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Commercial pure (cp) titanium exhibits remarkable advantages compared to conventional
dental alloys, mostly in the fields of biocompatibility and corrosion resistance. Today there
exist very optimistic perspectives for the use of titanium as an ideal alternative for the
conventional dental alloys. However, titanium casting procedure shows some serious
difficulties related mainly with its high melting point and its great chemical reactivity at
high temperatures. As a result, an extensive contamination is observed in Ti castings when
SiO,-based investment materials are used (phosphate-bonded or silica-bonded). In the
present work, a detailed metallurgical study of the contamination zone of Ti castings due to
Si, P and O, was performed. The new phases which formed, were investigated and
analyzed using mainly light and scanning electron microscopy, as well as energy
dispersion spectrometry. These phases were found to be: «-Ti, 8-Ti and a Ti-Si compound.
An attempt was done to prevent the contamination of cast Ti by using a wax pattern
coating technique. The protection efficacy of a ZrO, coating was proven. Ti castings without
contamination were obtained in this way. © 1999 Kluwer Academic Publishers

1. Introduction Ti has high chemical affinity with Si and forms a se-
Titanium was firstly used in Dentistry almost thirty ries of Ti-Si compounds. As a result, an extensive con-
years ago as a machinable material for implant manutamination is observed in Ti castings when giGased
facturing. Since early 80s, titanium was introduced alsdnvestment materials are used (phosphate-bonded or
as a castable material for the construction of dentasilica-bonded). This contamination leads to microstruc-
prostheses. Commercial pure (cp) titanium exhibits reture modification and new compound formation, with
markable advantages compared to conventional dentabnsequent influence on the corrosion and mechanical
alloys, mostly in the fields of biocompatibility and cor- properties of the cast work, especially within the de-
rosion resistance. In addition, the abundance of thipressive and corrosive oral environment. It has been
element in nature, as well as the fact that it is a costeported [1, 2] that many elements from the investment
effective raw material, created very optimistic perspecimaterial (Si, Al, P, O) were found in important contents
tives for the use of titanium as an ideal alternative forin a depth of some tenths of microns from the outer
the conventional dental alloys. surface of Ti castings. The contaminated zone showed
However, titanium casting procedure shows some seincreased microhardness [3, 4], while the reactions be-
rious difficulties related mainly with its high melting tween the liquid metal and the investment material gave
point and its great chemical reactivity at high temper-rise to subsurface internal porosity [5]. From the clinical
atures. The latter is the reason for the problems whiclpoint of view, the contaminated zone is undesirable be-
dental laboratories meet when using conventional incause (a) it reduces the fatigue limit and the elongation
vestment materials for the casting of titanium. Ti re-of the cast parts [6], (b) it increases the surface rough-
duces many oxides and oxidizes itself easily. Moreovemess of the castings [7] resulting in non proper fit of the
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appliance in the oral cavity. In a recent study [2] it waselectric arc vacuum/gas pressure machine (Cyclarc, J.
reported that the thickness of the contamination zone iMorita Co., Kyoto, Japan), where Ti casting took place.
affected by the mold temperature and the cast volum@&he investment material was then removed from the
and this renders very difficult the removal of this zonesurface of the Ti samples using sandblasting (alumina
during the grinding and polishing procedures. grains of 150-20@um in size). The samples of both se-

During the last ten years, an effort has been doneies A, B were prepared for metallographic observation
to replace the conventional Sitbased investments of the cross section which is perpendicular to the length
by materials non containing the above mentionedaxis, in order to study the penetration of the investment
contaminating elements. Therefore, MgO-based investelements into the castings. The metallographic prepara-
ment materials were developed [8], in which Si andtionincluded (a) embeddinginepoxy resin, (b) grinding
P were replaced by inert to Ti elements such as Mgusing SiC papers from 220 up to 1200 grit, (c) diamond
Zr etc. However, although these materials do not conpaste (3um, DP paste M, Struers, Copenhagen, Den-
taminate Ti cast works, they do not exhibit the goodmark) polishing, (d) ultrasonic cleaning for five minutes
combination of properties of the conventional invest-(T-14B, L&R Manuf. Co. NJ, USA), (e) etching (2 ml
ment materials (expansion coefficient, air permeabilityHF, 98 ml oxalic acid). An optical microscope (Nikon
mechanical properties) [9]. In addition, their high costMicrophot, Nikon-Kogaku, Tokyo, Japan) was used for
increases dramatically the total cost of the dental prosthe metallographic study of the samples. In addition, the
thetic work. The idea of using the successful and cosTi castings were investigated in a scanning electron mi-
effective SiQ-based dental investments with a simul- croscope equipped with energy dispersion spectrome-
taneous avoidance of the contamination of the cast Tiry system. The new phases which formed, were studied
has risen recently and some authors have tried to afy means of spot analysis and X-ray mapping.
ply barriers between the cast metal and the investment
material [8, 10].

