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ABSTRACT 

An invest'igat;on on microporosi ty in castings was 
, ~, 

t:arried out on an Al - ~,::\510 Cu alloy system. The amount, 

type and distribution of microporosity in ingots, cast 

both in air and va.rioup levels of vaçuum, is presented v 

with a standard density technique employed as the major 

experirnental method to quanti tati vely measure rnicroporosi ty,. 

Results indiGate t~ere is a distribution of 

porosity within every ingotr a dis~ribution, that iS re­

produci ble and deoendent upon the casting condi tioons. For 

the gas levels 0.02 - 0.46 ml H2/100 gm Al" (S.T.P.), super­

heat and mou~d temperature \'Iere found to affect t"he dis­

tribution ~nd amount of porosit~ the most. 

Nacro and mieroexamination revealed information 

regarding the nature of oorosity. Ingots ~isplaying a fine 

grain structure exhi bi-~ed '1:ine interdendri t ie porosi ty" 

while in~ots of a coarser v,rained struçture showed' a layer 

type whieh was intergranular in nature. 

An analysis comparing porosity ~o various solid-

ification parameters, such as dendrite arm spacings and local 

solidification times are presented. The results indicate that 
\ ' 

porosity i8 only a function of these variables for a fine 

grain structure where the porosity was fine and in~erdendritic 
) 

in nature. 
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RESUME 

. 
Nous avons étudié la microp~rosité dans les pièces 

couleés en alliage Al-4.5%Cu. l Nous avons utilisé une technique 

~tandard, pour mesurer la densit~9 comme méthode expérimentale 

principale pour" mesurer la microporosité. Nous'\nrésentons d'es' 
\. 

résultats sur le taux p le type et la distribution de la'micro­

porosité dans les l~ngots coulés dans l'atmosphère ambiante 

et sous vide à: différents veaux. 

Les résultats indiquent qUè la porosité est 
, 1 • 

distribuée dans tous les lingots d' une façon reproductible et 

dépendante des conditions de couleé. 

_ Quand le niveau de gaz se, situe entre 0.02 et 0.46 

ml Hz1100 ~m Al (S.T.P.)les effets ùe la surchauffe e~ de la 

température du moule sont les plus prononcés. 

<) La mic~o et; la, macroexamination ·révülent. la nature 

de la-porosité. Les lïngots d'une structure à grain fin, 

c~présentent une porosité fine ~t d/:.:rntrique, tandis que les 

lingots d'une structute à gros grains présentent une porosité 

intergranulaire ct arrangeé en couches. 

Nous avons comparé la porosité ~ différentes 
" , -

·paramè·tre~ della sbiid'tfication comme l'espace entre dendrites 

et le temps de solidification local. Cette analyse montre que 
"-

la porosit~ d6pend de ces param~tres seulement quand il s'agit 
f 

d' une structure â: grain fin ou la porosi té est fine et inter.-

dentrique .. 
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INTRODUCTION 

1.1 DESCRIPTION 

Microporosity oeeurs as fine holes or pores 

di,stributed witryin a material, and as will be discussed 

later, it i8 the res4lt ?f ~ither eas rejection, u~fed 

sh'rinkage or a eombination of both. It also i8 a commpn 

short ranee phenomenon in cast metals, extending over 

distances th~ arder of the grain or dendrite size. 

~icropores originate during solid\fication, and 

1. 

their shape "in the cast product (Fieures 1.1a g b) will be of 

a forro determ1ned by eas rejection n'nd/or poor feoding. 

A,shrinkage cavity will appear as a jaeged ,hole or sponey 

arc'a ljncd with dendrites \'Ih1le a eas cavi-ty will appear as 

a sp~ericalD flattcned,or elongated hole. 

It i8 gcnerally as~umed that miciroporosity (1,17) 

ca~be deleterious to the mechanical propcrties of various 

al]oys. but as yet there has been no naTe minimum amount 

establiGhe~. These voi~s will affect the mechanical prop-
/ 

erties be6nuse they behave a8 stress ralsers (Figures 1.2a,b), 

and, in cr.i tically loaded sections 0 will seriously affect 

the streneths of the section. The effects are similar to 
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"\ 

Figure 1.1 Examples of porosity. 

( 

(a) Gas porosity in an Al allo~ die cast. 
(9.0% Si. ).5% Cu, rest Al) 

(b) Shrinkage porosity in an Mg alloy weld 
joint. (1<)% Al. 1.0% Zn, 0.02% Mn, rest Mld. 

Source - Metals Handbook Volume 7. 

\ 
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? Figure 1'.2 ' Effect of porosi ty on. mechan'ical properties 
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(a) external defect 

(b) internal defect 
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i.hor;e occurring nt an cx!;ernal defect o,r notch (Fie;Ulfes 1?_.2a). 
i 1 

In th i s case, the longi 'Lud.ir!al an(l tancen t5 al normal s tre!3SeS 

(ifttrd'T) and the maxhnum ,;hcnr stress .(l-n,étx) peak at the root ..... 

ortHe no tell, \'/hi le Lhe rael ial stress (cJr) pe8 ks below the 

rooL of the noLch. A more severe notch will tend ta intensif y 

~lcse max irra. ,In the case of an internaI defcet or micropore 

(Fir-urc 1.20)9 the stress,es will peak ;,li)',hLl,V cnv,IV l'l'(llrl Ul" cdr;c 

Vndcr stat5c loadine, the highJy G~ressed me\al / 
ll~' It/I 

will yicld plasticelly at the dcfect passJng ~jeh stresses 

Co other p:Jrts of the section until failure oeeurs. 'dith 

r'lti'1U'::' lnétdinc, the rratcrial vd1J bc stressed below its 

('l~~stic lindt-. DnrI yi'cld.inC will oecur on a much sfl)aller 

-;c810. A cr;lck will thc;n bc initlated beforE' ;the stress 

PP:J Lcen en!) clmn[';c ,to relicvc the concen Lratp.(I ~;tr0SGe;;. 

P8"t research (2-5) on microporosity has shawn 

th,., Lit (locs not occur in aIl metal 8wl al10y sy:; ter.l~3. The 
j) 

nrescncc anù ;lHloun t 6f rnicroporos i ty nppcar.s to depend on ' ,) 
. 

the r.lOdc of ,frcezing, ie. whethcr the alloy \18S a short or 

l f 
. '\J 

ong rcc7.1ng range. UicroporosiLy is not a problem for 

notais and 8110ys of short freezing rnnees because they 
~v 

~o]~~i ry as ilJustraLed in FiGure 1.J. Arler casline into 

th0 n;ould, s(j]idifieation bec;ins wlth th'! fonration of tlny 
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crystallites (Ghill zone),at the mould wall. Then the most 

favourably oriented crystals will grow rapidly into the melt 

forming a uniform front: the rate of movcment and dirèctlon 
/ 

of this front being proportional ta the rate of heat -'ex-
e D' 

traction. For a èertain temperat'ure .gradient in the ca.st, 

the depth of this front will de pend on t~à degree of under-

cO,oling and the t:r~ezingOrange. Although microporosfpy ls 
1 • 

not usually a problem in these alloy systems. a COmD10n deîect 

is typically gross shrinkage porooi ty or "pipe" Ylhich occurs 
.. \ 

in the laot arca to sol~dlfy. 

Microporosity will be common in long freezing range 

a~loys becauGc of the systemes mode of Golidificatio~ 
o .' , 

(Fïgure 1.4). Solidification again commen~es .with the formation 

of-a~6hill zone; however t the front of solidifi6ation will be 

more unevc:q,' wi th Golid dendrite arms protruding into the 

liquida The tips af the arms will be at the liquiduG 
~ 

temperature with the raota at the eut~ctic temperature. The 
\ 

length of these arms \.,ill he proportional tq the tempera ture 

gradient. Micraporosity that accurs will be in thcse roots. 

because as the arms grow further'out. they c~t off feed'metal 
" and allow pore formation in the eutectic areas. This is 

supported by Figure 1.5 which illustrates that porosity is 

'associated with'the eutectic ragions in Al-4.5%C~ alloy. 
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Figure 1.4 Solidification of a Long Freezing Range Alloy 

(a) start of solidification 

(b) settling of grains 

(c) end of solidification 
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Figure )..5 Microporosity in Al ~4.5~ Cu. Porosityexists 

in CUA12 region.of cast. Unetched x 170 
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1.2 THEORY OF rv:ICROPORE FORJlf.ATION 

The driving forces for rnicropore formation 

\'--. (dissolved gas or shrinlcage) have been extensively debated. 

Quantitative treatment of the problem considers eas bubbles 

and shrinlcagc cavities s imply as pores wi thout reference 

ta their specifie origin. 

Pore formation is possible by a meehanlsm of 

nuclcat ion, e i ther hot.erogeneous or hornoe;eneous'. In 

heterofjcneoUG nucleation pores are formed by foreie;n nucleï 

(air bubbles p inclusions) and in homogeneous nucleation 

porcs are formed \'li thout the aid of any nucleus e 

Pores may nucleate at any t i flle in t'he solidi fication 

proccss. The time at whjch they form willu however, determine 

their shape in the final cast. Pores formed carly in 
~ 

solidification will mont likely ~ave time ta c~cape (AppenJix 1) 

leavine no trace in the final product while pores formed latc 

in soli~ification will freeze in the solid in their original' -

form. Pores forrned at intermediate times will solidify into 
1 

the solid in a differcnt forro from the orieinal. For example, 

a pore created as agas bubble at the bottom of the mo~ld 

may finally appear in the top of the solidif1ed ca~t as a 

shrinkage type pore dùe to its Interference with a shrinkage 

pore during flotation. 

1 
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1.2,1 Heterogeneous Nuclegtion 

Heterogeneous nucleation as illustrated in 

Figure 1.6 ia most important during the early stages of 

solidification although there ia evidence that it can 

also be important during the final stages (7) Examples 

of hetcrogeneous nucleation durin~ the ear~y stages of 

solidification are the entrapment of bubbles in the liquid 

st~eam and gas evolution by materials (eg. water vapou~ 

in sand moulds). This type of nucleation has been termed 

'non-nucleation by Campbell (7) •. ihose pores formed early 

in solidific~~ion will be governed by the equation belowi 

J 

Pi Pe = tl 
r (1.1) 

1 

where Pi and Pe are the internaI and external pressures 

respectti valy on a porc of radius r, and (f is the gas",:liquid 

.surface tension. If the radius of the pore crcated by 

heterogeneous nucleation 18 less than r the pore will dis­

appear whereaa if the pore radius 18 greater than r, the 

pore will grow.' A pore of radiua exactly equal to r will 

" remai~ a~d aet as a pore nucleus for further pore formation. 

Another common type of pore formation by hetero-
. 
geneous nucleation ia the nucleation of pores on inclusions 
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Figu;:e 1.6 Examples of Heterogeneous Nucleation 

a) en~rapment of air in cast atream 

b) evolution off mould wall 

c) nucleation of pore on inclusions 
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th~t exist in the melt. This type of pore formation is 

also possible laie in solidification and oceurs in the mushy 

zonelfor cxamplepwhen Al 2 0) ~nclusions are swept out in 

front of the advancing solid-liquid front. 

1.2.2 Homogeneous Nucleation 

At a time in solidification when pockets of liquid 

metal are completely surrdunded by solid g pore formation must 

take place by homogeneous nucleation if no nuelei are prescnt~ 

Shrinkage and gnD rejcction are bclieved to be Lhe 

principal,drivine; forco:::l of nucleation and growth of slleh R 

pore. To orieinate n pore in the liquid phssc~ a force must 

be surr l ier\ ta over~omc the forcu~ th~l t Vlçuld ~~:\llapse a void. 

As mentioned in the nrevious secti?n, Equation f~l holds here. 

Pi pe :::: ;: 1) 
r 

, -,? 

(1. t ) 

Previolls work (6,8)Shows that'Pi (internaI pressure) ls ~he 

sum of the pressures 1 Pg, the equilibrium gus pressure and 

Ps. the nhrinkage pressure. The extürnal press ure, Pe s, is 

the sum of thü pressures 1 Pa Lm, the atmospheri e pre~ssure 

" 

and Pm, the pressure due to the metallostatic head. As 

illustrated in figure 1.7. equation 1.1 can be rewritten a8(25)a 

l, 
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Pg + Pe (Patm -!- Pm) =: tl 
r 

14. 

(1.2) 

Since a pore cannat develop from zero Jradius due ta the 

fac t tha t a t zero radius the surface 'tensi6n term ( ~ ,) 
r 

approaches infini,ty, sorne other, meehanism must explain the 

growth of a pore from zero radius ta a finite size ri' In 

heterogeneous nucleation, pareo of ~adius rare brought in 

from outside which ls not possible în homb~eneous nucleation, ,., 

However, a hydrogen pore of finite radius can spring into 
, 

~ oize r due to build-up and interaction of gas molecu1es 

in a localized reglon of the liquid. Once formed, the pores 

will be governed by the pressure relationship above. 

For a specifie location in the mould the atmos­

pherie pressure', metallostntie haad and '?..J'L factor vlill be 
r 

essentially constant and the conditions for pore nucleation 

are given by: 

Pe; + pr;; ::: p." (1.) 

where P* is the initial pressure r~quired to nupleate a void. 
\ 

Thus nucl~ation of a pore can he looked on BO tHe result 

invoivine; either gas nuclcatian, unfed shrinkage or a com-

ùination of the bath. 

<, /) 
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i.2.2.1 Gas Nucleation 
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15. 

~ 
Gas nucleation of a pore oceurs because Pg ris~s 

due to~the reject}on of gas at trre solid-liquid interface. , 
'l'he growth of a pore b.v the rejection' o~ ea,s is a diffusion 

process. The,rkte controlling ~tep will be either the rate of, 
" , 

gas rejection at the solid-liquid interface or the rate of 
J 

~as precipitation into the cavity. Assuming no 'di~fusion 

of the fae in the 'solid an~ tha~ the ~oncentration gradient 
• at the SiL interface is small, then Pg in the lïquid can be 

refe-rred to as the equilibrium gas pressure. (, This Pg i8 4 

the tota:·l pres,sure of aIl the gases and vapours in 

equilib~iùm wlth,the liquid. For a diatomic ga~ such as 

H;? in,alu~jnum" it cal!- be eàsily calculated since 

( 

Pg (1 .4) 

wnere Co is the initial content of H2 in ~luminum and K is 
. (26) " 

Sievert's gas const,ant . '. In more complicated systems, 
~ " , . 

such as ferrous rnaterials, the equilibrium gas pressure can 

be" calcu'lated as t~e suro of the press'ures of CO, CO2 ' H2 , N2 

gases as weil as S02' H2S. H20, Fe (vapour). 

To decrease.the Pg, and make gas nucleation more 

difficult. ~Ot the initial gas conte~t in the liquid must te 

'. 

1 
.~ 
! 

" 

'/ 
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"\ ' 

decseased. rv"any Pf'ôéêsses employ this principle,,-to de­

crease pore formationi - Standard teehniques (9,10) used are 

flux additions, flushing with inert gases and vacuum ~reat-
~ 

mentw 

'1: .2.2.2 Nuc1eati~on - A feedine; problem /> 

Pore formation can also be seen as a feedîng 

problem. As solidification proceeds the shrinkage pressure, 

P~f incr?as~s as feeding of liquid metal through the dendrite 

mésh be~omes more difficu1t. The feedine problem develops 

in many ways and on different siz.~e scales. 

Figure 1.8 ls a, diagram illustrating the sol id­

ifjcation of a long freezine range Lalloy at time "tH. The 

ingot has three main regions a solid, liquid and mush. The 

mush consiste of a mixture of solid dendrites and liquid 

metal, ~nd ls typically several céntimetres in thickness. 

Liquid metal surrou~ds 

; interdendritic reg~ons 

1 0- 2 . . (1 i ) cm. ln slze • 

the dendrite mesh and exists in the 

which are channels of the order of 

It is in. these are as 'that the major 

solute and gas rejection occurs. 

To reduce this Ps term, feeding of liquid metal 

through the dendrite mesh must be accomplished. For the 

last twenty to thirty years, it has been widely accepted(2,4.r2) 

~ Ji>-

'j . 

1 
{ 
\ 



, 17. 

that there are thr-ee mechanisms of feedine which will 

operate 1 liquid feeding, mass feeding and interdendritio 

feeding. Two others, burst and solid. have been envisaged(12) 

and ùeserve mention. 

Liquid feeding is the macroscopic movement of liquid 
1 

metal to the solid-liquid interface to supply a reservoir of 

liquid metal. In metal and alloys of short freezing range 

it is the only type which is assumed to'occur. Liquid feeding 

i8 the best understood of aIl feeding mechanisms and a 

comprehensive review of this subject to 1959 has been compiled 

by Wallace(1). Absence of this type of feedine leads ta ' 

porosity in the last areas to freeze where the casting 

simply runs out of liquid metai (Figure 1.3). Hot-topping 

i8 the usual procedure used to achieve a constant supply of 

liquid metai and hence promote liquid feeding. 

