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

were  abraded  with  waterproof  StC grit papers  under  water  cooling.  The  abraded  $urfaces  were  examined

using  element  analysis,  X-ray diffraction, and  hardness tests. Contaminant deposits with  dimensions
reaching  about  30 ltm were  observed  throughout  the surface.  In these  deposits, IL'i was  apparcntly  reducecl

by about  10%  and  replaced  by Si and  O. The  chernical  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  arnorphous  or  very  thin. 7'he contamination  of  Ti, the  extent  of  which  was  related  to
hardness, resulted  from  a  reactjun  with  abrasives.
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                                INTRODUCTION

Titanium  is known  for its bigh resistance  to corrosion  and  its excellent  bio-compatibi]ity,
On  the other  hand, the metal  has a  high melting  point and  remarkab]e  chemical  reactivity  at
high temperatures. This  mal<es  titanjum 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 terriperatures. However,  the  number  of

studies  concerning  this problem  is extremely  limited, compared  with  those  treating invest-
rnent  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 loadsi･2).

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

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
      i
contammants  were  performed  using  an  electron  probe  micreanalyzer.  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  werl  as  its hardness,
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                         MATERIALS  ANI)  METHODS

PropaRltion of sPecimens
Cast plates were  prepared  for the  present study.  A  "rax  sheet  of  L4 × 16× 18 mm  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) w･ as  cast  in the

mold.

    For comparison,  a  cast  plate of  typeIdental  gold alloy**  was  prepared  using  ordinary

casting  procedttres,

Abftzding and  Polishi7ag
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  clippjng  band made  of  18

-8 stainless  steel  and  pressed  together with  a  resin  powder  in a  vessel  held at  about  1405C for

15 min.

    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.

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

slurry  of  Fe203 poNaTder was  applied.  Rotation speeds  of  the paper or cleth  and  the specirrien

were  l30 and  50 rpm,  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-

y･zer",#. The  element  analyses  were  performed  in stage  scan  mode  under  the following

condition  : accelerating  voltage=20  kV,  specimen  current=O.2  xtA, step  interval=1 ptm/step,

and  measuring  interx･'al=O.05 slstep.  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 tirnes or  more,  The  oxygen  Kcr and  the

carbon  Kot signals,  whose  backgrounds were  liable to be elevated  by coexistence  "iith  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  Ka3n

spectra  of  the unknown  contaminant  was  compared  with  those of  silica (quartz), silicon

 
*
 I'ure Titanium A, Morita Co. Ltd., Kyoto, Japan

"
 Casting Gold  Alloy M. C. type I, GC  Co. Ltd., Tokyo,  Japan

 # AUTOMAX,  Refine Tec, Yokohama,  Japan
 "f, EPMA-8705.  Shimadzu  Co. Ltd., Kyotu, Japan
 @  Layered structure  analyzer,  Shimadzu  Co, Ltd., Kyoto, Japan
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carbide,  a  titanium silicide-like  phase`), and  sllicon.  The  profile  of  the oxygen  Ka  spectrum

of  the contaminant  was  compared  with  those of  the adhesive  used  in the abrasive  paper,  si]ica

(quartz), titania (rutile), and  a  solute  oxygen`}  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  5e kV  and  300 mA.  Under a  slit system  (DS and  SS=1"  and

RS=O.30  mm),  the specimen  was  scanned  at  a  speed  of  4elmin and  an  interval of  O.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  100 gf and  the
load holding time  was  15 s.

                          RESULTS  AND  DISCUSSION

Baginning  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 verticul  band  seen  in the oxygen  and  the  phosphorus  maps  corresponds  to
the mold-metal  interface. A  reaction  zone`)  with  a  width  of  one  hundred ptm  or  more  is
observed  to the right  of  the  band. The  layer between  the interface and  a  layer with  a

phospherus  rich  phase (indicated by arrow  heads) is the so-called  oxygen--stabilized  cr-case,

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

interface and  decreases rapidly  teward  the  interior of  a  casting`),  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  vLrith 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  FezO3 powder,  and

etching  with  a  5%  HF-20%  HN03  aqua`'5}.  The  etching  treatment  serves  to reveal  the
correspondence  of  element  distributions and  microstructure  in the reaction  zone,  but might
to sorne  extent  rnodify  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.

