WO 2005/ 075130 PCT/6BZ005/ 000408 | MPROVED | NVESTMENT CASTI NG PROCESS The
present invention relates to an inproved investnent casting process, and in
particular to a process which is nuch nore rapid than conventiona

processes. wh dBhase | Nvest ment casting process invol Vesrﬁéﬁgﬁ?@’%%“b@naﬁ

engi neering netal castings using an expendabl e pattern. ern i
conplex blend of resin, filler and wax (or other vaporisable material such
as expanded pol ystyrene) which is injected into a netal die under pressure.
Several such patterns, once solidified are assenbled into a cluster and
nounted onto a wax runner system The wax assenbly is dipped into a
refractory slurry consisting of a liquid binder and a refractory powder.

After draining, grains of refracto r [ to the danp
surface to produce the p‘MPS“éVIEQ iéﬁgHMiﬁﬁWéeﬁﬁ&%sng of the
assenbly with refractory material is known as "investing", hence the nane
for the process). Wen the primary coat has set (usually by air drying
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coat is thor Olzlagmaﬁqdngﬁﬁgsﬂt&agd@eessﬂuvammﬁznuen%§9e r%?ﬂ[tﬁﬁﬁ@o%v‘éﬁﬂohéke

from bet ween urs to prepare. The purpose € stucco Is to
m ni m se dryi ngroehtggses in the coatings by presenting a nunber of
di stributed stress concentration centres which reduce the magnitude of any
| ocal stresses. Each stucco surface also provides a rough surface for
keying in the next coating. The particle size of the stucco is increased as
nore coats ar eAdypical irvesiineniicasting pragess mmlae@émer@mdwttqn ehd to provi de
bulk to the nmould. ‘ , . . .

engineering metal castings using an expendable pattern. The pattern is a

complex blend of resin, filler and wax (or other vaporisable material such

as expanded polystyrene) which is injected into a metal die under

pressure. Several such patterns, once solidified are assembled into a

cluster and mounted onto a wax runner system. The wax assembly is

dipped into a refractory slurry consisting of a liquid binder and a refractory

powder. After draining, grains of refractory stucco are deposited onto the

damp surface to produce the primary refractory coating (the covering of

the assembly with refractory material is known as “investing”, hence the

name for the process). When the primary coat has set (usually by air

drying until the binder gels) the assembly is repeatedly dipped into a

slurry and then stuccoed until the required thickness of mould shell is

built up. Each coat is thoroughly hardened between dippings, and so

each mould can take from between 24 and 72 hours to prepare. The

purpose of the stucco is to minimise drying stresses in the coatings by

presenting a number of distributed stress concentration centres which

reduce the magnitude of any local stresses. Each stucco surface also

provides a rough surface for keying in the next coating. The particle size

. L4
of the stucco is increased as more coats are added to maintain maximum

mould permeability and to provide bulk to the mould.



WO 2005/ 075130 PCT/ (B20Q5L0Q00408 -2 In recent years, advanced ceram cs
(e.g. silicon nitride) conponents have been devel oped which offer
significant advantages over conparable nmetal conponents. Many processes by
whi ch such ceram ¢ conmponents can be nmade are known, and these include
machi ni ngWaQ 2P&eSit¥N noul ding, slip casting, pressure cRGU/GBRUO&NEN408

gel casting. In gelcasting, a concentrated slurry of ceramc powder in a
sol ution of organic nmonomer is poured into a nould and polynerised in situ
to forma green body in the shape of the nould cavity. After denoul ding,
the green ceramc body is dried, nmachineddf necessary, -pyrolysed to renove
bi nder and then sintered to full density. Aqueous based systens, such as

t he acryl am de system have been devel oped in which water-sol uble nononers

are used, Wity v&aleH y@ﬁrsi, ta'@l%aﬁ@gd?ﬂé?amlds (e, 37li @ ARtidel cbhﬂ)d\}{h@ﬁ?ﬁhve_

i nvention to provide‘an inproved investnent™ casting process I ch obvi ates

or mtigates paen @Ievew;%dom@ﬁthr@fferagﬁﬁtmteaﬂmrﬁigésrm compatabliatmetast i ng
processes and which preferably signitficantly reduces the tine required for
form ng a shetompaments. Aaror groaesses by evipichseich deraevicicompoments das be
provided a process for the production of a shell nould, conprising the
sequenti al st egsecare kngwa; ppdrihese mabade machin g dajactiopamosidingstipa
slurry of refractory articles ana C(?| | gj dal, |i quid, bi nder whereby to form
a coating | ayERSti8, PEGIHIe £a6 MRS angi §8 CaRLNGs ‘Pi%écé%m&(ﬁ eQneRntrdelact ory
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a mould and polymerised in situ to form a green body in the shape of the
mould cavity. After demoulding, the green ceramic body is dried,
machined if necessary, pyrolysed to remove binder and theh sintered to
full density. Aqueous based systems, such as the acrylamide system, have
been developed in which water-soluble monomers are used, with water as

the solvent.

It is an object of the present invention to provide an improved investment
casting process which obviates or mitigates one or more problems
associated with known investment casting processes and which preferably

significantly reduces the time required for forming a shell mould.

According to the present invention, there is provided a process for the
production of a shell mould, comprising the éequential steps of:- |

(i) aipping a preformed expendable pattern into a slurry of refractory
particles and colloidal liquid binder whereby to form a coating layer on
said pattern,

(ii)y  depositing particles of refractory material onto said coating, and
(iiiy drying, '

steps (i) to (iii) being repeated as often as required to produce a shell
mould having the required number of coating layers, characterised in that

during at least one performance of step (ii) the particles of refractory



nmoul d havi ng t he regu++ee=aerber of coating |ayers, characterised in that
during at | east one performance of step (ii) the particles of refractory WO
2005/ 075130 PCT/ GB2005/ 000408 -3 material have been pre-mxed with a
gel-formng material whereby to coat at |least a portion of said refractory
particles WOAMOYYSYPOqel forning material such that afterPEEEBHOSOYH, t he
coating |l ayer noisture is absorbed by the gel-formng material thereby
causing gellation of the colloidal binder so reducing the tinme required for
drying in step (iii). Preferably, the nethod al so includes the additional
step (iv), carried out after the final step (iii) of applying a seal coat
conprising a slurry of refractory particles and colloidal |iquid binder,
foll owed by drying. In shell nmould formation, the coating |ayer applied to

t he expendabl emap#idleidve [Seats pee-hixediveith adzdldornindimatedialawvheratst tongoand
subsequent slurry coatings are referred to as secondary coatings.
Typi cal |y, thratdeast & pottien of saidhdfiaytaryqartigesavish apid geldformingenaterip) t he

gel-formng material-coated refractory particles are applied onto each
secondary coat$ %a.t@fteaaanta@tm&mthcép@aﬁmg stm@twe(lﬁiaisafb%é bytthe

first). The gel-form.ng materjal -coated refr ory rticle y pr may not
be appi i 00" ontB RTINS mAteHBbEr Y CAUsIEIAS BUOM NG P BARD IR SO
deposition of refrac . i cl.es oat r -.coated) in step (ii) may
be achi eved bfegwﬂ&%ﬂ{\%ﬂﬁi%{eﬁi%&% @M@% ﬁ‘ageﬁguﬁw of a rainfall sander
or a fluidised bed. In a preferred enbodi nent, polynmer coated and uncoated
refractory particles are used in the sane step (ii), e.g. the coated

parz icl esI are ﬂqgeﬁeraﬁiysqﬁe%éthdws@atiﬁdluwstthé leilitheh £Irte BN, | @RFiedrbdto the
coating. In sai : :
after the final step (iii) of applying a seal coat comprising a sturry of

refractory particles and colloidal liquid binder, followed by drying.

in shell mould formation, the coating layer applied to the expendable
pattern is usually referred to as the primary coating and subsequent slurry
coatings are referred to as secondary coatings. Typically, three to twelve

secondary coatings are applied.

Preferably, the gel-forming material-coated refractory particles are applied
onto each secondary coating (i.e. during each repetition of step (ii) after
the first). The gel-forming material-coated refractory particles may or may

not be applied onto the primary coating.

