Basic Ceramic Considerations for Lost Wax

Processing of ligh Melting Alloys
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he growing demand Tor high

meliing allovs has led 1o the
need for inereasingly mare refrace-
tory mold materials for the lost
wan process. These materials
must sustin therr chemieal, as
well as mechanieal stability in or-
derto produce Tngh quahity cast-
imgs. This paperimitally outhnes
the mold requirements fora
number of high temperatare al-
lovs. Ceramie-liquid metal inter-
actions. onveen alfinily.as well as
aqueons solution ehemistry for
multi-component reliactory sys-
tems will be discussed. Neal.
guwding prineiples i practical
mold design Tor the above alloys
will be outhined.

INTRODLU CTION

The demand for casting high
melting allovs has grown i recent
decades doe to attractive thermal.,
mechanical and chemiceal proper-
ties ol such allovs, Sinee its ntial
development in late 1940°s carly
[950"s. the Tost wan process hats
enjoyed ahealthy growth in cast-
mg ol high melting allovs in many
markels such as acrospace. pros-
thetie, jewelrys antomobile parts,

hand tools and leisure equipment,

D. 1L Srurgis, PCC Structurals, Tne.

The casting of high melting alloys
presents a speetal problem due 1o
the high reactivity ol these mate-
rials iy the molten state. Reacti -
iy of hugh melting allovs requives
spectal shell-inaking practices Lo
reduce the introduction of casling
defects. Shell matemals need (o
be ol sulliciently high reliactor-
nessc s ageneral practice.a high
refvactory facecoal shnmy is nog-
mally applicd to the wax pattern
lo improve relractoriness. Shells
need to have sufficient high tem-
perature mechanical stability to
ensure dimensional accuraey ol
cast parts as well Therefore,
shells should neither densify nor
creep throughout the process,
The necd foruse of Tugh refirac-
tory shell molds mposes addi-
tional challe ‘nge to high me |||||~
alloy casting. STurries made «

high reliactory Mlours may |I£l\(‘ a
[Lack of sullr-

cient shareey life can make the

very shorl liletine.

shell-making process more costly,
Morcover, the quality ol shells
nay hecome unsatislae lory even
in hateh Processes

The purpose of llllh paperis to
outline a methadology for design
ol ceramice shell mold systems
suttable tor casting high melting
alloys.

THERMODYNAVMIC
CONSIDERATIONS

The general chemical reactions
that |( ad to metal - mold reaction
can be elassified as bemg ol the
following types:
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where M '() denotes an oxide, Ml
and O (|l\\()|\((l metal and oxvgen
i the alloy respectively, M an

clenient in the alloycand o a
gascous speeies. The discussion
that follows mav also be extended
tonctude carbides. mitrides. sul-
fides and horides as well.

Most igh temperatinee molten al-
lovs dissolve molds 1o some ex-
tent. Reaction | deseribes disso-
lation of shell material into the
liquid metal. The change in lvee
energy for vreaction ] s equal 1o
TOOAG AG L R n ay a
where ay ,m(l g are the aclivily
coctticients ol \l and O n ||(|u|(|
metal respectively. Caleulating the
precise value o AG in cquation
Zoas difficall. The acivity coefTi-
crents are nnknown. the condi-
lons are non-standard. and the
shell matevial is nornally inho-
mogeneons. However, as i lirst
orderapproximation. the solubil-
thy of varions oxides in maolten al-
loy decreases as AGT | bes
comes mercasingly ||<-g:1li\(‘|. AGS
for some commonly used refrac-
tory materials, as well as onides of
some high temperature metals arve
given in iguee T Datacin Iigure
I sugeests that it is unlikely tha
high refiactory oxides dissolve
mto molten Pd or Ptmcetals ac-
cording 1o cquation 1. Towever,
casting of T i oxide shell molds
such as ALOL or 70O, will resull
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in substantial dissolution of oxy-
cen and metal into molten Tita-
nimn, According to Figure |0 AG”
of both ALO, or Z1O), are more
negative than T10,. However, AG”
of sub-oxides of Ti (e, T10) are
more negative than the above ox-
ides. Thevelore. one can prediel
that molten Tiis apl 1o react wilh
mold materials. There are a few
known refractory oxides for which
the A(;If' is more negative than
TiO Among these refractories,
Y, 0, has received particular atten-
Hon as a serious candidate for Ti

casling o [Figure 2 compares the
level of surface oxygen (A case) on
casl tanium versus the ype of
oxide uscd as [acecoal materal,
Fxperimental details are given
elsewhere . The above data
clearly shows the uscfulness of
AG argument in evaluating the
solubility of shell materials. Simi-
- arguments have been used to
show the solubility ol oxides in
superalloys as well o