Vass feeding is the macroscopic movement of mush, 

and occurs in long freezing range alloys (Figure 1.~1. This 

movement usually ~ccurs up to the point at which the mush 

i8 35% soljd, but measurements have shown it to be effective 

even t~ 6810 sOliù(15). at which point the denùrite mesh forms 
~ , 

a coherent network (Figure 1.8). Early research focussed on 

thi$ type ùf feeding as being one of the most important in 

reducing the microporosity. It has been found that poor rnass 
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Figure 1.8 Feeding Mechanisms in Open 

Topped Ingots 
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feedin~ CRn load to blockine of feeding channels on the 

macroscor.ic scale. This type of feedine, must be highly 

depcndRnt on such variables as the primary dendrite arm 

SP8cine Rnd the dimenGions of the castinG. ~ass recdine 

of r;rain ra fined j ne;ots should be eas ier than fcecl h1e of 

an ingot 'IIHh lonc; columnar grains, sinee the f10w of 

l iCl'u i ri "met::.l bctvleen Gmaller equ18Y.:cd gra.ins i:3 e~:-"d.er 
/~ " 

than clown lonc; channels britween columr~1r c:r8 i DS • 

. ' 

At R Iater stace in the solidification process, 

when Ijquict and ma.ss fccdine are no longer possible, feeding 

of ItClu'~ rnetaJ throuch the 'nterdendritic channels (Pigure 1.8) 

\ hecolilc's ln,porL:rllyt. IJmitect eXP'·j'lm:nt.;-tl dnLaOS ) i:; avnil;lh!l' on 

f 

iJ-
lnL!'I'rjrmdr\1.ic t"p(.·dlll,'~ and re:;e:H'ell !l:,:, f~(;l1l'r'aLl:v \H'('n apppoachr'cI l'rom 

The rirst attempt at an analysis was madc by Allen(14) 

in 1932. H~ consirlcrcrl the posslbility of fcedinc liquid 

metal into Hn interdendritic channel (Figure 1.9) of radius r 

and lcncth L. To prevcnt pore formation the ratc of liquid 

metal 1'lo'IJ clown the ch~!meJ must equal the rate of movcment 

of th!) soJid-]jquirl' interfacn duc 1,0 solidification. 'l'he 

rate of the liq~icl rnetal flow down the ch.mnel ia 6.P/,uL' 
Z'( 

w!Jprc AP is thA pressure drop betwccn the tip a,nrl openine 

of the channel, p is the viscosity of Lhc liquide metaleand 
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Figure 1.9 Feeding of Liquid Metal into an 

Interdendritic Channel 
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L' is a dimensionless number equal ta l'IL. The rate of 

contraction j s 0( dm/dt Wl~re eX ls the volume c";ntraction . ) 

and dm/dt is the rate of splidification. To prevent pores 

from forminc; 

" = 
0< dm 

dt (1.5) 

If gas rejection Is neglected, a pressure Ps due to shrinkage 

will develop where , 

'Ps = 0{ jJ L' (dm/dt) (1.6) 

. 
Thercfore if the pressure supr,lied at the channel 

opening io lacs than Ps (pressure due ta shrinkaee)v a porc 

will nue le8te. ltowcver for the case of ccntreli ne shrinkage 

in a cycl "Î.n,ler Equation 1.6 is are) ati valy simple npproach 

and other more complicate~ analysis have been attcmpted(15 ,16) 

as . 1 

Ps :::: 

where (J :::: O(/l_ e:! (0< is the v01ume contraction) 

? :::: viscosity of the liquid metal 

7- :::: }Co (rrm - '1'0) es Hf'io<G 
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\ , 

KI = mould thermal conductivity 

Tm,To ::: melting point of mataI, ambient temperature 

H 

~s 

L 

r 

;:: 

;:: 

;:: 

;:: 

;:: 

respectively 

latent heat of fUSlon 

mould thermal diffusivity 

density of the soiid 

castine; Iene;th 

radius of liquid channel 

In eRses Qf dendritic solidification of Ione freez5ng rane;e 

alloys, reseArchers (15,16) have taken into acceunt the 

fRC tors t = "tortuos i ty rue tor" te accoun t for" the fact 

that liquid flovl chr-tnnels 2.rd not struie;hl; and smooth o and, 

n = "number of rlow channels per unit cross-section of 

cyl indcr". Eqw"tion "1.. 7 can I;h:?ln be dcveloped as s 

( t~" ) 
2 

R n 

where R equals the radius of the cylinder. 

(1 .8) 

Hence in interdendri tic reedine~ the magnitude of Ps :md 

thus'nucleation io dependent on 

1) rate of soljdiflcation 

2) characterlstics of the interdendritic channel 
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When ~he dendrite mesh has developcd to the point 

whcrc pockets of liquid metal are left in the solidif5ed 

cast, then the only way possible ta feed liquid metal into 

these a~eas is by burst feedine (f2), This oeeurs when 

l iq u id mctal burs ts throuc;h a solid sJein to fecd a 1 i q uid 

poo] ~nrt 18 possible becausc the ntreneth of the salidificd 

metai ~s low (Fieure 1.10). 

Another posGible fcadine; rnechanisrn ~:vhj ch has been 

proposed is soliel feeding. It has becn dcaltlwith in detail ,,, 

clscwhere(12&21), and WRS introduced to clanote the inward 

Tnoverncnt of the solidj flad outer 811el1 of the c<:,!,t ta COI1l-

pcnsRte for soli~5ficQtjon shrinknce. As illustrated in 

pjp:urr: 1.11 p to prevemt pore forma\;.i.on the soljù shel1 must 
, 

contr8ct and the ~iquid must expand. The resultine cast , 

VIi 11 have no porcs ,but ':JiU be hj~hly strènsed. 

1 .:3 PAST EXPERIfr,ENTAL RESEARCH 

A review of the literaturc has Ghovm that while ' 

r;cver~J 1 thcoretj cal appro[whes to the problcm of microporos i ty 

h8VC bcon taken, thore is 2.. Iack of concrcte e~pedmentGll 

evj donce to rn'ove or dl~provc nlly [',1 Vf'n thcory. 

r'-ost exporimental research to date ha;., regard cd 
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Figure 1.10 Schemat~c of Burst Feeding (12.21) 
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SCHEMATIC REPRESENTATION 
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BURST FEEDING 
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Fi e;ure 1. 11 

, ., 

v 

Schernatic of Solid Feeding (12,21). 

Liquid expands to accomodate soli,dification 

,shrinkagc (b) th us croatlng a lowor 
\ , 

internaI presDurc. Solid contracts due to 

pressure differential (c). 
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the problcm with consideration of one of fDur variables 1 

t) Effect of the freezine range (),5,6.17.18) 

/) 

( 6 ,10 ,1 r 21 , 22 ) 2) Effect of initial gas content 

, J) Solidificat ion Rates (7,22,23)' 

4) Effect of Pressure over the solictifyine cast (19,24) 

1 • J • t· f17c ez i rie; Ranf;Q. 

The freezing range under equilibrium conditions 

5s defined as the differenc~ between the liquids and s~lidus 

tempe'ratures. Vlhjtte~ber~er and Rhines (6) "state(l that ior 

14 alloy systems jnvestigated~ there is a Ilnear relationship 

be"tween freez ing range and percen t poro::d ty. Others have 
, 

also reported that porosity increases in steels as the carbon 

content rises from 0.2 ta 0.46 .. 7'.0.1' 

One of t~e difficulties in relating porosity ta 

fr~ezine range is that under the non-equilibrium con~itions 

of Golid i ficatio~~ 'the actual freezine range is ereater 
.1 

than-thaL predjcted by the cquilibrium phase ,diagram. 

Non-equilibrium coaditions which have been sho~n ta be 

appli~able (17,18) to metal ca~tine, are the assumptions of 

( \ . 



D'rié# "W77 l" T 

1 

\' 

27. 

no diffusion in the S~lid, and complete diffusion in the 

liquid on a microscale. If no macrosegregation occurs, the 

~ctual' volume of residual liquid in the interdendritic spaces 

at somè tempe rature is given by 1 

fI == 
[

(dT/deI) Co ] l/l-K 
TF - T 

where Co is the initial solute concentration, dT/dC'l is the 

slope of the liquidus, K is the partition ratio and TF is the 

freezin~ pojnt of the solvent. Equation 1.9 predicts the 

presence of eutectic at very small solute concentrations. 

The freezing range fs then actually Tl - T instcad of e . 

Tl - T,.. wherel 
'" 

'1\ == temperature of liquidus 

Ts -0 ,-temperature of solid~s 
'\. of eutectic Te -- ternperature 

On this basis it would appear that a better re­

lationship théln rree'zine range versus porosity, 18 one which 

compares the.freezing range-composition relation to the 

por?sity-composition relationship. Experimental results 

indicat.e this to be so, for example, in Zn ... rr.g alloys 

(Figure 1.12) there i8 rio porosity up ta 310 Zn, a peak at 

6% Zn and no porosity at co~positions greater th an 9% Zn. , 

\ 

(17 ) 
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Figure 1.12 Mg - Zn phase diagram 
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1.J.2 Gan ContenL 

Whon conuiderine Lhe effccl of ~nu cOntent on pore 

forma t. ion, researchcr:; usually have chas en systems in which 

t>;:J.S analysis is (f'irnple (H2 in alumi.n~~,1 alloys). I\lthollp-h por'osity 

ln ~;tA'('l h:1:3 !H'('tl h\~e::>tjp:;at('d cxtc:nsively<n, Lh(~ (,t't'cct or [~;l~) ,:CJntcnt 

Uram cL al (19) found, in pure alumj num at i ts 

~elLine point, that under atmospherjc conditions, porosity 

versus initial ~as content i8 pOGsibly a linear relationship. 

They 21so rC'ported that a critical r;as content ln required ta 

nuclcaLc a voirie 

b l · l (20) t' J' Il Cham r;r <::lln 3n( Sulzer p C8S -lnr; a ,UTOlnum a oys 

:in sand lJ101l]r]SD found sjmilar re9ults. Porosity lS clirectly 

reb ter1 1,0 t.he in 1 't) al r;as content 1 A.nd as the gas content 

dcrrca~erl from 0.J5 ml H2 / 100 e~ Al (S.T.P.) to 0.15 ml 

lI? / 100 pn Al (S.T.P.) the porosity deCre8Se(1. 

Whiltcnbereer and Rh5ncG (6) in 195~ published bne 

of the most important papcrs on the tapie. They v1ewed the 

foy'mation of castine porosity as a nuc-lcntion and growth, 

proce!);; vdl.h f~o])difjcn.tion shrinl,:ac;c ancl c;n~J prec:ipitation 

:1:1 co-orera t; ive dr i v.i ne; foreee. Experimental cvidcnce" 
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evaluating the individual contribution of each force con-

firms that microporosity i8 nucleated by gas precipitation. 

They demonstrated that in degassed alloys which shrink on 

Bolidi1fication (Al - 4'.5% Cu) no poroeity existed 9 and they 

also showed that paros i ty cO,uld exist in gae containing 

alloys (Bi - Sb) which expand on solidification. '11 he , , , 
important conclusion was that unfed shrinkage could not 

nucleate porosity alono, but porosity could be nucloated 

by gas \Vi thout shrinkage. However, although gas alone could:,~ 

nucleatc a poreo' the growth and f~nal shape and size was due 

to unfed shrjnkage (21,22) \ 
, 

Campbell (21) nttompted to evaluatc the shrinkage 

pressure -theoretically and found that homogen<;!ous nucleation 

of a pore by chrinkage was impossible since the shrinkago 

stress in the llquid le nt lcast an order of maL\T1i tude 

smaller than the fracture stress of the liquid. Thus in 

the absence of gas, somo other form of heterogeneous or non­

nucleation pro cess should be rcsponsible for the creation -

of pores in unfed ragions of castings. In princip le he oon­

cluded that sound castings were possible Bven in the absence 

of e:ood feeding. 

Nishi and Kurobuchi (22) examined the conditions for 

pore forma{ion in unidiractionally solidified Al - 4.0% Cu 

alloys. They found that the critical gas content for pore 
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formatjon was approximatcly 0.15 ml H2 / 100 em Al (S.T.P.). 

Howevcr, oriee ri pore formed s the shape of a shrinkaee or 

cas pore wos dependent upon the initial eus content and 

solidification rates. At solidification speeds of')r6,12 and 

()O cm/hr, the cri t i cal eUG levels eto form a gas pore hmtQad 
;) 

of a,:Jhrinlmee type pore were 0.22, 0.26, 0.3L~ and 0.l1-1 

ml lI., / 100 c;m Al (S.T.P.) respectivcly; ,-

./,4 

r.rnhadevan et al (2)) studied the influence of 

solidifjcotion c;radients (fraction sol id / cm) on castine 

soundness in Al - 4.5~ pu alloys. They concluded that the 

poroslty decreaGed linearly as t~e IDe; of the so15djfication 

r,:rarl:icnts (maximum and averaee) increa~}ed. S:ill1ilar results 

'sore obtninerl wi th the UGe of metallic or ,non-rnetallj e 

chi Ilf~. The relationships bûtween amount of porosi ty and 

sol i di fi eat ion gr8d ients vIere expressed in -the 'f'orm of 

simple linear equations. 

~any authors deal with the minimum temperature gradient 

required for the elimination of porosity in any alloy. 

Results have heen quoted and arc presentcd in Table 1.1. 

Recent V/orle by Nishi et al (22) has shown thG influence of 



Table 1.1 

Reported values of the minimum tcmperature gradient to 

reduce poroaity in various al10ys (17)~ 

Mntarial 

Al 4.5 Cu 

Al - 7 Mg 
+ 

Cu<85 - Sn 5 

88 Cu-8Sn-lt,Zn 

88 Cu-10Sn-2Zn 

0·3e Steel 
<l (pla.tes) 

(bars) 

Minimum 
Gradient 
(oC / cm) 

5 1) 

1 

8 

1 - ) 

25 

1 - 2 

6 12 

:Freezing Range 
(Non Equilibrium) 

100 

70 

1)0 

1)0 

160 

L~O 

40 

)2. 

-, 
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solidification speeds on pore formation in unidirectionally 

solidified alloys. The higher the speed, the higher-the gas 

level must be to form agas bubble typ~ pore in lieu of a 

shrinkage type pore. Although sol~dification rates do not 

affect pore nucleatioq, thèy c~ affoct the growth. 

1.J./~ Pressure 

Pressure applied to a solictifying ingot is 

important because it can increase the gas solubility in the 
{ 

solid, hinder pore forrr-ation and compress existing pores. 

Uram et al (19) illustrated hoVl applied pressqre 

can affect the amount of "gas type" rr-icropores in aluminum 

castings. They found that as the applied pressure increased, 

the dependency of porosity on initial gas content decreased, 

and the critical gas .con"tent for pore fdrmation increased. 

Although the applicd pressures might affect the nshrinkage 

type" pores by forcing liquid metal through the narroVl feed 
d 

channels, this was found not the case, primarily because the 

applied pressure used VIas too 10'"' (17 atmospheres (1722.1 KPa)). 

Other work (24) considered the influence of a rc­

duced pressu~e. In an aluminum alloy, the effect of reducing 

tho he ad and keeping the initial gan content constant results 



in the highest porosity Vlith the lowest pE'aSsur:e. A relatively 

sound cast at 1 atm (101.3 KPa) became an unsound cast (/:Sas 

type macropores) at 22 torr (2.9 KPa). Th~ solidification 
(24 ) 

of the same alloy at 90 torr (11.9 !\Pa) with different 

gas contents yielded results whigh foilowed the preceding 

findings by Uram et al (19). Porosi ty decreased Vii th initial 

gas content, but this relationship was more sensitive ta 

gas content and the critical gas levei for pore formation 

\'las less. 

t .L~ Anr::; OF THE PRESEr'IT n~VESTIGATIC:; 

As has bean mentioned, microporoslty 'is generally 

found in alloys that solidify over a wide rnnge of -tep.peratures. 

r:any have reearded the problem qualitatively as beine: caused. 

by shrinkage, gas, or a combination of both; yet thera has 

been little experimental or analytical work done ta discover 

the relative contributions of shrinkage, or gas in the form­

ation of pores. There has also been very little quaniltative 

rcsearch te ascertain the influence of various processing 

variables on microporosity. 

With this in mind the chief aim of this present 

investigation was to study quantftativcly the distribution of 

micropores in an ingot. It was considered at the outset that 



FE 
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the questions to be answered werel 

,( 

f 

1) Does microporosity follow a reproducible pattern? 

2) lflhat are tho relevant variables and how do tl)ey 

quantitatively affect pore formation? 

3) Ts it possible to predict the amount of 

microporosity in an ingot? 

') 
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EXPERIMENTAL PROCÉDURE 

Microporosity in castings was invcstigat~d with 

roî0I]JnQC to the influence of relevant variables on i ts 

d ifJtf1but i on. An Al ft> 4. 5 ~ Cu alloy (Figure 2.1) g was 

chosen for severai reasono i it sol~dities over a 19n9 

range of temperaturcs (1 OOoC 0 lOOK); i t has only one gas 

in solution of' any importance to iijs casting operation 

(hydrogcn)r and much provious roscarch on microporosity 

"sod this alloy. 

J6. 

Castings; were made in air àt utmosphcric pressure 

to oho\'! YJh~ch vuriables affect the distribution of porosity 

(p~u~ing tempcrnturc, mould tempcraturo, hydrogen con­

centration), and further to serve as standards of porosity, 
r. 

for compo.rison to luter <:xperimento in vacuum. Sorne of thesû 

air moIte \'Tero grain r~finod using u standnrd'Al - Ti .;. B 

grain rofincr. AIl êxporimcnto VIi th ro'leV'ant dctails are 

liotod in Tables 2.2 and 2.J. 

Sirtcc prcvious research (Section 1.J) showed that 

initial gas content and prossure oval' the solidifying cast 
1 

crm affect microporosi ty, castings wore made at various 101'018 

of vacuum ta menoure the af'fect of those "t;wo variables. Vacuum 

degaaoing of HZ from nluminum molto han already been 

\. 

' .. 
i.: 
\ 

,J 

, , 
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Figure '2A A1 - Cu phase diagram 
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shovm to reduce the gas content rapidly, aven et 10\'1 vactl~um 

levels o ego 1 torr (133.3Pa) (35). The effective head 

pressure (Equation 1~2) can alao be altered by the use of 

a vacuum; for~xample, a decrease in chamber pressure from 

760 torr (101.3 KPa) to 0.25 torr (33.33 Pa) represents a 

? 3000 fold ,decrease. The details of the air a~d vacuum cast­

ing experiments arc listed in Tables 2.2 and 2.3 respectively. 
Il 

f 

Each experiment produced cylindrical castings of 

dimensions li" (lOO mm) ,high by 3 J/l~1i (93.8 mm) diameter. 

The castings \lere examined both quantitat:i,ve~y and quali t-

--Iltively with a standard density tochnique employed as a 

qur:mtltative measure ll and macroetching and various other 

motallographic techniques as a qualitative mensurc. Also, 
, 

frir each experimental run~ cither in-air ,or in vaCUUffi, a 
" 

spectrographie sample was taIren' for analysis of composition, 

11 

and ù "Rans~ey moùldtl semple \"Jas taken for luter gas analysis by an 

oatablished sub-~sion technique (25) 
l If',p 1 

2.1 

\ j.l: ' 
~ -

AIR rt.ELT EXPERIMENTS 

, 
281.1 Alley Preoaration 

To ~repare the alloY9 aluminum of commercial purity 

grado (Tablo'2.1) was melted in on induction furnacc o 

and held nt 100°C superhea.t ta nvoid excessive gas piclt-up • 
... 

_ .f 



- mm,.......... 

(; 

cElectrolytic tough pitch copper (Table 2.1) was then 

charged to the melt, w~th efficient mixing of the alloy 

accomplished by-the inductive stirring. Each ~elt was 

typically in the range of 14 - 16 Kg. in weight. 

2.1.2 ~eltinG Apoaratus 

A Tocco Ueltrnaster, 150 KVA, 400v, 3000 Hz 

induction unit was employed for this investigation. The 
, 

39. 

unit consisted of a recrystallized alumina crucible packed 

inside an induction coil capable of handling melts of 

aluminum u9 to 120 Kg. The alurelna crucible was 197 m~. 

in diameter with a depth of 356 mm. 