It will be understood that the deposition of refractory particles (coated or
un-coated) in step (ii) may be achieved by any convenient method, such

as by use of a rainfall sander or a fluidised bed.

In a preferred embodiment, polymer coated and uncoated refractory
particles are used in the same step (i), e.g. the coated particles are pre-
mixed with uncoated particl‘es before application to the coating. In said

preferred embodiment, the ratio of coated to uncoated particles may be



preferred enbodi nent, the ratio of coated to uncoated particles nmay be WO
2005/ 075130 PCT/ GB2005/000408 -4 from95:5 to 5:95, nore preferably 85:15
to 50:50 and nost preferably about 75:25 by weight.' Preferably, the anpunt
of gel - f or nwopRos07s130al used in step (ii) is no nore thanPCGmGcBems/odoaes
refractory material particles used in that step (ii), and nore preferably
no nore than 2wt % Preferred ranges are 2.5 to 5wt% 1 to 2w% and 0.2 to
Imt % and 0.15 to 0.5wt % The preferred range may be dependent on the nethod
used to formthe coated refractory particles;_as well as the size and nature
of the refractory particles used. It wil be under st ood t hat when the
gel-formng material is used in nore than one repetition of step (ii), the

amount used in f?ﬁﬁ%ﬁtﬁ’o(s' CLY H@fegib{afe%bl éﬁqfsetfoa%%oéﬁd% 'gg%fé%lvg

material is a polymer,” noreé u er . absorbent

exenplified by 5’[960{1375}255‘5}/@%%@ pol yacryl at e. A parti cuI arI y preferred
polymer is a sodiumsalt of a cross-linked polyacrylic acid (e.g. that sold

under the tradenane Liquiblock 144). Preferably, the nethod includes a step
of coating the refractory particles wth the gel-formng material. This may
be achi eved by HuefetragnlyhthegermommmmbeI@gl matemalmswdtlersterm(ﬂ)dsmmrn@ee and
subsequently m xi ng_t he fractory parti ¢l es %Iﬁiothe follo

drying (e.g. at t@%5%%d0ff agtorematenial pay Q:"r‘éﬁﬁ&iv'é"s'l)haéﬁwpg( rﬁﬂ%g t he
of “the refraci Bie elabben taF%Fh%}Orgi %o Ief8ITRA TANBFL Al Sockon el r Tany
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first nxing thga dependent on the method used to form the coated refractory particles
as well as the size and nature of the refractory particles used. It will be
understood that when the gel-forming material is used in more than one

repetition of step (ii), the amount used in each step (ii) may differ.

Pre%erably, said’gel-forming material is a polymer, more preferably a super
absorbent polymer exemplified by polyacrylamide and polyacrylate. A
particularly preferred polyn%er'is a sodium salt of a cross-linked polyacrylic
acid (e.g. that sold-under the tradename Liquiblock 144).

Preferably, the method includes a step of coating the refractory particles
with the gel-forming material. This may be achieved by mixing the gel-
forming material with water to form a gel and subsequently mixing the
refractory particles into the gel followed by drying (e.g. at elevated
temperature or using microwaves) and grinding the resultant mass.
Alternatively, the coating may be achieved by spray drying of the
refractory particles, agglomeration or using a fluidised bed or any other
suitable method. Although the particle size of the polymer is not critical,
where the coating of the refractory particles is achiév,ed by first mixing the
polymer in water, better dispersion is found with smaller particles (e.g.

about 300 wm or smaller).



pol ymer in water,—petter—drspersion is found with smaller

particles (e.qg.

about 300 p.mor smaller). WO 2005/075130 PCT/ GB2005/000408 -5 it wll also

be understood that the required quantity of polynmer can be

achi eved by a

combi nation of (i ontrolling the quantity of polynmer used to form
Sy @bl

coat ed par
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Y (ii) the quantity of uncoated parti EFEEB2RISHRMMLE, \?vith

the coated particles. Advantageously, the process (apart fromthe use of the

gel-formng material and the reduced drying tines which r
substantially the same as a standard investnment casting p
conventional machinery and materials. Thus3-it -will be un
nature of the expendable pattern, the slurry conpositions

esult) can be
rocess using

derstood that the
used in step (i)

(and step (iv) when present) and the refractory particles used in step (ii)
may be any of It wild aldmbamnderstoedibatthe rdquilesiquantityeofapolyofer carelbe ment

casting. Typical .exangl es of ref factgr_i/ mat e“j al s include
exanpl e only, ashieves byiareombimation ptél eontap

de, by way of
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Mor eover, the net.hod preferably includes,. tep of. renoving the  expendable
pattern fromtHR@ f@'HBItRerﬁﬂﬂt%gé’%ftéaeﬂﬂ?qsﬁﬁttﬁ% Nty %ngﬁcgﬁar@iﬁ)ﬁ% when

present) and ne prefenably th hod i ncludes a final s
resul tant shell '%@? .W'It—l? B?%&O?r%dﬁét@%‘sect ed by heating t
conventional furnaces using conventional firing schedul es
enbodi ments, a nulti-step firing procedure nmay be preferr

tep of firing th
0 900C or nore in
. In certain

ed. For exanpl e,

first step my\d@\fﬁ%&m iNeOprigeeds Eapmefr@wm e bf tHe gO0fokmirQOC at a

heating rate of fro
second - material and the reduced drying times which result) can

the same as a standard investment casting process using

t
1 tosCmn (preferably 1 to 3¢/ mn), followed by a

be substantially

conventional

machinery and materials. Thus, it will be understood that the nature of

the expendable pattern, the slurry compositions used in

step (i) (and step

(iv) when present) and the refractory particles used in step (i) may be any

of those known to the person skilled in the art of investment casting. ,

Typical examples of refractory materials include, by way of example only,

silica, zirconium silicate, alumino-silicates, alumina.

Moreover, the method preferably includes a step of removing the

expendable pattern from the shell mould after the last step (iii) (or step (iv)

when present) and more preferably the method includes a final step of

firing the resultant shell mould.

\

Firing may be effected by heatihg to 900°C or more in conventional

furnaces using conventional firing schedules. In certain

embodiments, a

multi-step firing procedure may be preferred. For example, a first step

may involve heating to a temperature of from 400 to 700°C at a heating

rate of from 1 to 5°C/min (preferably 1 to 3°C/min), followed by a second

step of heating to at least 900°C (preferably about 1000°C) at a rate of

from 5 to 10°C/min. The temperature may be maintained between the

first and second steps for a short period (e.g. less than 10 minutes).

e

a



step of heati ngto—et—tewst—9096C (preferably about 1000C) at a rate of from
5to 10C/ mn. The tenperature may be nmai ntai ned between the first and

second steps for a short period (e.g. less than 10 m nutes). W) 2005/ 075130
PCT/ GB200 0 -6 Heating to at |east 900C may be effected in three or
nor e stepg{’(ggoog&%‘}é(ﬂ necessary. The present invention fﬂ&ﬂ?@? 04500948%s in a
shell nould produci ble by the nethod of the present invention. The present
invention will be further described with reference to the follow ng

exanpl es.. Conparative Exanple 1 This conparative exanple was intended to be
representative of a prior art standard stfell used for alum nium all oy
casting and was constructed as follows: A filled-wax test piece was dipped
into a first slurry (primary) for 30 seconds and drained for 60 seconds.
Coar se- gr ai netflestingdo atdeast 200%@mayt be effdetedsint thdee or aonoreesteps ifsdeamed
surface by the rain fall sand nethod (deposition height about 10cm. The
coated test pheecessakls pl aced on a drying carousel and dried for the
required tine under controlled conditions of |ow air novenent. Extended
drying renoves noisture from the colloidal binder, forcing gellation of the
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W th subseque%%h?gltgﬁgedqrgggﬁf ?‘g,r%hgﬁe(ral nfall sand nethod, deposition

hei ght about yi ng required tine after each stucco
application. In total,

The present invention will be further described with reference to the

following examples.

