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rl"he

 purpose  of  this  study  was  to irnprove the characteristics  of  gypsum-bonded  alumina  invest-
ments  using  magnesia  and  potassium  sulfate  as  chemical  additives,  Magnesia  content  improved
fLuidity, delayed  seLting  reaation,  i.nereased･green  strcngth,  and  decreased setting  expansion,
when  mixed  with  disti]led watcr.  When  the investment  was  rnixed  with  potassium  sulfate,  the
setting  time  and  setting  cxpansi,on  were  reduced,  and  the thermal  expansion  increased, however,
the  green  strength  decreased,  

rlih.ere
±
'ore,

 the investment  w'ith  a  small  amoufit  of  magnesia

mixed  wi.th  potassium  sulfate  was  eonsidered  a  suitable  composition,  having  adequate  setting
hehavior,  enough  green  strengLh  and  sufficient  compensate  expansion  for ¢ asting.
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                              INTRODUCTION

Gypsum-bonded investments are  eonsidered  unsuitable  for high-fusing alloy  casting

because of  the decomposition of  gypsurn at  high temperaturesi). However, it has been
reported  that a  mixture  of  gypsum  and  alumina  shows  high expansion  because of  the

reaction  of  alumina  and  calcia  deeomposed  from  gypsum2', In previous  papers3), we

developed  an  experirnental  gypsum-bonded  alumina  investment for high-fusing alloys,

and  its characteristics  were  investigated; 20 or  25 mass96  gypsum  eontent  gave  the
fundamenta] propertj.es for high-fusing alloy  casting.  However,  a  few problems  re-

garding  setting  time  of  these investments were  found,

    It is wel]  known  that chemieal  additives  have an  influence on  the characteristics

of  a  gypsum  product･. Magnesia  is one  stable  refractory  at  a  high temperature`) and

forms the  oxjde  compound  spinel  with  a].umina  at  900-1200℃ 5].
 Potassium sulfate

funcLions as  an  accelerator  for gypsum  and  controls  the setting  expansioni'6}.  In this
study,  rnagnesia  and  potassium  sulfate  were  selected  as  chemieal  additives  for a

gypsum-bonded  investment. The effects  of  these additives  on  the investment were  in-
vestigated  in an  effort  to improve the  characteristics  of  the  investment,  and  casting

of  titanium  using  this investment was  evaluated.
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                        MATERIALS  AND  METHODS

Experimental investment

According to our  previous study.  
2)
 a  calcium  sulfate  hemihydrate  without  an  additive,

essentia]]y  identical tc) a  dental sLone  used  for a  commercial  gypsum-bonded  invest-

ment  (Cristobalite Micro, C}C, Tokyo,  Japan) was  selccted  as  a  binder and  added  at

20 mass%  to Lhe rcfraetory  materia].

    Alumina  powder  (Fuji-random wa-220,  Fujiseisaku, Tokyo, Japan) was  selected

because investments  of  this powder  show  relatively  small  setting  expansion  and  a

large theririal expansion.  Electrically fused magnesia  powder  (]vtgO; RA-F,  Tateho

Kagaku, Hyogo,  Japan)  was  selected  as  an  additive  for the  alumina  powd(,ir. [1]he

chemical  compositions  of  the alumina  ancl  magnesia  powders supplied  are  listed in

Table 1. Five kinds of.experimental  gypsum-bondcd  investments were  prepared;  their

magnesia  contents  were  O.O, 6.1, 11,7, 16.3, and  28,7 mass9b'  (Table 2).

    The  investment was  mixed  with  distilled water  or  2 mass96  potassium  sulfate

(KL,SOi; Grade  S, Wako  Chemical Industries, Osaka, Japan) solution  at  a  water.,'pow-

der ratio  ot: O.28 by hand for 30 seconds  and  another  3e seconds  "]ith  a  vacuum  mixing

maehine  (Vac-U-Mixer, Whip-Mix, Fort  Wayns,  IN, USA).  As the investments  con-

taining more  than  l6,3 mass%  MgO  mlxed  with  distilled water  did not  set  until  120

minutes  after  the start  of  mixing,  the only  the  fluidity investments were  taken.