7emperature was monitored using chromel-alur.el 
,.,.. 

thermocouples sheathed in double ~ore alumina tubes of bore 

diameter 2.7 mm which were in turn protect'cd by a single 

borj3 alumina tube of inner diame"ter 2.8 mIT., which was 

closed at one end. 

During ,each experiment, once temperature was 

attained, temperature control was accomplished by keeping 
J 

the power constant ta the furnace. This enabled control 

ta the nearest.': 100 C (1 OK) • 

~\. 



~ P'l\( 
~ ,,~ 

( 
,. 

t: 
"' 

----------------

Table 2.1 

Materials used in Investigation 

~;aterial 

Aluminum 

(commercial grade) 

Coppcr 

<1ectrOlytic tough 

pitch) 

Hycor TA5JO 

Crucible 

JUuminum 

Grain Refincr 

,1, 

Analysis 

0.11% Fc o 0.09 Si 

0.01% Zn, rest Al 

('Cu,W:g,Ni,TioCr) 0.01<10 
.\ 

0.015-0.030%0 (45) 

~- p.p. m. 112 

90% Al20J 
10% SiO' 2 <. 

ve:,;,-;; Al 

\ 

;, 

". , 
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Source 

Alcan International 

Ltd. 

Canadian CopçH~r 

Rcfiners Ltd. 

Engineering 

Cerarnics Co. Ltd. 

Alcan 

International Ltd. 



2.1.) Moulds 

Casting were made into cylindrical steel moulds 

of.;-) 3/4 inches (93.8 mm) diametor by 1" inches (100 mm) .. +r-" 

high (Figure 2.2). Tho thickness of the mould wall and 

basoplate was i inches (12.6 mm). Befera casting, each 

mould VlaS clean'cd to remove ir~n exido 8 dried to remove 

rooiature and thon prehoa"ted te the desircd temperature 

from hoat oupplieâ by the malt surface. 

Î 

2.1.l} CS:sting Precedurf~ 

41. 

Ac Dutlined in Table 2.2 0 tho air malt cxperiments 

conslsted of holding oa.ch .. mcl t at 7000 C (973K) f 825°e, 

(10981\) and- 950°C (1223K) und casting into steel moulds 
. 0 0 0 

/

PTCheatectat cither 25 C (298K), 70 C (J4JI~) and 250 C 

(523K) . In one case. for a pouring temperature of 825°C 

, (1098r<) 9 a cadting ViaS made lnte a mould hold nt 400°C 

(67JK). AIl ca.otinGo wero ~lloVied to air cool beIora 

boing removed from the steel meulc).s. 

The grain refining expcriments woro basically 

similar. Once the alKoy attained a temperature of 825°C 

U09BK) 9 the grain refinG!:' (Table 2.1) wns ndded to the 
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Experit!lcnt 

Number 

All 

A12 

Al:; 

.tU. 4 

A21 

.A22 

A23 , 
A24 

A31 

A32 

11.33 

1\41 

A42 

11.43 

~~ 

Type of' 

Ex'Oeriment 

Non -

Grain 

Rofinod 

.)-

Grain 
, 

Refined -

-:-

"# Table 2.2 , 
Air Casting Experimenta 

r.1elt Temp Superheat 

Oc (I{) Oc (le) 

700 (973) 50 

700 (973) 50 

700 (9(3) 50 

700 (9(3) 50 

825 (1098) 175 

825 (1098) 175 

825 (1098) 115 

825 (1098) 175 

950 (1223) 300 

950 (1223) 300 

950 (1223) 300 

825 -(1098) 175 

825 (1098) 1.75 

825 (1098) 175 

~ ~ 

Tllould Temp 

Oc (K) 

"" - ~ 
25 (298) 

25 (298) 

70 ' (343) .~ 

240 (513 ) 

25 (298) 

70 (343) 

250 (523) 

400 (673) 

25 (298) 

70 (343) 
1 250 (523) ! 
1 

25 (298) -.... 
70 (343) N . 

250 (523) 
..----' 



molten bath to bring the titaniurn and boron contents ta 

O.21~ and 0.04% respectively. To minimize the fading affect 

of the grain rcfiner, castings wore immediately poured at 

02soe (1098K) into steel rnoulds held nt 25°C (~98K) 0 700 e 

(343K) and 2500 e (523K). 
<, \ 
1 • 

For saah pouring temperature o either grain refined 

or not, snmples were cast for gas and spectrographie 

nno.lysis as describcd below. Results of thcse casts appear 

in Table 2.4. 

2.1.5 Sampl).~ 

Gus nnalyniG samples were cast in soecially pre­

pared graphite uRansley rtiouldo 'i (25) (Figure 2.2). These 

i'doulds allowed for a rapidly solidified sample froc of poro 

forrnation. 'llo detcrmine the gas content 9 a standard sub­

fusion extrac\ion method VIas 0mploycd with results reported 
\ t) 

on a volume basis g ml'/ 100 gm Al ut S.T.P. 

A standard dise typ0 stecl'mould (Figure 2.2) 

\7013 fabricated for casth1g of Gpectrographic semples. In 

ordcr to obtain quantitative results, the samole was pre-

pnred in the oamo ehemical and physical fprm as the 
1 

, , 
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\ 

Figure 2.2 

/ 
Moulds Used in ~xperiment 

(a) Cylind~ical Yould 

Jb) Ransley mould 

(c) Spectrographie Nould 
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'{ ~1t,;H\{1r1rcl (J?). The conct'ntr,üi.on of ::llloyine; elcn;enL:: (Cu) 

rm,J ir'nuritL0s (Pc, Si, r::'3" eLc.) was deterrrdneù Lo the 

o np;I1'0;:)1. a. 0 lvlt''/' wi th the a lUlnj num coni,fmt co le u];d,ed by 

Il i [îel'cnee. 

~ 
tl 
.~ AIl ['.:UfJ !md r>pec troeT8 ollie analyses ('T'a blc 2 .1,~) 
il 

'Ncrp rerformcll by The AIundnulli Con,pan~r of Callélda Ltrl •• 

~c~;earc:h C(~n Lre 0 1<1 nf,B ton. 

?? '.' ACUU[': l'ELT EXPElUr:SNTS 

c;lrric·1 ou!. in the vaCUUlft induction Hl('lUl~,~ r1!jsf...:mbly :.;hown 

jn Finu'(> 2.3. The unit con~h;ted.of n 150 KVA 1100'1, 

JOOO lrz jnduc1.ion fllrn:Jcc couplecl with a 2260 1 vacuum 

ekllnhcr. '}'he rccryutallize<} altmina cruciblc V'lan s:imilar 

1.0 I,ha1. w;(~d j n t.he air mel t exeep L I.h:-t t it "ms packed 

im;i!lo an ilJduction coil capable now of hanrllin{" molts to 

150 l'p. Th., pumpJng unit for the Ch::llllbcr com3isted of D 

" 
Jan c. -.'. r;. (n. 5 x 103 l/min) mechanical. pump ïn series wi th t, 

1JOO C.F.t:. (3.6f3-x 101~. J!min) Hoots blower. Temper~ture control 

:Hlrl r'onitorlng lr.ac1e ltSC of 11 ehroTnQl-alumel thermocouple 

:1': \'I:l~: W;Cfl in I,hü nir Ineltr:. Thh1 connecterl to D chart 
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Figure 2.) Vacuum Furnace Induction Unit 
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recorder through vacuum seals in the charnbcr wall. 
1 

C' 

2.2.2 Vacuum Q~B!lPg Unit 

An asoembly wao dcsigned ta vacuum cast the 

111 - 4.5% Cu nlloy into preheated moulds BO shown in 

Fi~urc 2.4. The set-up of t~c Bssornbly WBB nuch that the 

molton stream ilowed through u prohented tundish into fi 

otee! rnould positioncd on a turn-tablo. This steel 

moule} dHlt in a mould h€1ator capable of holding four ntecl 

moulds and of rev:olvinr: 'bel.c\'! the t~ndioh. 

caonblc cf chnnnelihg a molton otream o~ 6" (150'mm.) to 

1" (25mm.) 0 anù consista of 9. lOIL l'enictancc heatcd coil, 

which in turn WBC connccted ta n 150V, 10 Bmp .variBc throuch 

80nlcd power laads in thû chnmber wall. 

• In order th~t tho cBatineo could be made into . 
" 

m~ulds at vnryine tÛ~lÎpor~,tur~s a unit. p~eviowlJly mc_n\;~on(!d, 
wrH': built. 'rhh: unit \'lac dccignod ouch that caGtin~o cou Id 

be 'Ooured .1 nto four otl101 maulda durine uny oxporimcnt 

without brea.ldng.vacuulll'. The o.pparatuo (Figuro 2. J/-) hnd foùr 
~ ""'" t!J , 

,-

" .... indcpûndcntly controllod reo lotancc (11~Jl) furnacoo ornboddod 

in 0 ili~a Rand. and conto.inod in u steel r cylind~r, of 9"· 

(?'28 mm.) height by 23" (585 mm.) dlamoter. Retractor.y 

cernent covercd the top (25 mm.) oflthe 6~ljndor to bath eut" 
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Figure 2.4 W.ould Heater Unit 
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1 

down on the heat loss frorn the furnaces.and to pre\-ent the 

mataI splashing during the casting and shorting out the 

wiring of the resistance furnaces. Each mould heater had 
v 
l' , 

its own (Flgure 2.5) power leads connected to 150v 5 le arno - -
variacs, chromel alumel thermocouple, and open reslstor 

protuding ~-" (1', 25liiTll.) into the steel mould. The open 

resistor consisted of two bate steel wjres attached ta a 

source measuring resistance. As the rr.oulsJ. filled wi th 
, '. 

molten mataIs this ~etal rose and'surrounded the steel 

wires creating a slosed crrc~it of finite resistance. ~his 

signalled that "1>ouring shotüd end, The same stee l r"'oulds 

were used in vacuum as in air. These fitted in the woul~ 

heaters with a 5 ~m. clearance. 

This entire unit was enclosed insiie the vacuum 
" 

chamber o and power to the mou Ids as weIl as teI!:)erature 

cbuld be rnonitored very closely throughout the experi~ent 

~ wi thout breaking vacuurr:. T'!î.e temperature of tht? rf'oU'lds 

could be controlled easily within the range of 500 e (321K) 
, ~ 0 

to 6000 C (87JK) ..:. 5 C (5K)., 

2.2. J Vacuurr:. Cast i nf 

The vacuum experimental sel"'ïes (Table 2.3) was 

performed to make" castings under various levels of vacuum 

\ 
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Figure 2.5 Vacuum Experimental Set-up. 
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Exporiment Tima of Degasalng 
Number (minutes) 

, Vll 10'--
V12 

V21 50* 
V22 
V23 
v24 

VJl ~ 90~ 
• 

V32 
V33 
V34 "-

"-

V41 120~ 

V42 
V!}) 

v44 

..::. 

V51 90>!.l<* 

V52 
VS3 
V,4 

-Table ~.3, , 
Vacuum Casting E~tperiments 

. 
Pouring Temp. f;~ould Temp. Pressure on Casting 

oC (K) - oC (K). Torr (Pascals) 

700 (973) 
f 

275 (548) " 0.20 (26.6) 
700 (973) 275 (548) 760 ("j. .01 x 105) 

~-' 

700 (973) 200 (473) 0.20 (26.6) 
700 (973) 370 (64) 0.20 (26.6) 
700 (973) '1 300 (573) 1·50 (200) 
700 (973) 280 (553;~" 760 (1.01 x 105) 

700 (973) 30 (303) 0.20 (26.6) 
700 (973) 300 C573) 0.20 (2Q.6) 
700 (973) 300 (573) 1.50 (2'00 ) 
700 (973) 230 (41') 760 (1.01 x 105) 

700 (973) 90 (363) 0.20 {26.6) 
700 (973) 120 (393) 0.20 (26.6) 
700 (973) 250 (523) 0.20 (26.6) 
700 (973) 525 (798) 0.20 (26.6) , 

,825 (1098) 275 (548) 0·35 (46.7) 
-

835 (1098) 275 (548) 1.40 (187) 
825 (1098) 275 (54B) 100 (1.33 x 104 ) 

825 (1098) , 275 (548) 760 (1.01 x 105 ) 

» D~gassed et 

?OOoC (973K) and 
0.20 torr (26.6Pa) 

{H, Degassed et 
825°C (1098K) 

and 
0.35 torr (46.7Pa) 

\.n 
l'"" 

..:-~ ;-

'C ~ 
.... 

~ 

l' 

:~ 
-~H-I~ 

t .• 1 
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and gas content. Alloy preparation was similar to that 

used in air melts, and aft~r alloying each melt of 

Al - '4.5% Cu was degassed ut 700 0 C (97")K) and 0.25 

torr ())-. )pa) cnamber preGsu~e wi th the times of de ... 
<;'". • 

gassing at the reduced pressure given in Table 2.). 

Once the vacuum degassine step was'completed, 

the casting procedure followed one of two t~pes. The 
q 

first procedure was that of casting at various leveis 

of vacuum into moulds held_at the same temperature ta 

examine the effect of externel pressure on miCrODOrGsi~y 

distribution. Four moulds were heated ta a s~eady ~ G~ate 
11"' 

temnerature. and a cast In.to the firet n10uld was [",ade - " 

after tr~~ degassing cperatlon, at the pressure Gf the 
~ \ ' , 

degass ing. Before .the next cast, aii~ \"las adrr:i \ted t,o -:;he 
, , 

charnber g and 'the second cast was ~§-de ut t.:-:'B :1e'.'l pressure. 

The ~ressure was again raised for the third cast p and ~inally 

the fourth cast wa~ perforrred at atmospheric ,ressure. 

Samples for gas and spectrographie analysis were then taken 

at atmospheric pressure' aiter 

The second procedure 

th .r-" l J ... e J,.l.'1a C1;iS (, • 

f~~~\,~,ed' t!1~t of castin!; at 

one vacuum level into moulds at different terr:peratures to 

examine the effect of solidification rate on ~ic~oporosity 

distributions t these "reduced pressures. :Che four n.ouids 

--
. , 
\ 
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(, Table 2.4 

Gas and Spectrographie Analyai9 

.... 
Exporimental Type of Alloy Compos! t·ion 

-
Number- Expariment vit % 

~ % Cu %Fe %51 %Ti %B 
'. 

"-

At {} 5.00 0.12 0.09 -

A12 4.86 q.12 _0.08 -
" 

A2 Air 4.29 .0 .12 0.07 -

A3 4.26 0.12 0.08 -

A4** 4.02 0.11 o . 1:3 O. 21 o. 04 , 

VI 4.68 0,13 0.08 -

V2 Vacuum 4.47 0.13 0.09 -' 

V3 4.68 0.13 0.09 - ,"-

c~, 

v4 4.57 0.13 1l;.09 -

V5 ":il 
4.51 0.11 0.11 -

"'" 
;* Al repr,esents All p A13, A14, casts (Table 2.2) 

/ ,.-1 

*'* 0.1 vit % Ni and 0.1 \'Jt % Zn p'resent 

c 

Initiul Gas Content 

ml H~/100 gm Al (S.T.P.) 
t:. • 

0.19 
>"J 

0.30 

0.46 

0.45 

0.23 

0.07 

0.07 

0.02 

0.02 

0.14 \.J\ 
1...> 

'~ 

~ 
1 



,':0re hcatèd to four tempcratures bE;ltvteen 90°C (36JK) to 
lj , 

525°c (798K) as gi~en'in Table~~.J. After degassing for 

120 rolnutes p castings !wer'e made nt 0.25 torr (33.Jpa) 

pressure into tne- four moulds, and cach casting \lias 

/' i o.llovled to solidify in vacuum. After solidification, thé 

\, chamber was brought te atmospheric pressure 50 that 
\, 

'.\ gas and spectrographie samples could be talcen. 

DENSITY AND METALL(JGRAPHIC ANALYSIS ," 

The experirnents outlined in Tables 2.2 and ?3 

produeed castings of Al - 4.5% Cu which viere prepared for 

fur\her quantitative und qualitative analysis by metal-
, 

lograp'hic and dcmsi ty techniques. The ingots were sectioneü 
\ 

as illustrated iri Figure ·2.6. The centreline slice was eut 

into cubes accordlng to the erid outlined p sa that they 

coul<t be quanti tati vcly ana1ys'ed by the densi ty technique. 

Opposite the ccntreline slice o the left face \'las used fpr 

macroEn~amination while the right face yielded samples for 
" ' 

m~croexarnination. 

The quantitative analysis of rnicroporosity was 
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Figure 2.6 Sectioning of Ingot for Density 

[,1easurements 1 
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ro::;~; i h1 0 thl'ou~h l,he use of one of thrC'e. tcchnj(lIw:-;1 

1) qll~llll.itatlvc linoal lfieLallo[~rnphy 

2) dûnslty meaourements 

J) qU:1nti I.ative rndioernrhy.() 

,. ~I th 1~; \'lorI; dem; j ty mCCU3t1.r0nlen tu VIere u::"1cd 1.0 

arrivr; aL :-t rl1Jnntitnt'Ïve mensuro of microporordty. 'L'hi:::: 

1<1"thod \·l:l.~; \Vell cstablished (?7,?9) for poros1ty mC8~~ure-

Il'ont,, anrl L110 requjred app~ratuf; wus relativcly casy to 

COli;' truc 1,. Quanti tat,ive rad lo~raphy wa::: no\' employer] 

heco..u:~Î' thp re'tutrcc1 equÎpn.ent was 'not nvnilçibJe and den::d ty 

lllc:,:>llrC!!I()nt:; viere felt to be a r(!a~.;on<.l1)lc alternative to 

l,he Blet.") llüt:;raph ic arproach "nid ch invo l ved the polish j nr: 

" of 1?r{~0 nllmbern '0 r poroue sarnplf:G. 

A din~rnm of the appnratus uscd Cpl' denGity 

rnr:,!,,:::';\Irel1;0nls if: ~ivün ln pjeure 2.7 whcreby the d~n3i"y ifJ 

c<'èlcubü::,l w-;ine; Arch1medr;~~ rl'inciple. This techn.iCIuc 

lIf'[,~;llre;; I)(Jr'œ;i ty (blind pores) hy compl1rinc; lohe we1c:ht 

of L'rie [.':nmn]e ,in nir <'loci in another merl.iurn of known dcnsity, 

r:ue:'l a;; \'JO tGr. Pure cthnnol 'can be uscd ~w iln al ternati vp. 

", 
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Figuro 'Donsi ty Apparatus 
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in Appe,ndix II'., 

.' , 

.. ( 
Gal~Dration of the apparatus to ensure 

accurate results was' accomplished'by"two,means. Fir~tly. 

the dens,ities of .pure Cu, Sn and Bi samples were, measur.ed 

and co~pared to'k~own values (29), and then ~he apparatus 
. . 

was further checked by substituting pure e~harrol for water. 

