, Japan) 

Kobelco (Kobe, Japan) 

Jeneric/Pentron (Wallingford, CT, USA) 

Arvatron 

Vulcan-T 

Asahi Roentgen (Kyoto, Japan) 

Shofu (Kyoto, Japan) 

Titan us 

Vacutherm 

Centrivac 

Bego (Bremen, Germany) 

Linn (Hirschbach, Germany) 

Cowa (Dusseldorf, Germany) 
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U.S. for the industrial casting of titanium and its alloys. 
This machine has been used ever since with occasional 
modifications. Some investigators have examined home
made equipment of this type (Sunnerkrantz et al., 1990). 

Machines such as Cyclarc, Autocast, and Super 
Caster adopted the same basic type of melting and cast
ing methods as in the Castmatic. Each machine possess
es different elaborate innovations. Details of the differ
ences in each machine are given elsewhere {Togaya and 
Tani, 1989; Miyazaki, 1990; Hamanaka, 1993). Among 
the differences, one notable aspect is the design of the 
crucible. Many machines now use a copper crucible 
with the capability of tilting or splitting in two when 
pouring the molten titanium; this capability allows the 
mass of titanium to drop in a more controlled manner. 
Each type of crucible has advantages and disadvantages. 
The free-falling system that the original Castmatic used 
is good since overheating of the molten metal can be 
avoided. In contrast, in other types of crucibles, super
heating of the melt is possible when needed. A signifi
cant disadvantage of the arc-melting system is that the 
temperature during the melting process is very difficult 
to record and control. Better control of the temperature, 
including superheating, can be found in a system using 
high-frequency induction heating. 

The Titaniumer, Titacast, and Tycast 3000 casting 
machines utilize an electric arc for melting and centrifu
gal force for casting. In this system, the parts for melt
ing and casting are housed in one chamber. Before 
melting, the chamber is evacuated and then filled with 
argon gas. Instead of using a copper crucible, the Tita
niumer uses one made of magnesia, while the Titacast 
uses a carbon crucible. Even though more stable mate
rials are used in the crucibles, extreme caution may be 
needed to avoid contamination of the molten metal by 
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Figure 1. A cross
sectional area near 
the surface of cast 
unalloyed titanium: 
some precipitated 
phases which contain 
silicon and phospho
rous are seen along 
the grain boundaries 
of the casting (Hem, 
work in progress). 

the crucible materials. The Tycast 3000 uses a copper 
crucible as is used in the Castmatic. Because the density 
of titanium is low, new ideas were needed for pouring 
the molten titanium into the mold at high velocity when 
the centrifugal casting method was used. The Titacast 
is equipped with a special motor-driven casting turntable 
that spins at approximately 3000 rpm (Meyer, 1993). 
The metal is melted by the arc and is poured through the 
opening at the center of the casting table. Since the 
casting table is rotated at high velocity prior to casting, 
the molten metal reaches the mold within 0.02 seconds 
at an acceleration of more than 200 times the force of 
gravity (Stoll et al., 1991). This method is called "spin 
casting" (Togaya, 1990). It is reported that a large cast
ing can be made without appreciable defects (Togaya, 
1990). 

In melting a metal in a high-frequency induction fur
nace, a crucible with no electrical conductivity should be 
used. Therefore, in the Arvatron and Argoncaster ma
chines, which use induction melting instead of arc melt
ing, the metal must be melted in a ceramic crucible. 
The Argoncaster uses a crucible made of calcia while in 
the Arvatron, the calcia or magnesia crucible is connect
ed on the top of the mold as a single body. Since the 
chemical stability of these ceramics at the operating tem
perature of the casting machine is considered to be 
greater than that of the various titanium oxides (shown 
later in Figure 2), it has been reported that the titanium 
can be melted without contamination from the crucible 
material (Miyazaki, 1990). The casting force is created 
from the differences in the gas pressure as in the other 
machines discussed above. 

Among the machines belonging to the last type of 
operation are the Titanus, Vacutherm, and Centrivac, 
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which utilize centrifugal force for pouring the molten 
metal after induction melting. The casting turntable of 
the Titanus is reported to be operated at the same speed 
as that employed in the Titacast described above. The 
reaction between the metal and the mold is minimized 
since a specially made ceramic crucible is used. Impuri
ties are found only in the frns of the casting (Stoll et al., 
1991). 

Investment materials 

Even if an ideal titanium alloy system is available 
and a casting machine is developed which meets all the 
necessary requirements for the production of titanium 
castings for dental use, an acceptable titanium dental 
appliance cannot be made without using a mold material 
specifically developed for this purpose. While pioneer
ing titanium casting technology in Japan at the end of the 
1970's, the staff of Dr. Ida's research team at Kyoto 
University used a conventional silica-based, phosphate
bonded investment for casting pure titanium (Ida, 1991). 
They found that the molten metal reacted upon solidifi
cation with the investment material, the investment 
adhered tightly to the surface of the casting, and some 
areas of the cast titanium surfaces cracked. They also 
found that the surface of the titanium hardened. 

This hardened layer is known in the titanium casting 
industry as the "alpha case" (Donachie, 1988, p. 69, 71) 
since oxygen (and sometimes nitrogen) reacts with the ti
tanium at its surface; oxygen and nitrogen are ex stabiliz
ers. This has also been a common problem during heat 
treatment in air at high temperatures. The alpha case is 
detrimental because of the brittle nature of the structure, 
giving the metal reduced ductility as well as reduced 
fatigue resistance (Donachie, 1988, p. 28; Miyakawa et 
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Table 6. Commercially Available Investment Materials for Dental Titanium Casting (Togaya, 1993). 