Reactions 2.3 and 4
characterize the reaction ol the
molten meral with the mold,
Reaction 2 hecomes especially
important when the gaseons
reaction |)1‘<)(|1lcrs have an
significant equilibrium vapor
pressure. Some of the most stable
vapor oxide species commonly
encountered in high melting
alloys are listed in Figure 1. An
example of reaction 21s vapid
decarborizalion of Ni'TaC alloy
based on the following reaclion:

MO 26 yCOR) b x M)

Reaction 3 involves reduction ol
the mold by the metal to form an-
other metal oxide. This type of re-
action can also be predicted by
comparing the AG” ol mold mate-
rial and oxide of molten metal.
Thus. ignoring the contribution
ol activity coellicients. reaction 3
can be prevented/promoted by

using mold materials having a
AGT substantially more/less nega-
tive than oxide of molten metal
respeetively. A\ good example of
reaction 3 1s Hhe reaction belween
T Abor I in superalloys with
the mold oxides ™. The ahove re-
actions normally produce thin
layers ol mollen metal oxide al
the metal-mold interface. Such
mrervlacial reactions are com-
wonly stable and may be beneli-
cial for the cast part by hindering
(urther reactions between mold
and the molien metal. Another
example of reaction 3is the reac-
tion between Tiand the mold ox-
ides i molren L1 alloys to lorm
TiO or TiO.. The above oxides
are frequently not scen because
these oxides dissolve rapidly in
melal.

Molten metal may form dou-
ble oxides with the mold material
{reaction 4). An example is the re-
action between Al and rare carth
oxides. AG of rare earth oxides is
normally more negative than AG
of alumina. Thus, AG” of double
oxides comprised of ALO, and a
rare carth oxide are more negalive
than pure ALO, Y Tor example,
as shown in FFigure 1. AG, of
double oxides Y ALQ,,. YAIO,
and YA,O, are more negalive
than AG,. of ALO,. Consequently.
molten Al is more reactive wirh
rare earth shell molds than it ap-
pears 1o be on the basis of sigle
oxide AG,” data.

Reaclion 5 characlerizes a
gascous reaction procuet in a casl
part. An example of such reaction
is shown hy Ingo and co-workers
" The authors show that CaSO),-
Si0, mold materials used for cast-
ing alloys of Auor Pd decon-
poses according to the (o]lowing

reaclions:

CaSO, - Ca0) = SO - O 9
The produced oxygen dissolves
into the alloy and forms oxides
with the mimor alloying elements

normalized alpha case

yltiia yttiia -10%  yilia - 20%  zirconia
zirconia zirconia

Frgure 2: Normalized alpha case of one
meh 17 cast as o function of shell mold
vefractory. Yurta-ziveonica refractories
were fused . Shurries were made with
Swerght% silica binder,

such as Cu, \g and 7Zn. The
above reaction is then further
catalyzed by the presence of Si0,
and the formed oxides in the
melt. The result 1s the formation
of o heavy concentration of 50O,
gas in the cast,

Reaction G represents sohid 1o
liquid transformation of ceramic
components in the shell mold.
Formation of liquid phase is det-
rimental to a casl part 1 a nun-
ber ol ways. Solid 1o liquid Lrans-
lormation doces not contribute to
a substantial change in the AG” of
oxides . Tlowever, formation of
liquid phase inereases the oxide
mobility. Consequently. the kinet-
ics ol reactions increases. IForma-
tion ol liquid phase lowers the