In the present work, a detailed metallurgical study3. Results
of the contamination zone of Ti castings due to Si, PThe results of chemical analysis and X-ray diffraction
and O, was performed. The new phases which formedf the investment material are presented in Table II. It
were investigated and analyzed using mainly light ands a conventional Si@based, phosphate-bonded mate-
scanning electron microscopy, as well as energy dispefial, used for the casting of all types of dental alloys.
sion spectrometry. An attempt was done to prevent théts high content in Si, P and O was expected to cre-
contamination of cast Ti by using a wax pattern coatingate contamination problems to the cast Ti samples of
technique. The protection efficacy of a Zr@oating  the series A. The ceramic powder used for wax pattern
was proven. coating was a monoclinic Zrpowder with very fine

particles in the range 6f6 um according to the laser
granulometry results. More than 50% of the particles

2. Materials and methods were below 1.2¢m in size.
Two series of wax patterns (A, B) were prepared for the Secondary electron images (SEI) of the two series of
casting of cp Ti (Krupp, grade 2, chemical compositionsamples A and B in low magpnification are presented in
in Table I). Each pattern was a cylinder of 3 mm in Fig. 1. It is of great interest the difference in surface
diameter and 15 mm in length. The patterns of the seroughness between the two samples, which is related
ries A were directly invested with a conventional $iO  with the reactivity appearing in the interface between
based, phosphate-bonded investment material (Neoloshe cast Ti and the investment material. In the case of di-
Neoloy Product Co. Posen, ILL, USA), which was first rect contact between Ti and investment, a high reactivity
submitted in chemical analysis (atomic absorption) andetween the two materials took place. This was not the
XRD analysis. The patterns of the series B were coatedase when a thin ZrDlayer existed between the two
with a thin layer of ZrQ before being invested with materials. The micrographs in Fig. 2 confirm this ob-
the same investment material. The coating material waservation. These back-scattering electron images (BEI)
produced by mixing Zr@powder with the liquid Kleen  reveal the existence of various phases in sample A, as
Cast (Belle de St. Claire, Chatsworth, CA, USA) andthe result of reactivity between Ti and the investment
then it was applied on the patterns. The particle sizenaterial, in a depth of about 1Qdm (Fig. 2a and b).
distribution of the Zr@ powder was studied using laser
granulometry. After the removal of the wax, the 2rO
coating was practically transferred to the investmentTAB'fE Il Chemical analysis and XRD results for the investment
material, on the internal surface of the mold. material Neoloy

After the investment procedure, the molds were firetbpases Wt%
according to the manufacturer’s instructions, allowed
to cool at 450C and transferred into a two chamber SiC: (quartz) 47.4
SiO; (cristobalite) 28.1
MgO 12.2
TABLE | Chemical composition of the cp Ti (Krupp, grade 2) NH4H2POy 8.1
Fe03 0.35
Element Ti Fe O N C H CaO 0.25
Al,03 0.25
wt % >99.40 <0.25 <0.20 <0.06 <0.08 <0.013 Organic materials Bal.
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(a) (b)

Figure 1 Secondary electron images (SEI) of the two Ti samples, showing the difference in surface roughness: (a) Ti casting from conventional
investment and (b) Ti casting from investment with Zr€ating.
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Figure 2 Back-scattering electron images (BEI) of the two Ti samples: (a) Ti casting from conventional investment showing the contamination
zone with various phases; (b) the same sample as in (a) in higher magnification; and (c) Ti casting from investment,vata@#@@ where no
contamination is present.