Ide~tical results were obtained by each method (Table 2.5). 

There were ~ajor difficult~es in. the ~ensity 
, , 

, ' 

measurement technique. namely, ,a kn9wledge of,the theoretical 
, , 

density of thé alloy, and the entrapment of air bubbles 

'"n the' sample surf~ce during weighing. For the alloy used 
. ; 

t~e theoretical density was dependent,upon the coppe~ con-

'tent and could be calculated using a ~echnique developed 

by two researchers at Alcoa (JO) A sample calculation 

uSing the technique ap'pears rn Appendix III. The. accuracy 
c 

of the calculation was checked by ~Gmparing it with the. 

measured density of à rapidly chilled sample of the same 

alloy:content. 'Values obtained by each method were found , 

to be the sarne (Table 2.5). For., each ~,,~t t. ~).y ',one 
/"-tr", ' .. 

theoretical dens~ty was calculated frore the analysis of the 

alloy composition. Theoretical densi ty; ,was assûmed constant 

throughout the "enti~ cast, and thls assumption Is Qnly 

valid if no maerosegregation oce~r'fi. To check the assuIT.ption., 

two sliees were takén from the right faee of two air melted 

ingots. easts 'A21 and A24 (Table 2.2). A grid similar to that . 

. 

. , "I~t. 
" 

,.' 

,-
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Table 2.5 

Cali bratipn o'f Densi ty Apparatus 

Part l Den6i~y of Pure Natals 
1$, 

. ' 

.. Sa11\1'1e Experimental Density Reporte~ fensity(29) 
gJn/cm3 gm/cm . 

J .... , 

sri 
+ 7.28 7.2969 - 0.0018 ., 
+ 0.0011 8.92 Cu 8.9261 .. * , 

" 
+ 9.80 Bi 9.8015 - 0.:{)O36 

-
Part II ,Densl ty p,f Quickly Frozen Sample 

, 1! 

Sample Experimental Density Calculated Value (30) 

Al - 4.5~ Cu 2·7992 

1 
* mean of 10 s~mples 

,. 

'1 _, __ ,~~ '" _ ... ~ 'w, _ ~ 
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made for the preparation of the densilY samples 'was 

structed (Figure 2.6), and for eaph grid p'Oint 

ional analyses -were rnade us intç the \pectrop" app 
() 

in the earlie~ section. The results of ~hese analyses are 

presented in Appendix IV, and mean results are presented 
4 

in Table 2.6. Although micronegregation existed, 00t0 

samples yielded the same copper: 8IT':ount, 4.73%. C?.t~r in 

the slowest cooled ingot did any arnount of tracroseGree:ation 

occur.' ':'he type VIas inverse, and as S00vm in 'fable 2.6 the 
, ct"'..f.'i' 

capper content went as low as 4.58: at the "cen~~~.to 4~8J~ 

at the outside. Even 'IIi th this TI' axirr,um FI.l',OU:1t of see;re[c:t tian, 

the density technique can yield 90rosity results ta tte 

nearest ! O.l~~as cited ~y other aui~ors(Q7,2~). ~ac~o-

,\ 

segregation ','{as ree;arded as the lT)a~c~ errer in ti":js tecfmique 
l<C "' .., 

with the error involved in the use 0: the je"1si~~ ap:!aratus 

a~ seco~dary. ~ven sa, ta prevent the entrap~e0t of ~!r 

bubbles on the sur lace of the S2.lr,ples. 7,;1e sar -:-J.es . :01'" 
- --------- '----------- -

__ ---à-ensi~eIY'ent vIere e;round on 20 grit SiC pa~e1' ~p 
------- . 1 -. " j 

remove asperities and wettine; agents .(et01( teèpel) w,ere 
( 28) . 

add~d to the distilled water in which the sa~Dles were 

weigh~d. 

2.j.2 ~etalloçraphic Analysis 

lJ1' 

Each cgstine was section~d aS illustrated i~ ~igure 

2.6 with the opposite faces to the centreline sliees used as 

" 

" 
\ 

',' " 

\ -. 



Samp1e Mean Values %Cu 

Mean Outside 
Quarter 
Diameter Center 

. 
4·1tt A21** 4.73 4.78 4.62 .1 

l 

A24*** 4.73 ,r~; 4.83 4,71 4.58 
\ 

, \\-. 

)'- '~ 
'L , 

" . ~ 
.~ 

Sl~~_ ~p~endi~-~! 
, 

* ,),>J .. 
** cast at 825°C ( lO98K.) into 25°C (298K) mou1d 

*** cast at 825°C (1098K) int~400~C (67JK) mould -.. -~ 
" 1 

j 

1 ,. 

(. 

' .. 
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samples for further examinati6n. The left face was prepared 
1 

1'or macro-e~amination py grinding ·smoo"th ea,cli sample on 

80 gri t SiC bel ts . Etching of the sample was carried 'Ou.t, 

in caustic soda (O.l~ NaOH) he Id at 60°C (333K) - 70°C (3~3K) 

for 3 - 5 minu~es. The time of etching varied depending on 
o 

the amount of eutectic present~ because ~he role ,of the 

etch .was to oxidize the CuA12 , After etching in caustic 

soda. t~e semples were swabbed in a solution of 50% nitric 

aeid in water. 

;' 

From the right fac~ .of the section. s.amples were' 

taken for microscopie ex~ùnination. The method of selection 

foflowed a schema by which samples were randomly selected 

from the chi11, equiaxed and columnar zones. Seloction 
1 

also ~as m~de according to the absolute arnount of porosity 
~ 

obtained from the density measurements. 

AlI the samples Viere mounted in cold mount and 

hand g~ound on four S{-C. paper~~ grit sizes 220, J2n Q 

400 and 600 using water as thefloVl me:lium. Rough polishing 

was carried out using Brasso on·a soft selvet clotho After 

this operation, the samples were thoroughly cleaned in an 

ultrasonic cleaner before the final polish. The final polish 

was performed on a selvyt cloth usiJg O.) mi~ron alumina 

suspended in water. The samples were then cleaned in alcohol 

\ 
\ 
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und dried.. During the grinding and thc'pollnhing steps, 
, 

light presGur~ ~as employod ta p~~vent'the pores from 

bcing distorted. 
., , 

63. 

FoX' each samplc déndri te arm - spacing measurcment,s 
. 

WGre made 0 ~oJdng use of a Quon"Giment TelevH\) on jV10ni ta!' 
- - " 

microscope (Q.T.OC~) A linc~l intcrcept rnethorl was cmp~oye~ 

by ~hich the numbcr of internrm spacings was countcd in a 

fixod distance. A C,'(;l:u:'tîng' pointt VlaS sot und -the number 

of intercepta wao 'count~d in 5 mm longtho in four mutually 

perpcndicular directions frOID the point. rl~o félci liate ·the 

counting p -j:he samplo imar;c VIas p.rojoc-'ecd on to D.. telcvis~èn 

ccreen ut 10X. A smnplc calculation us.lng this procedure 

i8 GhO\'m in Apponciix V1. 

Thh:; technique y.'aD cmp~oyed to 8up.ply thrce -

dimonoionnl picturE?S of tho microporcc. For bo'l;h the air 

and the vacuum mol"God [Hl!'l1plofJ d.isplo.yinr; C08rso pOi:'oni ~Y ~ 

.$. rnfu. high by 10 mm. dinmctor <liulm \'J81~O eut. 'J..1he dislcs 

VlOro cold mountod. and po~lilJhcd tlG dCGcrib,od proviously. 

Once poli3hod thoy \lCZ'Q r'emoved fi~om "cho mountG and used 

... 

" 



/ 

6l.!. 
, 1 , < 

2. ].4 Computer !Vbdelline;' 

I\n ex~s ti nl~ computer: p~,oc;rpm (31) \<Tas us~d to ca] culatd 

tht? locn 1 r;olJ d Lflcnt16n time < at: t.he various no&.11 locations in A . 
the cilstlnr:::; for Ul~ vax-ious air antl vacuum runG. 'Ih1s pro~am 

1 

had bccn vÙljdntccl (;1:e. parameter3 such aG the beat. ~ranGfcr co-

.-efflcJenU; uptvJçcn the casting <:ltld the rnould hnd been cstabllshcd) 
, 

'lhe locnl Golidir 1cat10n t:irrc ls the Urne talwn 
1 

rOI' lhr' :,ollùH'y1ng m:tal to I~o from the l1qUJdUé-; tcmperaturc 1,0 

tlte ~)oÙùui~ tcmpct'aturc. Tn LIe ccme of Al - )1.5% Cu the Golldus .. 
.tcmpcrntul'q iG açtualJy the cutectic tempemt..ure. Tn addition the 

, prOr;r(]lll vl<l:; CHl[1loycd to calcu,late thc t lInes tnl<cn to rench certnln 

t'rncUoll :,01 icb (J\s calculatcd by Schell'r; Eqtk'ltlon (Equation ].9)). 

1 

" ( -. ./ 

) 

1 
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RESULTS 

The results from the experiments described ln 

the previaus chapter are presented here wtere t~e dis­

tri bution u amount and type of floros i ty fm"nrl i s r0porte1 
..,;:§-:,.-~. '" 

as a function ai\~arlOUs solidification paral'letC:'rs. 
" 

l 

A tY9ical result rrating use of the den3t~y 

technique dèscribed in Se,ction 2 • .).1 i8 

J.1 where the percent !')orosi ty is c=- '1(;;: fer E"/"l):,:r "r:r~e 

65. 

specifie case shown ',':lS one q,f 'f:h c air casV:-:,::s, s')l: '1_ 

ified un::Jer the .00.S"l,· nr: conditlo;ù;; or 70C c ,:; C?'::.;:'; ~ OJ~:::.~ 

tent of 0.19 rI 1:2 1 100 f,rr' Al (S.:.I'.;. -::,\,(> 'Jr:,-:.,'.t~, 

presented in t'his rf.annal' :n Appe.cld :;: ·r. Val '.·es of :)01"C'-:"':Y 

equal ta or close ta 100f represent ttose nod8E w~0~e 

eithcr pi.:;>int: \'las present 6t~ else s8.m~lir.z a: ':;1'2 DOcIe, :::'ue 

ta its size, wns i~pos3ible. 

Since i t is rather (}ifficult ta r12.Ke Cl. COLDG.:'i son 

,1 

of the data as presented in this ma)':ner D ~he c:a:a was plctted. 

\ 
\ 

., 

\ 
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1 .\, --

TY.Pi~~ porosity result in an ingot 
": 

wherè percent porosity ~s given for 

~very nodal point. Pouring temp-

eratur; 7~JoC (973K), Mould temp-

erature 25°C (298K), Hydrogen con­

centration' 0.19 ml Hz/l?O gm Al (S.T.P.), 

Atmospheric pressure. 

" 

, -2 



r l 

0.9648 

b.9791 

,,0 
0.9684 

0.8362 

, . . " 

0.7683 

0.6003 

0.5324 

0.1572 

( 

.1 

n zœ.mF5 T'pim œn 

Experimental Da-ta ' 

Pour temoerat:;:u, \ - 700°C (9J3K) 

~ould temncrat TC - 25°c (298K) 

,Pressure - 76 ,torr (1 :01 x 105pa) 

Gas Level - 0.19 ml H2 g~ A~ CS.T.P.) 

100 100 100 

1.1899 100 1 .2221 

1.3257 1.6044 1·3757 

" 
1.2328 . 1.2149 1.1435 

1.0)6), 100327 1.0756 
;! 

0.9148 1.0041 0.9326 

-' 

1.0184 0.8398 .0.7611 

1 

0.4145 0.4324 0.475) 

1.6044 

0.9791 

0.8755 

0: 82 54 

0.7075 

0.5860 

0.5789 
,~ 

0.1358 



o 

to' produce distribution profile graphs as shawn in 
, 

P · ,y':3'''' 'leUre • '_.0 The ingat represented in Pigure J. 2 i8' 

the same as that in Figure .3.1. '111; producj&g these 

graphs 0 three assutnntio;s were made 1 

1) Porosity at the mould wall is zero. 

2) 0 The values of porosity~ arc those a~~ tr,e 

cer..lrc 0:' cacl:. individual,sarîple • 

.3) Lineari ty 0: poros i ty SXJ sts bet','reer. sail :)les. 
"S 

In addi:'io:-q 'JGinr; t!~e re31JJ.ts as 8hO':r: _., 

porosity ca~ be qulte aignificant. ~heccfore Erea~ car~ 

an Ingo t in arder to determine a ~ caD pOTOS ~::,~r val1..le. 

3.2 ?C2CSITY DTS':'RIBt:'2Ic;~ P~C::'I:G23 

:3 • 2 .1 lU r Cast ine§. 

The air rrelt e~q/er iJ::ent,s were éiesi~ned ;:;0 s suèy 

67. 
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"-,.! = 
1 

Tu"ùl0 r 1 
r::o::m Valt:c3 of ~ity in Air--=-Co.stingo 

/ 

.' 7.:01"1'; TCllilp. _ ~1ould T cmp . Initial Gas Con~8nt ~ r,%Ia}1 Valu.o Standard 
,,"'V - °C~ (IC) Oc (K) fi11 H? / 100 gril j~l (S.T. P ~) ',of Porosi ty Deviat ion, /' 

-- ~. 0 
:) 10 

700 (973) 25 (298) 0.19 0.9 0.4 

700 (973) 25 (298) 0.;0 0.8 o ,!Jt 

700 (973) 70 (343) o.f9 0.8- O.) 

700 (973) 24-0 (513) Q 019 0.6 0.4-

"'" , ., 
825 (1098) 25 (298) O~46 1.1 '0 ~6 

825 (1098) 70 ()!~3)- 0.46 0.'9 0.5 
'825 (1098) 250,(523) .0 .l}6 t.i O.? 
825 (1098) L~OO\(673) o. L~6 2.9 0.9 

\, 

950· (1223) 25 (298) 0.45 . 3·1 1.0 

950 (1~23) 70 (3L~3) 0.45 2·7 0·9 
950 (1223) 250 (523) O·l!-5 3·5 1. . .1 

y 

825 (1098)';<- 25 (298) 0.23 0--.9 -0.5, 
__ j)2-) -(1098)" . 70 (J4J) 0.23 0.6 Q.4 

825 (1098)" 250 (523) 0.23 1.4 0·5 ; 

" 
~ 

0--
-,~" Graj;(l Refined 00 ' 

" 
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the effect of various casting and solidification con-
"1# , -, 

ditions on the amount, type and distrièution of 

microporosity in an ingot~ A result typ5cal of those 
" 

found at the lower superheats and hence faster rates 
o 

of solidification is shO\vn in Figure :3.2. F6Il th i s,case 

of a ~an~le cast at a low pouring ternperature, 7000C . 
(97:Ù:): into a cold steel mould, 2S oC (292I~); wi th an 

initial gas con~ent of'0.19 ml H2 /)00 g~ Al (S.~.P;)J . 
. the pattern is such that' o~e can readily iùentify, COl1-

tours of'equal 90rosit~, 
J 

ie "isopores "., wh ier. ar8 per­
I 

pendieular to the expe~tej direction of heat transfer 
-fron, the solirlif'Y~f1e;'rrelt and whose r:açnitu.:le ir.cre2ses 

from the outside to the· inside of the, cast •. 
L . 

very little e:feet on. the "'lean arr.o'llnt or dis1(r-:bl1tion of 

micro~orosity. As illus~:rated in ?lc:.,ures J.J and J.4 

ipcre8se in the mould. tel;lperature fror 7CoC (:3!.!.3r~) ~o 
'" 

/ '. 

240°C (513i':) do es not, affect the dis tri but ion of pOlt;OS j ty , . 
obtained. 701' ~ach o~·the casts outlined in Figures J.2 -

3.4,the mean arnount ~f porosity was essentially co~stant 
" 

+9 addition, for t~ese conditions of solidification ~ 

the effect o~ initial gas cont~nt was mini~al. With the 

, 0 

./ 
1 
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-J 

same superheat as before and a mould ternperature 

2SoC (29~K)J an increase in the initial gas content fro~ 
, 

0.19 to~.jO·rnl H2 / 100 grn Al (S~~.P.) has no affect on 

the distribution profile aS illustrated in F~gure 3.5 

or, on the mean 'amount 'of poros i ty as shown iYl,>:' a ble 3.1 . 

When the rates of solidification becaŒe sl,owelt, 
\~ 

as a resu'l t of usi0g higher pouring temperatures 

(82;oC, 1C98K; 9506C, i22JY) the pa1tern of pçrosity 

chgmged. As shown i!'1 Figure 3.6, pouring the liqui::l metal 

at 82SoC (109~K) into a steel mould held at 25°C (29S~), 

yielded results where the qentreli~e syw~etry of t~~ o ~ 

nrofile '8eean to brE'akdo:m an? the jso~ot'c pcsi 1 : on ~'!'-':S 

less pred icable. "everthe1ess. the isopor~;3 s": i 11 follc",red 
~ , 

the ex,reeted heat :10\'1 pattern. The initial Gas ec:·'1t~~.t 

in this case was J.46 ~1.E2 / 10r g~ Al (~.~.?). ~~en 

-,he 1-' + .... n,.. • -l .... 25",01' (~?3'~' .... 
o mou" .. empera"ure VIa"" ;ncrease~ vO _ l;,'-' "' .... :'1 '!:L'~·. 

the sarne casting conditions, ~he pa~tern (Figure 3.71 teca~e 

more errat ie "t{i th t:-.e isopores be ing randomly :1 istr': 1)1Jte i 

in the cast. A further increase in the mould tenper~ture 

to 400°C (673K) yielded a pattern (Figure 3.8) where the 

isopores were distrituted as circles about'the ce~tre o~ 

the 9ast. The highest porosity existed at·the centre R~i 

decreased in :nagnitude towards the outside. ':'here was alsG 

a' simultaneous change in mean porosity as" the rr.ould te!:.perature 

{. 

" 

j 
J , 
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Figures ).2 - 3.10 Porosity profiles in 

atmo'spheric cast ingo·ts 
1 

~der different casting 

conditions. The isopore 
,1 

values given are in 

percentages. 

" 

'. 

'1 



Figure ).2 Porosity prbfile of ingot shown in 

Figure 3.1. In producing this graph. 

three assumptions were made. 1) porosi~y 

at the mould wall ie zero. 2) The 

values.of porosity are those at the 

centre of each individual sample. 

3) Linearity of porosity exists 

. between samples. 

J 
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Pour JAS romp. 
MouldTemp, 
Prollure 
Gos Contont 

700'C (973K) 
2S'C (298 KI 
1 atm. ! 
O.19ml.H2.1000n:t AI eSTP) 

• v 
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Figure 3.3 

,. 