Type Investment Material 

Rematitan (Dentaurum, Newton, P A, USA) 

Titanvest (Denco, Tokyo, Japan) 

MgO-based 

Tancovest (Bego, Bremen, Germany) 

Titaniumvest EX (Ohara, Osaka, Japan) 

Titan supermild (Ohara) 

Titan crown master (Ohara) 

Titanmold (Yoshida, Tokyo, Japan) 

T -investment (GC, Tokyo, Japan) 

Titavest PS (Morita, Tokyo, Japan) 

Titavest PP (Morita) 

Titavest CB (Morita) 

Titavest ME (Morita) 

Titavest MZ (Morita) 

Cerevest D (Nissin, Kyoto, Japan) 

Selevest DM (Nissin) 

Selevest DM(W) (Nissin) 

Selevest CB (Nissin) 

al., 1991). A more recent study of the alpha case 
formed on a titanium casting using a phosphate-bonded 
Si02 I A120 3 investment revealed the existence of oxy
gen, aluminum, and carbon within the hardened layer 
besides the presence of silicon and phosphorous 
(Miyakawa et al., 1989). A similar accumulation of 
silicon and phosphorous near the surface layer was 
found when pure titanium was cast into a mold made by 
Rematitan (Dentaurum, Germany) at room temperature 
(Fig. 1). A cross section of the casting showed the 
formation of phase(s) containing a concentration of 5 
wt% each of silicon and phosphorous which was detect
ed using an X-ray energy dispersive analyzer (Hem, 
1994, work in progress). Okuno et al. (1987) deter
mined the concentration profile for oxygen in the hard
ened layer of the cast titanium. Another detrimental 
effect of this hardened layer is the interference in the 
bonding of titanium to porcelain (Hauteniemi et al., 
1993); this is described in the forthcoming section on 
Porcelain veneering. Since the surface quality crucially 
affects various processes which follow the casting proce
dure and also the cost of the whole process, examination 
of the surface has been one of the more active areas of 
research (Hashimoto et al., 1992; Zhang et al., 1994). 

Among the compounds in regular investment mate
rials, the interactions of Si02 and various phosphate spe
cies appear to be the most severe with the molten tita
nium. This can be understood from the comparison of 
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Main Refractory 

Si02, A120 3 
ZrSi04, Si02 
Si02, A120 3 

Al203, Zr02 

A120 3, Si02 
A120 3, Zr02 
A120 3, Zr02 
Al203 + LiA1Si06 

MgO, A120 3 
MgO, Si02, A120 3 
MgO, A1p3 
MgO, A1p3 
MgO, A120 3 
MgO 

MgO + Zr powder 

MgO + Zr powder 

MgO + Zr powder 

Binder 

MgO, Phosphate 

MgO, Phosphate 

MgO, Phosphate 

MgO, Phosphate 

MgO, Phosphate 

MgO, Phosphate 

MgO, Phosphate 

MgO, Phosphate 

Ethylsilicate 

Ethylsilicate 

Cement(?) 

Cement(?) 

Cement(?) 

Alumina cement 

Ethylsilicate 

Alumina cement 

Alumina cement 

the standard free energies of formation of various oxides 
as a function of temperature [see Figure 2 which was 
constructed using the data in Kubaschewski and Alcock 
(1979)). At equilibrium near the melting point of tita
nium (- 1700°C), all the titanium oxides appear to be 
more chemically stable than Si02; this explains why the 
molten pure titanium readily reduces Si02 (Togaya, 
1986). Therefore, oxides whose standard free energies 
of formation have a greater negative value than that of 
titanium oxide up to a temperature near the melting point 
of titanium could possibly be used as the refractory 
materials in the investment material. As seen in Figure 
2, these oxides are A120 3, MgO, Zr02, CaO, BeO, and 
Y203. 

Since the early 1980's, the development of a worka
ble investment for the dental casting of titanium has con
tinued in an effort to fulfill the requirements such an 
investment must meet. Necessary requirements are ade
quate strength at room temperature as well as at elevated 
temperatures, ease of handling, smooth surface, a rela
tively short setting time, and low cost. Additional char
acteristics desired for a dental casting investment are: (1) 
chemical stability at high casting temperatures; (2) ade
quate expansion to compensate for the shrinkage of the 
metal; and (3) permeability that permits air or other 
gases in the mold cavity to escape easily during the 
casting process. The importance of the first desired 
requirement has been discussed. To fulfill the second 
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Figure 2. Standard free energy of formation for tita
nium oxides and other oxides (from Kubaschewski and 
Alcock, 1979). 

requirement, new ideas are needed to expand the invest
ment when silica is not used as the refractory component 
of the investment. The third desired requirement is 
crucial because, when the compressive force on the melt 
in the mold is limited, trapped argon in a mold with low 
gas permeability creates a substantial back pressure 
which may prevent complete filling of the mold. 

Much research has been performed in Japan and 
Europe on developing an investment for dental titanium 
casting; several different ideas have been proposed and 
tested. As of the end of 1993, more than 15 different 
investment materials were being marketed. If these 
materials are classified based on the main refractory 
materials they contain (Togaya, 1993), these investments 
can be divided into three different groups: silica-, alu
miJla-, and magnesia-based materials (Table 6). Table 
6 lists the commercial products and also the principal 
binder used for each refractory material. 

