
The Japanese Society for Dental Materials and Devices (JSDMD)

NII-Electronic Library Service

The  JapaneseSociety  for  Dental  Materials  and  Devices  {JSDMD)

Dental  Materials Journal  27(2) 1 216r220,  2008

Machinability of  Experimental  Ti-Ag Alloys

Masafumi  KIKUCHI,  Masatoshi  TAKAHASHI  and  Osamu  OKUNO
Division of  Dentai Biomaterials, Graduate School of  l]entistry, 1iohoku University, 4-1
Miyagi 980-8575, Japan
Corresponding author,  Masafumi  KIKUCHI;E-mail:  kikuehi@mail.tains.tohoku,ae.jp

Seiryo-maehi, Aoba-ku,  Sendai,

Reeeived  June  13, 2007/Aceepted  Septemher 26, 2007

This study  investigated the  machinability  of  experirnenta]  Ti-Ag  alloys  (5, 1,0, 20, and  3e mass%  Ag) as  a  new  dental tita-
nium  alloy  eandidate  for CAD/CAM  use.  The alloys  were  slotted  with  a  vertical  rnilling  machine  and  carbide  square  end

mills  under'  two  cutting  conditions.  Machinability was  evaluated  through  cutting  force using  a  three-component  force trans-
ducer fixed on  the  table of'  the  mMing  machine.  The hoTizontal cutting  tbrce ot' the Ti-Ag alloys  tended  to decrease as  the

eoncent･ration  of  silver  increased. Values of  the component  of  the herizontal cutting  t'oTce perpendicular  to the  feed direc-
tien for Ti-20%Ag  and  Ti-30%Ag  were  more  than  20%  lower than  those  for titanium  under  both cutting  conditiens.  Alley-
ing  with  silver  significantly  improved  the  machinabiliLy  of  titanium  in terms  of  cutting  force undcr  thc  present  eutting

conditions.
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              INTRODUCTION

AIthough  titanium  is well  suited  tbr dental pros-

theses  because  of  its combination  of  excellent  corro-

sion  resistance  and  biocompatibility, it is difflcult to
machine.  The  relative  ease  of machining  a  mate-

rial,  that is, the material's  machinability,  is consid-

ered  good  if the  too}  life is long, the  cutting  forces are

low, the  surface  finish is good, and  the  ehips  are  well

formed. Machinability is a  result  of  complex  inter-
actions  among  various  properties of a  material.  The

intrinsieally poor  maehinabilit･y  of  titanium  is a  seri-

ous  practical problem  in the milling  of  this material

with  dental CAD/CAM  systems.  This is because it
not  only  affeets  the quality of  prostheses, but also

leads to low ecenomic  efficiency.

   Another problem  with  titanium  is that its
strength  is insufficient for dental prostheses  that

need  eomparatively  high strength,  such  as  partj,al
dentures, bridges, and  superstructures  of  implants.

Alloying titanium  is one  method  of  improving  its

properties.  To date, industrial free-cutting titanium
and  titanium  alloys  have  been  developedO. However,

they  were  not  developed for dental use.  
r[ihey

 contain

sulfur  and  rare-earth  metals  as  free-cutting additives,

which  are  less-familiar elements  in conventional

dental alloys.  It has  been  reported  that their

corrosion  resistanee  is inferior to that of  pure
titanium  and  that further consideration  is needed

before these alloys  can  be applied  to dentistry2).

   Since mest  currently  available  dental alloys

have  been  developed  to faeilitate the dental easting
proeess  and  few have been developed  for enhanced

machinability,  we  believe that there is room  for
improvement,  In our  previous  studies3'7),  the  pro-
perties  of  experimental  Ti-Ag alloys  were  examined.