Sudece contamination  of abraded  titanium

The  element  analysis  of  the interior far from the  reaction  zone  was  perf()rmed 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-

pm
 RINT-2500,  Rigaku Corp., Tokyo,  Japan

 $ MVK,  Akashi Co. Ltd,  Tokyo,  Japan
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Fig. 1 Elcment  distributions m  the  reaction  zono  of  a  Ti casting  abracTed  to #1,OOO grit. The  Iine

   analysis  prufile ghows  the uxygen  distribution along  thc' line AB. The  four rnarlgs  aleng  the

   line ."LB are  Vickers  hardness test indentations.

Fig. 2 Element  distributivns on  an  abracled  Ti surface  Together  with  an  IS-8 stainless  steel

   chipping  band, lhe specimen  "'as  resin-embedded  and  abracled  to #1,OeO grit
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Fig. 3 I.ine analysis  proiiles oi Ti, Si, O, C, Fe, Cr, and  Ca arong  the line AB  in the  SE irnage

      of  Fig. 2

quantitative  evaluation,  Fig. 3 shows  line analysis  profi]es  of  titanium, sMcon,  oxygen,

carbon,  iron, chromium,  and  calcium  along  the  line AB  in the SE  itnage 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  backgrouncl of  about/ 200 counts,  varied  remarlcably  in a  range

of  about  ZOe te 1,OOO 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  vLTere  low. The  iron was  not  an  impurity included in the
titanium,  but a  rnajor  componcnt  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  di$tributed similarly  to the other  e]ements,  originated  frorn
a  iiller cornponent  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  stee]  band  and  the filler on  the contamina-

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

contaminated  by the investment constituent  elements  was  entirely  removed  by the abrading,
Fig. 4 shows  the results  of  the element  analysis.  

'Fhe
 distributions of  t.itanium 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 existcd,  ought

to be distinguishable from the cvaporated  carbon,  In data not  sho"rn  here, carbon  was

significantly  detected together with  silicon  and  exygen  on  a  sttrface  abraded  with  silicone

rubber  polishers according  to established  dental techniques.

    In the SE  image  of  Fig, 4, occasional  patterns with  dimensions of  roughly  le to 30 ptm

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

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

6eC to the electron  beam  and  SE  images were  taken. Fig. 5 shows  one  of these images, in

which  contaminant  deposits are  observed  overall.

    Frorn 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,OOO grit.

CompaTison  tt,ith golcl allo:sJ

It is xKrell known  that the react,ion  zone  ef  a  titanium casting  is hard  due to  its high content
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                     Fig.5  An  SE  image  showing  contaminant

                            depostts on  an  abraded  
'I'i

 surface.  Some

                            deposits are  indicated by arro",s.  The
                            resin-attached  specirnen  was  abraded  to

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

                            men  was  set  at  an  angle  of  60" to the

                            electron  bearn; the size  scale  is thus

                            nvai]able  only  horizontaLly.

of  solute  oxygen`),  exhibiting  IIv values  ranging  from  about  200 to 800 or  more,  On  the other
hand, the interior oi  the casting  is relatively  soft,  with  a  low so]ute  oxygen  content,  and  IIv
values  between about  160 to 1806). In Fig. 1, however,  the oxygen  cc)ntent  iri the  reaction

zone  was  apparently  Iow compared  with  that  ln the interior of  the casting.  This  means  that
the hard  reaction  zone  w･as  scarce]y  contaminated.  Similarly, the work-hardened  stainless

steel  clipping  band, which  was  abraded  together with  titanium, was  Rot  contaminated  by･
titanium, oxygen,  silicon,  calcium,  or  carb(m  (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 90 Hv, ADAS  #5). Fig. 6 shows  the  element  distributions on  the  surface

abraded  to #6eO grit. As  described in Fig. 3, silicon  was  detected not  overall  but occasion-

ally,  suggesting  the possibility that abrasive  g.rits 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  obvieusl},  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 sinte  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  silicide`),

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 Eleiiient distributions on  an  abraded  type  I gold  al]oy.  The resin-embedded  specimen

      was  abraded  to #,600 grit. The  linc analysis  prof{les shew  the distributions of  Au, O,

      Si, and  C a]ong  the line AB.