Comparative Example 1
This comparative example was intended to be representative of a prior art
standard shell used for aluminium alloy casting and was constructed as

follows:-

A filled-wax test piece was dipped into a first slurry (primary) for 30
seconds and drained for 60 seconds. Coarse-grained stucco material was
then deposited onto the wet slurry surface by the rain fall sand method
(deposition height about 10cm). The coated test piece was placed on a
drying carousel and dried for the required time under controlled

. conditions of low air movement. Extended drying removes moisture from

the colloidal binder, forcing gellation of the particles to form a rigid gel.

Subsequent coats were applied by dipping (30 seconds) in a second
(secondary) slurry followed by draining (60 seconds), with subsequent
stucco ‘application (rainfall sand method, deposition height about 10cm)
-and drying for the required time after each stucco application. In total,
four secondary coatings were applied. Finally, a seal coat was applied

(dip in secondary slurry, but no stucco application), followed by drying.



four secondary coatings were applied. Finally, a seal coat was applied (dip
I n secondary slurry, but no stucco application), followed by drying. WO
2005/ 075130 PCT/ GB2005/ 000408 -7 The primary and secondary slurry

speci ficati w20es@79asnt ained in Table 1, wth the other vpeiesSodRoosesS
paranmeters being given in Table 2. The latex addition in Table 1 relates to
the use of a water-based | atex system which is added to the base binder to
i mprove unfired strength and reduce fired strength. Table 1: Slurry
specifications for alum niumshell preparatipn (all figures are wt %
refractory binder silica |atex polymer Slurty content (W% addition (W%
filler type loading (W% of total slurry) Primary 26 6 (a) 200 nesh zircon
77% (b) 200 nesh fused silica a:b 3:1 Secondary 22 8 200 nesh fused silica
57% Table 2: Shell build specifications for conparative exanple 1 Coating

Stucco Drying akf _spe i i ") e T « primar G i
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secondary 2 30/ gl lothe?Qarious process parameters being given in Table 2. The
latex addition in Table 1 relates to the use of a water-based latex system,
which is added to the base binder to improve unfired strength and reduce

fired strength.

Table 1: Slurry specifications for aluminium shell preparation

&

(all figures are wt %)

: 0 refractory
Slurry bjnder silica Iate.x‘ polymer filler type loading (Wt%
content (Wt%) {addition (wt%)
of total slurry)
o (@) 200 mesh zircon 77%
Primary 26 : 6 (b) 200 mesh fused silica|  a:b 3:1
Secondary 22 8 200 mesh fused silica 57%
Table 2: Shell build specifications for comparative example 1
Coating Stucco | Drying air speed | Drying time
(ms™). (mins)
primary . 50/80 mesh : 0.4 1440
alumino-silicate
secondary 1 30/80 mesh 3 90
alumino-silicate
secondary 2 30/80 mesh 3 90
alumino-silicate
secondary 3 30/80 mesh 3 90
‘ alumino-silicate
secondary 4 30/80 mesh 3 90
| alumino-silicate
seal coat none . 3 1440
Total 3240




alum no-silicate secondary 3 30/80 nesh 3 9 alumno-silicate secondary 4
30/80 nmesh 3 90 alumno-silicate seal coat none 3 1440 Total 3240 WO

2005/ 075130 5/ 000408 _a- Conparative Exanple 2 T d
accordi ng t%‘%gg{r‘%%%g I ve exanple 2 was made in the sane Eﬂﬁgﬁkdﬁ&%’g{’s
conparative exanple 1 using the slurries of Table 1, except that the stucco
applied onto the primary and all the secondary coatings included particles
of polyacrylate (at a |loading of 1 part polyacrylam de to 40 parts stucco).
The process paraneters are given in Table -3- Wen the polyacrylate is ]
deposited onto the wet slurry surface, it rapidly absorbs noisture fromthe
adj acent colloidal portion of the slurry forcing gellation to a rigid gel

wi t hout the necEpsmparativecBtampled2drying times. Table 3: Shell build
specifications for conparative, exanple 2 Coating St ucico Drying, air Drying
speed (ns') tinehesnel)mpuidaegomsingto eespaiative syarmple daves mada o the

Li qui bl ock 144 (2.5wt %' secondary 30/ 80 nesh lal1um no-?‘i | i,cat e fSTEb 1

Li qui bl ock 144 $3MEJpajRer as or comparatlve example 1 using t eslurrles'o a le_1,

except that the stucco applied onto the primary and all the secondary

" coatings included particles of polyacrylate' (at a'loading of 1 part
polyécrylamide\ to 40 parts stucco). The process parameters are given in
Table 3. When the polyécrylate is deposited onto the wet slurry surface, it
rapidly absorbs moisture from the édjacent colloidal portion of the slurry
forcing gellation to a rigid gel without the necessity of extended drying

times.

Table 3:  Shell build specifications for comparative example 2

Coating Stucco Drying air Drying
speed (ms™) | time (mins)
primary 50/80 mesh alumino-silicate 0.4 . 10
Liquiblock 144 (2.5wt%)"
secondary | 30/80 mesh alumino-silicate 3 5
1 ~ Liquiblock 144 (2.5wt%)"
secondary | 30/80 mesh alumino-silicate 3 5
2 Liquiblock 144 (2.5wt%)"
. secondary 30/80 mesh alumino-silicate | 3 5
3 Liquiblock 144 (2.5wt%)"
secondary | 30/80 mesh alumino-silicate 3 5
4 Liquiblock 144 (2.5wt%)"
seal coat none 3 1080
Total 1110

" polyacrylate having particle size < 300 um

Example 1
A mixture of one part by weight of Liquiblock 144, 400 parts by weight of

50/80 mesh alumino-silicate and 400 parts by weight of deionised water



secondary 30/80 mesh alumno-silicate 3 5 2 Liquiblock 144 (2.5wt %"
secondary 30/80 nesh alum no-silicate. 3 5 3 Liquiblock 144 (2.5wt %
secondary 30/80 nesh alumno-silicate 3 5 4 Liquiblock 144 (2.5m %" seal
coat none 3wWMaMs/0Basml 1110 "pol yacryl ate having parti cl BCHGB200S/080208 t M
Exanple 1 A mixture of one part by weight of Liquiblock 144, 400 parts by
wei ght of 50/80 nmesh alum no-silicate and 400 parts by wei ght of deionised
wat er WD 2005/ 075130 PCT/ GB2005/ 000408 -9 was prepared and dried at 100C
for 24 hours with occasional mixing. Small _ganples were fired at 1000C for
30 m nutes and the percentage of polyner initially present determ ned by
relating the percentage weight |oss to burn-off of the polymer. Results

o s o1 R BRGNP OB GRS AR BIRS
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preparation, the polynmel was m xed vigorously with water to forma Viscous

gel . The ref raCb@f)bmélameH?ﬁaré@érﬁ ddterm by relatingeahe parcentagenséight Wi t hin
the gel matrix. yi ng was fected in 20 minutes using a mcrowave and

resulted in a qusss‘.oIdenmftﬁdEthé’lpelykrhenkRemEs irtioatedr thitithey stuego olind t o
pr event maj or changes i gartl cle size
contained.0.20% by weight of polymer. (The percentage of polymer is
~slightly fess than the theoretical 0.25wt% since some water is retained in

the stucco.)

As an alternative stucco preparation, the polymer was mixed vigorously
with water to form a viscous gel. The refractory particles were then added
and held in suspension within the gel matrix. Drying was effected in 20

" minutes using a microwave and resulted in a dry solid.block. The block
was then carefully reground to prevent major changes in particle size.
This method ensures that substantially all the refractory particles are’

coated with polymer.

Ceramic slurries were made up as shown in Table 1, and ceramic mould
samples were dipped according to Table 4 below, the method being as.

used for comparative examples 1 and 2.