Fluidit),

Fluidity was  measured  using  the slump  tesL JiS T6601T';' for a  gypsurn-bonded  invest-

ment.  The freshlv mixed  investment was  poured  into a  brass ring  (28 mm  in diame-

ter and  50 mm  in 
"length)

 on  a  glass slab, then the brass ring  was  pulled up  2 minutes

after  the  start  of  mixing.  Fluidity was  determined as  the mean  of  the maximum  and

the minimum  diameter  of  the slurry  3 minut,es  after  the  start  of  mixing.  T'hree meas-

urements  were  performed  for each  investment.

   [I'ab.l-e..1 Cb.e.m. ice.1 coll.}.p..gs.ition-gf  aluminp..a.nd  {-I}F.g.ncsia powd.er  --m-.. ...--.

       ReCraetory  COmp9..s.i.t.i-i!L(-{-a.I.g..%)

       materia]  

"-A'T,o,"--'iliMg-)'---'II'io,
 sio2 liieE03 Naz'6"M-CaO-""''B203                                                                 .......- t.

      
"ttl{,.i,l'A"-"--buzg'umJ+r--'-tt'''

 

''''616'i---o'J6g
 6i'6'g---'"61Jig-" ,,o3 -

       Mq.gnesia  .. 
0.0.8...- 99..2--. '

 .-O-.26 ..-..!,08 .--..=... 
O,3.5.-. O.03..

   Tab].e ?.-ConiposLtlons of  g.-xperim-e.Iltilinvest.m..gnts andumwaLer,Ltg/w.der  rq.t.]1-o-- "-...

   
"

 MgO  content  Mol  Tatio  of  MgO  Gypsum  content  Water,ipowder

            (inass%) to Al!03 (mass96) ratio                                                           tttttt- -tttttt tt                                                     ttttttttt tt t                                      '
     i' 6'Je o;i 2o o.2s
     2 6.1 l:6  20 O.28
     3 IL7 1:3  2e O.28
     4 16.3 1:2  20 O.28
     5 28,7 1:1  20 O.28                                                                       ttttt                                                    tttt-t tt ttttt                                                tttt t    ttttttt tttt tt
                                                               '
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Setting time

The Vicat needle  penetration  test was  ernployed  to measure  the setting  time; the di-

ameter  of' the Vicat rreedle  was  2 mm  and  its load was  3 N. The freshly mixed  invest-

ment  was  poured  into a  brass ring  (30 mm  in diameter and  30 mm  in length); the

needle  was  allowed  to penetrate the mix  at  15-second intervals until  it would  no

longer do so, The  setting  time was  recorded  as  the total time  from  the start  of  mix-

ing to the time  when  the needle  failed to make  a  perceptible  circular  indentation on

the surface  of  the specimen.  Three  repetitions  were  done for eaeh  investment  cornpo-

sition,

Setting escpansion

Dimensional changes  during setting  were  eontinuously  rneasured  up  to t20 minutes

after  the start  of- mixing.  The freshly mixed  investment was  put into a  steel  ring  (35
mm  in diameter and  45 mm  in length) with  two  folds of  a  O.7 mm  ceramic  liner (New
easting  Liner No.3, GC, Tokyo, Japan). A  17 mm  diameter circular  acrylic  plate was

placed on  top  of  the  investment.  The  movement  of  the  acrylic  plate was  monitored

by a  dial gauge  (Peacock 107, Ozakiseisaku, Tokyo,  Japan); the measuring  load was

approximately  O,16 g/mm'i, The setting  expansion  120 minutes  after  the start  of  mix-

ing was  calculated  as  the percentage  expansion  based on  the smallest  reading  of  the

djal gauge  during setting  and  the final length of  the ineasured  specimen.  Three meas-

urements  were  performed  for each  investment type.

Compressive strength

The freshly mixed  investment was  poured  into a  brass mold  (l.O mm  in diameter and

15 mm  height). The set  specimens  were  removed  from the mold  55 ininutes  after  the

start  ot: mixing  except  for the specimens  of  11.7 mass%  MgO  investnient mixed  with

distilled water  which  were  removed  115 minutes  after  the start  of  mixing.  These

specimens  were  kept  in a  eontainer  with  a  100%  relative  humidity.  Green strengths

2 hours after  the start  of  mixing  were  obtained  by the  compressive  test using  a  uni-

versal  test machine  (1123, Instron, Canton, MA,  USA)  with  a  crosshead  speed  of  O.5

mm/min.  The fired strengths  of  the specimens  were  also  obtained  in the above-

mentioned  manner  after  firing, The specimens  were  heated from  24 hours after  the

start  of  mixing  to 1200eC at  a  rate  of  le℃/min and  to 1400℃ at  a  rate  of  5℃/min
using  a  SiC furnace  (FG41,, Yamato  Engineering,  Tokyo,  Japan), then  cooled  to room

temperature.  Six specimens  of  each  investment were  tested.