A silica-based material should not be used since the 
desired qualities of the casting are reduced, as previous
ly noted. However, the combination of silica as a re
fractory and some phosphate species as a binder is feasi
ble because of the thermal expansion by the polymorphic 
transition of silica (quartz or cristobalite) from the a to 
{3 form and the quick setting of the phosphate binder 
which supplies the high strength of the investment after 
the bum-out process; an added advantage of this combi-
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nation is its economical price. 
Various attempts have been made to improve the 

silica/phosphate investment by altering the component 
compounds with different additives, mainly because of 
the desirable properties that these materials have. One 
suggestion for using this type of investment material is 
to select a lower mold temperature (room temperamre-
6000C) so that the risk of oxidizing the titanium in con
tact with the investment is minimized. However, there 
is always the danger of contaminating the titanium with 
phosphorus, which introduces surface irregularities and 
degrades properties. A better choice of investment 
seems to be either an alumina-based or a magnesia-based 
material. Since either of these oxides has a greater 
negative value for free energy of formation than that of 
the titanium oxides (Fig. 2), the reaction between the 
molten metal and these investment materials is diminish
ed, compared to the reaction expected with the silica
based materials. 

Since alumina- or magnesia-based investments 
usually do not contain silica (Togaya, 1993), their 
casting shrinkage has to be compensated for through 
mechanisms other than the a- {3 transition of the Si02 
material. A few solutions have been proposed: the first 
is to utilize irreversible expansion when a spinel 
compound (MgO + A120 3 --+ MgO· A120 3 ) is formed at 
900-1200°C, depending on the investment. The change 
of expansion as a function of temperature for a 
Mg0/Al20rbased investment (Titavest CB) is given in 
Figure 3 (Tanaka, 1993). The second method for 
managing thermal expansion is to use the compound, 
Li20 ·A120 3 ·Si02 (spodumene), which expands at 
1050°C due to a phase change (Okuda, 1993). When 
this type of experimental investment is used, an elonga
tion of 23% of the cast unalloyed titanium occurs, and 
the margins of the crowns are pliable for the necessary 
burnishing (Meyer, 1993). Another method mixes me
tallic powder into the body of the investment and makes 
use of the irreversible thermal expansion which occurs 
during the oxidation of the powder in the heating proc
ess. Figure 4 (Togaya, 1993) compares the expansion 
curve of a magnesia-based investment material during 
heating with and without the inclusion of metallic zirco
nium powder. With the oxidation of zirconium (Zr + 
0 2 --+ Zr02 ), the magnesia-based investment exhibits 
irreversible thermal expansion (Togaya et al., 1985). 
Since Zr02 is more stable than titanium oxides, no re
action with the molten titanium is expected. Togaya et 
al. (1981) reported that a total expansion of 2.0% can 
readily be achieved by adding the appropriate amount of 
zirconium powder necessary to obtain an acceptable fit 
of the experimental crowns. 

In addition to the materials discussed above, there 
are other materials that can be used as investments 
(Nakamura, 1988; Togaya, 1993); many of them are at 
the experimental s tage and are not ready for commercial 
use. These include zirconia-, calcia- and yttria-based 
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Figure 3. Investment expansion by forma.tion of a 
spinel compound (MgO·Al20 3) (Togaya, 1993). 
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Figure 4. Thermal expansion ofMgO-based investment 
with or without Zr powder during heating and cooling 
processes (Togaya, 1993). 
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materials. Some of them are more chemically stable 
than others, but are more expensive, so these materials 
are often used in a coating technique. In this method, a 
wax pattern is coated with a few millimeters thick layer 
of a chemically stable oxide like Zr02 • The coated wax 
pattern is invested with a less expensive material. This 
method reduces the cost and, at the same time, reduces 
the reaction between the titanium and the investment 
during casting. However, this type of method is more 
time consuming and requires more labor. 

Two different mold temperature ranges for casting 
are suggested, depending on the components of the in
vestment: these ranges are l00°-200°C and 600°-700°C 
(Togaya, 1993). In general, within practical limits, the 
higher the mold temperature, the lower the cooling rate 
of the melt. This increases the possibility of completely 
filling the mold. On the other hand, the lower tht? tem
perature of the mold, the less the reaCtion which takes 
place between the metal melt and the investment mate
rials, possibly resulting in less adherence, a cleaner and 
smoother casting surface, and less contamination near 
the surface of the casting. In addition, when the temper
ature is lower, the molten titanium solidifies more rapid
ly, decreasing the possibility of contaminating the sur
face of the casting by the oxygen and nitrogen that exist 
in the mold structure and the mold cavity. 
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Problems associated with casting 

Despite the numerous research and development ef
forts im titanium dental casting technology, there still 
remain some major problems in presenting titanium as 
a new material to add to the already established group of 
noble aml base metals dental alloys in use in prosthetic 
dentistry , The main problems in the current level of 
dental tiumium casting are presented here by concentrat
ing on the following three areas: (a) surface quality; (b) 
incomplete casting; and (c) internal porosity. 

Starface quality. One of the most important factors 
for obttaiJ:llng a casting with a smooth surface and mini
mized Jr~lction is the investment material. Ignoring fac
tors sutch as the price of the investment and ease of use, 
it is po1ssible to obtain cast titanium with a metallic luster 
even writhout sand-blasting. However, a hardened layer 
of at least 50-100 Jl m thickness forms on the surface of 
even tlne best examples of casting which can be produced 
using cuJTently available casting machines and invest
ments (Togaya, 1986). Figures 5 and 6 demonstrate 
how true selection of the investment material affects the 
surface quality of the titanium made by casting (Okuno, 
1994, 'Personal communication). In Figure 5, a cross 
sectiom of the fracture surface of unalloyed titanium, 
broken. in tensile testing, is shown. This specimen was 
cast intto a phosphate-bonded silica-based investment at 
room temperature. The scanning electron micrograph in 
Figure 6 shows the area near the surface of the specimen 
(identiffied by a rectangle in Fig. 5) . Figure 6 suggests 
that the fracture process occurred through two different 
modes: a brittle fracture near the surface where the river 
pattern~s 11re observed; and a ductile fracture in the 
interimr of the cross section identified by the presence of 
dimples . Note that the thickness of the brittle layer is as 
much as 300 JJ.m. On the other hand, Figure 6 was 
obtaine:d from a fractured unalloyed titanium specimen 
cast at 800°C in a magnesia-based investment material. 
In this, figure, the reaction-affected, hardened layer 
appears; tc> be approximately 100 JJ.m thick and does not 
seem tto be continuous around the circumference. 
CertainJ y 