This method ensures that substantially all the refractory particles are
coated with polynmer. Ceramc slurries were nmade up as shown in Table 1, and
ceramic nould sanples were dipped according to Table 4 bel ow, the nethod
being as. waethokorsigpnparati ve exanples 1 and 2. WO 2005/ PEp&82005/000408
PCT/ GB2005/ 000408 -10 Table 4: Shell Build For Exanple 1 Coating Stucco
Drying air -Drying speed (ns') tine (mns) primary 50/ 80 nesh

alum no-silicate 0.4 10 Liquiblock 144 (0.25wm % "' secondary 30/80 nesh
alumino-silicate 3 10 1 Liquiblock 144 (0._%@\_/\&%‘ secondary 30/80 nesh
alumno-silicate 3 10 2 Liquiblock 144 (0 secondary 30/ 80 nesh
alumino-silicate 3 10 3 . Liquiblock 144 (0. 25wt% secondary 30/80 nesh

e eS| el L G AR BT ) oo, o e 3 10

pol ymer (i.e. 1| 9Coatiegrefical). SABIGCOThi ckness- dOmpAgiaFons . Drying
v speed (ms™) | time (mins)
primary 50/80 mesh alumino-silicate 0.4 10
Liquiblock 144 (0.25wt%)’
secondary | 30/80 mesh alumino-silicate 3 10
1 Liquiblock 144 (0.25wt%)"
secondary | 30/80 mesh alumino-silicate 3 10
2 Liquiblock 144 (0.25wt%)"
secondary | 30/80 mesh alumino-silicate 3 10
3 Liquiblock 144 (0.25wt%)"
secondary | 30/80 mesh alumino-silicate -3 10
4 Liquiblock 144 (0.25wt%)’
seal coat none 3 - 1080
Total 1130
.Example 2

Example 1 was repeated with a four-fold increase in po'lymer (e 1%

theoretical).

Shell Thickness Comparisons
Comparisons of the ceramic shell thickness achieved for comparative
examples 1 and 2 and Example 1 and Example 2 shell systems can be

seen in Table 5.



Conparisons of the cerami c shell thickness achieved for conparative
exanples 1 and 2 and Exanple 1 and Exanple 2 shell systens can be seen. in
Tabl e 5. £ é 30 PCT/ GB2005/ 000408 -11 Table 5: ﬁbéB&Pﬁﬁéﬂ&?S
conpari son Average | ckness standard status (nmm deviati

Conparative unfired 4.99 0.39 Exanple 1 fired 4.81 0.56 Conparative
unfired 9.42 0.36 Exanple 2 fired 8.53 0.46 Exanple 1 unfired 6.41 0.42
fired 6.75 0.56 Exanple 2 unfired 7.35 0.93 fired 7.54? 0.88 Flat 'Bar
Strength Measurenent (MOR) The nodul us of riipture (MOR) is. the nmaxi mum
stress that a prismatic test piece of specified dinmensions can w thstand
when it is loaded in the three-point bend node. The principle of the test
is the | oadi ng Dableest pbkekshimknassoostpanisonat e of increase of stress
until failure occurs. The test—nethod has been-w-dely used in Jndustry1

'Flj'ﬁrtictjlha(rjl yft? p[ onot e thet propgrtles of ﬂ’rge noul dhrraﬁ@inldérdmég anot her.
1982[“2 4?1985, \(/av?li I(:Rgs!t ispuﬁafge%gﬁ]rst Ihe met h(rﬁm)f test >ng0%£ﬁ§ﬁi§ri§’%e1nsi onal
tol erances required to carrly out the {mm)
Comparative | unfired 4,99 0.39
Example 1 fired 4.81 0.56
Comparative | unfired 9.42 0.36
Example 2 fired 8.53 ' 0.46
Example 1 unfired 6.41 0.42
fired ©6.75 0.56
Example 2 | unfired 7.35 0.93
| fired 7.541 0.88

Flat Bar Strength Measurement (MOR) ‘
The modulus of rupture (MOR) is the maximum stress that a prismatic test
piece of specified dimensions can withstand when it is loaded in the
three-point bend mode. The principle of the test is the loading of test
pieces at a‘ constant rate of increase of stress until failure occurs. The test
method has been widely used in industry, particularly to promote the
properties of one mould material over another. The method of’testing is
standardised by the British Standard BS 1902-4.4:1995, which stipulates
the method of testing and dimensional tolerances required to carry out the

test correctly.

For MOR testing, the samples were prepared upon a wax pattern with
dimensions of 200 mm x 25 mm x 10 mm thickness. After de-wax, the
moulds were cut into rectangular test bars. The unfired and fired samples

were tested at room temperature (18-21°C).



test correctly. For MOR testing, the sanples were prepared upon a wax
pattern with dinensions of 200 mMm x 25 nm x 10 mmthi ckness. After de-wax,

the noul ds wghRseydsé Nt o rectangul ar test bars. The unfir '
sanples were testec} at roomtenperature (18-21 C). WO 200@?@%&%’05&98

PCT/ GB2005/ 000408 -12 To evaluate the effect of the de-wax procedure upon
the nmechanical strength of the shell systens, the unfired strength was
nmeasured dry (left at 21 C for 12 hours prior to testing) and wet (placed
above a steam bath at approximately 80- 90C™or 30 m nutes prior to
testing). Sanples were |oaded in an Instron 8500 tensile testing nmachi ne at

cal cui at ed usi nfogyaaee eltst 0! SpSewayroctdie upeh biSCASicte
[ractire Lot Srandn R il 0 RS h SRR S0 8 =
i1 erent thi ckhosG1of TeriarHHQTELERARY G et BRRBUSRRR Hefc) B3l 861,
an adj usted ' aghuidkitRiely 80-0fRe 8 30 rﬁ'fh@ﬁes(scﬁ'gcfr'?tge@sﬁﬁ%)t. Sgridtagwapeessary

to break a 10 test  pilece acros nm span) s cal cul at ed.

Thi s val ue nor nijadeesint & IndtAssl 856ar tensile aaxaipigt maehind & $Bohstapntbhrate of
cal cul ated using Equation 2. AFLe =fe6M Z (2) where fB is a constant equal

to 0.1, i.e. noimfi/aiingte batitiftilurecr oss a wi dth

The MOR, omax, was calculated using equation 1

3P \ :
e = 5 o

where Ppax is the fracture load, W and H are the width and thickness of
sample fracture area, L is the span length. The MOR, measured in the 3-
point bend mode is an intrinsic material property unaffected by the
dimensions of the test bar. Different thickness of shell affects the |
performance of the material, and an adjusted fracture load in bending

. (AFLB) (defined as the load necessary to break a 10 mm wide shell test
piece across a 70 mm span) was calculated. This value normalises the

load bearing capacity of the shell and can be calculated using Equation 2.

AFLy = f30, H' @

where fs is a constant equal to 0.1, i.e. normalising the data across a width

of 10cm.

Injected wax bars were used as the formers for the ceramic shells formed

by the procedures indicated above. After formation, the shells were steam



of 10cm Injected wax bars were used as the fornmers for the ceramc shells
formed by the procedures indicated above. After formation, the shells were

st eam WO ZOOQ/PSZr%%é%ﬁCT/ GB2005/ 000408 -13 Boilerclave (TM&Q@W@W@‘W 8

Bar pressure nutes, followed by a controlled de-p

cycle at 1 Bar/mnute. Test pieces, approximtely 20mm x 80mm were cut
using a grinding wheel and tested in a 3 point bend nbde at room
tenperature (primary coat in conpression). A conparison of the maxi mnum
strengths achieved at roomtenperature in tte 3-point bend node for the
shell sanples is shown in Table 6. In addition to the green dry strength
measurenents, Exanples 1 and 2-and conparative exanples 1 and 2 were tested
for their green Beilersda\enfiM) teevaxedrat &tBar qressuge Hoodrrnimutee,- fndhowed byrad
their fired strength under different heating regines. These results are

al so shown in Tanrellest devprevmirisadiononsiget (BI?IT%BZM@@/ obEs psecesi4 Tabl e 6:

T o SRl AP 3 Wi B o vl et
3 80+~ 0.38 9. 1 Dradmoigt el Bk ol frgpdtatdhe britndry CodeiR (= Nod B
) _

compression).

A comparison of the maximum strengths achieved at room temperature in
the 3-point bend mode for the shell samples is shown in Table 6. In
addition to the green dry strength measurements, Examples 1 and 2"and
comparative examples 1 and 2 were tested for their green wet strength (to
simulate strength during de-waxing) and their fired -Strength under different

heating regimes. These results are also shown in Table 6 below.



