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This study investigated the contamination of abraded Ti surfaces. Using a polishing machine, specimens 

were abraded with waterproof SiC grit papers under water cooling. The abraded surfaces were examined 

using element analysis, X-ray diffraction, and hardness tests. Contaminant deposits with dimensions 

reaching about 30ƒÊm were observed throughout the surface. In these deposits, Ti was apparently reduced 

by about 10% and replaced by Si and O. The chemical bond state of the Si was similar to that of SiC or 

a titanium silicide. The O was solute in Ti, which increased the surface hardness. The contaminant 

deposits were amorphous or very thin. The contamination of Ti, the extent of which was related to 

hardness, resulted from a reaction with abrasives.
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INTRODUCTION

Titanium is known for its high resistance to corrosion and its excellent bio-compatibility. 

On the other hand, the metal has a high melting point and remarkable chemical reactivity at 

high temperatures. This makes titanium casting difficult, but the recent development of 

investment materials and casting machines has enabled clinical applications of titanium in 

dentistry.

There remain several problems to be solved. First of all, efficient finishing techniques 

are required. Tianium is a difficult-to-grind metal, because of its plasticity, stickiness, low 

heat conductivity, and chemical reactivity at high temperatures. However, the number of 

studies concerning this problem is extremely limited, compared with those treating invest-

ment materials, casting machines and casting techniques. Regarding this problem, the 

authors have previously reported that high speed grinding results in both the chemical wear 

of abrasive grit and the burn, or discoloration and contamination, of the surface, and that this 

tendency is promoted by heavy grinding loads1,2).

The present study concerns the surface contamination of abraded titanium. Despite low 

grinding speeds and water cooling, the abraded surfaces were found to be contaminated by 

abrasive constituent elements. Element analysis and chemical bond state analysis of the 

contaminants were performed using an electron probe microanalyzer. X-ray diffraction of 

the abraded surface was performed to identify the contaminants. The results revealed that 

the contamination of titanium is related to its reactivity as well as its hardness.
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MATERIALS AND METHODS

Preparation of specimens

Cast plates were prepared for the present study. A wax sheet of 1.4•~16•~18mm was 

invested using a phosphate-bonded silica or a magnesia-based investment for titanium 

casting. The casting mold was burned out according to the manufacturers' instructions. 

Using a titanium casting machine, a titanium ingot* equivalent to JIS class 23) was cast in the 

mold.

For comparison, a cast plate of type I dental gold alloy** was prepared using ordinary 

casting procedures.

Abrading and polishing

Before abrading and polishing, the specimens were resin-embedded or attached to a resin 

block with an adhesive. Specimens to be embedded were set by a clipping band made of 18

-8 stainless steel and pressed together with a resin powder in a vessel held at about 140•Ž for 

15min.

Using a polishing machine# for metallurgical structure observation, the resin-embedded 

and resin-attached specimens were abraded with waterproof silicon carbide abrasive papers 

to #600 or 1,000 grit under water cooling. Fresh papers were used for each specimen. 

Subsequently, one of the specimens was polished with a buffing cloth on which an aqueous 

slurry of Fe2O3 powder was applied. Rotation speeds of the paper or cloth and the specimen 

were 130 and 50rpm, respectively. During abrading and polishing, the specimen was subject 

to pressure from a spring. This was not quantified, but careful attention was paid to keep 

this pressure as constant as possible.

Examination and analysis

After some of the specimens were carbon-evaporated, distributions of titanium, silicon, iron, 

chromium, calcium, oxygen, and carbon were analyzed using an electron probe microanal-

yzer##. The element analyses were performed in stage scan mode under the following 

condition: accelerating voltage=20kV, specimen current =0.21ƒÊA, step interval=1ƒÊm/step, 

and measuring interval=0.05s/step. Besides the ordinary spectroscopic crystals such as 

LiF, PET and RAP, an artificially-prepared spectroscopic crystal, LSA@, was used to detect 

oxygen and carbon with a sensitivity of perhaps 10 times or more. The oxygen Kƒ¿ and the 

carbon Kƒ¿ signals, whose backgrounds were liable to be elevated by coexistence with other 

elements, were processed through the pulse height selector.

The chemical bond states of silicon and oxygen on the abraded surface were determined 

by measuring their characteristic X-ray profiles4). The profile of the silicon satellite Kƒ¿3,4 

spectra of the unknown contaminant was compared with those of silica (quartz), silicon
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carbide, a titanium silicide-like phase4), and silicon. The profile of the oxygen Kƒ¿ spectrum 

of the contaminant was compared with those of the adhesive used in the abrasive paper, silica 

(quartz), titania (rutile), and a solute oxygen4) in titanium.