1 
the thickness and extent of the reaction layer 

decreas;ed when the titanium was cast using the rec
ommelltded investment. The mold temperature also 
seems tto be au important factor in minimizing the for
mation of the alpha case. In any event, since the har
dened I.ayer must be removed to fabricate better crowns 
and inl<ayi> , the size of the wax pattern and/or thermal 
volume changes in the investment mold must take into 
accountt this removal of the surface layers. When mak
ing a P'artial denture framework and complete denture 
base, the dimensional requirements become less severe 
(Stoll e1t al., 1991). 

Simce it is expected that using a better vacuum will 
minimi:;re the contamination of the casting by residual 
gases, Yoneyama et al. (1990) cast unalloyed titanium 
using ru phosphate-bonded investment at 800°C under 
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two vacuum levels: 2.0 X 10-l and 1.5 X 10-4 torr; the 
specimen from the 1.5 x w-4 torr vacuum exhibited bet
ter ductility and lower strength. 

Incomplete casting. At the present level of dental 
casting technology, close attention must be paid to prep
arations for casting and its execution. Among the fac
tors which influence mold filling, some prominent ones 
are the force rendered to the molten metal in casting, the 
temperature of the melt and mold, and the permeability 
of the mold (particularly when differential gas pressure 
is used to introduce the molten metal into the mold). 
Additional factors common to any kind of dental casting 
are the alloy chemical composition, the mold material 
selection, and the design of the wax pattern and sprue. 
The solution to the problem of incomplete castings lies 
in how fast the metal is forced into every detail of the 
mold without too much gas (usually argon gas) being in
corporated into the flowing metal stream. In order to 
achieve this goal, the factors that must be controlled are: 
the appropriate casting force; the equipment (utilizing 
either differential gas pressure or centrifugal force); and 
an investment material with the desired permeability. 
Hem et al. (1993a) produced a good example of cast 
unalloyed titanium which incompletely filled the mold 
for a five-unit, simulated fixed partial denture. The 
casting was made in a low permeability mold using a 
differential gas pressure casting machine. When an in
vestment with a high enough permeability was used, the 
mold was completely filled. These results indicate that 
the adjustment of the mold permeability was crucial to 
obtaining a sound, complete casting. 

Internal porosity. In casting with metals other than 
titanium, a majority of the internal pores are created 
through the evolution of the dissolved or chemically 
combined gases (such as H2, H20, N2, 0 2, S02, CO/C02 ) 

during solidification due to a decrease in the solubility of 
gas and decreasing temperature. Alternatively, these 
pores can exist near an area which undergoes the last 
stage of the solidification process (Flemings, 1974; 
Okuno, 1991). 

The mechanism of internal porosity formation in 
dental titanium casting is not quite the same as void for
mation in the casting of conventional metals because: (1) 
the solubility of gases such as oxygen, nitrogen, and hy
drogen in the molten titanium is unusually high (approxi
mately 15 wt% 0 and 2.5 wt% Nat 800°C, and 0.2 
wt% H at 500°C) (Murray, 1987); and (2) the titanium 
melt very quickly solidifies in a volume with thin cross 
sections in dental appliances because of the large tem
perature difference between the molten titanium and the 
mold. The surfaces of the internal pores exposed on the 
fracture surface of a dental titanium casting often have 
a metallic luster (Okuno, 1991). According to Okuno 
(1991), high internal porosity in the titanium casting 
occurs for several reasons: (1) when the suctioning pres
sure is too high because of a large pressure difference 
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Figure 5. Fracture 
surface of unalloyed 
titanium cast into a 
phosphate-bonded sil
ica investment mold 
kept at room temper
ature [Okuno (1994), 
personal communica
tion]. 
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Distance from surface 

between the casting chamber and the mold chamber, gas 
(argon gas) is introduced into the flowing melt; (2) if the 
speed of the flowing molten metal is too fast, severe tur~ 
bulence can be produced in the metal stream which then 
results in gas incorporation; and (3) when the wettability 
of the surface of the mold to the molten titanium is too 
great, the metal flow becomes intermittent; the metal 
poured first travels too quickly to the end of the mold, 
immediately solidifying, and the metal following the fust 
pour flows less rapidly. Using X-ray radiography, Hem 
et al. (1993b) showed that, even though the outside ap
pearance of the five-unit unalloyed titanium bridge 
seems to indicate perfect casting, numerous pores can be 
found in the interior of the casting when the difference 
in the pressures in the two chambers is too high ( 400 
torr) despite the use of separating foil. However, when 
castings were made under argon pressure of 50 totr in 
similar conditions, almost no porosity was found. 