Conp. green, wet 1.63+/-0.36 13.9 Exanple 2 Fired (nmethod B) 1.32+/-0.32
9.5 Fired (nmethod C) 0.98+/-0.29 8.7 green, dry 2.11 +/-0.16 8.3 green,
wet 1.29+/ - anple 1 Fired (nmethod B) 1.15+/-0.1 '

(met hod O %0}@)250‘%15% 5.1 green, dry 3.15+/-0.9 17.2 g?l)e(grﬁ(,z’B\zA(}e;,t(’/B&gos
1.70+/-0.22 11.3 Exanple 2 Fired (nmethod A) 1.86+/-0.37 9.7 Fired (nethod
B) 1.86+/-0.37 11.8 Fired (method C) 2.05 +/-0.33 11.2 Firing nethod A: to
1000C @0C/ mn, dwell 60 mn, furnace cool Firing nethod B: to 700C @
1C/min, dwell 6 min, to 1000C @C/ nmin, dwel#-30 nin, furnace cool Firing
method C. to 700C @2C/ mn, dwell 6 mn, to 1000C @O0C/ mn, dwell 60 mn,
furnace cool. It should be noted that, as long as the fired strength is
sufficient to hbable6r aFlahbasdranjuksasitengtbsver. shel | strengths are actual |y

advant ageous f - au—y—uhen-easu-ug—uﬁt—uae#y—sqft
Cbpar ot ve. b bR |2 neSAGRner ol 1y Sot! st ory. | oeeEe o ()
produced nuch re qguickly than the standard shells j(r~n’rqr_1£ar atlyve pmm'(grl\Qa
1), there was a tendency| for tgieeprdnary stjucch86coa@idfy to del ati2d@te. Op
de-waxing and [ir¢4gg,SonE CTackiiy Wb a1Sq  4.55+/-0.47 11.1
Example 1 Fired (method A) 4.24+/-0.61 9.7
Fired (method B) 3.80+/-0.38 9.1
green, dry 2.80+/-0.75 24.8
Comp. green, wet 1.63+/-0.36 13.9
Example 2|  Fired (method B) 1.32+/-0.32 9.5
Fired (method C) 0.98 +/-0.29 8.7
green, dry 2.11+4/-0.16 8.3
Example 1 green, wet 1.29+/-0.16 5.6
Fired (method B) 1.15+/-0.16 5.2
Fired (method C) 1.18+/-0.09 5.1
green, dry 3.15+/-0.9 17.2
green, wet 1.70+/-0.22 11.3
Example 2 Fired (method A) 1.86+/-0.37 9.7
Fired (method B) 1.86+/-0.37 11.8
Fired (method C) 2.05+/-0.33 11.2

Firing method A: to 1000°C @20C/min, dwell 60 mih, furnace cool

Firing method B: to 700°C @ 1C/min, dwell 6 min, to 1000°C @5C/min,.
dwell 30 min, furnace cool -
Firing method C: to 700°C @ 2C/min, dwell 6 min, to 1000°C @10C/min,

dwell 60 min, furnace cool.

It should be noted that, as long as the fired strength is sufficient to hold the

alloy being cast, lower shell strengths are actually advantageous for shell

knock-out, particularly when casting relatively soft aluminium alloys.




observed, although there was no netal breakout. The de-|am nation during
shel |l manufacture and de-waxi ng may be due to the volune expansion of the

i ndi vi dual ticles as water is absorbed and the '
"swel | . Anm%@;%sggq ved effect, "stripping", my be dueP§o ?E@s@goé 8that

the polyner is being introduced as a 'discrete' particle: not all the
nmoi sture fromthe slurry layer is being renpved from the colloid phase as
there will be alimt to the extent/rate of noisture transport through a
capillary network. As the next layer is dipdéd, there wll be an excess of
nmoi sture within the colloidal network, preventing gellation and catalysing
' breakdown’ of the already gell ated bondigg. ﬁthucture. The expa?sion and
Er?ckl ng of the;"éﬂlléllug_l'g%hﬁ ?@nnaratgg tﬁ’_@"ﬁ@ 2150 deetgﬁﬂﬂﬂthéﬁﬁﬁflf a?‘i_ong/ﬂBE_Ch
et ween ceram c/c oi d/ pol ynmer ,addition or . nsi on due,to, Yo ilisation
of the pol ymer . abfandde PEadtited auch more ekl HapHhesiesrelhalls of

pol ymer in one rticul cation, | | N IS, | ol
stark contrast, ?(?Q{Qp%g% %?ﬁmbh%qéfﬁ%g%éag%bﬁ?geglf?m bﬁpﬁg‘gg‘f&& I
during de-waxin ' At lre ' fl

remai ni ng int actg 9a%%2?t4é??'?‘h’tg‘]ét§f ?ﬂ?%&%&i@gﬂ%é?%%{é e@a%mmggsﬁkoand
C) the entire sh@kbrved, Whbbagh therévahaemesl ilagBupat i on. The strengt hs
are equivalent to the use of "particle pol'ymer additions but the fact that
the entire shell remains intact neans that the shells of the present
invention wll be superior for castin Furthernore, it will be noted that

the AFL WO 2005Tbesis@reopticBedosngsbelsnanafciureand Herwaxiagpnay besdee to

conpar abl e or higher than those for the ,unnodified standard shell .
conparative exaMf th{mgLﬂj‘@@é‘ﬂ%O% tha indiyigual polymer particles as water is

absorbed and the particles ‘swell’. Another observed effect, “stripping”,
may be due to the fact that the polymer is being introduced as a ‘discrete’
particle: not all the moisture from the slurry layer is being removed from
the colloid phase as there will be a limit to the extent/rate of moisture
transport through a capillary network. As the next layer is dipped, there
will be an excess of moisture within the colloidal network, preventing
gellation and catalysing ‘breakdown’ of the already gellated bonding
structure. The expansion and cracking of the shell during firing is possibly
dueto a thérmal mis-match between ceramic/colloid/polymer addition or
expansion due to volatilisation of the polymer. Discrete particles will
have a high concentration of polymer in one particular location leaving

holes as this is removed.

in stark contrast, the Example 1 and Example 2 shells did not crack at all
during de-waxing, with the entire shell (primary and secondary layers)
remaining intact. After firing at the reduced heating rates (Methods B and
C) the entire shell is whole with no observed delamination. The strengths
are equivalent to the use of particle polymer additions but the fact that the
entire shell remains intact means that the shells of the present invention

will be superior for casting. Furthermore, it will be noted that the AFL



shell will actually-have a higher |oad bearing capacity. Green and Fired
Edge (Wedge) Strength Tests The MOR test does not determne the ability of

t he noul d t@vdﬁﬁ%{ﬁ‘%n&r“ki ng in the nost frequent site ofpgﬁghg@%ﬂ@#@ eThi .

during de-wax an casting, which is along the sharp radi

Is frequently seen in products such as turbine bl ades, where the coverage
of slurry and stucco wll be critical. The edge test is used to- eval uate
the strength and 1|oad capacity of the shell nould at edges and corners
(Leyland, S.P., Hyde, R, & Wthey, P.A , -the Fitness For Purpose of

| nvest ment Casting Shells, In Proceedings of 8 h International Synposium on
I nvestment Casting (Precast 95), Czech Republic, Brno, %995, 62-68). For
the edge test, vabiesdfar ExampleiZngrecomparieor higherrthes thesedagthe s* forced

into a specially designed.test piece. The test piece |s |loaded such, .that
the i ner sur f alemdified siadard shell comparateambles 1 sHagesting inaiis ne
outer surface in_.¢ ess|.on. st pj : .ake nmoul d sanpl es
produced usi ng éhégg@@éﬁﬁQSE%?%SEéhﬁkgﬁﬁ3&*?@&%5ﬂéFgﬁgéﬁg%uces symetric
trailing edge sections. The length of the edge test sanple was
approximately 20 mmand the width of the sanple 10 mm - Sanples tested were

green (dry and Giekn3itd Fﬁ-@alﬁfgééwgagéﬁsﬁtéﬁgﬂﬂ‘p@ﬁg to the schedules |isted

above. The load required to break the test prece was recorded and the

fracture strenghbe MOR hestelt@s notedetent imathat ssilivs bhtheeaiallda rdsish\O

2005/ 075130 PCT/ GB2005/ 000408 -17 12.2 sinCGcos9Fd i 7Z (3)
cracking in the most frequent site of mould failure during de-wax and"
casting, which is along the sharp radii and corners. This is frequently seen
in products such as turbine blades, where the coverage of slurry and
stucco will be critical. The edge test is used to evaluate the strength and
load capacity of the shell mould at edges and corners (Leyland, S.P.,
Hyde, R., & Withey, P.A., The Fitness For Purpose of Investment Casting
Shells, In Proceedings of 8" International Symposium on Investment .