X-ray davraction

Cylindrical specimens  of  the investment with  11,7 mass%  MgO  content  mixed  with

K2S04 fired at  1000, 1200 and  1400℃  as  described previously'i} were  erushed  into powder
for the  measurement.  Changes of  crystal  component  before and  after  firing were

measured  by an  X-ray  diffraction analyzer  (XRD; RAD-II A, Rigaku, Tokyo,  Japan)

with  CuK  a  radiation,  a  fixed divergenee slit  and  a  2O/min  scanning  speed,
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Thernzal analysis

Thermal  expansion  was  measured  with  a  dilatometer (l)ilatometer 5020, Mac  Science,

Tokyo, Japan). A  cylindrieal  set investment (6 rnm  in diameter and  12 mm  height)
was  heated in air  from 2 hours  after  the start  of  mixing  at  a  similar  heating rate  as

that  described for fired strength,  Weight and  endothermal/exothermal  changes  dur-

ing heating and  cooling  of  the set  investment were  analyzed  using  a  TG-DTA  (TG-
DTA  2000, Mac  Science, Tokyo, Japan). A  piece of  each  set  investment was  milled  to

a  powder  using  a  mortar  and  a  pestle, then  the  powder  was  kept  in a  desiccator for

at  least 24 hours to remove  physical  water  from  the investment. Alumina  powder
was  used  as  a  standard;  the examined  mass  

'of
 powder  was  10.0 mg;  the powder  was

heated to 1400℃  at  10℃ /min and  then cooled  to room  temperature  at  10℃ /min. Ther-

mal  analysis  was  performed  three times for each  investment,

Casting
An  invar-steel rnold  was  employed  for fabrication of  a  trapezoidal wax  pattern8) (Fig.
1); the  wax  pattern was  prepared using  the mold  with  inserters. The dimensions of

the wax  patterns  were  12.7 mm  in the upper  length, 14.0 rnm  in the lower length, 11.0

mm  in height and  2.0 mm  in thickness. Distances between the upper  line of  the wax

pattern  and  the mold  without  thc smaller  inserter at  three locations were  measuyed

using  a  profile  projector  (Model 6C, Nikon, Tokyo,  Japan) and  reeorcled  as  DW.  A

wax  sprue  (2.5 mm  in diameter) and  a  running  bar (4.0 mm  in diameter and  10 mm

in length) were  attached  to the wax  pattern, the wax  pattern  was  held at  the center

of  a  eeramic  ring  (42 mm  in diameter and  55 mm  in height) lined with  one  fold ef  a

2.0 mm  ceramic  liner (Ceramic liner Cyclarc, Morita,  Kyoto,  Japan).  The  alumina  in-

vestment  with  6.1 and  11.7 mass%  MgO  content  mixed  with  the 2 mass%  K2S04  solu-

tion  was  employed.  The  mold  was  heated at  the  same  heating  rate  described for the
fired strength,  commencing  24 hours  after  the start  of  mixing.  A  titanium  ingot
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 <Denta} pure titanium  A, 10 g, Morita, Kyoto, Japan) was  cast  into the mold  using

an  argon  arc  melting,  gas  pressure  and  centrifugal  casting  machine  (Vulcan-T, Shofu,
Kyoto, Japan). The  dimensions of  the casting  after  sandblasting  using  alumina  pow-
der (Pencil jet SM, Yoshida, Tokyo,  Japan) were  also  measured  by the same  proce-
dure as  for the wax  pattern, and  recorded  as  DC.  Dimensional accuracy  of  the
casting  (D) was  calculated  by the following formula  based on  the dimensions of  the

invar-steel mold:

    D-AdX[(14,O-12.7)/(110 × 12.7)]× 100

where  Ad  was  the amount  of  dimensional discrepancy  between DW  (mm) and  DC
(mm).