Using an X-ray diffractometer@@, a qualitative identification of the contaminant was 

attempted by the Bragg-Brentano method. Copper target and graphite monochromator 

were used under a power of 50kV and 300mA. Under a slit system (DS and SS=1•‹ and 

RS=0.30mm), the specimen was scanned at a speed of 4•‹/min and an interval of 0.02•‹.

The influence of the contaminant oxygen on the hardness of the abraded surface was 

investigated using a Vickers hardness (Hv) tester$. The measuring load was 100gf and the 

load holding time was 15s.

RESULTS AND DISCUSSION

Beginning of the problem

Fig. 1 shows a secondary electron (SE) image of the abraded section of a titanium casting and 

the corresponding maps of oxygen and phosphorus. The line analysis profile of oxygen 

distribution along the line AB in the SE image was added to this figure for a semi-quantita-

tive evaluation. The specimen was a casting from a phosphate-bonded silica investment 

mold. The bright vertical band seen in the oxygen and the phosphorus maps corresponds to 

the mold-metal interface. A reaction zone4) with a width of one hundred ƒÊm or more is 

observed to the right of the band. The layer between the interface and a layer with a 

phosphorus-rich phase (indicated by arrow heads) is the so-called oxygen-stabilized ƒ¿-case. 

It has been widely documented that the solute oxygen content is highest near the mold-metal 

interface and decreases rapidly toward the interior of a casting4). However, Fig. 1 exhibits 

a remarkable increase and variation in oxygen content, starting from the layer with the 

phosphorus-rich phase and progressing toward the interior of casting; this is entirely incon-

sistent with previous reports.

In prior studies, our specimen preparation for element analysis included abrading with 

waterproof silicon carbide grit papers, polishing with an aqueous slurry of Fe2O3 powder, and 

etching with a 5% HF-20% HNO3 aqua4,5). The etching treatment serves to reveal the 

correspondence of element distributions and microstructure in the reaction zone, but might 

to some extent modify the element distributions, oxygen in particular. In order to escape the 

influence of etching, abraded unetched specimens were analyzed to obtain the data in Fig. 1. 

The higher oxygen content in the interior of the casting than in the reaction zone, probably 

from surface contamination, was obviously related to the abrading treatment.

Surface contamination of abraded titanium

The element analysis of the interior far from the reaction zone was performed at a higher 

magnification. Fig. 2 shows an SE image and the corresponding maps of titanium and 

oxygen. Areas with low titanium contents and high oxygen contents were observed overall, 

providing dappled and reversely dappled patterns in these element maps. For a semi-

@@ RINT-2500 , Rigaku Corp., Tokyo, Japan
$ MVK , Akashi Co. Ltd., Tokyo, Japan
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Fig. 1 Element distributions in the reaction zone of a Ti casting abraded to #1,000 grit. The line 

analysis profile shows the oxygen distribution along the line AB. The four marks along the 

line AB are Vickers hardness test indentations.

Fig. 2 Element distributions on an abraded Ti surface. Together with an 18-8 stainless steel 

chipping band, the specimen was resin-embedded and abraded to #1,000 grit.
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Fig. 3 Line analysis profiles of Ti, Si, O, C, Fe, Cr, and Ca along the line AB in the SE image 

of Fig. 2

quantitative evaluation, Fig. 3 shows line analysis profiles of titanium, silicon, oxygen, 
carbon, iron, chromium, and calcium along the line AB in the SE image of Fig. 2. From these 

profiles, it was found that the titanium content varied within about 10% of its maximum. 
The oxygen content, with a background of about 200 counts, varied remarkably in a range 

of about 200 to 1,000 counts, corresponding inversely to the distribution of titanium. In 

addition, iron and chromium were detected, nearly corresponding to the distribution of 

oxygen, though their contents were low. The iron was not an impurity included in the 

titanium, but a major component of the 18-8 stainless steel clipping band which was abraded 

together with the specimen; the distribution of iron corresponded closely to that of chro-

mium. Nickel, which was not analyzed, could be detected together with the iron and the 

chromium. Calcium, which was distributed similarly to the other elements, originated from 

a filler component included in the embedding resin. We note here that silicon was detected 

not throughout but in a scattered distribution pattern in several isolated spots.

In order to escape the influence of the stainless steel band and the filler on the contamina-

tion, resin-attached specimens were abraded and analyzed. The hard reaction zone4) 

contaminated by the investment constituent elements was entirely removed by the abrading. 

Fig. 4 shows the results of the element analysis. The distributions of titanium and oxygen 

were qualitatively similar to those shown in Figs. 2 and 3. It is particularly noted here that
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the distribution of silicon corresponded closely to that of oxygen , entirely different from the 

result shown in Fig. 3. However, no peculiar aspect was found in the distribution of carbon . 