Casting (Precast 95), Czech Republic, Brno, 1995, 62-68). -

For the edge test, instead of testing a plane mould surface, a wedge is

. forced into a specially designed test piece. The test piece is loaded such
that the inner surface of the mould (the primary layer) is in tension and the
outer surface in compression. Test pieces were taken from mould samples
produced using a specially designed wax pattern which produces
.symmetric trailing edge sections. The length of the edge test sample was
approximately 20 mm and the width of the sample 10 mm. Samples tested
were green (dry and wet) and samples fired in accordance to the

schedules listed above.

The load required to break the test piece was recorded and the fracture

strength of the edge piece calculated using Equation 3,



where F is the fracture |oad applied to the wedge, d is the span length, W
is the wwdth and T is the thickness of edge test piece. The adjusted

fracture | %829({5&) 5(30 edge sanple (AFLwW), defined as the | ?ﬁg@?ﬁ‘ﬁaﬁ?{ﬂést o]

break a 10 mmw de édge test piece with a 20 mm span | eng t he
| oad bearing capacity of the shell at edges and can be cal cul ated using
Equation 4. AFLW= . fwQnageT, (4) where fwis a constant equal to O.1.
Exanpl e 2 gave a shell structure that is conpletely undel am nated. Both
green and fired sanples were intact and sound.- This suggests that the
reduced pol yner content not only reduces the |evel of wet-back during green
manuf acture, but al so reduces the stress applie tgézhe shel |l system during
firing. It is believed that this confi natijon2 s noi sture and

stresses generated during volatilisat!8h of themidl yner is the caygp of

del am nation. Therefore, future shell systens need to be produced wth the
m ni mum | evel of polyner addition, a situation that will reduce shell build
costs also. Table 7 shows the conparison in edge test results obtained

(i ncl udi ng AFL velseretS)s thet frecture dopcdapplied tethepvedge, zhis thExspapl length, \WMp
2005/ 075130 PCT/ GB2005/ 000408  -18 Tahle 7: Conparisaon of_the edge strength
test results Exanthewsdth asdHuigeths:thicigess afpdge éest piece) The adtus?ed ﬁéé’iﬂlfﬂ\l)

, d 1.89+/-0.37 2.93 +/-0.5 . , t 1.65 +/-0.23
8r 882/ ] O-r %9 Toac? of thé edge sample](A?Evr}R defined 4s the load necessaryto break a
' 10 mm wide edge test piece with a 20 mm span length, normalises the
load bearing capacity of the shell at edges and can be calculated using

Equation 4.

AE. LW = f WO-Wea'geT ? (4)

where fw is a constant equal to 0.1.

Example 2 gave a shell structure that is completely undelaminated. Both
green and fired samples were intact and sound. This suggests that the
reduced polymer content not only reduces the level of wet-back during
green manufacture, but also reduces the stress applied to the shell system
during firing. It is believed that this combination of excess moisture and
stresses generated during volatilisation of the polymer is the cause of
delamination. Therefore, future shell systems need to be produced with
the minimum level of polymer addition, a situation that will reduce shell
build costs also. Table 7 shows the comparison in edge test results
obtained (including AFL results) between comparative example 1 and

Example 2.



Example 1 Fired (nmethod A) 1.344--0.14 1.63+/-1.21 Fired (nmethod B)
1.58+4/--0.27 2.25+4/-0.46 green, dry 0.65+/-0.15 3.82+/-0.76 green, wet
0.44+/-0.10 2.13+4/-0.39 Example 2 Fired (method A) 0.39+/-0.08 2.43+/-1.47
Fired (net hd¥OBJOS®73#30/-0.08 2.11 +/-0.74 Fired (nmethod CPCH/GBR0G5{00pA087
2.03 +/-0.93 The edge test results show that the Exanple 2 shell has a
| ower strength than the standard systens. However, the increased shell
build on the vulnerable edge |leads to an | oad bearing capacity (AFL) which
is conparable i.e. the shell edges shoul d wig-hstand the sanme | oads. The
standard devi ation of the thickness neasurenents is nmuch higher for the
Exanple 2 shell and is indicative of increase variability in shell
structure. The Talslee@sed Eafipidont of the ddpe stterigth tbitrkpghks however, does
not seemto affect the very consistent edge strength values exhibited by
these shells. [The resul s al so show that the Fdgt Stredgtlyst em caudjustetdi r ed|.
at conparabl e r &xample ilndust rySt@tlémdards fire @%P { t hout { an detfi raem]a
effects, thus- frenoving & need to reduce the firi \Iﬂ:\t es fa?reilcﬁﬂ'éee 0a )
speci al i sed she|I's. Full [Scal egfeasi idrg Trials 1Banpl®3? The ca3-psot31 al
e : .

ndert aken at thi s. stage +-he—proect—nere—t Hatt-eet the—rapta-shett
bui | d method and CEbi Il derpdVle i ndlist 8P +iG-23wo pood Br5i8p9

V)

PCT/ GB2005/ 00040Bxampke tast ifas (Metherl Ayr r ent TENWIOHEMW ronqug+/.Ttﬁe1_ .
et L Punaced TN o P mathod B | ° 1581037 ™ 205 TR0 6
green, dry 0.65+/-0.15, 3.82+/-0.76
green, wet 0.44+/-0.10 2.13+/-0.39
Example 2 Fired (method A) 0.39+/-0.08 2.43+/-1.47
Fired (method B) 0.43+/-0.08 2.11+/-0.74
"Fired (method Q) 0.42+/-0.07 2.03+/-0.93

The edge test results show that the Example 2 shell has a lower strength
 than the standard systems. However, the increased shell b'uild‘on.‘the
vulnerable edge leads to an load bearing capacity (AFL) which is
comparable i.e. the shell edges should withstand the same loads. The
standard deviation of the thickness measurements is much highey for the
'lE(xample 2 shell and is indicative of increase variability in shell structure.
The increased variability of the shell thickness however, does not seem to
affect the very consistent edge strength values exhibited by these shells.
The results also show that the modified system can be fired at comparable
rates to industry standards (fire A) without any detrimental effects, thus

removing a need to reduce the firing rates for these specialised shells.

Full Scale Casting Trials
Example 3
The casting trials undertaken at this stage of the project were to validate

the rapid shell build method and its ability to produce industrial size



I ndustrial scale rain-'sander using coated stucco material. An assenbly was
produced with the test piece patterns injected in virgin wax (Remet Hyfill)
and the running systemin re-claimed wax. Shell dipping was carried out
accor di ng td"?%@” Fdétdure set out in Table 8 below, the BEGEF3005409488 been
prepared as for Exanples 1 and 2. Table 8: Shell build specifications for
Exanpl e 3 Coating Stucco Drying air Drying speed (ns') tinme (mns) primry
50/ 80 mesh alumi no-silicate 0.4 10 Liquiblock 144 (1wt % * secondary 30/ 80
mesh alum no-silicate 3 10 1 Liquiblock 14491 W% "' secondary 30/80 nesh
alum no-silicate 3 10 2 Liquiblock 144 (Iw%"' secondary 30/80 nesh

alum no-silicate 3 10 3 Liquiblock 144 (2wt %' secondary 30/ 80 nesh

al um no-si | i cat gadtidfs irfthé auirehefdurdty driidimentealhe pabuldienperd prdducédt al
770 The, wax assenbl'y was packaged and transported to the Industri al '
foundry to be de-hwusedy handfdud tethe kargadumiunt alf nBaet il ctemudradhia rurrae
de-wax schedul e enployed was: 1. 0 to 8.5 Bar (0.85 MPa) pressure in 10
seconds 2. Dwelihdustriahscatemnapn-eandereusiog CQa’tﬁfh&ItJéSOma@eiaEr essure to

at nospheric in 10 mnutes (0.8 Bar/ m nute)

An assembly was produced with the test piece patterns injected in virgin
wax (Remet Hyfill) and the running system in re-claimed wax. Shell
dipping was carried out according to the procedure set out in Table 8

below, the stucco having been prepared as for Examples 1 and 2.