    The surfa ¢ es  of  the casting  obtained  from  the 11.7 mass%  MgO  content  invest-
ment  after  sandblasting  were  analyzed  using  a  electron  probe  micro  analyser  (EDX;
Delta V, Kevex,  Foster, CA, USA)  for determining the contamination  of  the  invest-
ment  elements  by the casting.  The  centers  of  the sprue,  the running  bar and  the cast-

mg  were  measured  three  times,

                                RESULTS

FIuidity magnesia

The fluidity rneasurements  are  shown  in Iig.2. The error  bars  in the figure indicate
the  standard  deviations. The  fluidities of  the investments ranged  from 31.0 to 55.8
mm.  The  f]uidity of  the investment  without  magnesia  mixed  with  K2S04 could  be not

measured  because of  the short  setting  time; however,  that  mixed  with  distilled water

could  be measured  (31.3 mm),  The fluidities of  the investment increased with  inereas-
ing of  magnesia  content.  Fluidity of  a}most  all  investments showed  a  smaller  value
compared  to the minimum  limit of  the JIS requirement7)  of  55 mm;  however, it was

possible to use  them  as  investment using,a  vibrator  because of  their thixotropicity.
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                                             strength.

Setting time

The obtained  setting  times  are  indicated in Fig. 3. Increased MgO  content  of  the  in-

vestments  had a  tendency  to delay the setting  time. The  investments with  more  than

11.7 mass%  MgO  content  did not  set  until  120 min  when  mixed  with  distilled water.

The  setting  times significantly  decreased when  the investments were  mixed  with

K,SO,,,

Setting expanston

The setting  expansion  of  the investments  120 minutes  after  the  start  of  mixing  is il-

lustrated in Fig,4. The setting  expansions  mlxed  with  K2S04  were  significantly

smaller  than  those  rnixed  with  distilled water.  Increased magnesia  content  of  the in-

vestments  mixed  with  K2S04  caused  only  a slight  change  of  the settmg  expansion;

however,  when  mixed  with  distilled water,  a  small  amount  of' magnesia  content  de-

creased  the setting  expansion.

 Compressive strength

 Fig,5 shows  the green strengths  2 hours  after  the start  of  mixing,  and  the fired

 strengths  of  each  investment. When  mixed  with  distilled water,  the green strength  of

 6.1 mass%  MgO  content  was  larger than  that without  MgO;  however, the green

 strength  ef  11.7 massO/o  MgO  content  deereased becausc  the investment was  not  com-

 pletely set  when  measured.

    The fired strengths  of  the  investments  with  K2S04  showed  a  larger value  than

 those mixed  vv'ith  distilled water.  The  6.1 mass%  MgO  content  investment  showecl  the

 largest fired strength,  1.61 MPa,

 X-rabl dijZfractometer

 The >(-ray diffraction patterns  are  shown  in Fig.6. Streng diffraction lines of

                                                            NII-Electronic  
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Fig.6

CaSOlj ･ 2H20, MgO,  MgCOH)2  and  A1203 were  observed  from  the powder  before firing;

diffraction Iines of  CaS04  instead of  CaSO,t ･ 2H20  and  MgA120,,  were  found from  the

powder  aftcr  10eO℃ firing; diffraction lines of  3(CaO  
t
 A1203) - CaSO,t appeared  from

the powder  after  1200℃ firing; diffraction lines of  CaO  
･
 2A1203 and  CaO  

･
 6A1203 were

also  observed  from  the  powder  after  1400℃ firing. The final crystal  components

after  1400℃  firing were  eonsidered  to  be INtlgA1204, A1203, 3(CaO  
'
 A1203) '

 CaS04,

CaO･2A1203  and  CaO･6A1203.