Although the specimen was carbon-evaporated, the contaminant carbon , if it existed, ought 

to be distinguishable from the evaporated carbon. In data not shown here, carbon was 

significantly detected together with silicon and oxygen on a surface abraded with silicone 

rubber polishers according to established dental techniques.

In the SE image of Fig. 4, occasional patterns with dimensions of roughly 10 to 30ƒÊm 

were observed corresponding to the distribution of silicon or oxygen. In order to demon-

strate these patterns more clearly, a specimen was set on the specimen stage at an angle of 

60•‹ to the electron beam and SE images were taken. Fig. 5 shows one of these images , in 

which contaminant deposits are observed overall.

From the results shown in Figs. 1 to 5, it is obvious that all the abraded surfaces were 

contaminated by silicon and oxygen. Iron, chromium and calcium rather than silicon 

contaminated titanium when they existed together with the abrasive. The surface abraded 

to #600 grit was qualitatively the same as that abraded to #1,000 grit.

Comparison with gold alloy

It is well known that the reaction zone of a titanium casting is hard due to its high content

Fig. 4 Element distributions on an abraded Ti surface. The resin-attached specimen was 

abraded to #1,000 grit. The line analysis profiles show the distributions of Ti , Si, O, 
and C alone the line AB.
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Fig. 5 An SE image showing contaminant 

deposits on an abraded Ti surface. Some 

deposits are indicated by arrows. The 

resin-attached specimen was abraded to 

#600 grit. To make the image, the speci-

men was set at an angle of 60•‹ to the 

electron beam; the size scale is thus 

available only horizontally.

of solute oxygen4), exhibiting Hv values ranging from about 200 to 800 or more. On the other 

hand, the interior of the casting is relatively soft, with a low solute oxygen content, and Hv 

values between about 160 to 1806). In Fig. 1, however, the oxygen content in the reaction 

zone was apparently low compared with that in the interior of the casting. This means that 

the hard reaction zone was scarcely contaminated. Similarly, the work-hardened stainless 

steel clipping band, which was abraded together with titanium, was not contaminated by 

titanium, oxygen, silicon, calcium, or carbon (data not shown). These facts suggest that the 

contamination may be related to the hardness of the specimen, because abrasive grits may be 

embedded in the surface if the specimen is soft or ductile.

To test this hypothesis, another examination was performed using a type I dental casting 

gold alloy (55 to 90Hv, ADAS #5). Fig. 6 shows the element distributions on the surface 
abraded to #600 grit. As described in Fig. 3, silicon was detected not overall but occasion-
ally, suggesting the possibility that abrasive grits might be embedded in the gold alloy 

surface. Although the background of oxygen was rather high due to the existence of gold, 

the distribution of oxygen was obviously different from that shown in Figs. 1 to 4. This 

means that the contamination of titanium was related to its reactivity as well as its hardness.

Chemical bond state analysis

To determine the properties of the contaminant deposits, chemical bond state analysis was 

performed focusing on silicon and oxygen. The results shown in Fig. 7 indicate that the 
chemical bond state of the silicon was similar to that of silicon carbide or a titanium silicide4), 
neither silicon oxide nor silicon. The state of the oxygen was close to that of solute oxygen 

in titanium.
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Fig. 6 Element distributions on an abraded type I gold alloy. The resin-embedded specimen 

was abraded to #600 grit. The line analysis profiles show the distributions of Au, O, 

Si, and C along the line AB.

X-ray diffraction analysis

In order to identify the contaminant deposits, the abraded surface was analyzed by X-ray 

diffraction. Fig. 8 shows a chart of diffraction by the Bragg-Brentano method. In Table 1, 

peaks obtained in Fig. 8 were compared with standard peaks of the following substances: ƒ¿

- titanium, titanium carbide, silicon carbide, silicon, graphite, and titanium silicides such as 

Ti5Si4, Ti5Si3, TiSi and TiSi2. Except for three peaks of very slight intensity (arrow heads 

in Fig. 8), all the major peaks (solid circles in Fig. 8) were identified as ƒ¿-titanium with a 

confidence coefficient of 865, as shown in Table 1. However, the confidence coefficient for 

titanium carbide (open circles in Fig. 8) was 225 and those for the other substances were 

lower. In other words, the three unknown peaks could not be identified clearly, suggesting 

that the major portion of the contaminant deposit might be amorphous or very thin.

The present study concluded that the surface contamination of titanium probably 

resulted from a reaction with abrasive materials. It is still not known whether the 

contaminant oxygen originated from the cooling water or from the adhesive which holds the 

abrasive grit to the paper.