Table 8: Shell build specifications for Example 3

Coating Stucco - Drying air Drying
' speed (ms”) | time (mins)
primary 50/80 mesh alumino-silicate 0.4 10
Liquiblock 144 (1wt%)"
secondary | 30/80 mesh alumino-silicate 3 10
1 Liquiblock 144 (1wt%)"
secondary | 30/80 mesh alumino-silicate 3 10
2 Liquiblock 144 (1wt%)"
secondary | 30/80 mesh alumino-silicate 3 10
3 | Liquiblock 144 (2wt%)" '
secondary | 30/80 mesh alumino-silicate 3 10
4 1  Liquiblock 144 2wt%)"
seal coat none "3 720
Total 770

The wax assembly was packaged and transported to the Industrial foundry
to be de-waxed in a full scale industrial Boilerclave unit. The de-wax
schedule employed was: '

1. 0 to 8.5 Bar (0.85 MPa) pressure in 10 seconds

2. Dwell at maximum pressure for 5 miqutes

3. - De-pressure to atmospheric in 10 minutes (0.8 Bar/minute)



WD 2005/ 075130 PCT/ GB2005/ 000408 -20 The shell was fired in the industrial
furnace under the followng regine: 1. Introduced into furnace and ranped

up to 450C i pproxi mately) 2. Ranped 450 - 800C (
approxinate&é?ﬁkgbgﬁgﬁd at 800C for 30 m nutes 4. Cast unbé%ﬁéghﬁg@ﬁuﬂkQS
(alum niumalloy) at approximately 800C. 5. Air cool ed Conparative Exanple
2 (2.5Wm % stucco particle addition) casting using commercially pure

al um ni um exhi bited primary coat del am nation problens on the pouring cup.
The casting did not show any major del ami n@Pron in the bulk of the
assenbly, although there were signs of edge cracking and small anounts of
primary loss. In contrast, the Exanple 3 shell exhibited no de-lam nation
of primary or secondary coats and no visible damage that has occurred

during the wax Tfﬁé%éll wéH‘l?éd if ithé medisrdabhghhcavandenstie Yo lldwiibgimiet h t he

addition of a small anobunt of cenent around the base of the test pieces
(conmon practicg. for Intheduéed ivaboyfurnace aed yamipedoug o 4HEOCE (1SPE/min si gns of
cracking or weakening at this point. The shell is nuch weaker than the

st andard shell approﬁmatehféf ore relatively easy to renove. There were no

Finish. The (1181t oRGERReA50amB00) o SAGUB Y RAPSTORANANS! | - Under
st andar d i ndust SI aI ?—FV@ t%%ff’j(‘)srtj&gmﬁg ed| tions was successful .

4.  Cast unbacked with LM25 (aluminium alloy) at approximately

800°C.

5.  Air cooled

Comparative Examplé 2 (2.5wt% stucco partide addition) casﬁng using
commercially pure aluminium exhibited, primary coat delamination
problems on the pouring cup. The casting did not show any major
delamination in the bulk of the assembly, although thefe were signs of
edge craéking and small amounts of primary loss. In contrast, the
Example 3 shell exhibited no de-lamination of primary or secondary coats
and no visible damage that has occurred during the wax removal. After
firing the shell was cast with LM25, with the addition of a small amount of
cement around the base of the test pieces (common practice for the
foundry involved) although there were no signs of cracking or weakening

at this point.

The shell is much weaker than the standard shell and is therefore
relatively easy to remove. There were no signs of primary delamination
and the casting was sound with a good surface finish. The trial to cast a
rapidly produced industrial shell, under standard industrial dewax and

casting conditions was successful.



WO 2005/ 075130 PCT/ GB2005/ 000408 -21- Exanple 4 In order to further devel op
the shell system a nunber of changes to the Exanple 3 process were

adopted: (i )w< MokAR13¢ eduction in superabsorbing pol yner cpél*/%% otsfaodﬁéjuce
nmoi sture pick-up during dipping (ii) reduction/elimnation or i n({er-coat air

novenents and tinmes to pronote fast manufacture (iii) the use of standard
primary production tinmes (no polynmer nodification) to conpletely prevent
primary coat delamnation (iv) "blowing off of |oose slurry in between
clippings to reduce delam nation (standardzﬁfocedure in Industry) (v) the
use of current Industrial de-wax and firing schedules. In this exanple the
casting to be producad was an | GI turbocharger. Shell dipping was carried
out accordi ng t &X@BAWP!Brbcedure set out in Table 9 below, the stucco having
d,s

P PR
[l qui bl ock 144 E3aleoh PRacess SR ADEY mesi al um no-si 11 cate 1.5 20 2
Li-qui block 144 (9. 25fiither REARARA th diphetSbsBIBIn@bolmer Ebhteitt6 rédfle

moisture pick-up during dipping

(i) reduction/elimination of inter-coat air movements and times to

promote fast manufacture

(iii)  the use of standard primary production times (no polymer

modification) to completely prevent primary coat delamination

(iv)  ‘blowing’ off of loose slurry in between dippings to reduce

delamination (standard procedure in Industry)

(v)  the use of current Industrial de-wax and firing schedules.
In this example the casting to be produced was an IGT turbocharger.
Shell dipping was carried out according to the procedure set out in Table

9 below, the stucco having been prepared as for Examples 1 and 2.

Table 9: Shell build specifications for Example 4

Coating Stucco* ' Drying air Drying
speed (ms™) | time (mins)
primary zircon sand 0.1 420
secondary | 30/80 mesh alumino-silicate 0.1 20
1 Liquiblock 144 (0.25wt%)"
secondary | 30/80 mesh alumino-silicate 1.5 20
2 Liquiblock 144 (0.25wt%)" |
secondary | 18/36 mesh alumino-silicate 3 80
37 Liquiblock 144 (0.25wt%)"
seal coat none 3 720
Total | -1580




3-7 Liquiblock 144 (0.25mt %' seal coat none 3 720 Total 1580 WO

2005/ 075130 PCT/ GB2005/ 000408 -22 +Where pol yner was used in the
secondari es, the polyner pre-coated stucco material was pre-m xed with
standard nwa2esarsdomaterial in a ratio of coated to uneczGBloesioodsod.
De-waxing in a full scale industrial Boilerclave unit was carried out at a
maxi mum pressure of 8 Bar (180C, 0.8WMPa) for 10 mnutes, with a
depressurisation rate of 1 bar/mnute. The shell was:-fired in the industrial
furnace under the following reginme: 1. Inproduced into furnace and ranped
up to 900C (20C/ m n approximately) 2. Held at 900C for 120 m nutes 3.
Furnace cooled. After firing, ‘a wash out was carried out to determne if

there was any+w F@ lﬂgbawa%axge@nn(merstetéhaﬁnegqh\ggfdpﬁwép Breaitfited si bl e)

or through- crac shel | structure dye ‘co ent in the wash water

is used whi c@tm@mﬁaltwégpg@nwadkmtmmmrdh@ﬁ vostel rahteriat ik s case
the shell was conpletely intact with no evidence of prinmary del am nation.

Casting was etdticiofadtoasedtp anacoated obdded superal | oy at 1600C under vacuum
Afterwards, the nmould was intact, with no evidence of cracking, netal.
run-out or finning on the blade edges (indicative of edge shell cracks).
This is again eV| dent afte {y de- nou V\Qere here js no finning or
irregul ar app&E-WENE N @h kg@ﬂqaﬂg:?ustrlal OIIerc ave unit was carried out at a

maximum pressure of 8 Bar (180°C, 0.8MPa) for 10 minutes, with a

depressurisation rate of 1 bar/minute.