No presence of such phases in sample B was showlayer just below the surface, where various phases have
(Fig. 2c¢). In Fig. 3, characteristic optical micrographsformed in a depth of about 100m. Below this layer

of the contaminated sample A are presented. One cahappears the characteristic structureasfcasimetal,
observe the corrugated surface and the contaminatioshowing macrosegragation due to dentrite formation.
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Figure 3 (a) Optical micrograph of the Ti casting from conventional investment, showing the contamination surface layer and the characteristic cast
structure and (b) the same sample as in (a) in higher magnification.

TABLE 11l Chemical compositions (at%) of the detected phaseswhite phase, (iii) phase, the black phase. The at%

(EDS) in the contamination layer compositions of these phases are shown in Table IIl.
Corresponding It seems that the elements Ti and O exhibit common

Phases of phases from phase distribution in these phases, while P follows Si’s distri-

present study diagram [11] Ti O Si P Fe Cr bution.

a a-Ti 76.7 224 0.9

b B-Ti 885 14 24 6.7 1.0

c TisSiz-TizSi 65.7 318 25 4. Discussion

According to the results presented in the previous para-
graphs, a contamination layer with an average thick-
The phases which formed in sample A, were ananess of 10Q«:m formed at the Ti casting’s surface when
lyzed using spot analysis and X-ray mapping. The re€asting took place in a mold without protective coating
sults are presented in Fig. 4 and Table Ill. Fig. 4a showgsample A). On the other hand, when a Zrating
a BEI micrograph of the contaminated zone in a depthwas applied on the investment, no contamination layer
of 10 um from the outer surface. Fig. 4b shows the cor-was observed (sample B). The mechanism for the for-
responding X-ray maps for the elements Ti, Si, P andnation of this reaction zone in sample A is very proba-
O. In general, three distinct phases can be observed: [Hly related with the capability of Ti to reduce many ox-
phasea, the gray phase in majority, (i) phase the ides and with its high chemical affinity with Si. When
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(b)

Figure 4 (a) Back-scattering electron image (BEI) of the contamination zone at a depthuoh Im the outer surface and (b) X-ray maps for the
elements Ti, Si, P and O.

molten Ti comes in contact with the mold surface, it TABLE IV Maximum solubilities (at %) i andg Ti of the elements
reduces the oxides of the investment material and libdetected in the contamination layer [11]

erates elements such as Si, O, P, Fe etc. These elemepi$ ents o-Ti B-Ti
either form various compounds with Ti (e.g., Si, P),

or remain in solid solution after solidification (e.g., O). © 31.9 8
Similar results concerning the diffusion of elements (Si,5! 05 35
P, Al, Mg) from SiG-based investment materials to Ti ie _0 04 202'3
castings have been reported also by other investiga-, 0.2 100
tors [1, 2].

In the present study, the elements Si, P, O, Fe and
Cr were detected in the three distinct phaagb, c.  Ti. These values are shown in Table IV according to the
The chemical compositions of these phases are givebinary phase diagrams [11]. Except P, which is actually
in Table IIl. In order to understand the heterogeneousnsoluble ina Ti, all the other elements exhibit great
distribution of the dissolved elements and the formatiordifferences in their maximum solubility values in the
of the phases observed, it is essential to consider thevo Ti phases. O is aa Ti stabilizer, while the other
at % solubility limits of the above elementsinand8  elements stabilizg Ti.
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Based on the values presented in Tables Ill and I\Vyvestigation are in agreement with those reported in a
the following hypotheses can be done concerning th@revious study [2], where O was found as a solute and
detected phases within the contamination zone: Phas& both as a solute and as an intermetallic compound.
a corresponds ta Ti, since it retains in solution 22.4 Phosphorous was detected onlydiphase in limited
at% O. This value is lower than the maximum solubility concentration. It could be assumed that P behaves like
limit of O in « Ti (31.9 at %) and higher than its max- Si, since it forms with Ti several compounds4F; Ti;P,
imum solubility limit in 8 Ti (8 at %). In addition, the  TisPs, etc.) [11].