Influence of surface contamination

The abraded surface reflected light irregularly, exhibiting a blackened shade (not shown
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Fig. 7 Chemical bond states of Si and O on an abraded Ti surface. The profiles of Si satellite 

Kƒ¿3 ,4 and O Kƒ¿ spectra of the contaminant were compared with those of standard 

substances. •gTi-Si comp•h represents a net-shape and titanium silicide-like phase 

existing in the reaction zone of a titanium casting. •gTi (O)•h is solute oxygen in the ƒ¿

-case of a titanium casting .

Fig. 8 An X-ray diffraction chart of an abraded Ti surface (Bragg-Brentano method). The 

resin-attached specimen was abraded to #1,000 grit. Refer to Table 1 for •gTi•h and 

•g TiC•h
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Table 1 Retrieval of peaks obtained in Fig. 8

N1: Number of peaks of a possible substance

N2: Number of obtained peaks which coincided with those of the possible substance

Co: Confidence coefficient

Peaks obtained in Fig. 8 were compared with those of the following possible substances; ƒ¿-

Ti, TiC, SiC, Si, graphite, and titanium silicides such as Ti5Si4, Ti5Si3, TiSi and TiSiz. 

Substances with confidence coefficients lower than 100 are omitted from this table.

here). Polishing with an aqueous slurry of Fe2O3 powder removed the contaminant entirely 

and provided a smooth and glossy surface (not shown).

As mentioned previously (Fig. 7), the contaminant oxygen was solute in titanium, 

suggesting the possibility that the oxygen may harden the abraded surface. The Vickers 

hardness test was performed at forty points on the abraded surface. Hardness numbers 

varied between 187 and 285, and an average of 228 was obtained with a standard deviation 

of 24.6. The hardness could not readily be related quantitatively to the contaminant oxygen 

content, because the size of the Vickers hardness test indentation was comparable to that of 

the contaminant deposit (Fig. 5). However, the variation of hardness appeared to corre-

spond to the distribution of contaminant oxygen. As with the casting of JIS class 2 titanium, 

hardness numbers were in a range of about 160 to 1806), not at the reaction zone but in the 

interior. It is clear that the contaminant oxygen increased the hardness of the abraded 

surface. In spite of the very high oxygen content, however, the hardness did not reach that 

of the reaction zone. This was confirmed by a comparison of four Vickers hardness indenta-

tions along the line AB in the SE image of Fig. 1. The reason may be that the contaminant 

oxygen did not diffuse into the interior.

Surface contamination affects the esthetics of restorations. Furthermore, it may influ-

ence negatively titanium's bio-compatibility and resistance to corrosion. More efficient 

finishing techniques are needed to widen the use of titanium in dentistry.

CONCLUSION

In spite of water cooling and slow-speed abrading, titanium surfaces were obviously 

contaminated. Contaminant deposits with dimensions ranging from about 10 to 30ƒÊm 

occurred throughout the surfaces. In these deposits, the titanium content was apparently 

reduced by about 10%, being replaced by silicon and oxygen. Iron, chromium and calcium 

rather than silicon contaminated the surfaces when these elements existed together with the 

abrasive. Distributions of these elements corresponded closely to that of oxygen. The
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chemical bond state of the silicon was similar to that of silicon carbide or a titanium silicide. 

The oxygen was solute in titanium, which increased the hardness of the abraded surface. X
-ray diffraction suggested that the contaminant deposit was amorphous or very thin . The 

contamination of titanium, although related also to the hardness, resulted primarily from a 

reaction with abrasive materials. Such contamination could influence negatively titanium's 

resistance to corrosion and its bio-compatibility.
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チ タ ン研 磨 面 の汚染

宮川 修,渡 辺孝一,大 川成剛,金 谷 貢,中 野周二,小 林正義1

新潟大学歯学部歯科理工学講座
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チタン研磨面の汚染について検討 した.研 磨装置によ

り,SiC耐 水研磨紙 を用 いて水冷下で研磨 し,研磨面の元

素分析,X線 回折,硬 さ測定 を行った.10～30μmの 大

きさの汚染物様 のものが研磨面全体に観察 された.そ こ

でのTiの 見かけの濃度は約10%低 下 し,SiとOの 濃度

が高か った.Siの 結合状態はSiCま た はTi-Si化 合物 の

それに似 ていた.Oは 固溶酸素 として存在 し,研 磨面 を

硬化させた.汚 染物 は非晶質か,あ るいは非常 に薄い こ

とが示唆 された.こ のようなチタンの汚染は,そ の硬 さ

とも無関係 ではないが,研 磨材 との何 らかの反応 による

と考え られ る.