Table 1 Melting Temperature for selected
Metals and refractory oxides

Metal T“:ﬁ:gf‘f’c Ceramic T':ﬁ,'gf'?c
Ir 2410 magnesia 2852
Ru 2310 zirconia 2700
Pt 1772 calcia 2614
Ti 1660 zircon 2550
Pd 1554 _yttria 2415
Fe 1535 lanthana 2307
Co 1495 alumina 2072
Ni 1455 titania 1830
Au 1064 silica 1720
Ag 961 calcium sul- 1450
phate




mechanical stability of the shell
mold as well. Surlace croston,
part deformation and metal pene-
tration into the mold can be
among the many n(—-gali\‘(‘ CONSC-
quences ol hquid Tormation, Ta-
ble I compares the melling tem-
perature of commonly used
refractory oxides with some high
lemperatine metals. As a general
rule, shell material should be
chosen such thar its meliing tem-
perature is considerably above the
melting temperature of the metal.
Ceramice shell molds are mulii-
component systems. Conse-
quently, the onset of liquid phase
formation generally is lower than
the melling temperature ol indi-
vidual pure oxides. For example,
addition ol Y,0, 10 510, reduces
the onset ol liquid phase Torma-
tion from 1720°C to 1660°C. \d-
dinon ol ALO 1o the above nix-
tare will further veduee the
Liquidus temperature to 13707C
The elfect of fluxing agents needs
1o he considered as well. FFor ex-
ample, conventional colloidal sil-
ica used i fost wax process may
contain more than 0.6 weight % ol
Na,O " The added N, O reduces
the melling Temperalure ol 550,
form 1720°C to as low as 837 "C.

MOLD SURFACE
PENIETRATION

Beside cast defects caused by
chemiceal reactions hetween the
mold and the iwolten metal. physt-
cal interaction hetween mold and
molten metal can also cause easl
deleets. Positive rough surlface de-
feets may he produced swhen mol-
ten metal penetrates into a mold
porosity. The interaction belween
shell pores and molien metal can
be approximated by :

P2y cosby 1
where P s the pressnre neecessary
to force molten metal into a pore
of radius .y, 15 the surface ten-
ston ol the molten metal, and 6 s

the contacl angle between the
molten meral and the shell.
Contact angles =907 indicate
capillary attraction. Molien metal
wels the mold and penetrates into
the pore without an applicd pres-
sure. Contact angles 90" indicate
non-wetting condition, and ap-
plicd pressure Pis necessary 1o
force the molten metal into the
pore. Contact angle 6 is related 1o
surlace and inlerlacial energies
according to Young's equation !
cos O -y -y, /vy, (0
where y s the surface tension of
relvactory andy, is the interfacial
tension between the refractory
and the molten metal. Tn order to
promote melal penetration, y
should be maximized and both vy,
and v, should be minimized. In-
terfacial tension. v, is perhaps the
most influential factor in the
value of contact angle between
molten metal and the mold. vy,
normally becomes lower upon the

occurrence of an mterlacial
chemieal reaction. Therelore,
high temperature reactive melal
alloys such as T1are more prone
lo cause melal penon':ninn coni-
pared o less reaclive melals such
as P L3 P has also shown thal
surface tension of an oxide s di-
rectly related toits AG The
above aulthor shows that contacl
angle between molten Co, Fe or
i and a mold changes from
about 85" to nearly 1357, as the re-
lractory changes from Cr,0, to an
oxide with a more negative AG”.
such as CaQ).

Note that in equation 10, 1, is
m the denominator. Therelore,
the targer the radius. the smaller
pressure is required to foree the
metal mto the pore, P
lost wax shell mold is normally
very line. Thercfore, in most situa-
Hons, mechanical penetration of
metal o the mold does not hap-
pen. However, under some condi-
fions metal penctration becomes

orosily m a

possible. Ocewrrence of ehemical
reaction between metal and mold
normally reduces contact angle
helow 90" and metal penetration
becomes lavorable, Morcover,
formation ol cither licquid phase or
occurrence ol microcracks on the
surface of the shell mold drasti-
cally increases the effective radins
ol porosity. Casting method can
also have a major effect in promot-
ing melal penetration. In stalic
casting. I ts primarily due to met-
allostatic head ol the metal in the
mold. [Towever, metal pressure
substantially inerenses in centrili-
gal casting and (requently causes
metal finning in microeracked
molds.