Thermat  ana(ysis

Figs, 7A-B show  the  typical  thermal  dimensional changes  of  the investments, 
'Irhermal

contractions  between 350-450CC were  detected in all investments; those between 900-

1150℃  were  also  observed  in a]most  all  investments;  thermal  expansion  between 1200-

1400℃ and  thermal  linear contractions  during cooling  were  observed  in all invest-

ments.  These behaviors are  consistent  with  the previous  report3L  When  the  invest-

ments  were  mixcd  with  K2S04, the thermal  contraction  at  9eO-1150℃  was  smaller  and

the thermal  expansion  at  .I2eO-1400℃ was  more  rapid  and  larger. When  the MgO  con-

tent increased, the thermal  eontraction  at  900-1150℃  increased, however, the thermal

contraction  betwccn 900-1150℃ of  the investment with  11.7 mass%  MgO  content  was

the smallest  (O,OO%); the  thermal  expansion  at  1200-1400℃  also  increased, especially

when  the MgO  eontent  was  11,7 mass%;  the  residua]  expansions  of  magnesia  content

at  O.O, 6.1, 11,7, 16.3 and  28.7 mass%  were  1,81%, 2.36%, 2.48%, 1.54% and  O,77%,
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respectively  (Fig.8).
   Typical TG-DTA  diagrams of  the investments are  illustrated in Fig.9. When  the

MgO  content  was  identical, there  was  no  obvious  difference except  for weight  loss at

400CC between the TG-DTA  diagrams of  the investments mixed  with  distilled water

and  those mixed  with  K2S04. An  endothermic  peak  with  weight  loss due to dehydra-
tion  of  CaS04  

･
 2H204  was  observed  between  100-130℃ ; a  small  exothermic  peak  with-

out  weight  loss due to transformation  from  M  CaS04  to ] CaS04  was  observed  at

approxirnately  350℃ ; an  endothermic  peak  with  weight  Ioss at  400℃ because of

Mg(OH)2  dehydration9) was  observed  when  the investment contained  MgO  mixed  with

K2S04; a  broad endothermic  peak  with  weight  lost due to decomposition of  CaS04  was

seen  from  approximately  900℃ ; an'  smal}  endothermic  peak  without  obvious  weight
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loss was  recognized  at  1220℃ ; and  a  gradient weight  loss and  endothermic  peak  were

observed  until  1400℃ , there were  no  obvious  endo/exothermic  peaks  and  weight  loss

during eooling  to room  temperature.  The amount  of  weight  loss of  the investment

mixed  with  K2S04 before firing to 200℃ and  that before firing f:rom 600℃ to 1400℃

were  4.4-4.7 and  9.7-11.4%, respectively,  regardless  of  the amount  of  MgO  content;

however,  the  amount  of  weight  loss of  the investmenL mixed  with  K2S04 at  400℃ in-

creased  with  increasing MgO  content:  the means  and  standard  deviations of  weight

loss before firing 200 to 600℃ at  O.O, 6.1, 11,Z l6.3 and  28.7 mass%  magnesia  content

were  O.O± O,O%, O.5± O.1%, 1.8± O.396, 2.1± O,2% and  2,2± O.1%, respectively.

Casting .

The obtained  casting  is shown  in Fig. 10. Almost  all investments were  easily  removed

from  the casting  without  sandblasting,  After sandblasting,  a  metallic  surface  was

easily  obtained.  Small casting  fins were  observed  on  the upper  Iine of  one  half of  the

eastings.  The  EDX  analysis  revealed  contamination  of  Al, Mg, S, Ca  and  K  on  the

titanium  easting  (Table 3). The amount  of  contamination  was  the largest at  the run-

ning  bar; however, contamination  was  the smal]est  at  the  center  of  the  casting.  The

obtained  castings  were  larger than  their wax  patterns.  Dimensional accuraey  of  cast-

ings obtained  from  6.1 and  11.7 mass%  magnesia  content  were  O.Ol±-O.09%  and  O.23

:h.O.10%,  respectively,

                              DISCUSSION

The  water/powder  ratio  used  in this study  (O.28) was  smaller  than  that in the previ-
ous  report3)  (O.31) in an  effort  to reduce  setting  time;  as  a  result,  the  setting  time
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   Table  3 Results  of  e]emenLa]  analysis  of  thc surfacc  or  Lhc tltaniurn casting  after  sand-

         blasting'

Element  (mass{ra)
Sampling  part

Mg Al s IK Ca Ti

      I{unnlng  bar O.9 (O,1) 8,5 (O.7) O.3 (O.2) O.1 (O.O) O,3 (O.1) 90.1 (O,8)
     Spruo O.7 (O.4) 4,3 (O.5) O.2 (O.O O.1 (O.O) O.4 (O.2) 94.3 (O.6)
     Center O.4 (O.1) 4.5 (O.5) 02  (O.1) O.1 (O.e) O.3 (O.1) 94.5 (O.5)
       