222 

Clinical applications of cast titanium 

Several investigators have examined the clinical per
formance of cast titanium restorations. In 1987, a group 
at NIST reported that cast titanium crowns met some of 
the necessary criteria for clinical use (Rupp et al., 
1987). Tani (1991) reported the results of a clinical trial 
of crowns (28 units) and inlays (14 units) between 3 and 
6 years which he started in 1982. He reported that the 
results from all patients were satisfactory except for 
three patients whose teeth restored with titanium were 
fractured. Titanium cast crowns having sufficiently 
smooth surfaces retained their luster better than crowns 
made with Au-Ag-Pd alloys or Ni-Cr base-metal alloys. 
As for the fit of titanium cast crowns and inlays, quali
tative examination by Tani suggested that the precision 
of titanium prostheses was moderately inferior to that of 
noble alloy prostheses but far superior to the fit of Ni-Cr 
alloy prostheses. Kawazoe (1992) also evaluated more 
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Figure 6. Fracture 
surface of unalloyed 
titanium cast into a 
magnesia investment 
mold heated at 800°C 
(Okuno (1994), per
sonal communica
tion]. 

than 100 cases of cast titanium crowns, and the results 
are consistent with Tani's study. Kawazoe (1990) fur
ther reported that the fit of the crowns was found to be 
40-80 Jlm and 150-200 Jlm at the axial and occlusal sur
faces, respectively. In these studies, no discoloration of 
the restorations was reported. However, Tani indicated 
that titanium requires more time to finish and polish 
compared to Au-Ag-Pd and Ni-Cr alloys and that the 
color of the titanium is "darker", despite being glossy. 
Patients using titanium prostheses reported a negligible 
metallic taste. Also, Tani observed that plaque forma
tion on the surface of the titanium crowns does not ap
pear to differ from that of alloy crowns. Vitik (1991) 
reported similar clinical fmdings. On the other hand, 
Probster et al. (1991) published results indicating that 
titanium restorations have a tendency to form plaque and 
calculus on their surfaces. Further studies, including 
both in vitro and clinical studies, are needed before we 
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will know if there is any difference in the deposit and 
removal of adhered plaque and tartar. 

In a more recent in vitro determination of marginal 
fit, Rappo (1994) reported the results of 20 cast titanium 
copings to be 23 ± 5 Jlm and 52 ± 9 Jlm for coronal 
adaptation and marginal adaptation, respectively. These 
results are comparable to those obtained by Hem et al. 
(1990) who reported that the space between the tooth 
abutment and inner surfaces of pure titanium crowns was 
30-50 Jlm. 

Hruska has made a great effort in Rome to expand 
the applications of titanium to clinical dentistry (Hruska, 
1990; Hruska and Borelli, 1991). He made recommen
dations for titanium casting, laboratory soldering, and 
intraoral welding of titanium for dental restorations. His 
most notable contribution (Hruska, 1987, 1989) was the 
welding of titanium in the mouth without harming adj
acent living tissue, which could possibly yield a large 
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cost savings for dentists, patients, and insurance car
riers, since this method solves certain problems in the 
area of clinical fixed prosthodontics. 

Porcelain veneering 

With the present demands for esthetic restorations, 
a titanium restoration without porcelain veneering would 
not be well accepted. Compared to veneering porcelain 
on a conventional dental alloy, there are two major 
problems in attaining an acceptable bond between titani
um and a dental ceramic: (1) the high reactivity of tita
nium with oxygen, especially at temperatures greater 
than 800°C (Togaya et al., 1983), and (2) the low linear 

· coefficient of thermal expansion of titanium compared to 
the conventional porcelain-fused-to-metal (PFM) alloys 
(9.4 x 10-6/oC versus 13-16 x 10-6/oC) (Togaya et al., 
1983). Since the peak firing temperature of currently 
available dental porcelains for veneering is approximate
ly 1000°C and their coefficient of thermal expansion 
ranges from 12-14 x 10-6/oc (Craig, 1993, p. 492), it is 
necessary to develop a new ceramic system specifically 
for this purpose. During the last 10 years, several at
tempts to overcome the problems listed above have been 
made by various investigators. As early as 1983, 
Togaya et al. (1983) published experimental data which 
indicated that a bond strength on the order of 77 MPa 
between unalloyed titanium (not cast titanium but a com
mercial ingot) and experimental porcelains with a low 
coefficient of thermal expansion (8.5-8.9 x 10-6/oC) 
could be attained using a low firing temperature near 
750°C. More recent findings (Hautaniemi and Hem, 
1991; Derand and Hem, 1992; Hautaniemi et al., 1992, 
1993) suggest that: (1) sometimes the reaction-affected, 
brittle, hardened surface layer of the cast titanium needs 
to be removed (50-100 JLm) in order to make the layer 
of titanium oxide adhere to the titanium and substrate; 
(2) an important factor in improving bonding is surface 
roughness (mechanical interlocking); and (3) a thin oxide 
layer on the titanium formed during fui.ng produces a 
system with better bonding and thus, firing under a bet
ter level of vacuum produces stronger bonding between 
the porcelain and the titanium. Hautaniemi and Hem 
(1991), similar to Togaya et al. (1983), used a porcelain 
with a low linear thermal expansion coefficient (by elim
inating the leucite crystals) in testing the ~ond strength, 
and reported that a minimal thermal expansion mismatch 
and better bonding between the titanium and porcelain 
was obtained. Thus far, more than five different porce
lain systems for veneering on titanium are on the mar
ket, and studies examining these products are being initi
ated [the review by Meyer (1993) gives some examples]. 