SIHELL MAKING

CONSIDERATIONS
Proper selection ol shell mold

material 1s vital to the suceesslul

procuction of high quality cast
parts. [Towever, it should be noted
that the acrual veaction of molten
metal with the mold material is
much rarer than supposed. Much

ol observed defeets i a cast part

are actually a vesull of Taulty shell

mold production. In the following,
sonme of the fundamentals ol shell
making will be considered.

The lost wax shell making
process lor high temperature al-
loys can be summarized in the fol-
lowing generalized steps.

Ao Mualti-component shavies are
prepaved. These slurries are
composed ol a refractory sys-
tem and a binder system. The
binder system includes al
least one condensable inor-
ganic hinder.

3. Faceeoal layer(sy arc con-
stracted through dip coating
and stuccoing ol an organic
based pattern.

.. Shell mold is constraeted -
ther by applying maltiple dip
coalings. or by gelling a solid



body of shaery arownd the
[accecoal layers.

I the shurry is an aqueons based
shaorey the hinder system gener-
ally includes a nano-meler size
collordal silica binder. I the
slurry is a non-aqueous hased
shory the binder systen is gen-
erally asilicon alkoxide. In either
case, condensation of binders
causes permancent siloxane hond
formation upon shell drying .

a. Aging ol slurries

Because of the very nature of
the shell making process, shurries
go through aging. s slurries age.
they lose their uselul properties,
and cither become useless. or
Jeopardize the qualily ol losl wax
shell molds.

There are at least fwo reasons
why lost wax shurries age " Tirsl,
different components i aslurry
may. interact with cach other: and
cause aging over lime. Ifor exam-
ple it has been shown that in
aqueous shurries, the soluble spe-
cies originaling

from cach component of a
slurry may specifically adsorh on
the surface of other components
" Surtace aclsorption may modily
surface properties and cause aging
over lime. The degree of interac-
lion among different components
ol a shurry diflers from one slurry
to another. IFor exanple, as shown
in Figuve 3, aqueous MgO slurry
with colloidal silica binder at pl|
10.5 ages very rapidly and gels in
less than an hour. Y,0, slurry un-
der similar conditions gels in a
few hours. On the other hand,
ALO, sturry under identical condi-
tions remains stable for many
months. Details of experimental
procedures are
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given elsewhere

. The above aging mechamsm is
shown Lo he the dissolution of
polyvalent cationic ions from ox-
ide Hours.and then preferential

adsorption of these ions on the
surkace ol negatively charged col-
loidal silica particles o

The above diversely dilterent
aging behaviors among slurries
can he predicted from a prior
knowledge ol the speciation dia-
gram lor cacl [Tour in agueous
environmenl. Iagure 4 compares
the dissolution of ytiria, magnesia
and alumina. 1For simplicity, only
the most dissolving 1on specie
from each flour is compared. AL
plt 1050 dissolution of alumina 1s
aboul five orders of magnitude
[ower than that ol ytiria. Conse-
quently, stable alumina shurries
can be made at pH 10.5 . On the
other hand, magnesia dissolves
over three orders of magnitude
higher than yttria at pll 105, Con-
sequently, long lasting stable
magnesla invesiment casling
aqueots shurry can not be pro-
duced at above pH. One method
lo increase the liletime of shuries
15 1o prepare the slurvies al higher
pllvalues. As the pIlT goes up, the
concentration of dissolving tons
decreases (Kigure 4) and conse-
quently, slurries do not age as rap-
idly. For example, as shown in
[Figure 3, lifetime of Y,0, slurvy
can he extended to about two
months by simply adjusting the
slurey pH oo 11,