'
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and  the fluidity decreased, and  the setting  expansion  increased compared  with  the in-

vestmenLs  of  identical. composition  in the previous  report,  Potassium sulfate  acceler-

ates  the setting  of  gypsum;  however, the effect  of  magnesia  on  gypsum  setting  have

not  been c]ear]v  confirmed.  XRD  and  TG-DTA  analvsis  revealed  that some  amount  of            t "

magnesia  in the investment hydrated to magnesium  dihydrate after  setting,  Magne-

sium  dihydrate is reported  to be an  aceelerator6],  however, magnesia  aeted  as  a

retarder  of  setting  with  respect  to fluidity and  setting  time  in this study.

   Potassium sulfate  and  magnesia  are  also  known  to reduee  the setting  expansion

and  green strength  of  gypsum6'iOii. The experimental  investment used  in this study

consisted  of  gypsum  and  alumina:  the alumina  powder  increascd the  setting  expan-

sion  and  decreased  green strength  of  the gypsum3'.  When  mixed  with  distilled water,

the green sLrength  of  6,1 mass%  MgO  content  was  larger than that without  MgO;

however, that of  11.7 mass%  MgO  content  decreased because, the investment was  not

eompletely  set  2 hours after  the start  of  mixing,  The means  and  standard  deviations

of  green strength  4 hours after  the start  of  mixing  of  O, 6.1 and  11,7 mass%  MgO

content  investments  mixed  with  distilled water  were  2.64± O.43 MPa,  3.06± O.l8 MPa,

and  3,23,'1:O.27 MPa,  respectively.  After setting,  the invesLments with  MgO  mixed

with  distillecl water  slightly  increased and  did not  change  with  respeet  to MgO  con-

tent. ptCixing with  potassium  sulfate  deereased the green stren.crths  of  the invest-

ments,  while  magnesia  increased the green strengths  of  the investments; nevertheless

the  green strengths  oC  Lhe  investments were  lower than  that  of  gypsum. Fig.Il

shows  SEM  images  of  the experimental  investment  structurcs  after  setting.  The  cal-

cium  sulfate  dihydrate crystals  of  the MgO  content  investment  mixed  with  distilled

water  (IFig.11b) were  larger than  those in the investment without  MgO  CFig.11a),
while  those of  the investment without  MgO  mixed  with  K2S04 (Fig. 11c) were  srnaller

than  those of  the investment mixed  with  distilled water  (Fig. 11a). Such variation  in

erystal  size  had  an  influence on  the setting  behavior  of  the investment.  However,  it

was  advantageous  that  the green  strength  of  the  investment mixed  with  potassium
sulfate  increased when  the  investment contained  magnesia.

   In this study,  the  experimental  investment  were  fired at  1400℃ . As  a  result,  the

Cired strengths  of  the investment  were  similar  to those of  recent  commercial  
.crypsum-

bonded investments  because of  sintering  of  some  components,

   The thermal  behavior of  the investment  was  consistent  with  the previous
reportA/'  oxcept  for the dehydration of  Mg(OH)2  and  the formation of  alumina-
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        Fig. 11 SEM  images  of  experimentai  investments  structurc  aftcr  settting.

              a: O mass%  MgO  eontent  investmont  mixed  with  distilled water

              b: 6.1 rnass%  MgO  content  investment mixed  wiLh  distilled water

              c: O mass%  MgO  content  investmen.t mixed  with  K2S04

              d: 6.1 mass%  MgO  content  investment mixed  with  K2SOd

magnesia  spinel  (MgAl204). When  all magnesia  in the investment was  hydrated, the

theoretical  weight  losses of  Mg(OH)2  to  MgO  for the investments with  6.1, 11,7, 16.3
and  28.7 mass%  MgO  content  were  O.O%, 2.2%, 4.2%, 5.9% and  10.1%, respectively.

The observed  weight  losses due to Mg(OH)2  dehydratLon were  almost  one  third to one

fifth of  the theoretical values.  These results  suggested  that  not  ail magnesia  hy-

drated after  setting,  This hydration ratio  was  srnal}er  when  the investment was

mixed  with  distilled water,  We  conclude  that potassium  sulfate  acted  as  an  accelera-

tor  for magnesia  hydration  in this study.