Dental Applications of Titaniwn 
Using Methods Other Than Casting 

Superplastic Conning 

Superplasticity is the ability of a material to with-
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stand very large deformations in tension without forming 
a neck (Dieter, 1986). This phenomenon was discover
ed as early as 1920, but more attention has been given 
to it since the 1960's after complex metal shapes were 
found to be readily formed under superplastic condi
tions. Superplastic behavior occurs at T > 0.5 Tr (Tf 
= fusion temperature) for some metals having a grain 
size or interphase spacing on the order of 1 JLm during 
deformation at a low strain rate. High strain rate sensi
tivity ( > 0.4) is another characteristic of superplastic 
metals and alloys. One of the industrial titanium alloys 
being considered for dental use, Ti-6Al-4V, has this uni
que property (Okuno et al., 1989). Presently, one Japa
nese company has begun to sell a unit for producing full 
denture bases using this technique. When heated at 850-
9000C, the a + {3 two-phase Ti-6Al-4V alloy with a 
grain size of several micrometers exhibits elongation of 
more than 1000% at a strain rate near 0.5%/sec (Okuno, 
1988c). The fabrication of bases for entire maxillary 
prostheses was attempted in Japan using this alloy. Dur
ing actual production, as explained by Meyer (1993), a 
fme-grained Ti-6Al-4V alloy sheet approximately 0.5 
mm thick is placed on a model prepared with phosphate
bonded investment that is strengthened by heating prior 
to the operation. This is placed in a vacuum enclosure, 
then protected by a flow of argon. The temperature is 
increased gradually to 950°C over 30 minutes to 1 hour 
at a pressure of7-8 kg/cm2• A denture base made with 
this technique is reported to have an acceptable adapta
bility to the model to within a tolerance of less than 0.1 
mm (Ito et al., 1989). The degree of fit to the model 
was reported to be even better than that obtained from 
a conventional Co-Cr casting. In addition, the Sl,lrface 
of the Ti-6Al-4V denture base made by superplastic 
forming is shown to be much smoother than that of a 
Co-Cr alloy casting made by a traditional method. 

At least two other experimental methods using metal 
deformation processes have been investigated in order to 
produce dental appliances. These are cold electromag
netic deformation and impulsive hydraulic pressure 
forming (Meyer, 1993). In the former method, magnet
ic pressure is generated, and the stored energy is re
leased within a short period of time to form crowns. 
The latter method utilizes a similar procedure with 
hydraulic pressure created through a liquid transmitter to 
produce entire maxillary prostheses. It is claimed that 
appliances made with these techniques are accurate 
enough for clinical applications. 

Electrical discharge machining and milling 

Electrical discharge machining and/or milling of 
blocks of titanium ingot have been examined by some in
vestigators as an alternative method to casting to make 
crowns. One of the advantages of this method of mak
ing crowns is better fit of the restorations to the pre
pared teeth compared to that of cast titanium crowns. 
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The method developed by Swedish researchers (Anders
son et al., 1989) involves machine duplication of the 
outer surfaces of the crown and electrical discharge 
machining of the interior from unalloyed titanium ingots. 
They have already performed clinical trials of these tita
nium crowns after veneering the surface with either 
composite materials (Isosit, lvoclar, Liechtenstein, and 
Dentacolor, Kulzer, Germany) (Bergman et al., 1990, 
1994) or a ceramic (Porcera ceramic, Ducera, Rosbach, 
Germany) (Nilson et al., 1994). In either case, accept
able clinical performance was found; the failure rate of 
the composite (Dentacolor)-veneered crowns between 51 
and 72 months was reported to be 9.4% after examining 
85 units. The failure rate from fracture of the porcelain
veneered crowns was 2 out of 44 units examined be
tween 26 and 30 months (Nilson et al., 1994). They re
ported that the marginal integrity of all the porcelain
veneered crowns was satisfactory, and the majority were 
rated excellent. In a recent article, Miyazaki (1992) 
reported that two other methods being examined include: 
(1) a (DCS) titanium system in which titanium copings 
are made by milling on both the inside and the outside 
from a titanium ingot using data obtained from a needle
densitizer on a stone model; and (2) a combined method 
of wire-electrical discharge machining and milling with 
information received from measurements using a laser 
beam. No clinical trials of these crowns have been 
reported. 

It should be added that, unlike the casting process, 
the electrical discharge machining method of fabricating 
crowns and inlays has not yet been commercialized. 
Therefore, the success of this method largely depends on 
how rapidly an economical process comparable to the 
casting technique can be developed. 

Metal Conning 

Because of the extensive development of the titani
um industry over the past 40 years, ingots of unalloyed 
titanium can be rolled into plates and rods using mill 
facilities similar to those used for steel and other non
ferrous alloys. Although the processing of titanium 
alloys requires more complicated procedures, titanium 
alloy plates and wires can be fabricated as readily as 
wrought unalloyed titanium products. 

Orthodontic applications. Some titanium alloys 
(/1-titanium) have been evaluated for use as orthodontic 
appliances since these alloys exhibit relatively low 
moduli of elasticity and high yield strengths which allow 
them to impart low force per unit activation and to sus
tain large deflections without permanent deformation 
(Burstone and Goldberg, 1980). In addition, these al
loys have excellent formability (11 phase) and can be 
welded. Several multi-component alloys, including 
Ti-15V-3Cr-3Al-3Sn, have been examined in vitro and 
are reported to have improved formability and spring
back in clinical usage (Wilson and Goldberg, 1987). A 
nickel-titanium alloy (NiTi or nitinol) wire has also been 
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introduced for clinical use (Andreassen and Morrow, 
1978; Sachdeva and Miyazaki, 1990). Unlike other tra
ditional orthodontic wires, some NiTi wires exhibit uni
que mechanical properties called "superelasticity" or 
more exactly, "pseudoelasticity", and also "shape 
memory" effect. 