Silver was  selected  as  an  alloying  element  because it

has a  long history of  use  in dentistry. Our  results

showed  that when  titanium  was  alloyed  with  silver,

the  tensile  strength  and  hardness  of  titanium  could

be  significantly  improved3) without  significantly

reducing  the corrosion  resistance5･6).  As for bioeom-
patibility, Wang  and  Li reported  that  there  was  no

significant  difference between Ti-25%Ag  alloy  and

titaniumS'.  In addition,  the  grindability of  Ti-20%Ag

was  signifieantly  higher than  that  of  titanium  under

certain  grinding conditions7}.

   In this  paper, the  machinability,  of  experimental

titanium  allovs  with  5-30  mass%  silver  was

evaluated  thr6ugh  cutting  force with  the hope of

developing a  new  titanium  alloy  suitable  for dental
CAD/CAM  applications.

         MATERIALS  AND  METHODS

Chemieal eompositions  of  euperimental  atloys

Silver is a  B-stabilizing element  that  reduces  the

allotropic  transformation  temperature  from  rs (bcc)
to cr (hcp) of  titanium, Ti-Ag alloy  is elassified

as  a  t･itanium  alloy  with  a  eutectoid  trans-

formation and  a  eutectoid  point at  15.6 mass%  Ag
(hereafter, 

"mass%"

 will  be referred  to as  
"%")").

 The
experimental  Ti-Ag alloys  in the present study  (5%,
10%,  20%,  and  30%  Ag)  were  seleeted  from  both

hypoeutectoid and  hypereuteetoid regions.

Prqparatton  of  specimens
Buttons  (15 g  each)  of  the Ti-Ag  alloys  were  prepared
by melting  titanium  sponge  (>99.8%, grade  S-90,
Sumitomo  Titanium,  Amagasaki,  Japan)  and  silver

(99.9%, Ishifuku, Tokyo, Japan) using  an  argon-are

melting  furnace (TAM-4S, Tachibanariko,  Sendai,,
cJapan).  The  chamber  was  evacuated  to 5 mPa,  and

high-purity argon  gas (>99.9999%, Nipponsanso,
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Kawasaki,  Japan) was  introduced until  the pressure
reached  50  kPa  prior to melt･ing.  A  titanium  getter
was  melted  before the material  was  melted.  Eaeh
ingot was  inverted five times during melting  and  was

melted  a  total of  six  times. The  titanium  ingots were
made  in the same  way.

   Although the experimental  alloys  were  made

for machining  and  not  fbr easting,  the buttons were

cast  and  formed  into small  plates. Wax  patterns

(3.5 mm  ×  8.5 mm  × 30.5 mm)  were  invested in a

magnesia  investment  material  (Selevest CB, Selec,
Osaka, Japan). The  molds  were  burnt  out  according

to the investment manufacturer's  instructions. Each

button was  arc-melted  and  cast  into the mold  using

a  dental titanium-casting unit  (Castmatic-S, Iwatani,

Osaka, Japan). After being east,  the molds  were  kept

at room  temperature.  Prior to testing, the entire

hardened  surface  layer of each  easting  was  ground
using  SiC abrasive  paper, producing  specimens

measuring  approximately  3 mm  × 8 mm  × 30  mm.

All surfaces  subjected  to cutting  were  po]ished to a
1000-grit surfaee  finish. Three  specimens  were  made

for each  metal.

Rotatjoftelmotion

   O

pecsmen
 ln the vise)

Fig.1 Coordinates of  the  cutting  force measurement

      system.

Table  l Cutting  conditions

Conditionptttt
dFeed  rate!D!!puLgLgu!thft

   
-F

         -1
rev  s      ms

    
-1

           
-1

mms      pm  rev mm

AB  50  O.47

100  O.9412

2020 O.2O.2

Machinabtlity  test

The specimens  were  slotted  using  a  milling  maehine

(MDX-500/ZS-500T, Reland DG, Hamamatsu,
Japan)  and  square  end  mills  (mill diameter: 3 mm,  2

flutes; FX-MG-EDS,  OSG,  Toyokawa,  Japan)iO). The

axial  direetion of the tool was  parallel  to the vertical

axis  of  the  milling  machine.  The  tool  was  fed in

the  horizontal direction of  the maehine.  A  three-
component  force transducer  (LSM-50KBS, Kyowa,
Tokyo,  Japan), which  had  a  left-handed coerdinate

system,  was  fixed on  the table of  the milling  machine

so  that  the  positive x  direction and  positive 2

direction of  the  transdueer  matched  the  feed direetion
and  the tool tip direction, respectively,  as  shown  in
Fig. 1. The  directien of rotation  of the tool was  from

the positive x  direetion to the negative  y direetion ol'

the transducer. Three strain  amplifiers  (DPM-711B,
Kyowa)  were  used  for signal  conditioning.