• l ' 

( 

Il 

,>\ .t 72. 
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.. 

f' 

Effect of mould temperature on porosity 

distribution in an atmospheric cast ingot 

poured at low supérheat. pouring temperature 

700°C (973K), Hydrogen Concentration 0.19 

ml H
2
/100 gm Al (S.T.P.). ~:ould ternperature 

70 Oc ,( 343K) • 

\ 
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• • 

pcurlng Temp. 
MouldTomj>. 
PfOl\SUi"G 

Gall Conton'l 

( 
\ 

700'C (913 K) 
70'( (343 K) 
laim. 
O.19mI.Hl/l00gm AI (S T p) 

1.0'-----

0.7 -
----- O.5,~----

------- 0.3------
J----r--~Tr/77 
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,Fifure 3.4 Effect of mould temperature on porosity 

distribution ~an atmospheric cast 

'\ 

ingot poured at low superheat. ?ouring 

teroperature 700°C (97JK)i Hydrogen 

Conc~ntration 0.19 ml H2/100 gm Al (S.T.P.) 

lVIould t emp erat ure 240 Oc (513K). 



11 • 

"cII<rlng Temp. 
lAould Temp. 
rrenur. 
Gas Content 

700'C (9731() 
240·C (513 K) 
latm. 
0.19 ml. H2/,o0gm AI (S T.P) 



( 

'. 

Figure 3.5 

( 

E~fect of gas content on oorosity 

distribution .in an atmospheric cast 
1 

74. 

J 

ingot poured at 'low ·superheat. pouring 

temperature 700°c (973K). r.:ould temp-
~~ 

erature 25°C (298K), Hydrogen Concent-

ration 0.30 ml H2/100 gm Al (S.T.P.). 
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-. 

( 

(, 

Pourlng Temp. 
Mould Temp., 
Ga. Content 
Pre.sure 

i 

700'C (973K) . 
25'C (298 K) , 

O.30~I.H2/100gmAI (5 T p) 
1 atm. 

j 
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Figure ).6 Porosity profile of atw.o~pheric 

cast ingot poured at'a higher 

75· 

superheat. Pouring temnerature 

82SoC (1098K), ~ould temoerature 1 
.,-' ~, ,;~ 

25°C (298K) t Hydrog~n C-6h'~~~t-
ration 0.46 ml H2/100 gm Al (S.T.P.). 

\' ;' 
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Pourlng Yomp. 
t.'1ould Temp. 
If'rElll5uro 
Gel!. Contont 

1.0 

/7777/ 

.' 

625'C (1 09 tHt: ) 
2!i'C (2 9B t() 
ldtm. 
0.46 ml. W,/toOgm. AI (5 T p.) 
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Figure J.7 Effect of mould temperature on 

porosi ty distri b,ution in lm 

1 c 

atmospheric cast ingot Doured 

at high superheat. Pouring 

temperature 825°C (1098K), 

lVlould temperature 250°C. (523K) , 

Hydrogen concentration 0.46 

ml H2/100 gm Al (S.T.P.). 

• 
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Pour ln" Temp. 
Mould tempo 
Pr ... ur. 
Ga. Content 

'" 1,0 

1.0 . 

\ ' , 

D 

.' 
,. 

~2.o 

" 

825'( (1098 K) 
25O'C (5231() 
1 atm, , " , 

0.46 ml.H2/100gm. 
, AI (5.T p) 

:'~ 

"'" 
~:! 
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Figure J.8 Effect of mould ternperature on 

C 

porosi ty dis1;ri,but ion in an 

atmospheric cast ingot poured 

at high superheat. Pouring 
." , 

temperature 825°~ (1098K), Y.ould 

temperature 400°C (~73K), Hydrogen 

concentration 0.46 ml Hi/10C gm Al 

(S,T"P.). 

-, 
\ 

) 
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Pourlng Temp. 
Mould Temp. 
P, ... ur. 
Gas Content 

8U'C (1098 K) -
400'C (673 K' 
1 atm, 

<' 
'/ 

j 
î 

0.46 ml. H2/100gm 'AI (STP) 

i 
J 

\ 
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Figur~'3.9 Effect of very high superheats on 

porosity distribution in an atmoB­

pheric cast ingot. Pouring temperature 

950°C (1223K), rrould temperature 

259°C (52)K)4 Hydrogen concentrktion 
"', 

0.45 ml H2/1dO gm Al (S.T.P.). 

; 

\ -, 

'Î 

~ 
j 



( 

. -, 

'. 

950'( (12 28 K) 
250'( (523 K) 

Pourlng T omp. 
MouldTomp. 
Pre •• ure latm. -
Ga. Content O.45ml.H2/100gm AI (STP) 

o 
o 

, . 
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Figure '.10 Effect of grain refining -on porosity 

distribution in an atrr.ospheric cast 

ingot poured at high superheat. 

" ' Pouring temperature 825°C (1098K), 

Mould temperature 250°C (52JK), 

Hydrogen concentration ~~3 ml 
( 

H2/100 gm Al (S.T.P.). 



pourlnJ Toni," 
f!lc:.:Mlom? 
I?rcul5UrCJ 
Gao Confor;:-

. GRAIN REFliJW 

02S"C (HH)QtO 
250'C (523 [t:) 
'Iatm. 
0.23 ITII.t~:i1/100am AI (ST.P.) 

1.(l ___ -
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The extremc case occured when the pourine temperàture \'las 

increased te 950°C (12237) with a 250°C (523~) mould 

80. 

temperature. Thc distribut50n then was such that porosity 

was concenlric about the centre of the ineot (Fieure 3.9); 

the same patter'n as ex!'-, i hi ted 'iD ?ieure J. 8 f bu"': 1"1 th 

t>irher centre and rne;'tn porosU:y (l'able J.t). 

Several ine:o-':G were gr3.1!î refj:~led to iotel'rrine if 

o~ pcrosity. As illustrateJ in ?ieure ~.!0 for a C8St 

, J D?' 2 '!scuur;: C8c:t j ;1': S 
---~ 

'T'he cf fcct 0: VQ.cuU!n treatil~'?!ît 0:1 the nlurr 5 rWî;l 

alloy at 706°0 (97JK) and 0.25 torr (44.4 P~) oressure W8S 

ta br Ine about a r;har);) decrcasc in tl:.e h:':lro;el' concentl'qt ion 

of the mclt. As shovm in Pifure J. U a 90 'T. i !lute tr".?;}t:~Hm t 
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Figure J.l1 Vacuum degassing of hydrogen from 

Al - 4.5% Cu. I::el t tempera ture 

700°C (97)K), Press ure over mel t 

0.25 torr (44.4 Pa), Area ta 

volume ratio of liquid bath is 

-1 0.1) cm • 

'J ", 
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-10 

'18 

'16 

'14 

Gets ·12 
Content 
of '10 

Melt 

'03 

c:eth S.T.P. 
100CJl11AI '06 

-04 

-02 

-

\., 

+ 
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VACUUM DEGASSING 
cf H!l hem AI .. 4-5% Cu 

Iempel'Clturo of Malt 

Pressuro ovsr Moh 
Type of Furnace 

Chorge Weight 
A/v ratio 

..;:; 

~ 

+---- . 

• 700"( 973K 

• 025t,9rr 444 Pa 

• Induction 
• 36 lbs (~14 kg) 
- 0.13 cm- I 

~+- + 

10 20' 30' 40' SC 60 '0' BO 90 10'0 nO' 120' 130' 140 150 

lime (minutes) 

;; 
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. ./ Table 3·2 
Mean Values of Porosity in Vacuum Castings 

. pouring Temp Mould Temp Pressure on Casting Gas Content 
Oc (K) Oc (K) torr (Pascals) ml H2/100 gm Al 

(S.T.P.) 

700 (973) 275 (548) 0.20 (26.6)' 0.07 
700 (973) 275 (548) 760 (1.01 ~ 105) 0.07 

700 (973) 200 (47)) 0.20 (26.6) 0.03 

700 (973) - 370 (643) 0.20 (26.6) 0.03 

700 (973) 300 (57) 1.50 (200) 0.03 

700 (973) 280 (553) 760 (1.01 x 105) 0.03 

,700 (973) 30 (303) 0.20 (26.6) 0.02-

700 (973) 300 J573) 0.20 (26.6) 0.02 ~ 

700 (973) 300 (573) 1. 50 (200) 0.02 

700 (973) 200 (473) 760 (1.01 x 105) 0.02 

700 (973) 90 (363) 9·20 (26.6) 0.02 

700 (97)) 120' (393) 0.20 (26.6) 0.02 

700 (973) 250 (523) o. 2Q/,,?~ 26 .6) 0.02 

700 (973) 525 (798) 0.20 (26.6) 0.02 

825 (1098) 275 (548) 0~35 (46.7) 0.14 

825 (1098) 275 (548) 1.40 (187 ) 0.14 
'" , 100 (1.33 x 104) 825 (1098) 275 (548) 0.14 

760 (1.01 x 105) 825 (1098) 275 (548) 0.14 

~ 

~-" ~J 

Mean Value 

,~, 

Standard 
of Porosity Deviation 

% % 
3·4 2.1 
0.6 0.3 

0.6 0 . , 0.3 
1.7 1.1 
0.8 O.) 

0.5 .0.3 

0.4 0.2 
1.1 1.2 
0.6 0.2 
,,0.2 0.2 

0.4 o ~'2' 
0.4 0.2 

0.8 0.4 
0.5 0.5 

4.4 5.0 
2.5 2 .. 5 
1.5 1.4 
2.0 2.0 

CD 
1\) . 



at these conditions reduced th~ hydrogen content from 

0.19 ml H2 / 100 gm Al (S.T.P.) to 0.02 ml H2 / 100 gm 

Al (S.T.P.). 

8). 

As in the atmoDpheric castings~ a distribution 

of porosity within the ingot v~s found. Although the same 

trends obcurred--a highly porous central regian and a 

pattern of isopores more or 1ess perpendicular to the heat 

flow direction--the vacuum cast results\ res~mbled air malts 

solidified at low freezing rates. 

L~wering the hydrogen concentra ttp~ .. ~f the mel t 

", 

, ' ----
and casting at atmospheric pressure did no"!: al ter significantl:,' 

either the amount of distribution of pOl'osity. As shown in 

Table J.), decreasing the gas content fFom 0.19 ta 0.02 ml H2 / 

100 gm Al (S, '1' • P.) reduccd the mean poros i ty from O. 6~~ to 

0.2%. Yet, the distribu_tion (I-'igure )012) was of ,the 8ame 
, , 

type found under similar conditions of solidification, but 

at higher gas levels of 0.19 and 0.)0 ml H2 / 100 gm Al 

(S.T.P.) (Figures ).2 and ).5) 