In slurries where stlicon alkox-
ides are used as binder, an in-
crease in pll, as the resull of dis-
solutfion ol components. and/or
water moisture adsorption from
the environment, normally re-
duces the slurry hifetime. Aging
behavior of these slurries may dif*-
[er depending on the amount of
dissolution of components in the
shuery. For example, varve earth
ethyl silicate slurres may age very
raptdly and become useless in less
than a few hours. Alumia basced

shurries age slower and ina siilar

cnvironment may last a few wecks.
On the other hand, in some slur-
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Igure 3: Normalized viscosity as o fine-
ton of time. Q represents alumina-silica
shurey ar pH 11, Brepresents ytivia-silica
shurry ai pll 10.5. O represenis ytirie-
silica sfurry-at 1.3, and @ yepresents
magnesia-silica sturry ar phe 1003

res, such as zircon or Lused silica
slurries. the above types of ner-
actions are even less severe and
slurries may last For many months.
I general, one may draw a sym-
metry between aqueous slarries
and their ethyl silicale connter-
parts. Flours that produce ague-
ous slurries with shoet 7 long lite,
produce ethyl silicate slurries with
relatively short /long life as well.
Other non silicon based alkoxides
normally go through hydrolysis
aind condensation reactions very
vapidly " For this reason. despite
their high refractoriness, non-
silicate alkoxides have nol found

log {C]. mol-dm

Frgure 4: lon concentration diagrams as

a function of pll

(13



popularity as hinders in casting
mdustry.

Besides aging due 1o conipo-
nent interactions, there is yel an-
other reason why mvestinent cast-
ing shueries age " Inovganie
hinders such as eofloidal sifica are
chemically reactive. They perma-
nently bond as the result of silox-
ane formation upon surface con-
tact. While in the sturry, the
possihility ol diree surface 1o sur-
lace contact hetween colloidal sil-
ica particles is Tow, due o the
ionie clowd arcund cach particle
{dilTused double Tayer). However,
once these particles (ln therr sur-
faces will contact and honding will
occur. Drying of particles may oe-
cur durig many stages of the

shell making process. Any stage of

the Process that promoles forma-
tion of a slorey-aiv interface could
potentally cause evaporation ol
surface water and bond formation
berween colliding particles. [for
examplesafter a partis dippediana
shurry pot.itis removed and the
excess slurry allowed o drip off
the shellc back into the pot. As the
slurey is deipping back 1o the

slurry pot.a large area ol slorry-anwe

interface is formed that promotes
slurry aging.

The above two factors cause
[ost wax slurries to age over ime
and lose their uselulness. Sharry
;lging due o (’()m|)on(\|]l mlerac-
tions may be reduced by properly
formulating the shirey - However,
solutions to sturry aging due 1o
the formation ol slurry - air inter-
face s nol sulliciently explored
and presently handled only
through careful quahity control 7,
In a recent work, Yasrebi el al
have shown that shorey aging can
be substantially redueed by the
“Intiltration Method™ in shell
making processes !

b. Mechanical Properties
Mechanical properties are

among the most im|)(>r|"(|n| prop-
erties in a shell mold. Without
proper design of mechanical
properties, quality and price of a
casl parl can drastically suller,
This is especrally brue for casting
ol high temperature alloys. where
molds normally have one or two
lacecoal layers of high relractory
materials. [Facecoal layers are thin
and susceptible to stress eracks.
high temperature erosion and de-
formation.

The main source ol shell layer
green strength s siloxane honds
formed by the condensation ol
silica binder, One way 1o increase
the strength ol a shell layer is 1o
add more binder 1o the slurry. A
series of zireon slurries were
made with varying amount of sil-
ica binder. The exact formulation
and proce dure is shown else-
where ™. Tesl bars were then
made and the green strength off
the bars was measured.

The general trend i the green
strength is shown i IFigure 5. An
ncrease in the coneentration of
silica binder results in an increase
m green strength of the shell 1o a
pomt. After a critical binder con-
centration. shell strength de-
creases. The reason for Fhe exis-
lenee of a maxima in the strength
CUVC Ay be explamed as I()Hm\\