   The  outputs  of  the strain  amplifiers  were

acquired  for 2i  ̀ samples  (3.3 s) at  a  sampling  rate  of  5

kHz  using  a  eomputer  (AT-690C, Epson, Matsumoto,
Japan)  equipped  with  a  16-bit A/D  interfaee (6034E,
National Instruments, Austin, TX, USA)  during
cutting,  The  three  component  forces (l7,, F;,, and  F.)

were  determined by caleulating  the  average  fbrces.
Each specimen  was  gripped  in a  vise  mounted  on

the  transducer  so  that  the  surfaees  to be eut  on  all

specimens  were  even  with  the top of  the vise.  A  cut-

ting test was  performed  under  two  eutting  eonditions,

as shown  in Table 1, fbr eaeh  speeimen.  Condition
A  was  close  to the tool manufacturer's  recommended

milling  eondition  for heat-Tesistant alloys,  which  are

difficult to machineii).  Under  cendition  B, the cutting

rev:  revolution  of  tool

speed  and  feed rate  were  doubled, The  test was

performed  twice for each  specimen  and  cutting

eondition.  Two  tools  were  used  fbr eaeh  metal,  and

no  cutting  fluid or  eoolant  was  used.  The  eut  surfaces

and  metal  ehips  were  observed  using  a  scanning

electron  microseope  (JSM-6060, eJEOL,  Tokyo,

Japan). The  results  were  analyzed  using  ANOVA
and  the Scheff'e"s test at a  significance  level of a=

O.05 and  were  compared  with  those  of  titanium.

                 RESULTS

C"tting forces
Figure 2 shows  the cutting  fOrces of  the Ti-Ag alloys.
Under  eondition  A, exeept  fbr that  of  Ti-5%Ag

(p<O.05), the K  values  of  titanium  and  Ti-Ag  alloys

were  not  significantly  different; under  condition

B, there  were  no  significant  differences at  all  (Fig.
2(a)). The  absolute  value  of  4- tended  to decrease as
the eoncentration  of silver  increased (Fig. 2(b)). For

all  Ti-Ag  alloys,  the  absolute  value  of  I7L･ was  signifi-

cantly  lower than  that of  titanium  under  eondition  A
(p<O.Ol for 5%Ag  and  10%Ag;  p<O,OOI  for 20%Ag

and  30%Ag).  Under  condition  B, Ti-20%Ag  and  Ti-

30%Ag  exhibited  significantly  lower absolute  values

of  PL, than  titanium  (both p<O.05).  It is noteworthy

that the values  for Ti-20%Ag  and  Ti-30%Ag  were

more  than  20%  lower  than  those for titanium  under

both eonditions.  The  absolute  values  of  4  were  well
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below those of  the horizontal eutting  forees (Fig. 2(c)).

No  statistical  differences in E, were  found  among  the

metals.

Cut surftxce$  and  metal  chips

Figure 3 shows  the eut  surfaces  of  the Ti-Ag  alloys.

The  feed direction was  from the bottom to the top,
and  the rotational  direetion was  from the left to the
right  of  each  image. Cutting marks  were  observed

on  all  the cut  surfaces.  The eoarsest  piteh length
was  20  pm  and  matched  the feed per revolution  of

the tool in the present study.  Adhesion  of  metal

chips  to the eut  surface  was  observed  in some  places.
However, there were  no  marked  differenees in the

appearance  of the cut  surfaces  among  the metals  and

cutting  conditions.