   The thermal  expansion  at  1200-1400℃ depended on  the formation of  3(CaO･

Al203)･CaS04, CaO･6A1203,  CaO･2A1203  and  MgA1204. The theoretical expansions

due to formation of  3(CaO･AI203)･CaS04,  CaO･6A1203  and  MgA1204  were  35.9%,
3.8% and  8.1%, respectively.  Addition of  a  small  amount  of  MgO  content  to the

gypsum-bonded  alumina  investment was  effective  in increasing the  thermal  expansion

because of  MgA1204  formation, however, Iarge amounts  of  MgO  were  not  so  effective.

This might  be due to the reduction  of  alumina  content  in the  investment.  When  the

investrnent was  mixed  with  K2S04, its investment showed  a  small  setting  expansion;

                                                         NII-Electronic  
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therefore, the refractory  particle (MgO and  A1203) packed  tightly by the gypsum  and

had a  large contact  surface  area  to the gypsum.  These  phenomena  might  be respon-

sible  for redueing  the thermal  contraction  at  900-1150℃ and  increasing the therma]  ex-

pansion  1200-1400℃ , .

   The  following effects  of  potassiurn sulfate  and  magnesia  on  the gypsum-bonded

alumina  investment  became  clear  after  examining  the experimental  results.  Mixing

the investment with  pota'ssium  sulfate  solution  accelerated  the setting  reaction  but de-

creased  settlng  expansion  and  green strength.  Magnesia  content  of  the investment

improved  fluidity and  retarded  the setting  reaction,  but increased the  green strcngth.

Especially when  mixed  with  K2S04, the investments with  smal!  amounts  of  magnesia

content  showed  suitable  setting  times,  small  setting  expansion,  and  sufficient  green

strength.  It was  possible to control  the amount  of  thermal  expansion  by adjusting

the magnesia  content  of  the investment, Therefore, the  investments  with  6.1 and  11,7

mass96  MgO  content  mixed  with  K2S04 were  employed  for evaluating  the  titanium

castmg.

   It was  possible to  fabricate a  titanium  casting  using  this experimental  invest-

ment.  The investment  was  completely  removed  from  the easting  surface  with  sand-

blasting. Small casting  fins were  found  on  the upper  line of  some  castings.  The

green and  fired strengths  of  the investments used  for titanium  casting  were  smaller

than  phosphate-bonded  investmentsii} or  special  investments  for titaniurn  castingi2i'.

The casting  pressure  o{- Lhe casting  machinc  used  was  relatively  large, which  may

have been the  cause  of  the  casting  fins. The  EDX  revealed  contamination  by Al, Mg,

S, Ca  and  K  from  the casting,  however, the amount  of  the contamination  was  small.

The surface  of  the titanium  casting  was  rough,  and  it would  be necessary  to modify

thc particle distribution of  the refractory  to obtain  a  smooth  cast  surfaee.

   The setting  expansion  and  residual  thermal  expansion  values  of  the investments

with  6.1 and  11.7 mass96  MgO  content  investment were  O.03 and  2.36% and  0.06 and

2.4896, rcspectively.  The total expansion  of  these  investments was  estimated  to be

2.39 and  2.54%; therefore, the casting  shrinkage  of  a  titanium  was  calculated  2.38 and

2.31%. This casting  shrinkage  of  titanium  was  larger than  the  previous  report  of

1.8-2.096i"･i4). These discrepaneies were  considered  to be due to differences in the cast-

ing conditions.

                              CONCLUSION

In this study,  the eft'ects  of  magnesia  and  potassium  sulfate  on  the gypsum-bonded

alumina  investment were  investigated. Magnesia  eontent  improved the  t-luidity, de-

layed the setting  reaction,  and  increased the green strength,  and  decreased  the setting

expansion  of  the  investment mixed  with  distilled water,  Whcn  the investment  was

mixed  with  potassium  sulfate,  the setting  time  and  setting  expansion  were  reduced,

and  the  thermal  expansion  lncreased, however, the green strength  decreased. There-

fore, the investment with  small  amount  of  magnesia  content  rnixed  with  potassium

sulfate  was  considered  a  suitable  composition,  having adequate  setting  behavior,
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enough  green strength  and  suffieient  compensate  expansion  for casting.  A  titanium

easting  was  obtained  using  the investment and  contamination  by investment compo-

nents  of  the casting  surface  was  minimaL
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