Table ).4 illustrates the effect of pressure 

over the casting at various gas contents and pouring temp-

eratures. For a low pouring ternperature. 700°C (9?JK) and 



+~\ 

r 

,"' 

~~~~~.ïtttkff2We~~~: ~~ "* ,a 'sm ~i' m 
~·{l-~:;i~t;t'rI.$f;'''':J~'~W,,:~--,.t -"J"" rp'''' '" '~~~:!:~~~~m"~~~!'!i:c%::""""::!l~"':'~~r::;:;:"""'::::::;:I!m:~":=;"""""~,"-'"",,,2"","'-,,,,".; .. -,-.. 6''''"' .. ''",' _ .... __ ... _______ -:-:-_ 

=s 

,'-, 

Table ;.3 
"'.".. 

Effect of 'Initial Gas Content' on Porosity 

Pouring Ternp .. ft!ould Temp. 
~ 

Initi~l Gas Content Applied Mean Porosity 

Oc Oc) Oc (1<) ml H2/100 gm .Al (S.T.P.) Pressure % 

torr (Pascals) 
, 

760 (1. 01 X· 105) 700 '(973) 25" (298) 0.19 0.9 

700 (913) .2-5 (298) 0.30 760 (i. 01 ;;: 105 ) 0.8 

,'700 (973J 70 (.)43)· 0.19 760 (1.01 =~ 105 ) 0.8 ., 
760 (1.01 x 105) ", 700 (973) 240 (51.3) 0.19 0.6 

700 (973) ~75 (548)" 0.07, 760 (1.01 x 105) 0.6 
700 (973) 280 (55)) 0.0) 760 (1. 01 x 1 05,) 0·5 

700 (97:3) 200 (473) 0.02 760 (1.01 xi05) 0.2 

, , 

700 275 (548) 0.07 0.20 (26.6) ).4 

700 300 (-573) 0.02 0.20 (26.6) 1.1 

825 250 (523) 0.46 760 (1.01 x 105 ) 1.1 

825 275 C548) 0.14 760 (1.01 x 10 5) 2.0 

" 

"'"\ 

co 
-'=" . 
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an initial gas content of 0.07 ml H21 100 gm Al (S.T.P.) 

decreasing the pressure from l atm (lOl.)KPa) ta 0.20 torr 

~.6Pa) resulted in an inpre~se in pqrosity from 0.6% 

ta ).4%. The porosity distribution of the cast made at 

0.20 torr (2606Pa) (Figure ).1)) exhibi~d high central 

porosity in a pattern very similar to that found in the 

air melts at the higher superheats and mou1d temperature. 

# As the gas levels fell to 0.0) ml H2 / 100 gn 

A1
4 
~S.T.P.) and below t the ef~ect of decreasing the pressure 

over the casts was no 'longer significant. Two casts 

(Table ).L~) one at atmosphere and one at 1'.50 torr (200.0Pa) 

yielded approximately the same 'mean,amount of porosity. 

" Yet, the distributions of porosity became more random at 

reduced pressure levels (Figure 3.14); similar to that' 

obtained in the air casts solidified at the in~ermediate 

freezing rates. As the pressure increased to that of 

atmospheric pressure,' the pattern (Figure 3.15) resembled _ 

that of simllar air casts made at highef freezing rates~ 

In vacuum casting, the rate of solidification at 

the reduced gas levels had more effect on the amount and 

distribution than did the head pressure. Using a higher 

superheat of 82SoC (1098K) increased the amount of por'osi ty 

significantly (Table 3.4) but the effect of casting over a 

/ , 
/ ./ 
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jouring Temp. 
, ,. 

. 
Oc (K) 

700 (973) 
700 (913) 

'.700 (97;) 
700 (973) 

700 (973) 
-700 (973) 

825 (1098) 
825 (1098) 

- >- 825 (1098) 
'825 (1098) 

~, 

') 

.., 

\ 

'WC!' 

Table 3.4 

, Effect ·bf Pressure an Mean Porosi ty 

Mould Temp. 
Oc (K) 

275 (548) 
275 (54.8) 

;00 (57;)·' 
~80 (55J) 

90 '(363) 
.,120' (J93~ 

-275 (51~8). 
275 (548) 
275 (548 ) 
275 (548) 

" 

o 

Gas Content 
ml H~lOO gm Al (S.T.P.) 

. 
Il 

0.07 
0.07 

0.0; 
0.0) 

0.02 
0.02 

0.14 
0.14 
0.14 -
0.14 

... 

~ 

App1ied Pre~ure 
Torr (Pascals) ~ 

0.200 (26.6)· 5 
760 (1. 01 x 10 ) 

- , 

1.5 (200) 
760 (1.01 x 10~ 
0.20 (26.6) 
0.20 (26.6) 

0'45 (46.7) 
1. (187)' '4 
100 (1.33 x 105) 
760 (.1. 01 x 10 ) 

~ ••. ~! •. ':~~, \..-->' .... ,~:,~\~ .. ..c"::'t...,_., .. <ol:~""""~"'~~ -,,,~,,,·,,,-~~,,,,.~~~WI...,.ïrCidem~&v._~} ... .r~";'f-~~_ ~!\!:';:""',~"';'firp;jl:$:~t..""~- J ""_~ "<;'...-.r ~-,~- "'~ 

-

Mean Porosity 
,% 

3.4 
0.6' 

0.7· . 
0.5,· 

0.4 
0.5 

4.4 
2.5 
1.5

0 

2.0 

-

-

/ 

CD 

'" • 

/ 
/ 

/ 

-'- "'\.6-l...,;J.: ~"1, 

"-
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a largti' range of pressures of 1 atmosphere (1 01 •. 3KP~) to 

0.35 torr (46.6Pa) only yielded a"2-fold increase in Mean 

por~sity from 2.0% to 4.4%. The fact. that the casting in 

this series made at 100 torr (13.3KPa) resulted in a lower 

amount of porositY,and displayed (Figure ).16) fewer 

pockets of high porosity 'han that found at the higher . -, 
"" 

pressure level (Figure 3.17), showed that although, the 

reduced ?ressure of 7 times did not affect porosity, the 

.lower rate of heat extraction in the vacuum cast did. 
;~1 

It should also be noted that temperature resulted 

in a higher r&sldual co~tent. Agas 1evei of 0.14 ml HZ! 

100'gm Al (S.T.P.) was obtained after 1.) hours for a melt 

temperature of 82,oC (1098K) and 0.35 torr (46.6Pa) pressure. 

('l'able 3.2). p 

Even vacuum casting into a mould at h~~~r ore-
~ __ '''''jf 

heated tenroeratur,/can affect. the porosity. Table ).4 

demonstrated thi~effect on the amount and dist~ibution of 

porosity at reduced gas 1evels and pressure into moulds of 

different temperatures, for a pouring temperature of 700 0 C 

(973K). As the mould temperature increased from 900 C (363K) 

to 5250 C (798K), no large change in mean porosity was found 

(Table .3.4), however. there was a change in the resu1ting 

di~tribution profile. At a low mould temperature of 

l' 

)1V .. 

" 

.... wI <+". ~ .... ~".,., ~ _' ...... " .. ';s.4....:. ....... , ~.-<.j'.~_ ... ,,~ 
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'Figures ).12 - ).19 Porosity profiaes in vacuum cast 

ingots under different casting 

conditions. ~he isopore values 

given are in percentages. 
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88. 
" 

Figure 3.12 Effect çf reduced gas content, 

on porosity distribution in an 

.1ngot cast under atmospheric 

pr~ssure. pouring temperature 

700°C (97JK). ~ould ternperature, 

200°C (47JK), Hydrogen concent­

ration 0.02 ml H2/100 gm Al (S.T.P.) 
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Pourlnu Temp. 
Mould Tomp. 
Pressuro 
Ga. ,.Content 

" 

700'C (973 K) 
....200·C (473 K) 

1 atm. 
0.02 ml.H2/100gm. 

AI C5.TP) 

/ 

/ 
/ 
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Figure 3.13 Effect of reduced pressure on 

porosity dis~ribution in a cast 

ingot poured at low superheat. 

Pouring t~mperature 700°C (973K). 
, 0 

Mould temperature 275 C (548K), 

Hydrogen concentration 0.07 ml 
/ 

H2/100 gm Al (S.T.P.), Pressure 

over cast 0.20 torr (26.6Pa). 



pourlna Tornp. 
Moulcl Temp. . 
PrO!lSllro 
Gag Contont 

700'( (973KI 
275"( (5481<) 
0.20 torr (266 PCù 
o.07ml.Ho/100fini'lo AI 

(ST P) 

. ~. 
" C) 
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Figure 3.14 Effèct of reduced pressure on 

porosity distribution. pouring 

temperature 700°C (973K), ~ould 
.e 

temperature 300°C (573K), 

Hydrogen Concentration 0.0) ml 
1 

H
2
/100 gm Al (S.T,P.), Pressure 

over cast 1.50 torr (200 Pa), 

~ean Porosity 0.7%· 
<, ' 

Q .. 
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.Pourlne Tomp 
Mould Tomp 
Pressure 

70C)° C (9731<) 
300°C (573K) 
1.50tQH (200Pc:a) 

Gos Content O.03ml "2/100 gm AI (STP) 
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Figure 3.15 Effect of oressure on porosity 

,- distribution. pouring temperature 

?OOOC (9?)K), ~ould temperature 

~80oC (55)K), Hydrogen concent-
î f 

ration 0.0) ml H2/100 gm Al (S.T.P.) 

Pressure over cast 760 torr (101.3 

KPa), Mean porosity 0.5%. 

! 
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Figure ).16 Effect of reduced pressure'on porosity 

distribution in an ingot poured at 
~ 

high superheat. pouring temperatur~ 

82,oC (1098K). ~ould temnerature 

275°C (548K) p Hydrogcn concentration 

0.14 ml H2/100 gm Al (S.T.P;), 

Pressure over cast 100 torr (l).JKPa). 
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Figure ).17 Porosity distribution in an ingot 

, 

poured at htgh superheat. Pouring 

temperat~re 82SoC (lo98K). ~ould 

temperature 27SoC (S4SK), Hyarogen 

concentration 0.14 ml H2/100 gm Al 

(S~T.P.), Pressure"over cast 760 

torr (101.1 KPa) • 

" , 

" 



\. 

( 

,) 

( 

</ 

POURING TEMP 
MOULD TEM P 
PR E SSURE ' 
GAS CONTENT 

82S00 (1098K) 
27SoC (S48K) -
760 torr (101.3 K Pa) 
0.14 ml H2/100gm AI (S,T,P') 
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Figure 3.18 Effect of mould temperature on poroeity 

distribution in an tngot poured under 

reduced pressure. pouring temperature 

7000 C (9,73K), Hydrogen co~centration 
'" 0.02 ml HZ/toO gm Al (S.T.P.), Pre,seure .. 

over cast 0.20 torr (26.6Pa), ~ould 

temperature 90°C (363K), Mean'Porosity 

( 
... ~'~ •• 1 

, 
'J 

" 1 • ,1 
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POUR ING T EMP 
MOULD TEMP 
PRESSURE 
GAS CONTENT 

.. 

700°C (973X) 
90 o C(363K) 

O.~O torr (26.6 Pa) 
0.02 ml HahOOgm A'(ST.P.) 
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Fi'gure :3 .19 Effect of mou Id temperature on poros! ty 

distribution in an ingot poured under 

reduced pressure. Pour temperature 

?OOoC (97:3K), Hydrogen concentration 

0.02 ml H2/100 gm Al (S.T.P.). Pressure 

over cast 0.20 torr (26.6PaJ, ~ould 

temperature 525°C J?98K). Mean porosity 

O.5~. 
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POURU'<IO TEMP 
MOULD TEME' 
PRES5U~ E 
GAS COfl,HENT 

(1 

700: C (91,3K) 
525 C (79(Ht) 
0.20 torr (~6.6 Pa) 
0.02 ml H2/100gmAI STP 
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90°C (363K~ the isopores (Figure J.18) followed tho ex­

pectcd position of t~e sOlld/liquid l~terface with the 

arnount of porosity less at the mould walls. At a te~p-

96. 

crature 'of 52SoC (798;:) tho profile (Figure 3.19) was very 

differcnt yle]d~ne n sound 
Il 

surface (Figure\3.20). 

\. -" 

centre wltr' , ' 
a ver~- porous inzo t 

porosity 3.r.d itr; cl.istr5bul,ior:. in ",,1.e cr.st. 

J.J.1. 

of porosi LJ. AlI clwnges ':lcre S('C:i to l~0 :rr1.':!.U2.1. 

Guperhcat or ol~() hy 2;raln rcJ'iH.in;~ Cl!) molto ':'::0 il',:,otr; 



Table J.5 

Grain Structvrc of tho Castings 

Group No. 

1 

2 

4 

5 

Type of Grain FreGant 

Fino cqltiuxcd 

Fino columnar 

Fine cquinxod 

Mi:.ç:'curo of Group 2 

" und Group J~ 

Cant'Oc coluwnnr 

ConrGC cqui:Jxcd 

CO::U:CC colur!1n:::~$.~ 

Sarople -\} 

A419Al~2pAh3 

Ail 0 A12 ~ Al) ~ A14 p 

V12 0 V2 hq VJl} 

A219A22oV23~V33, 

\ 
, \ 

97. 

A2J~AJ1 9 Vll 0 '{21 v lJ22, 

V)2 ~ vI!. 2 0 Vl!-39lJhA~ p V5Y. 

A2IJ. nAJ2 0 AJJ, 

V51 u v5,~p V53 

'* So.mple numboro tl,re 1 iotod ln 'l'able::: ?. 2 8nd 2. J 



-' 

-""J;;;,,~_f_ -'r';:- \- \ ~ ~ 
~..::...,-.:;_ ~,,~_..;;......~......-:~...., ... __ M~_.,....,t_'~_~~-, ......... _s..~ ~ ....... """"... N ~_ ~.;:;_ .......... ....:~ ~~ ~ "'" 01- .. _ ~.....;... ___ :.. _~ ___ ---.,_~_ ........ '"",,,,- ~~J- ...... ,-,-", ___ ---....J ................. <w<-1_ ~~"- ...... _ ... _., ~ ____ _ 

\ 1 

\ 
\~ 

700°C (973K) under atmospheric preS8ure 9 irrespect ive of 

the gas content ~ and thosc cast at 825°C (1 098I:) wh lcb 

wcre erain refined. For aIl these castings s the ty,ical 
\, 

type of distribution profile (Figure 3.2), displaycd ls-

98. 

opores w~ich followcd the expcctcd position of t~e solid-
1) 

lflcation front and v/hleh were greatc,::;.t in the last greaf\ 

te Golidify. In all of thase ingots ~orosity wa~}~Gt 
v 

visible to the naked oye. 

Mel the r.:truci~ur0 bCC2,~i.e COaI'3Cr 8S the diroc-': 
j" 

resul~ of Glowcr fraczinz rates p the amount of ,oro~jty 

eoul(l be (le tee Led ,,1 ~,~.out Ui(} \1!3C of '"'- ]f i cresce" (;. 

;-1tructurcs. 

A course cqu:;:1.'xed structur2 (:;:.'5.CU1'C' J.Z~: !1l'lYluccs 

2< coarse colmnnar :3-:ruc 1;urc c:.-"i[';urc J.25L obt;:tt!1scl ;t ' , rc-

exhi bitinc very h j C;h centro J pOi~OS i ty <.mJ - :~JG;10~'-;S tl,;~ t 

" 
\L~ 
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formed concentric c\rclcs of ctecreasing maenitude from the 

centre of the cast. 

The two types of s~ructures described above were 

typical of the non-erain refjnüJ air,Tralts at hiLher super­

haats of i?2SoC (1 09S};) and abave:, A1::>0 t:Lcluded ':d th tt'8se 

casts ('l'able 3.5) \'lero' the va'ClIwn caG"~f:;-al1 thos!? at 

825°C (1098:Q and tJïe caste at 7nooC (9731') C;"lS:_ unrler 

VaCU1.JIT,. 

on1:1 \'15 th som" vacwu;: cc;;;t'J. As U)us! r:'~ ::c,:: "ty ':'i,-=m:r; 
J. 
the la:.~t:er ar.d COOl'sey' ')I!t.dflxer1 [,r;;~I,~; '.'1,_"',;; ,,'''::;(';cil{~."~1 

J.,3. ,2 !;j cros-:;~i)c7I\r.::: 
~--~ 

exa~ination of the ulcro8truc~urcs cf ~hese 

.. 1_' . \.,( 

ritic in nature (F~eure 3.27), ücct)n'lnt~ on -:-;he srun1j Sc::'.lu 

as the s~condary rlcn(lri ta n.rll1;O:;. In GOlC.8 cnser: ::lS C~~:l i.bi tell 

by ?it;urè J. 28 the pox'o::; 'Nore ) one (1nd nat'i'O','! ocCUrrln{; :1": 

the direction of the henl f]ow. 

" 
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Figureo 3.20 ~ J.3d ~ucro and ri6ro cxamitiution of 

l 
l 
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Figure 3.20 

Figure 3.21 

,1 , 

, 
100. 

Porous ingot surface of ingot described 

in Figure ).19 X 3/4 

Pino colu'mnar and cquiaxed s tructurc g , 

typical of ingots thnt dinplnyed low 

amounts of porosity, Pour tcmporature 

700(lC (9'73i<) Q r;ould tempcro. turc ?OOoC 

(lJ73lC)t) Hyclrof,cn: conc0ntrnJ"ion 0.02 ml 

H2/1 00 l~m' Al (s:r. P • ) ~ Prc~";Gurc O\W cast 

760 torr (101.JPc.) X 3/1~. 
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Figuro 3.22 Yicrograph of an ntmosphûric cast ingot 

r,jhoi'lin(~ c. hiCh drw;rcc 0 r layer pOr.Of~ ity. 

Unctch0d x 20 

\; 
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Fig6re 3.23 
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'.' ( ) . 

o 102. 

. , 

Micrograph of a region .of layer 

P?roai ty s~owing i ts inte,rgranular 

nature •. Pouring teffiperature 950°C 
, . ° (122JK), ~ould te~perature 250 C 

(S23K). Dilute Keller's etch x:40 

" 

o 
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.) 

~acrostructure of an atmospheric cast Ingot 

exhlbiting coarse equiaxed grains in the -

centro. Pouring temperature 82,oC (1098K), 

Mould temperature 25°C (298K). 0.1% NaQH 
, ~ 

J etch X 9/10 

Figure-3.25 
(, 

rr.acrostructure of an atmospherlc 'càst ingot 

oxhibitinŒ coarse columnar graina. Pouring 

temperature 950°C (1098K). rrould tcmpcratur~' 

250°C (523K). 0.1% NaOrt etch X 9/10 
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Figure 3.26 IV:ncrootructurc of [.l vacuum caot ine;ot 

\ 
( 
1 

oxhjbitin~ hi~har porouity ln ragions 

of omnllor oquinxcd ~rnino. Pouring 

'i;ompcraturo 700°C (97JK) 0 r.:ould 

tcmpo1'ntul"c 90°C (J6JK) t 11:ydl"oe;cn 

concentrntion O.02 .. ml H:;/100 (Sm Al 

1 (S.T.P.), p:r,(';OrJuro ovcr cast 0.20 

torr (26';6Pa1. 

,,, 

\ 

r, 
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0.35% 

); 
055% 

" 
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10.5. 

\ 

Figu~e' ).27 Microstructure of n vacuum caet ingot 

showine fine intordendrltic ooroaity. 

Unotchoù X. 170 

\ 
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Figure J. 28 rl.icr.ostructuro 9f un Iltmosphoric cast 

ingo"t ~;hov/inG fino intcl"dcndrit le porosi ty 
, '\ 

in the dircctj on of tho hea t flo\V~y:iJJnctched, 

x 170" 

, . 
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Figure ).29 Scanning electron micrograohs of a 

whot tear" raglon showing the dendritic 

lining of the pore. a) X 84 b) X 168. 
( 
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Figure :3.)0 Scann5 ne; olo<:rtron micro~r8ph of a 



., H f 
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1.°9· 

The intercranulnr porcs (Ft~urc 3.23) wh5ch ware 
[) 
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th0fJO poros were, cho;jon frÇJm both thc air ùn(l V8CUur.~ n:c1.trj. 
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Thin oxaminaUo.n l"C'/CU] cd Lwo v,cry di fferont "typo:') of 
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li~àc6l Vlith c1cndri';;cG rcsC'lf.hlirc; [J (}ec[1.nted 01' l!nouX' 01l~~" 
.. , ~l 
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1100 

Jntordonrl:r.:i. tic fJolid1fico. flon' and conooqucntly fc;cdin,;o 

'"ft'JO mothodr:: \'1ero tlGod j n the cOJ"l.'o12.tion. Tho f:lbcondarx 

arm GpnclnEf; WOl'O mcnnurcd on soveral ::'>D.mpJ.cG ('l'ahlc J Q 6)g 
( ,. J ~ 

and arl ox.i.G UnG computn:r. pl'o~rmn . j '1 WIJ U urJcd ta compute 

the local Golidificn.tion times'al: locat.ioDw in the in(';ocrJ 

from whlch the d01l::i ty oamp] CG \'lero talccn 0 ':Phe 10cul 

,'. 

GoLi.d.i Cj C~) • 'lm t;ir,IC 0 as D tG. t(~d bcfor'c hand, lu the. timn l'c,,' 
d; 

quirf1d fa.-- '" g.ivcn loca'L.i.an ta cool from the iiquiduG to 

the r;ol.idlw (cutcci~:i.c) tOl!1poratul.'()? and it haG ùcon ::.hown 
? 

by ffiUlly nuthOl .... fj (JJ,?J~) ta be thn II)ajOl.' fac..:i;or in detcrm-

ining Gccondnry arm npaCirlGfJ 0 

<, 

Mcanuromcnts of tho Gocondury arm GpOCin~8 

nc,rcod fn'laurnbly vJ:Ï th t'osultn obtain0(1 by oL!'\(!rD (J/~) on 

cantinr:;rj.rn::lcJ.c undor' nim:i.lar ùondii,jonn UG chovrn in 'l'rJ!/L(; 3.'10 
/ 

lUI rcc;u] tG men~;nred VlOre ln the 100 350 ri1:lc:comwtro range p . , 
and na oxpcctcd Lhc nntitl~ca mado ln air wlth the n\stCGt 

f);o!]zj ne 1';;'\, (;C~; hnd the mnaJ.lc:wt a1'll1 ;~paein:3~;. For mor;"!; C[l:-JOCl 
'( 

no cori,"ülo. tion could bo rt1adt; botwcrm t11:'(: fun 0 un t of pf)'r'O~J i Ly 
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,FigUre 3.34 Local Solidificatiqn Time as a funQtion 

,of position in the mould. Pouring 

temp~rature 700°C (97JK), 

temperature 25°c (298K). 
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Figure 3.36 Percent porosity versus Solidification 

Time for various fraction solids. 

Pouring température 7000 C (973K), 