    Figure 4 shows  the metal  chips  resulting  from

cutting.  The shape  of  the titanium  chips  was,  in
general, a  short  spiral.  The  extremity  lying inside
the spiral  was  formed when  the  cutting  edge  of  tool

entered  the  metal.  The chips  appeared  thinner and

longer as  the  eoncentration  of silver  increased, For
eaeh  metal,  there were  no  pronounced  differences in
the appearance  of  metal  chips  between  the  two  cut-

ting conditions.

                 DISCUSSION

The  eutting  force determines  the cutting  pewer
requirements  for removal  of  a  material,  In the pres-
ent  study,  the  horizontal cutting  forces were  Telated

to the eutting  power.  The  rotational  power  was  pro-

portional to the product  of  the torque  (related to E,
and  4,) and  the angular  speed,  and  the feed power
was  proportional to the product of  L  and  the feed
rate.  The majority  of  the cutting  power  is predicted
to turn  into thermal  energy  and  raise  the temperature
of  the  tips of a  tool, thus  shortening  its life. This is
especially  so  when  the work  material  has a  thermal

conduetivity  as  low as  that of  titanium. The cutting

force also  affects  the  dimensional  accuracy  and

surface  integrity of  the workpiece  because a  higher
cutting  fbrce results  in greater deformation of  the
machining  system  <maehine, tool, and  workpieee).  It
is, therefbre, desirable to reduee  the eutting  force.
    The  absolute  value  of IiL tended  to decrease with
the  concentration  of  silver. The  absolute  values

of  4  fbr Ti-20%Ag  and  Ti-30%Ag  were  more  than

20%  lower than  those for titanium  under  both

conditions.  In our  previous study  on  the mach-

inability of  titanium  alloysi"),  the  machinability  of

free-cutting brass, well  known  fbr its superior

machinability,  was  used  as  a  benchmark.  The

absolute  values  of  the horizontal cutting  forces

footh za and  Fl) of  brass were  significantly  lower
(approximately 50%)  than  those  of  titanium.  The

cutting  forces of  Ti-20%Ag  and  Ti-30%Ag  were

between those of titanium  and  brass, rendering  them

as  good  eandidates  tbr dental machining  alloys  for
CAD/CAM  use.  Considering its eorrosion  resistance,

Ti-20%Ag  was  thus  far the most  promising  Ti-Ag

alloy5･6),

    The  mechanical  properties  and  machinability

of  a  metal  are  affected  by  its microstructurei2).

Based on  the Ti-Ag equilibrium  phase  diagram9}, the
alloy  phases  of 10%Ag,  20%Ag,  30%Ag,  and  possibly
5%Ag  alloys  should  be  a  and  the intermetallic

compound  Ti2Ag at  room  temperature.  However  in

reality,  as  shown  in previous studies5･6},  Ti-Ag  alloys

with  a  small  amount  of  silver  eonsisted  of  an  or

phase  only  because  of  non-equilibrium  cooling.  The

precipitation of  the  intermetallic compound  in the

Ti-Ag alloy  seemed  to result  firom a  silver  concentra-

tion  of around  20%. Our  previous study3)  revealed

that the tensile strength  and  Vickers hardness  of

Ti-Ag alloy  inereased with  an  increase in silver

eoncentration.  It was  thought  to be due to solid

solution  strengthening  and  the inelusion of a small

amount  of  intermetallic compound  Ti2Ag, The

strength  and  hardness of  Ti-20%Ag  were  about  1,6
and  1.8 times  higher  than  those of  titanium, respee-

tively.

   A  high degree of  strength  and  hardness  in a

material  often  results  in low machinabilityi2).  The
cutting  fbrces of Ti-6Al-4V  and  Ti-6Al-7Nb were  sig-

nifieantly  higher  than  those of  titaniumiO), which

coincided  with  the higher degree of  tensile strength

and  hardness  of  these  two  titanium  alloys  than  those

of  titanium. On  the other  hand, although  the Ti-Ag

alloys  also  had higher tensile strength  and  hardness
than  titanium, their maehinabilit.y  in terms  of

cutting  foree was  comparable  to or  even  better than
that  of  titanium.  This  showed  that  the  machinability

of  a  material  eannot  be determined  only  by  its tensile

strength  and  hardness.