X-7uJ, dz.'fuiction anal.vsis

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

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

peaks  obtained  in Fig. 8 were  eompared  with  standard  peaks  oi the following substances  : a

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

TisSi4, TisSi3, TiSi and  TiSi2. Except  for three  peaks of  very  slight  intensity (arrow heads
in Fig. 8), all the mEtjor  peaks  (solid circles  in Fig. 8) were  identified as  a-titanitim  with  a

confidence  coefficient  of  865, as  shown  ln Table  ].. However, the confidence  coefficient  for

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

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

that  the  rnajor  portion of  the conLaminant  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 stM  not  known  whether  the

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

abrasive  grit to the paper.

Inj7tfence of su7kce  contamoination

The  abraded  surface  reflected  light irregularly, exhibiting  a  blackencd shade  (not shc)wn

NII-Electronic  
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Tablc  1

     SURFACE  CONTAMINATION

I<etrieval
 
of

 piiLiks olL,.t.iSp.e. E'1 .in, 
Fig･.e

OF  TI BY  ABRADING

No.

1234:-)67

CardRef.

44-IZ943Z-138344-1288

 C
22-131735-ll5SZ9-li3IZ9-II26

 C

 No..malk**

I

*

Chemical

formulaTi[[iiCTisicsisicsic

"'Iiiieral narrie

Khamrabacvita,  syn

Moissanite-4H,  $yn

Moissanite-6H,  syn

pa'Ioissanite- 2II, syn

Nl

1154115911

N2

  10

  2

  1

  311l2[12

Co

865225194179173145115

Nl]  Number  oi  peaks  ef  a  pussible  substance

N2:  Number  of  obtained  peaks. which  coincidcd  with  those of  the pessible  substance

Co  : Confidence coefficient
l'eaks obtaincd  in Fig. 8 were  compared  w･ith  those  of  the  following possible substanees  ; ev-

Ti, TiC, SiC, Si, graphite,  and  titanium silicides such  as  Tt,Si,, Ti.-Si,, TiSi and  TiSi2.

Substances with  eonfidence  coeMcients  Iower than  1OO are  em{tted  from this table.

here). I'olishing with  an  aqueous  slurry  of  Fe20a powder  removed  the contaminant  entirely

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

    As mentioned  previously (Fig. 7), the  contaminant  oxy･gen  was  solute  in titanium,

suggesting  the  possibility that  the  oxy･gen  may  harden the  abraded  surface.  The Vickers

hardness  test was  performed  at  fort.y points on  the  abraded  surface.  IIardness numbers

varied  between r87 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  corriparable  to that  ol

the centaminant  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  -rere  in a  range  of  about  160 to 1806), not  at, the reaction  zone  but in the

interior. It is clear  that the contaminant  oxy･gen  increased the hardness ()f th¢  abraded

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

of  the reaction  zone.  This was  conflrmed  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 arid  resistance  to corrosion,  More  efficient

finishing techniques are  needed  t.o 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 30 #m

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  cont.aminated  the surfaces  when  these  elements  existed  together w･ith  the

abrasive,  Distributions o'f these elements  corresponded  clesely  to that of  oxygen.  The

NII-Electronic  



The Japanese Society for Dental Materials and Devices (JSDMD)

NII-Electronic Library Service

The  JapaneseSociety  forDental  Materials  and  Devices  {JSDMD)

MIYAKAWA  et  al. 21

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  abradecl  surface.  X
-ray

 diffraction suggested  that the contarninant  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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