Mould temperature 25°C (298K). 
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,( 

DISCUSS,ION 
,) 

'4,1 N.ICROPOROSITY 

The production of a sound ca~t structure is 

becoming of more importance to foundrymen today primarily 

because of the increa?ing demand for premium qùality 

material. Information then, on how e where and why 

microporosity is formed is much desired. Prev~ous research 

on microporosity in castings followed t,wo distinct and 

diff,erent approaches. One approach was' theqretical in 

nature as evidenced by the If/orks by Campbell ('7,12,18t~1), 
_.JI " 

and Piwonka and Fl~mingD. (15) However, much of ~~e theo-

< .. D ", ret ical V/ork is difficult to analyse experimentally, and 

for this reason, little has bcen done to date to prove . 

or disprove existing theories~ On the other hand very' 

empirical research has bec~ clone on this tapie. The major 

ulm of many Qf these \'forks has not been primarily te expl'ain 

pore forn,atio~ but to find tho.se techniques which <'lan 
if 

eliminate the.problem. With this in mind the present V/orle 

was undertaken to investigate pore for~ation in cast ingots. 

The \'tork provides some fundamental resea'rch on microporosi ty 

where the amount, the type and the distribution of the pores 

, can be related to theory. 
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4.1 .1 . Sui tallili ty of Al - Il-. ~tf 
.<' 

Cu to the sturly 

~ .,,;: 

Although the \(fork involved a study of an. 

'Al - 4·5% Cu alloy, it, is hooed that the resuJ.ts g:en-

erated by this investigation can serve users of ot~ec 

metai and alloy~systems. Several considerations were 
-' 

124. 

made in choosing tnis alloy for ,the study. As iliustca~ed 

in Figure 4.1 'Ufe so~ubil i.ty of' r.:,rdrogen ï~~. both ,soli,:::' 

and liq uid aIurr:inulT. 18 lower tf.an tha t fO'Jr.d ;'n se"erq] 

other rre tai syster"s. 

'" . ~he ~rotlew of d2sso1ve~ h;jroE~~ Sn alurirJD 

anJ a~lnull, l.a!:ie alicys arises bedause l:-.s s(',lubilitiEs 

of hydro:::en i'1 t;he I:'quià ar.d selld ::.re 'iGry 'Tuc': i: "';-E:!'e:-:t . 
(0.69 vs. ~Oo02 FI ~2 / 1ee g~ Al S.~.?) (J(). 3i~ce 

" 
Most con~erciai o~erat~ons operate ~it~ ~ydro~eD levels 

up to 0.2 Tn~ ':12 /.100 {Sn Al (S.T.P.) for ;,>ronerly ,-:'eg?!:-:3ed 

melts, the gffect of gas re~ection js very i~port2nt a3 a 
• !, 

drivine force beh~nd pore for~atio~. Even in cases where 

vacuu~ rrelting or ather deeassing ogerations reduce tee 

hydroe;en content in the ,liquid ta values, of about 0.02 p l ~2 ., 
/ 100 gm Al (S.?P.), this value is still of the same magnitude 

as the solubility of hydrogen in the solid b0îow the solidus 

temperature. 
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Solubility of hydrogen in solid . . 

and liquid aluminum 
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Figure 4.2 Effect of thermal conductivity on .. 
the soli~~fication of a metai 
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Figure 4.3 

" 

Effect of freezing range on the 

solidificatIon of ~ metal. 
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Compared to most metal and alloy systems, Al -

4.5% Cu has a relatively high thermal conductivity which 
'l' 

as illustrated in Figure 1+.2 resul ts in"<l'ow temoerature 
,~~; ~ 

graqients that ~ive rise to a large mushy region. As 

mentioned !)reviously the large mushy region is !pore difficul.t 

to, feed, enhancing the possibility of ,pore formation. As 

a converse to this, metaIs displaying a low ther~al co~-

ductivity allow steep terr:perature t,racti$!'1ts, to arise forming 

a short mushy zone whl!;ich is easy t'O 'feed . 

Al - 4.51 Cu solidifies over a long ran[e of 

tewperatures, arproxi~ately lCOoC (l~OY~ if the sol:du3 

terr,r:erature :8 considered as the eutect:'c ter~ ::;er;; ture ~:~ . " 
non-equ:libriurJ1 freezjnt=,o As in t";.e case of 2. n.e+,9.l 'N° ',1'. 

a high thermal cO'1ductlvity, tl)e 1:)"[ :reez~:-lZ ra:.,t,e te-

difficulties of :eeding. i' 

4.1.2 Sar,plinp; ':.'ec1 r:iq up,o ;or 

At the outse~ of this work, t~e problem i~ -- . 
selectine; a representat ive sa,!!ple for rneasurerLent cf 

microporosity had to be overcome. As illus~rated by tte 

distribution prOfiles and quantitatively shown ln Tables 

J.1 and J.2, where the standard deviation from the mean 

',' 
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can be aê great as the mean value of porosity for the 

specifie cast, the measured amount of porosity i8 a very t 

strong funetion of position in the soli~ified product. 

Therefore the measurement of porosity in a series of ingots 

solidified under various casti~g conrtitions usin~ a randow 
" 

sample process can yield meaningless res~lts. 

In the case of an open toppen cyl~~dr'c81 

(Figure 4.h) as used in this '."or:r, a centrelir~e slice Wé~S 

used bpcRuse it providerl ~ say~le re9res~nta~'ve of ~ll 

soliclif:d~tion cONlitions ir'. t'fe ln~ot. Si:1ce::" cjl~~i~;cal 

inEoi; ''las use:! any cer.trel l:' e s] ice sLoulô ~ :'e: i t'" '? :38.l e 

results, for·as s~own :~ Appenrtix ~I ~ost sa.,les iis-

player! sY:G·,etr.Y about the 'be.r" rE: l i ::e • 

. t' f' ..l. l . t '1 cas lnt: 0_ :11e',8 1..1 C eltler fiquare, 

stat ic n'ould~ requh:es tr.e U38 of d iffere:lt 3ar. pli '18 pI'C-

cedures to ~roduce rcprescntative sarrples. ~or 2 s~uare 

ingot, one cen trel) ne sI lce as ":rell as orle sur fac'~ s lice i8 

needed. ::'or a rectaneular ineot El surface p.ncl cent;rE;line 

slice parallel to bot}> the x and y axes rrust be t2.ke:-:. 

And in the case of a sphere aIl that is needed is a slice 

." 
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Figure 4.4 Sectioning of a cylindrical ingot 

to obtain a representative sarnple 

for the measurement of porosity. 
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Figure 4.5 Sectioning of various types of 

ingots to obtain a reoresentative 

sample for t~ measurement of 

porosi ty • 
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fi 
along its diameter. It i8 therefore important ta re!'l1ewber 

that before an i ngot is sect ioned for measuring 1.1icr00oros:i ty, 

the ine;ot symmetry in relationsh.ip to tt.8 rroces::: oP sol id-

ification ~ust be cons3dere~.-

The r:ïÏcrof)oros i t;;/ ~our;'l ::n tr.8 C2.8 L i.ncs, ",':.etLer 

cast in a5r O~ ~r vacuum, W8S inte]~enrlr~~~c .~ na~~re. 
, 

As i 1lllstr2,ted 'l)y the ~i'oto·d croc!'a~i s Ln ~LE)Jr~ec; J 
,..,,, . ' 

by the 

-", 

ar~r lle!d:!:'-'.Le :.'T'I.S. 

?or gas 1evels of 0.19 

(S.T.P.), and in sorne cases as low 

" ~ ) .. - ~- ' 

~.I,r) rr,l - / 1v"O ~" '1 ~ ..... '~2 <...,.1 _'1. 

O 0 " 1 H 1 1 ra as ). Ir::' Ii. 11" / , ... 
L 

anount and distr:ibution of !1,~crOporcslty 
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was very sensitive to the initial castIng conditions. 

Since the 'structure exhibited by the ingot ls very de-

pendent ,upon the cast ing conditions employec1 i t should 

be possible to relate the amount anJ distributicn of 
o 

porosity in the ineot to tle structure of the in~ot. 

4.2.1 Air Cast i r..g-s 

In the castines IT,ade 20 air, t~e dis~r;t~tio~J 
, .\' 

133· 

) / 
amount and tYl'e of porosity W2S i'ounr1 ta t)e ver-~" de;-:":,:-.rIe;;t 

on the gra~n structure. 

( -:C.'.!" d graln're~:.r.e J. 21 0 

of the cast. -' J '" ' .' 3 Gure . t:. S (,C':lS 

ificat ion fr~nt t i;;creas i!"ll:; :in p:a6n:" tu,le tm-"bl'<is tt e CE'!".tre , 

of the cast. As expectecl, and sl'.o':m by ?i,€,:')!'e ).;2, 

porosi t~r W2S very \;~:lependen t on the s iZe o~~ seco~1-1ar~r 

dendrite arn spacing wl,ich }:as 'Leen abo'.',';} to ve 
function o+:' Neal solid~fication tine (3J,JÜ). 

a :lrect 

Sin~e 

Equation 1.5 demonstrated that the rate of c.oo1in[ (JT/dt) 

0( dm 
dt 

(1. 5) 

l.. . 
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was an important parameter in calculating the driving forces 
'J 

for pore formation in the in~erdendritic reiions, thus the fine~. 
f­

por0sity occurring under ithese conditions ,must be a result 
. 

of poor ~nterdendritic feeding." This is supported by the/ 

correlation of percent porosity and local solidification time. 
() 

Figure 3.36 supports this conclusion'be~~use pùrosity is 
~ 

still a function of freezing rates even at a high frection 
'lt 

solide Interdendritic'feedfng 'is the only type of feeding 
1 

expected at these high fraction solids. 

Slower rates of cooling ~uch as those occurri~g 

at higher supèrheats. resulted in a coarser columnar and 

equiaxed structure, which in turn was assoclated with higher 
'" 

values of porosity. The type of pgrosity':ound in these 

castings was again the interdend~itic t~pe (?igure 3.22) 

althou~h on a much larger scale than that found in the 

castings ,where the grain Bize was smaller. It can be seen 

by the scanning electron micrograph in Figure ).29a, that 

these layer pores wer~ lined with many secondary dendrite 

arms, a~d it is not surprising that for ingots produced 

unde'r these candi tl.ons no correlation of percent paros i ty to 
" 'L 

secondary dendrite arm spac1ng.,(?igure J.31} could be made. 
, < 

This type of porosity appeared ta ~e the layer type as dis-

cuss~d ~y Campbel'l <:37). It, could also be named as inter1:" 
, " 

granular type for as rev~al'ed by etching" in f'igure ).2), it . ' 

" 

-< 
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, 

... 
occurred in the intere;ranular regions of these c"asts. 

,-

In foundry terminology a term which cornes' close 

to descrlbing thi~ type of porosity is hot-teari-ng. Bot l 

'tearine (40) i~ usually referred ta as fracture" of,rr.etal 

'just below or above the solidus temperature as a result of 
( 

'stresses which arise in the solïdii'ying cast. J'he latter 

0;,::' 'seems rr.tist likely the case for as seen lt! Figure- J.29b, the 

/ ' 

li' , ' _ , 
secondary den'dr l te arrns_ appeared to pe ver .... :! smoo-:::'., 

1 

the tearina occurred in.' tr,e rr.e:tal b8low t~1e sol idus ter.;J-
1 

erature, the sur~ace should have extibited S 1 .... Y '''. ---.J .,) 0: fracture. 

~he\~e~~an~sm by whict these peres ~or~ei ca~ ~e 
c 

e'xplail"led by ~he structure' Dr~sent ~ "t!'r,et,!- er tj,e) s'truc'tt.<r'e 

was coarse 1 col.u~n2.r or equiaxect tre, layer' ~J:yp'e ,0: ~'o>.:'os i:y 

exi"sted; hov:efrel'., t,hé ~ype of' 'distrnJu~icJns ':,our.ù \'!9re 

different. large,superheats ~nd hiE~ moul~ ~ en:!) era -: L<res 
" 

_oroduced a coarse colu~nar s-:ructure (Fi~ur~ 
f • 

A 

typical distribution shovfing hie;h concer..tric P9cke~_s 0:: , t" ~ 

,poros i ty was observed in F.~eure J. 9. l'he existe'YlC9 of t:üs 

distribution c~m te expla~ned by the mechanisil. in w:1Ïch a 
1 

cast solidifies under' these casting co!}dition::" As 

illu.strateçl, in rigure 4;6 the coarse colu:nnar grains V/~ Il ( 
; .. .. "... L '1l- il 

grow eVE1pr'Y, f~or.t ~ll dire,c:tions. This :act is suppor~ed 

by"Flgure 3.35 whic.h shows that t11e local solidification 

. -

., 

" 
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Figure 4.6- Sehematic illustration o~ the develop­

ment of columnar grains in an ingot. 

<il, 

t 

" 

lI!. 

1 
'·f 

'. 
1 

J 

,', 



-------------~--' ---~-- ,-

~ i '" ,:; 
1 

~f" 
,) 
) 

" 

-' 
~.l 

'. 

( 
(, 

"0'1 

~ 
.-
0 
1/1 

':~ 

)., 
fi) .. .. 
Z 1/1 - 0 

~ 
.. 
0 

, 
,~ 

CI:: A. "!J 

c:I 0 
'j .. '1 

\ ;~ 
't 

et: E 
III( .... z 
:lE 0 " ::) " ... Z 0 

T " C) - ./1'1 

(,) 
,,! 

)., " -.. ::» 
Ll- er' &II 

1/1 

0 Z· 0 
.- ~ -

cC .. -0 t-
A. .... 0 .. z " w .-

2: z E -'A. 
C) 

-' ..... 'V 
> 

..... ::» 
li' 

Q 

." --o 
, . lit 

c 

, -



( 

( 

( 

times are higher and~the temperature gradients are lower; 

both facts which enhance the formation of coarse columnar 

grains. Pore formation will not be a problem until these 

columnar grains have grown t~ the centre of the cast. 

137. 

At this stage in the solidification the liquid metal will 

exist at the columnar grain boundaries and the last liquid 

feed reservoir will exist at the centre of the ingot. The 

resulting distribution profiles will~then exhibit a very high 

centre porosity wi~h concentric isopores decreasing in 

magnitude to the outside of the cast. (Figure 4.7) 
'\'~ 

At the other extreme, for an ïngot that consists 

of coarse equiaxed grains - the result of using inter-
! 

mediate superheats and mo~ld temperature - a r~ther simple 

explanation for the occurrence of layer porosity can bè, , 

envisaged by regaràing the mechanisms of formation of the 

equiaxed zo~~. Work on transparent model systems (38,39) 

has shown that the equiaxed zone bui Ids up progress'i vely 

during solidification, and if the density of the solid is 
• 

greater than that of the liquid (as is the case with most 

metaIs) a considerable amount of equiaxed grain is deposited 

~in the lower regions of the ingot by settling or sinking 

'lof grains formed early at the surface or from fragmented 

dendrite bits originating in the "upper columnar zone '1 

, 
(Figure 4.8). The grain to grain contact in the pile will, 

- , 
1 

,1 
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Figuce 4.7 Expected porosity profile of an , 

lngot which solidified in a manner 

similar to that shown in Figure 4.6. 

, 

\ 
, 
, 

, 
" 

,1 



" 

... j,-

~~ 
':\ 

soUd 

>~~ 

EX PECTED PO.ROS 1 TY' PROF 1 LE OF 1 NGOT 

WI TH COARS! COLUMNAR GRAINS 

mie ro.poros i ty 

-. 

hopore 
(0/0) 

Sl 

hig hest 
porosity 

-

r 

-, 

IQwest poros ity 

the magnitude 

of the isopores 
are hypotheticcl 

FINAl.' CAST / 
/' 

EXPECTED POROSITY 

SHAPE PROFILE 
J 

.Mf 



, 

( 

~, 
l ' .~ 

139. 

of course, be imperfect (Fieure 4.8) and liquiù pools or 

channe 1s will remain between the eq uiaxed e;rains. Feed ing 

of these intereranular liquid ree) ons should be extre'mely' 

difficult ana solidification will result in the establ ish-

ment of local tensile stresses w~ich 3n turn aIl pore 

formation. Since the pacJ:ine of t11e grains is a randOlr: 

proce$~, the resul ting profile (Fieure 4.9) should res er'lble 

sowe of the typical air casts that exhib5t ccarse equiaxed 

grains. (Figure J. 7). 

Cn siwple fo~r;,et;rical grour.ds it v!0ulrl he ey.-

'pected thai; a 011e-up of 1are.e grains \'lou11 be l'IOre ir.,::v?rfect 
·1 

and woul1 result \n lareer and loneer iGter~Tanular l~~uid 

channe ls tl-:an if t.he eqy i:::n:ec1 {Ta 1:-:'3 "/I~re sr:,aller. ".'li r::re-

fore i r the structure was o~c or fi~e equiaxed ~ralns, better 

packinL of the Grains 'Noul r} be possl::le leadi!"g te 2. smallec 

amount C: li.icroporos i ~~r. As i llus tratet: iil ;-~igu:ce J.1 ~ 
~ 

grain refi:--!',ng re,sults in a profile sir.jlar,::;û't.:1at fcr:,ed at 

low superl-e3.ts. rio erratic,ce!1tral poros:ty is note?" Since 

for this ingot, p~rpsity ls a ~uY1cticn of secon~ary Je~rtrite . , 

arm spac inE', (Fi'Eure J.)2) this poros i ty i8 suspec ter1, ;::JI thougr. 
1·, 

intergranular in nature, to be the result of pOOl' teeiire 
, 

bet'lJeen sIT'all e,ra5 ns composed of only a fevr second,ary or:rs 
1 

growinc frorr a central nucleus. 
1 

1 
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Flgure 4.8 Schematic illustration of develop­

ment of equiaxed grains in the 

centre of an ingot. 
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( 

Expected porosity profile of)an 

ingot which solidified in a manner 

similar to that shown in Figure 4.8. 
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In , ingots contain rnixtures of colu~lar 

and equiaxed and hence the porosity amount and dis-

tribution is probably most often cau~ed by a combinat ion of 

these two fuechanisms. 

4.2.2 Vacuum Casting 

A distribution of microporosity a1so exis~e~ in 

the casts made in vacuu~. rte distribu~io~ te~ded ~G re-

semble those cfa trrospher i c cas~ in6 ;îrGd 1)cr:'ll a.L s10 :iar 

J.15, tr.e [Joroslty profile rna.:1e at tLe 10'>'1 C)u~erIle:lt ",~-!J 

reduce.:1 press 1lre resen,"ole J t:-.e a~r cas t ~.t ~t ~1~L:Ler s"l'::r-

, t (..... ':l '7' [',ea ~ :' lEurè .). 1 1 • 

hib~~e1 course columhar or equ~~xe1 cra~~s (?iEur~ :.25:. 

As mentioned ear1~er t~e vaçuu~ ~e11ine \as err-

nloyed ta re1uce tle ~as levels 

of 0,(,,2 rrl ~2 / 100 gn Al (S.~.P.) wh51e for t'ie sare ~i.le 

period at 925°C (1098:.) D a eas conter.t 0: 1) .14 rr,l T''") / 1 00 
'-

em Al (S!T.?) was attained. DegasBjng appeqred ~o ~e ~ 

slower operat50n at the hizher melt temperature. 

result is logical because dc~assinB rates arA very ~ependent 

upon the equilJbrium gas levels in tbe melt (Co) and at the 

,l 
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melt/eas interface (Ci). Since Co increases vrith melt 

temperature ()6) the drivine force for de~assjnE (Ci-Co) 

14). 

1s less at a higher superhcat, ·a~d conseque~tly de~assing 

is ~ siower operation. 

Casting at 700°C at atffiQspheric pressure tut 

at reduced gas levels (due to '!acmWI degass ~ r.i,) ::lid !1ot 

sienifica~tly decrease the arrcunt of noro8i~: ~~ t~e 

cast ings.· Re::luc 11:.':; t!le gas level fron 0.19 fc r:.~? :' l 

H2 1 100 en Al (S.T.P.) f'or t~e sap'8 sol i E ri cs-+: ion cc:-'.-, 

dit ions (~able 3.)) cnly resulted i~ ~ snall ~ecr52se cf 

dealt w1th t~ detail Iater. 

Frorr. the resul~~s (,r> C8.3tj n[8 1';'1de 3."'v 'f8r:'cus 
. 

levels of vacuu:n. the raIe 0: 2901 ied press:.1re "Ia~-: "'r;u;",cl 

to be insi::..Yl: ::-icant in Ti ost cases. For example, a reduced 

eas level of 0.03 ~l H2 / 100 g~ Al (3 .T.P.' w casting at 