Pseudoelasticity is the result of stress-induced mar
tensitic transformation which returns the metal to its pa
rent phase upon unloading (Meyers and Chaula, 1984). 
Stressing an alloy having this capability at a temperature 
higher than the M8 temperature initially results in stress
strain behavior which is seen in the deformation of a 
common metal within the proportional limit. During 
phase transformation, there is an appreciable increase in 
strain due to the volume change resulting from the 
change in the crystal structure: the structure for the aus
tenite phase is ordered bee (CsCl-type), and the marten
sitic structure has been described as based upon a dis
torted monoclinic, triclinic or hexagonal unit call (Wang 
et al., 1972; Miura et al., 1986; Goldstein et al., 1987). 
Upon unloading, the martensite reverts to the parent 
phase, and further unloading results in the return of the 
alloy to the original length (or shape). This characteris
tic is desirable in some orthodontic situations because the 
wire delivers a relatively constant force for a large dis
placement and thus has a very large working range or 
springback (Phillips, 1991, pp. 456-457) when the mate
rial undergoes this phenomenon. Many products with 
variations in the alloy phase(s), degree of cold work, 
and transition temperature are available. A further ad
vantage of this type of wire for orthodontic application 
is that heat treatment enables the load magnitude at 
which superelasticity is exhibited to be influenced and 
controlled by both temperature and time. Unfortunately, 
one of the drawbacks of NiTi wires is that they are diffi
cult to form and they must be joined mechanically since 
the alloy can neither be soldered nor welded (Phillips, 
1991, p. 457). Even though the biocompatibility of the 
NiTi alloy has been well documented, some other super
plastic titanium alloys, which do not contain nickel, have 
been developed for patients with nickel sensitivity. Re
cently, TiPd and TiPd + Cr alloys were evaluated for use 
in orthodontic wires and denture clasps in addition to 
their application to dental and medical implants (Enami 
et al., 1989). 

Besides having the pseudoplastic property mentioned 
above, NiTi type alloys also have the shape-memory ef
fect. This is the phenomenon by which, after being de
formed at one temperature, the alloy returns to the origi
nal shape upon being heated to a second temperature 
(Meyers and Chaula, 1984). This is because the auste
nite to martensite transformation occurs by a reversible 
twinning process. The recent introduction of body tem
perature-activated, shape-memory NiTi wires exploits 
these ptinciples, but clinical studies to verify the 
improved efficacy of these products have not been per
formed. Brantley (1989) has written a brief summary on 
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the metallurgical and clinical aspects of fj-titanium 
orthodontic wires as well as nickel-titanium orthodontic 
alloys. 

Applications to maxillofacial implantology Be
cause of their excellent biocompatibility, various applica
tions of titanium and its alloys to maxillofacial surgery 
ha.ve been made over the last 20 years. Generally, in 
this area, wrought prefabricated pieces are used for vari
ous mandibular reconstructions. With improvements in 
surgical implantation techniques, implant designs, and 
surface finishes, these titanium fixtures have shown 
considerable clinical success (Lautenschlager and 
Monaghan, 1993). As a matter of fact, Szurgot et al. 
(1988) cast complex patterns of pure titanium using the 
Ohara equipment and indicated a possible application of 
titanium to both medicine and dentistry. 

Summary 

In this paper, recent information on the technology 
related to the use of titanium in a major area of dentistry 
has been reviewed. Initial research investigating the fea
sibility of casting titanium for dental prostheses that be
gan a little more than 15 years ago by pioneering re
search teams in two countries, one led by Waterstrat at 
NIST in the U.S. and one directed by Ida of Kyoto Uni
versity, has now created a great deal of interest not only 
among academic researchers but also in numerous indus
tries worldwide. Those who contributed to the develop
ment of today's dental applications of titanium deserve 
a lot of credit. It now appears that some of the major 
problems related to titanium casting have been solved 
and that titanium can seriously be considered as an addi
tion to the list of existing dental casting metals and 
alloys. However, a number of problems still have to be 
overcome before dental titanium technology will be ac
cepted as an economical way to cast various prosthetic 
appliances. Further development is needed to obtain 
more efficient casting equipment, a less reactive invest
ment material with the desired expansion capability, and 
a specifically designed ceramic system. 

Other fabrication methods for dental appliances 
which do not use casting such as superplastic forming, 
the combination of electrical discharge machining and 
milling, and powder metallurgical methods will continue 
to . compete as other ways to produce titanium crowns, 
bndges, and dentures. 

More than anything else, the strength of titanium as 
a dental material lies in its proven biocompatibility 
compared to many other dental materials presently used 
and also in its abundance (the ninth most abundant ele
ment on earth). In the foreseeable future, it will be very 
surp~sing if this metal is not developed and routinely 
used rn the field of dental prosthetics. 
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A tremendous number of abstracts, · papers, and 
other documents on the application of titanium to den
tistry have been published throughout the world. Unfor
tunately, many important studies had to be left out of the 
present review. It was not the intent of the authors to 
ignore these studies; however, it was impossible to 
include all of them in this paper. 
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Discussion with Reviewers 

Reviewer J: You state in the text: "When an investment 
with a high enough permeability was used, the mold was 
completely filled. These results indicate that the adjust
ment of the mold permeability was crucial to obtaining 
a sound, complete casting. " It is all right in research to 
have multiple sample of the same geometry (such as the 
5-unit bridge in Hem's work) to fmd the optimum gas 
pressure and the resulting soundness of the casting. 
This luxury is, however, not afforded to the laboratory. 
The work of Hem et al. does provide valuable informa
tion that too high a pressure difference is counter
productive. 
Authors: The authors believe that the incomplete mold 
filling in the referred experiments is basically due to the 
permeability of the mold. The pressure difference most 
likely has no influence on the mold filling . The question 
of adjusting the Ar pressure in commercial casting 
equipment is not our problem. However, we are sure 
that it can easily be achieved by the manufacturers of the 
casting machines if they wish to do so. 