Si content is low (0.9 at %) and close to the maximum In summarizing, the solidification process of the con-
solubility limit (0.5 at %). Phasbh corresponds tg Ti. ~ tamination layer has as follows: Ti melts at 1670 but

Its contents in O, Si, Fe and Cr are within the solubility the casting temperature is at least Xtigher (about
limits of 8 Ti, and for Si, Fe and Cr much higher than the 1800 °C) to avoid premature solidification of liquid
solubility limits of « Ti. Finally, phasec corresponds metal before filling the mold. At this high temperature
to a Ti-Si intermetallic phase with a Si content of 31.8the liquid Ti reduces some of the oxides of the invest-
at %. This value is lower but close to the content in Siment material (Si@, Fe&xO3 etc.) and the free elements
of the phase TEiSi; (37.5 at %). According to the Ti-Si  (mainly Si, O, P, Fe,) dissolve into the molten metal.
binary diagram shown in Fig. 5 [11], the phaseSit  Their presence there affects strongly the solidification
has a very high melting point (213@), much higher process and therefore the final microstructure of the
than the casting temperature which is about 18D0 casting. When molten Ti first solidifies, it forms tige
However, this phase can form as a proeutectic phase iphase which transforms into phase at lower temper-
the temperature range 1330-2280 In lower temper-  atures (882C for pure Ti according to the phase dia-
atures it can be transformed ing8i according to the gram [11]). However, if the molten Ti contains high O

peritectoid reaction occuring at 117G: percentages (more than 15 at %) it solidifies directly in
thea phase (Fig. 6). Onthe other hand, the solidification
ATi(B) + TisSiz < 3TigSi temperature of EiSiz is 2130°C, but it can also form

as a proeutectic phase in the temperature range 1330—
This reaction can take place at the interface between 2130°C. These two phasese—Ti and TSis—very
andc phases. Consequently, both compoundsSigji  probably form simultaneously. The phasecofTi (a
TizSi) may coexist in the detectedphase which con- phase in the present study) grows by consuming mainly
tains 31.8 at % Si, a value between 37.5at% fgBk O from the liquid metal and pushing there Si P, Fe and
and 25 at % for HSi. TisSi; is characterized as an Crwhich all have alimited solubility i Ti. The phase
intermetallic compound with hexagonal symmetry andTisSiz (c phase in the present study) grows by consum-
Ti3Si as a chemical compound which crystallizes in theing mainly Si and P from the liquid and pushing there
tetragonal system [11]. The results of the present in©O, Fe and Cr. Therefore the contents of Fe and Cr in
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Figure 6 Ti-O phase diagram [11].

the remaining liquid increase. This liquid solidifies at no Al,O3 (Table II). Al stabilizes thex-Ti phase. Its
the end a$8 Ti (b phase in the present study), rich in dissolution in molten Ti probably affected the solidifi-
Fe and Cr (Table III). cation process in the contamination zone and resulted
Other authors who have performed similar investiga4in the formation of an outet-Ti phase layer.
tions using the same materials and methods [1], found From a clinical point of view, Ti castings with sur-
that the thickness of the contamination zone was abouace contamination are unacceptable, because vari-
150 um, higher than the thickness measured in theous phases with unknown biocompatibility—instead of
present study. In that previous study, the mold tempure Ti—come in direct contact with oral tissues and
perature was kept at 95C during casting, while inthe thus severe biological hazards can occur. In addition,
present study the mold temperature was kept at450 the contaminated surface of the Ti cast dental works
The difference in mold temperatures provides the excould be problematic in applications when a metal-
planation for the difference in the thickness of the con-ceramic bond has to be applied (e.g. crowns). Finally,
tamination zone. When the difference in temperaturecastings with contaminated surface exhibit reduced fa-
between the molten metal and the investment materigigue and elongation characteristics [6].
increases, the heat transfer is accelerated and the so-All the above mentioned considerations are con-
lidification time decreases. This results in the decreaseerned with cast Ti coming from conventional casting
of the available time for the diffusion within the liquid procedure with the use of an uncoated wax pattern and a
of the elements coming from the investment materialmold made of Si@-based investment material (sample
Thisisinagreementwith Miyakavet al.[2], whomen-  A). When the same investment material was coated by
tion that the increase in mold temperature increases th& protective ZrQ layer (sample B), the final Ti castings
depth of the contamination zone. Lower mold temperawere clean, without traces of contamination at the sur-
tures have been proposed for the elimination of the conface neither from the investment material, nor from the
tamination of cp Ti from Si@-based investments [9], coating material. The protective coating prevented the
but other severe problems concerned with final casteontamination of the casting from the of Siased
ings accuracy arise in this case. Itis very probable thainvestment material. Zr§) as well as ¥0O3; and CaO,
molten Ti solidifies before filling the mold. This results cannot be reduced by Ti and play the role of a diffusion
in incomplete casting which is quite unacceptable inbarrier between the cast Ti and the investment. In ad-
commercial production. dition, the fact that no Zr was detected at the casting’s
In another study [2], it was found that the contamina-surface layer, means that the Zr@articles were not
tion zone had a layered structure and consisted of disdetached from the mold walls by the liquid metal dur-
tinct layers with different microstructures. In that case,ing casting and that the bonding between the investment
a Al,O3/SiO, investment material was used, while in material and the coating was strong and adequate for
this study the investment material contains practicallydental casting. The possible mechanisms of bonding
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between the investment material and the coating aras a barrier between the investment material and the lig-
currently under investigation by the same authors andid metal. Clean castings without contamination were
the results will be published in a next paper. obtained in this way.