. Below the eritical coneentra-
tion, there 1s simply not enough
binnder between particles to bind
particles elficiently. Abave the
critical concentration, due 1o a
large concentration of binder n
between Hour particles, lowrs are
unable 1o touch surfaces when the
shell dries. Furthermore, as the
binders in between the our par-
ieles dry.a large amount of
shrinkage ocears. producing nu-
crocracks that eventually contiih-
ale to a decrease in the strength.
The curve m Figure 5 may be
moved upward to some extent by
optimizing & number of variables
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Fagure 3: Green Strength as a function of
'0//////( concentralion r;/ silica in the shell.
Infiltration line dater are green strength
values oliained after shell wade from
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trated with colloidal silica binder.

such as surface arca. size and the
1||<)||>|m|0<r\ of hinder or Mour
particles *

Migh temperature properties
ol a shell Tayer. such as hot
strength and creep. elosely follow
the same trend observed for shell
green strength. lustrated i Fig-

ure 3. ot strength values also go
through a maximum at the point
ol stlica eriticad concentration. On
the other hand. the creep curve
goes through a minimum at the
|?mnll“nl'si|i<‘:| critical concentra-
hon ~

[t s normally desivable to de-
sign slurries al the eritical con-
centration of sihica, where shell
strength is al maximum and creep
15 al its minimmum value. However,
if the reaction between the mol-
ten alloy and the relatively Tow re-
fractory silica becomes a concern,
then concentration of silica is re-
duced, A example of such a case
is casting ol 1 alloys freaction 1.
[Facecoat slurries for 11 shell
molds have avery los coneentra-
tion ol silica binder. which in-
creases the possibility of erosion,
crack and deformation ol the
[acecoal.



One may use an allernative
shell making method to substan-
tally inerease the green strength
al lower silica binder contents,
Test bars from ziveon sturry with
only 3 volume % collondal silica
binder were construeted. Dry hars
were then imdliluated with colloidal
silica for three hours. Some ol the
inliltrated bhars with colloidal silica
were inliluated for a second fime
after being dried. The results ave
shown i Figure 5. Bars thal were
inliltrated once showed green
strength of 1100 psi. Total amount
ol sitlica i the shell was ealeulared
1o bhe at T volume % Afrer the
second infiltratton. silica content
went up to 16 vo and green
strength became 1650 psic Itis
shown thal using infiltration
method. green strengths in excess
ol 3000 psi can be oblained -

Reasons for the above in-
crease in strength by the infiltrea-
tion method can be speculated
based on the explanatbion for the
existence of a maxima i strength
curve 0 As the amount ol hinder
in the slurry inereases. the total
bonding between flour particles
increases and the green strength
goes up. As il was discussed ear-
lier. the bouding between parti-
cles imercases only up to the poinl
of maximum in [igure 5. As the

slurry dries. some part of the
binder will dry inside the cavity
hetween particles and does nol
contribute 10 bond formation be-
tween particles. On the other
hand. during the nfiltration
process, Mour particles ave already
in contact and bonded rogether,
Onee the additional binder 1s -
lileated inside the porous shell,
binder liquid is drawn 1o the neck
region between particles duc to
capillary action. As the binder
dries it dries al the neek region
and (urther increases bonding be-
lween [);n'li('l('s.

Summary

Ceramie molds for casting ol
high temperature alloys have 1o
salisly certain requirements. Re-
fractory materals in the mold
should rerain their chemieal sta-
bilily m contact with molten alloy.
Vold materials, as a lirst order
approximation, should have AG”
comparable or preferably more
negative than the oxides ol mol-
ten alloy. Inaddition, the mold
should have high enough liquidus
temperatare i order 1o retain ils
mechanical stability at the cast
femperature.

Besides materials require-
ments. proper processing ol
molds should also he exeraised.
Sharries should he prevented
from excessive aging. lilectro-
chemieal properties ol individual
components in the sturry should
he reviewed moorder to ensure
minimal component interactions.
Sturry pots should be monitored
regularly 1o prevent exeessive ag-
ing due to binder agglomeration
at the ane-slurry intertace. Finally,
mechanical properties of the shell
need to he designed to ensure de-
[eet-lree parts. Maximum strength
and minimum creep can be
achieved at the eritical concentra-
tion of binderin the shury. 1t
hecomes desirable to reduce the
amount ol silica binder, then the
mfiltration method can be used to
optimize strength and creep ina
shell system.,
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