R.M. Waterstrat: Cast dental appliances that contain 
internal voids can often give acceptable service even 
when the voids are relatively large. The extent to which 
such voids exist in clinical practice is not easily deter
mined unless the casting is inspected by X-rays and most 
of them are not. If they are inspected, it is usually the 
dentist who performs the inspection using a dental X-ray 
machine. These X-ray machines are generally incapable 
of sufficient penetration to reveal internal voids in rela
tively thick castings of high density such as gold alloys 
or nickel-base alloys. These X-ray machines are capable 
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of penetrating most titanium castings, however, because 
of titanium's lower density. Thus, one easily sees voids 
in titanium castings that would be impossible to see in 
gold or nickel-based castings. One can gain a false 
impression, therefore, that titanium castings contain 
more voids or larger voids than those that are present in 
other dental alloys when in fact, there may be no signifi
cant difference. When this masking effect by higher
density alloys is taken into consideration, is there any 
significant difference in void content between properly 
prepared titanium castings and castings of other alloys? 
Authors: It is true that it is difficult to detect porosity 
in noble metal and Ni-Cr alloys by X-ray radiography. 
Nevertheless, because of the high reactivity and the 
large difference between the melting point and the mold 
temperature for titanium, the tendency to porosity in tita
nium castings is most likely higher than for conventional 
dental casting alloys. Large titanium castings, in 
particular, suffer from the porosity problem (Donachie, 
1988, p. 106). On the other hand, by using adequate 
and special equipment for casting of titanium dental ap
pliances, the porosity problem can, be largely overcome. 

R.M. Waterstrat: Can the authors give an estimate of 
the cost of preparing a titanium crown or partial denture 
as compared with an equivalent appliance cast from a 
dental nickel-chromium alloy, for example? How signif
icant would the capital investment be to enable an ordi
nary dental laboratory to acquire the ability to produce 
titanium castings? 
Authors: The cost of a casting machine for titanium is 
generally higher than those for conventional alloys and 
will often be on the order of $35,000. This will, to 
some extent, reduce the benefits of the lower price for 
titanium compared with gold. Otherwise, we do not 
have information about the costs of producing dentures 
of titanium compared with noble metal and Ni-Cr alloys. 

R.M. Waterstrat: How does one evaluate the so-called 
"alpha-case" on castings of pure titanium that are 
composed entirely of the alpha-phase? 
Authors: "Alpha-case" is the solid solution-hardened 
surface zoned due to inward diffusion of contaminating 
elements like oxygen and nitrogen (Donachie, 1988, p. 
28). These elements tend to stabilize the a-phase in 
titanium. The hardness decreases gradually with dis
tance from the surface. The extent of this surface zone 
in crowns and bridges of cast titanium has often been 
observed to be in the range of 50-100 J.Lm, depending on 
several factors: the thickness of the casting, atmosphere, 
mold temperature, investment composition, etc. 

R.M. Waterstrat: Can the authors provide any infor
mation on patients' opinions regarding the acceptability 
of titanium appliances? 
Authors: We are not aware of any publications related 
to patients comments about titanium crowns and bridges. 
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W.A. Brantley: The authors note the importance of 
very low impurity concentrations in determining the 
mechanical properties of the four ASTM grades of un
alloyed [commercially pure (CP)] titanium. Could the 
authors briefly describe the analytical procedures used 
by the manufacturers to determine these impurity con
centrations and provide some general comments on the 
accuracy of the values obtained? 
Authors: The methods applied for analyses of the im
purities in question are often based on gas chromatogra
phy. It is difficult to give a general level of accuracy 
for these methods. 

W.A. Brantley: Taira et al. (1989) describe the 
coarse-grained microstructures which occurred in their 
titanium alloy castings and pointed out the need for a 
suitable grain-refining element for cast titanium alloys 
analogous to iridium and ruthenium which have been 
successfully employed for the gold-based and palla
dium-based dental casting alloys? Are grain-refining 
elements now available for titanium dental casting 
alloys? 
Authors: We do not know about papers on grain size 
control or grain refining elements for titanium castings. 

W.A. Brantley: The authors note that Okuno et al. 
(1985) and Okuno and Hamanaka (1989) have consider
ed a variety of {3 titanium alloys and have suggested that 
Ti-20Cr-0.2Si and Ti-25Pd-5Cr appear well-suited for 
prosthodontic applications. Do these alloys have single
phase microstructures? What is the status of research on 
the in vitro corrosion behavior of these alloys? There 
might be concern about electrochemically active second
ary phases or significant reduction in the passive behav
ior of these interesting new titanium alloys. Also, could 
the authors briefly comment on whether cytotoxicity or 
other biocompatibility studies have been performed on 
the new titanium casting alloys discussed in their article? 
Authors: The phase diagrams for the two alloys men
tioned show that they are clearly not single phased. As 
far as we know, no one has examined the biocompatibil
ity or corrosion behavior of these alloys. 

W.A. Brantley: Please elaborate on the DCS process. 
Authors: It consists in a form recognition procedure 
based on sensing, by a manually driven device, the 
shape of a gypsum model of the prepared tooth. The 
three-dimensional (3D) data are recorded in a computer 
file. A computer program allows then the 3D design of 
the form of the crown to be produced, and the computa
tion of the movements of the cutting tool in the multi
axis cutting machine. This program is then used by the 
machine to actually produce the crown from a solid 
block of pure or alloyed titanium. For bridges, the 
shapes of the abutment teeth are sensed, and the 3D 
designing program is used to create and incorporate the 
pontics to form the completed bridge. 
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