An additional noteworthy result of the present study
is the great difference in surface roughness that cast-
ings from coated and uncoated investments exhibitedAcknowledgements
The high roughness of sample A (uncoated investment)The authors would like to express their acknowledge-
which has also been reported by other investigators [7Jnents to Mr George Vouldis, for the production of cp
could be attributed to the two following reasons: (a)Ti castings in his Dental Laboratory.
The liquid metal reduces some oxides from the invest-
ment material roughening its surface. Then the metal
solidification starts onto the investment surface due tiReferences
the heterogeneous nucleation and therefore, the cast s. ZINELIS,I. ANDRIAKOPOULOSandG. PALAGHIAS,
metal copies the roughness of the investment surface, Qdontostomatological Progres (1) (1998) 40.
(b_) The contamination zone shows hig_h hardness and” ﬁ:AK/’j\AI\II\(()A,KMA.WAKC,)Bi.YA\;v:Fg:(?EI.EYSiIIOIS:VCXI,Abeit-.
brittleness compared to the pure cast Ti. Consequently, ager. 3.8 (2) (1989) 175.
during the sandblasting procedure forthe removal ofthes. 1. wATANABE, J. H. WATKINS, H. NAKAJIMA, M.
investment material from the cast metal, small pieces ATSUTA andT. OKABE, J. Dent. Res3 (1997) 736.

of this brittle zone could also be removed. 4. 3. TAKAHASHI,H. KIMURA ,E. LAUTENSHLAGER, L.
CHERN, J. MOSER andE. GREENER, ibid. 69 (12) (1990)
1800.
. 5.H. HERO, M. SYVERUD, M. WAARLI and R.
5. Conclusion JORGENSEN in Proceedings of the International Conference on
When casting of cp Tifor dental applications takes place  Titanium. Products and Applications, edited by Titanium Develop-
in molds made of conventional Sidbased, phosphate- ment Association (Dayton, Ohio, 1990) Vol. 2, p. 612.

. . . . 6. P. VALLITU dm . KOKKONEN,J.P thet. Den74(1995
bonded investment materials, a contamination zone™ ;. an rosthet. Dentz4(1995)

with a thickness of about 10@m forms at the cast- 7 «. ipa,T. TOGAYA,S. TSUTSUMIandM. TAKEUCHI,
ing’s surface, due to the high chemical affinity of Ti  Dent. Mater. J1 (1) (1982) 8.

and its capability to reduce many oxides. This zone is8 M. SYVERUD andH. HERO, ibid. 11(1995) 14.

consisted of three distinct phases:(dTi phase with 2 réeToni H ':u‘;rg’:iénﬁ:n“t";?)%‘ésd)"("1-99\(3’)*254“'V" andT.
high O content (abOUt 22 at %), (ip-Ti phase with 0. H. HERO,, M. SYVERUD andM. WAARLI, Dent. Mater.9
remarkable Fe, Si and Cr contents (6.7, 2.4 and 1.0 (1993) 15.

at % respectively) and (iii) a Ti-Si compound with a 11. M. MASSALSKI, “Binary Alloy Phase Diagrams,” 2nd ed. (ASM
mixed formula between 8iz and TgSi. From a clini- International, Materials Park, Ohio, 1990) Vol. 2/3, pp. 1345, 1783,
cal point of view, this contamination zone is unaccept- 29242989, 3367.

able. To eliminate contamination, a Zr@oating was

deposited on the investment’s surface with the help oReceived 30 July 1998

a wax pattern coating technique. This coating operatednd accepted 22 January 1999

3646