The shell was fired in the industrial furnace under the following régime:
1. Introduced into furnace and ramped up to 900°C (20°C/min
‘approximately) |

2. Held at 900°C for 120 minutes

3. Furnace cooled.

After firing, a wash out was carried out to determine if there was any
primary delamination (particles are washed out and visible) or through- |
cracks in the shell structure. A dye component in the wash water is used
which permeates through cracks making them visible). In this case the

shell was completely intact with no evidence of primary delamination.

Casting was effected using a nickel-based superalloy at 1600°C under
vacuum. Afterwards, the mould was intact, with no evidence of cracking,
metal run-out or finning on the blade edges (indicative of edge shell
cracks). This is again evident after de-moulding where there is no finning

or irregular appearance to the casting.

Finally the casting was shot blasted, cleaned, heat treated and prepared for

NDT testing and dimensional tolerance checks. The rapidly produced



Finally the casting was shot blasted, cleaned, heat treated and prepared for
NDT testing and di mensional tolerance checks. The rapidly produced WO
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to those produced wth a conventional shell and were conpletely sound and
within the required dinensional tolerances. Drying and strength-devel opment
of each coat in investnent shell nould production is the nost significant
rate-limting factor in the reduction of |lead tinmes and production costs
for the industry. As such, inprovements whtth reduce cost and cycle tines
open up enornous opportunities for product., devel opnent, cost savings and

the environnental ly soupd . pragtice, of decreased, ener use, The fundament al
need to renove Castipgs @P‘Bﬂ%‘ﬁﬂ{)lf&rﬁ&c@l 86“&@?‘%40(?5%%?) UGB WAt and devel op
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W t hout, dryi ng'di%si%ﬁﬁ@@&%h&&s.mt hod, using a super absorbent polyner

additive to rapi € Water and 'lock' it chemcally within the
pol ymeric -structure has been devel oped for investnent nould production,
such that noisture renoval by drying is not required to cause binder

gel I ation. The PDyahgandhseeriithagvedypment of edol tooiatin pivastrnent shelliwiduldg
little capital cost or. equipnent replacenent as current systens can easily

be adapted. Theredustioa ibdbe nposteignificanbrateion dimgefactar indheueduationafer i al
costs and the reduction in |ead tines frrom wax/ casting cag be greatly
decreased al | derddines aadrednpbiae ostsfor he prdusien dAs s¥€br irppfovanents

openi ng U he, ROt el L2 AMVLRE KELS: bBtn e URBmbLY oSRERLA ST

product development, cost savings and the environmentally sound
practice of decreased energy use. The fundamental need to remove
sufficient moisture to gel the colloidal binder and develop sufficient green
strength for re-dip has been overcome by finding an alternative method of

- rapidly removing the moisture from the colloid without drying. The
alternative method, using a super absorbent polymer additive to rapidly
remove the water and ‘lock’ it éhemically within the polymeric structure |
has been developed for investment mould production, such that moisture
removal by drying is not required to cause binder gellation. The system
has been proven in industrial practice, requiring little capital cost or.
equipment replacement as current systems can easily be adapted. There is
a huge potential for decreases in labour and material costs and the
reduction in lead times from wax/casting can be greatly decreased
allowing current components to be produced faster but also opening up
the potential for new markets for a currently specialised production route

(i.e. automotive and general engineering components).



(i.e. autonotive and general engineering conponents). W) 2005/075130

PCT/ GB2005/ 000408 -24- CLAIMS 1. A process for the production of a shel
noul d, conprising the sequential steps of: (i) dipping a preforned
expendabl e W&2005H513to a slurry of refractory particl es FGTACBADYI0HS

i quid bi nder whereby to forma coating |layer on said pattern, (ii)
depositing particles of refractory material onto said coating, and (iii)
drying, steps (i) to (iii) being repeated as often as required to produce a
shell rmould having the required nunber of -ggating |ayers, characterised in
that during at | east one performance of step (ii) the particles of
refractory material have been pre-mxed with a gel-form ng material whereby
to coat at |eaghgMPrtion of said refractory particles with said gel
formng material such that after contact with the coating |ayer noisture is
absorbed by the gel-formng material thereby causing gellation of the
col l oidal binder so reducing the tinme required for drying in step (iii). 2.
The method of cllaim A pﬁouelsm%bmld;wetpr@ch@dionimfrmbheﬂ epoyldy Fompriging dhe out

after the final step (iii) of applying a seal coat conprising a slurry of
refractory partb@uéRNtialsteRa 0Gi dal "1 quid binder, followed by drying. 3. The
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4. The method of . ANePLAGTIMaS! fyTd BAYP WhaeBY tb'tbim! 2 cBSMEVSRr on
said pattern, |
(i)  depositing particles of refractory material onto said coating, and
(ili)  drying,
steps (i) to (iii) being repeated as often as required to produce a shell
mould having the required number of coating layers, characterised in that
during at least one performance of step (ji) the particles of refractory
material have been pre-mixed with a gel-forming material whereby to coat
at least a portion of said refractory particles with‘ said gel forming material
such that after contact with the coating layer moisture is absorbed by the
gel-forming material thereby causing gellation of the colloidal binder so

reducing the time fequired for drying in step (iii).

2. The method of claim 1, 'including the additional step (iv), carried

out after the final step (iii) of applying a seal coat comprising a slurry of

refractory particles and colloidal liquid binder, followed by drying.

3.  The method of claim 1 or 2, wherein the gel-forming material-
coated refractory particles are applied during each repetition of step (ii)

after the first.

4, The method of any preceding claim, wherein step (ii) is achieved

using a rainfall sander.



using a rainfall sander. W) 2005/075130 PCT/ GB2005/ 000408 25 5. The net hod
of any preceding claim wherein the anmount of gel- formng material used in

any perfor ngecReddssheP (1) is no nore than 2wt % of the J‘%&%&%@%ﬁqsng

mat eri al partlc?es used in that step (ii) 6. The nethod of

claim wherein said gel-forming material is a super absorbent pol yner.

The nmethod of claim®6, wherein said polynmer is a polyacrylate. 8. The nethod
of any, preceding claimadditionally conprising a step of coating at |east
some of the refractory particles with the g#i~fornming. material. 9. The

met hod of claim8, wherein the proportion of precoated to uncoated
particles used in step (ii) is 75:25 by weight. 10. The nethod of claim9,
wherein said ratio is achieved by coating refractory particles with the
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-26 12. The net claim erein sal coating step I's effected by
spray drying of the refractory particles, aggl oneration or using a fluidised
bed.

6.  The method of any preceding claim, wherein sald gel-formlng

material is a super absorbent polymer.

7. The method of claim 6, wherein said polymer is a polyacrylate.

: \
8.  The method of any preceding claim additionally comprising a step
of coating at least some of the refractory particles with the gel-forming

material.

9. The method of claim 8, wherein the proportion of precoated to

uncoated particles used in step (ii) is 75:25 by weight.

~10. The method of claim 9, wherein said ratio is achieved by coating
refractory particles with the gel-forming material and mixing said coated

particles with uncoated particles.

11.  The method of claim 8, wherein said coating step is effected by
mixing the gel-forming material with water to form a gel and subsequently
mixing the refractory particles into the gel followed by drying and

grinding the resultant mass.



13. The method of any preceding claim wherein said refractory particles
are silica, zirconiumsilicate, alumno-silicate, alumna or yttria

particles. Jg.90ERssKt hod of any preceding claim includi pgrassbeboesdos
removi ng the expendable pattern fromthe shell nmould after the [ast step

(iii), or step (iv) when present, and a final step of firing the resultant
shel | rnoul d.

-26-

12.  The method of claim 11, wherein said coating step is effected by
spray drying of the refractory particles, agglomeration or usihg a fluidised
bed. '

13.  The method of any preceding claim, wherein said refractory
particles are silica, zirconium silicate, alumino-silicate, alumina or yttria

particles.

14.  The method of any preceding claim, including a step of removing
the expendable pattern from the shell mould after the last step (iii), or.step

(iv) when present, and a final step of firing the resultant shell mould.