    It is knewn  that  lower ductility is generally
beneficial to machinabilityi3).  Cutting a  ductile alloy
requires  that the tool have a  sharp  cutting  edgei'L),

In industry, it is common  to improve  the machinabil-

ity of  a  metal  by adding  free-cutting additivesi･i5'!').

These additives  are  dispersed in the metal  as

elements  or  as  compounds  and  reduce  the ductility of

metals,  thereby  enhancing  the notch  effect  in metal

chips  and  improving ehip  breakability.
    In our  previous  study,  the elongation  of  Ti-Ag
alloy  decreased  from  36%  to 19%  with  an  increase

in the concentration  of  silver  from O%  to 20%'i).
AIthough  no  elongatien  value  was  available  for Ti-

30%Ag,  an  explanation  for the  favorable maehinability
of  the  Ti-Ag  alloys  was  the decrease in elongation

eaused  by  microstructural  changes  through  alloying.

The reduced  ductility was  probably  the primary
eontributor  to the  decreased  ehip  thickness  and  cut-

ting  forcei4･LS).
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    It should  also  be  noted  that in genera], lower
ductility promotes  shorter  chips.  In the present

study,  however,  the  ehip  length became  Ionger with

decreased  elongation,  Assuming  that the chip  was

strong  enough  to maintain  its original  length, it is
understandable  that the ehip  length increased with
decreased  thickness  because  the  volume  of  material

removed  by a  cutting  tooth at  one  time  was  constant

under  the present mi]],ing  condition.

    It was  possible  that not  only  reduced  ductility
contributed  to improved  maehinability,  but that  the

intermetallic compound  dispersed in the matriees  of'

Ti-20%Ag  and  Ti-30%Ag  had  the  same  effect  as  firee-

cutting  additives.  In t･his connection,  it should  be

possible to control  the machinability  of  Ti-Ag  alloys

by controlling  the precipitation  of the intermetallie
compound  through  a  heat  treatment.

    In terms  of  testing  modes,  tools, and  processing
speeds,  there were  indeed  differences between  the

present study  and  a  previous  grinding experimentT).

In the  present study,  the  cutting  test  was  performed
at  a  eonstant  feed rate,  while  the  grinding test was

peTformed  at･ a  constant  load. TiAIN-coated carbide

end  mills  were  used  in the  present study,  whereas

earhorundum  wheels  were  used  previously, Further,

the eutting  speed  used  in the current  study  was

well  below  the  previous  grinding speed  (8,3 ms  
i
 or

more).  Despite these differences, Ti-20%Ag  showed

favorable results  in both the cutting  and  grinding
experiments,  which  seemed  natural  because  cutting

and  grinding  are  essentially  the same  process on  a

microscopic  scale.  However, there was  a  noteworthy

diffbrence between  thc  results  for eutting  and

grinding. Although the grindability of  Ti-20%Ag  was

grinding-speed  dependent and  equivalent  to that of

titanium  at  a  low  grinding  speed,  the  maehinability

of  the alloy  in terms  of  cutting  foree was  better than
that  of  titanium  at  an  even  lower cutting  speed.

This  finding thus  suggested  that  the  mechanism

fbr improved  machinability  in terms  ef  cutting

force was  not  exactly  the  same  as  that for improved

grindability.

    The current  explanation  of  the machinability

of the  experimental  alloys  in view  of  the previously

studied  mechanical  properties is somewhat  limited

beeause the properties  are  likely to be affected  by
strain, strain  rate,  and  temperature. Therefore, further
investigations are  neeessary  for a  more  thorough

understanding  on  the underlying  mechanism  that
aecounts  tbr an  improved  machinability.
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