l ' 5 t (C:" op) 1 ~ 1.... , (1 01 ""~?' ... cl • . arr ~,u. / a an •• a., a l.lT.ospnerc • _~r 8 , :'::''::.1 e:-: 

approximately the same value of porosity (~able ).9). 

\ 
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~" 
Nevertheless the reduction of pressure over the casting " 

aurface altered the structure of the ingot. Even at low 

po~g temperatures 700°C (973K), the structure changed 

from a mixture of fine columnar and equiaxed grains 

(Figure 3.21) at atmospheric pressure to a mixture of foarse, 

columna~ and equiaxed grains at 1.5 torr (50.9Pa) and 1ess. 

This latter m~crostructure was similar to that of one of 

the air melts cast at higher superheats (?igure J. 24) • l' 

. These 'castings at reduéed preSSU1'e levels also exhibi ted an 
,\ 

erratic pattern of isopores as illustrated in Figure ).16, 

indi0ating that the distribution of'poreswas due to the 

random nacking of these grains as described previously. 
, , 

Again, liquid pools or channels existed between the ~rains 

and upon solidification pore formation occurred. Ït is 

then easy to see why, at agas level of 0.07 ml H2 / 100 

p-.. gm Al (S'.T.P.) for a cast made at 0.20 torr (26.6Pa), pore 

formation occurred. Again as seen in the series cast at 825 0 C 

(1098K) at various pressure levels, the rolé of solidification 

which controlled the packing. overrode th? effect of pressure. 

,"K,\ A 3000 fold decrease in pr~ssure only resulted' 'in a two fel? 

l increase in porosity. 
'-......' 

(Table, J. 4) 

~ ~ 

.. Co • 

was rOund 

In casting under~cuum the relative grain size 

te be important te \he amount of porosity. As' 

illustrated in Figure ).26 more' porosity was associated with \ 

the smaller grains. This observation can be explained by 

\, 
/ 
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'agairi regarding tr.e mechanism by which these casts sol'idify. 

As 'in the air çast~nes, the formatiori of the equiaxed zone 

:rains 
J "' 

beine de~osited at the lower 
;:;:. , ' 

regions 0t the c~st, caused by the sett~inG of erains, either' . , 

formed at the. s,ur~ace or from :ragmented d,endri te' bits' 
#,. ,: - . 

(~ieure 4.8), S~aller equiaxed grains far~eometr~c 'reasons 

are expected to pack better. 
" 

~ 'If this rrechanisrr. of settllne; j s conside:-e r 1. s ~ milar 
-

t~ particles settling in an air charrber'ope~ bot~ at the top 

. and bottom ~f the charrber (?i~ure 4.10), tte obserfatlor in 

th"é vacuurr cast, 'I:i!ere poros i ty. was less l~ ~q~iOn2 cf larger 
,1 

.1 \~?' 

gr~ins, ·c~;. .,t~en Se explained. Às .illusi:-ét~,! i >, ?:'cure 

4.1051." i: the tO!) pressure (press.ur~ O·ft'!:':t'.e- C8st) ':'s less 

than OQttcw ')'ressure (pres9ur:e due to f8S 
i ... l'·' 

,pressure will ref,ul i , il": a~ '.U:J\·:nI"l' drhr~!'l~ ~'orce • 
, ' 

ward force will"b~ counter-bala!1ced b~' tre -:ei,)t (or size) 

COD'fl8ct' P10re '(wit-h less ~orosity). This :r.echanisrr. ca::. 21so 
~ . ~ 

e,xplair tre observation foimd in the ait cas:'s ..... here the 

smaller.grains y"ielded less p-oros~t~;. As s::owp by Fleure 
1- • , 

~ "",. 

4~10b, if the to~ pressure (pressure over t~e casL) equals 
" . . . . 

, the(bottbr:1 -pressure (pres~,ûre due to, eas rE" J ect ion.) t the 

~~ivini forc~ due to a pre~~ure d~Op ~hb~ld be zero. 

Therefore, corr.pactlon of the gra ine should be "the same 
~ 

" 

.< 

" 

, , , 
- "·· .. ''' .. _ ......... <'~~~t,,'~'1:!7'"~~_~,~ ..... ~t..,f;w~~_'"''"''*~ .. ~~1·~~1 kiadllftd .. ~~· 
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Figure 4.10 Schematic of grains settling both 

in air and' va~uum at various 

levels· o,r gas concentrat ion. c 

, . 

r 
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irreg~rdless of grain size. However, the smaller grains 

should yield lower values of porosity due to the geometric 

reasons as discussed previously. 

4.3 EFFECT OF CASTING VARIABLES ON PORE FORKATION 

As mentioned in the introduction, there are 

several casting variables which can influence pore formation. 

Of these, the initial gas content, solidification rate and 

~plied pressures are the rnost important. Each of these 

variables will be discussed rnaking a cor~elation of the 

present r1s~lts to previous work. 

4.3.1 Initial Gas Content 

Equation 1.2 as shown in Chaoter'I, indicated that 

gas rejection and unfed shrinkage are the drivin,g forces 

behind pore formation. Recent research (?,21)has shown that 

pore formation is often the result of a gas-shrinkage inter­

action wi th unfed shrinkagè playing a secondary role "~ However, , 

unfed s~rinkage can~ot nucleate a pore (21)alone, and gas 

or sorne other pore nucleant su ch as inclusions is needed. 

It 19 known, however, that unfed shrinkage determines the 

final pore shape (6,7). Work by Nishi et al (22) on di~ect-

ionally solidified Al - 4% Cu samples shows (Figure 4.~1) 

-ri-
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that the critical gas ~evel, required to nucleate a pore' 

ia 0.15 ml H2 / 100 gm Al (S.T.P.). However, whether xhe 

pore shape is determined by shrinkage or gas depends on the 

solidification rate. For example, for a solidification rate 

of 60 cm/hr, the initial gas content must be above 0.41 

ml H2 / 100 gm Al (S.T.P.) to form a gas pore. 

Since the rates of solidification used in this , 
work range from 36 - 72 cm/hr (sample calculation i~ 

Appendix VII). the type of l.)ore predicted and observed '::as 

the same. The gaa levels of the air melts predict that 

for the levels 0.19 tè 0.46 ml ~2 / 100 gm Al (S.T.P.), a 

pore will form but its shape wi~l be of the shrinkage tyoe, 

as was observed in Figures 3.22, 3.26. Thus, 'the present 

work confirms that of Nishi and Kurobuchi (22), even though 

the solidification was far from being unidirectional. 

There are aiso discrepancies between the tV/O workV' 

in that air casting at reduced levels of gas 0.02 to 0.07 

ml H2 / 100 gm Al (S.T,P.) did not'eliminat~ porosity. even 

though these values were far below the reported threshold 

levei of 0.15 ml H2 / 100 gm Al (S.T.P.) (Figure 4,11). 

Stating threshold values is quite possibly meaningless un­

l~ss the cleanliness of the metal ia also specified. As 
, ! 

, 
'" 
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.. ~ > ~_ 't< 
~. 

F.~gure 4.11 Critical gas content to nucleate 

\ a pore ancL ,the rate of solidification 
r 
required to form a shrinkage or 

gas type pore. 
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mentioned in the introduction, in nucleation theory gas , 

or sorne other pore nucleant ls needed to act as r.ucleation 
, 

sites. In aluminum castings J inclus ions suc::, as A12 03 

can act as these sites. ~hus if the liquid ~etal ls dirty 

enough~ even in -~be case a: vacuurr, 7'1eJtinc;. [lare :ornatlon 
"-

can st ill occur '1I}1en the ini tial C;e:.s levei i::; ':;,.r telo'.'1 

the quote'l tr.res!:old ""alue (0.02 vs 0.15 ml ;-:2 / 100 GCfil 
Al CS::'.P.). 

4.3.2 Soli~ific8tl~n ~~~es 
t 

i:uch ,:.'ork to da t e ha.:: ,·,"':ere-

by tne rates of cool in0 al~-l 

the soliclificaUon ra""e deterr-_:n'},,: t~,e EWOU:!"': ,.,=, ~)oroC':-+.'J 

by cor,tro:!.line the struc7.ure oÎ t: e ir..[ot ?r:;I~ ... ce_~. 

ification must be such that an open liqu~d teser~oir Q 

feed r::etal :s possible. The slower fl'e~ztrlb ra-::'t!s :-~CL\0nlY 
promoted the growth of large columnar f,rai.r.s w)::cr. i.l":,,e nard 

\ 
to feed, but aIs a allowed the ~op ta fl'eeze ovel' 

makine feedinf, impossible. 

" 
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fine, did 

Only 'r casting where the.~rain struc·ture VIas ':~, 

the re[lati ve rata of solidification affect the 
) 

amount of poros~ty. As illustr~ted by Fieure 3.36 .fr .. H"'~ 
l '~y /' 

typical Ingot f~d interdendritically, the poro~ity in-

creased as the ~ate of cooling ,iecre9.sed evtt a time in 

the castine ·.vhe~ the casting '.\'as alPlost î 00.-;" soli(l. In 
1 

the slower rater of cooling where ~ass feedine was import-

ant the re'lat i0':1S11 ip broke dow:1. a t loV! frac t ion sol ids 

(Figure 3.37),. 

Anolied Pr8ssures . 

Castine et reduced pressure le~els ~as already 

been S;,O'<'l"1 to :be cletrir.cntal ~~O in.:;::ot, SOUè!rl!'".!'!SS, for 9,S 
1 

, ( 1.4 , 

shawn i~ steet cas~~nes ~L/, vaCUUl ca~t rr~~er~~l 's ~ore 

(j porolts. 'l':-le 'r~ed'lCti or of :>reSS'Jrc '.8 very usef'ü as " l'e­
searcn tool Slnce a pres:-;l)re riro!' :-rOT~ 1 ?-t!' OS!';'lere 

(101.3 i~?a) to C'.20 torr (26.( Pa; l"epreser.ts a 38GO foL; 

suppress pOl" fort:1at ion. v ~he decrease shou Id en~l8.r:.ce tr.e 

possi bil i. ty pore formation. 

1 

1/ 

This work revéaled that the role 0: reduced pres-

sure was two-fold. In one instance it allowed the i~Eot to 

solidify more slowly sin6e the rate of heat extraction in 
'-l' 

.\~ 

/ 
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vacuum was less. This resulted in a coarser structure and 

a greater tendency ta ~orm layer porosity (Fleure J.22). 

In addition ta the lower rates of solidification achieved 

by vacuum casti~e, there was ~lso an Increased tenrtency 

for pore for~ation due to the reduced driving force for 

feedÎ!1.g liqujrj rr,etals lnto interdel1dr~~,-tic' cha:mels. As 

shawn in S~n. 1.5 the 6P 

ex dit 
dt (1 .5) 

t~e nre~sure supplied at the ctan~el ove~iGG i8 less cr 

vaCUWf cast in~. 
/ 

2 
1 :. 00 

e::n Al (s:r. P • ; , at a prc:!sst<re of 1.5 -':orr (2fC1.0 

castint: conrlitior:s at atmosp:1eric )res.,,;ure. Yet ':;1." re~ 

ducei oressure allowûd for t~e' ~ormat10~ of R CG~rH0r 
... ,#" ~ ,. 

structure si!:1ilar to that sho'::r. 11': ?igure ).24. l'fIlS o:~sar-

vatian suppor'ts the work reportecl in :hapter l Gy Ul'ar.: et 

aL (19) They found that castL'g I~lt 17 Rtrn. (1,???1 ;-F8) 

also did not affect the resultine a~ount of porosl-':y. 
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4.4 EE1'ERQGE':3CUS Mm/cR Hcr.:oGEf\"EOUS 

Cver the past twenty years, 

KU~EAr:r:c; C? POR3S 
,1~ 

po e forr:iaticn has 

been envisaged as a nucleation and erowt~ process. 

Nucleation 0: a flore usual1y oDeurs eRrly it"' s015.'15 :':cation 

when pores are created by sorr,e e:x.tern81 PleRrlS (e;:.. air 

bubhles trapped in the cast 8treo~)1 or late in t~e pro-

cess of soli.ctificaticn at sucl~ a tirre wr.e"1 tr.e l:i.l\Jid 18 

comr>letely s~rrou~ded by so13~if~ed rre~alJ and pGre ~oc~-

(6 7) 
aLI~:~ors l " 

J have re/"'er~e: ta t'ne :'irst 'type as non-r..ucle2. 't: :"0;' 2::' ;'!ei~ero-

geneous ~.ucl~at:c!-. ar:d to tr,e lA~cter as r.Oflo~el·'p,)~<s 

'1 
nuclen.~ior.. 

~ents t~ere :5 evide~ce ta supncrt ~he "~rt ~~9~ ~:~e fcrr-

solid L~yinf.:" :ron-:. ::-.e cond i tior.s '-ùl(ler' \'![-,io:' :1<. 3.tic:î 

would no"':: 118 expec-!:;ed ta occur arc cor(~1-:ions oi' f:.:.st ~'re<;:z.:r!::. 

or' :)?O" ('ê.sLiYlE; c::;eo:,:etry. ?his latter CO:-l':~; :Ü~l ':2S occas-

sionally rou:::! i::. the VaCUUI: C3StS \'lhen f'r€:e?;E:-()'ver of 'the 
, 

top occurre~ (?j~ur'e h.12). 
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Figure 4.12 Yacrostructure of vacuum cast ingot 

where the top froze over. pouring 

temperature 700°C (97JK), Nould 

temperature 275°C (548K), Hydrogen 

Concentration 0.07 ml H2/100 gm Al 

(S.T,P.). Pressure over cast 0.20 

torr (26.6 ?a) .. 
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Except for those few vacuum casts, the distribution, 
o 

type, and amount of porosi ty found 'in this worl{: indica tes 

that pore formation is the ~esult of nucleation late in 

solidification - either homogeneous or heterogeneous. 

Since the distribution displayed a pattern of isopores 

dependent upon the casting conditions it Is suggested that 

there 18 no barrier to nuclea tion and -tha t. the forma t~on of 

a pore 18 both predictable and reproducible~ ~his is also 

supported by the fact that, a~ predicted (22) t shrinkage type 
1 , , 

pores VIere formed "ih air castings for the gas levaIs of 0019 

Oco46 ml H'"\ /100 e;m Al (SeT.P,). This 'abi':ity ta predict 
, 1'~~ c.. 

pore forma-ti~m wopld not be expected if thè only raechanism 

for pore formation were random heteroe;eneous nucleation,early 

in solidification, ego on ,gas bubbles int~oduced on casting or . 
formed a t the mould wall by a metal-mould reaction. , 

J 

Although this worle il?-dicates that the majority of/' 

pores are, nucle'ated late in' solidification probably on / 
(1' 

sorne substrate o it would ~lso appear that different nucleants 

have different degrees of cffectiveness. This ls indicated , 
by.the presence of p'ol"osi~;[,at agas leve?- of 0.02 ml H/lqo 
gm' Al (S.~.R .. ) far bclow the threshold values of Oei4- - 0 .. 15 
'ml H2"100 gm Al (S.T~P.) quotedo (22t42DL~J). The nucleants 

, (22) 
in Nishi's experimentowere probably incapable of 

/ 
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( nucleation at gas levels less than his reported value. Yet, 
G" 1 

considering that commercial grade materials were used in 

this stu~y, the possibly that nucleation occurs at'gas . 
. , 

levels as low as 0.02 ml H~100 gm Al (S.T.P.) is a good 

one. 

" . 

" 

'. 

" 
j 

&,,, • 
, 1 

D 
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CONCLUSIONS AND SUGG?:STIONS FeR FURTHER WORK 

) 
In investieatine the fbrmation of mjcroporos~ty 

in castines, the chief aim was ta study quantitatively the 

distribution of mier'opores in an ine;ot. 3y doine so, t;-,e 

questions which could be answered were: 

1) Does microporosity follow a pattern? 

2) What are the relevant variBbles and hon do t~ey 

"quant i tat i vely" affE?ct pore forn.8t io!"rJ 

t:'J) T8 1t poss5ble to predict the &Ir.our-t: of p:i .... re-· 

poros i t:/" 

this înveBtiEa-t. ion, iL was ~ossible ~o Fake rene~~l sta~e-
~ ~ ~ 

ments as to r.o'.! tr.e type, aITount and d~:·tr:'tutjon ':12;.:3 :r~::";:Ü.:d 

follovlÏnE conclus io~s can "::1e mnde. 

1) Porosity followed a definite reprcd~cible ~atter~ :~ the 

ingot. The pattern exhibited isopores (equul 11nes of 
) 

porosi ty) VIi tr the posltion, of the isùpores 'bej ni:.. stro:-.t;ly 

dependent on the structure. In most cases these isopores 
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displayed sy~metry about the centreline of the ingot. 

2) Porosity was interdendritic in type, with the only 

difference from ingot ta in~ot beine one of size. Cn one 

extremc, areas of low porosity were interdendritic in 

nature on the sarre scale as secondary dendrite arn,s p 

while at the other extrene p the areas hiCh in poros:ty 

exhibited'a layer type of porosity. ~he walls of t~ese 

pores were lined -",i th several secondary dendrite arms. 

J) The distribution and. type of perosity as ~ell as ~te 

a~ount was sens!tive te t~e structure. 

a) A fine equiaxed anj colup~ar structure ~cl ie~ed ~~ t~e 

air castings by ~sinE low 3uper~eats or l~ Er3ir ref5ninc, 

ex"tjbiterl a t;ype of po.cosl-tj' w:-.ic~' ';.ras ver":/ -t:'~;:e 8.nrl 

inter,lendr~tjc. :'1".8 i~stritlJtion displaye::1 l::J'~:JoréS t:.a"":; 

follo~ed ~~e expected soli1ifi~atien ~ront a~d v~cse 

magnitude i:1Cre2se:: froT:". the outside to Ut#? ::'r_s1je of' t:~e cast~ 

b) A coarse columnar and equiaxed structure y5eldej a 

layer type' cf roresi ty. :-'"o..,'lever both types of struc :,ure 

yielded a different porosity profile which was dependent 

upon the mode of solidification. Coarse equiaxed grains 

were assoc iated wi th unpred ictable patterns \'1r.i le coarse 



pT 

( 

(. 

, ~ 

columnar grains exhibited pockets of high porosity at the 

centre of the cast with the isopores forming concentric 
tr 

ci{lcles of decreasing value towards the mould wall. 

4) At the rates of solidification used in the air melts, 

the gas leveis 0.19 - 0.46 ml H2 / 100"gm Al (S.T.P.) had 

no effect on the amount, type and distribution of micro­

porosity in castings. 

159. 

5) Vacuum degassing at 700°C (973K) and 0.20 torr (26.6Pa) 

pressure resulted in a ranid decrease of hydrogen level. 

A 50 minute treatme~t produced a level of 0.02 ml H2 / 100 

gm Al (S.T.P.). However, casting at these reduced gas levels 

did not eliminate porosity, even though the eas level was 

below the t~reshold value (22)for ~ore formation. 

6) Casting under.vacuum resulted in a coarser grain 

structure and the resulting porosity was of the layer. type. 

Yet a sound cast could be obtained by vacuum casting as 

lO~~,t as the gas level was decreased along with the pressure 
~~ 

lev';l. At 0.20 torr (26.6Pa) pressure, ah unsound cast 
. . fi 

at 0.7 ml H2 / 100 gm Al (S.T.P.) became a sound cast 

below 0~03 ml H2 1 100 gm Al (S.T.P.). 
~ 

7) Pore formation was the result of homogeneous nucleation 
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since a piedictable reproducible pattern of pores could 

be observed. The use of an open top ingot allowed pores 

formed by heterogeneous nucleation te escape. 

8) Although the Dore was nucleated by gas or ~y inclusions 
, ,'Ç., ~ , 

present at the interface, th~~ resul: ine; .poré \'las 'letcrrri !'"led 

by t'l:e shrinkae;e' of the 8l1~~ Q U'nder the cast j:l:::' conrii tian::; 

used heret no ~a~ bubble or pinhole type of porosity was 

ohserved. ' 

SUGGES::'IC:: -='CR ?U'~T~E ",'KRK 
'l> 

feels the followlng are8S sho'.:lrl 'oe :'urV:cr i::'lf·st'L.:.::atc:. 

ditions stould be e"ploy~d. 

at hiEher :reezine: ra"':.es intv a "ouIr] (-~es! E(,Nl 1.,0 p::-ü':'cce 

solidificH::ion in order to si;'rulPêl.:e '9/G C~'2i_~'1é' êH:rl ~:; C2.st-
,t 

ine: at t'b.B snr1e rates of sol H. ification "'u':: 2_1·_er~r.f ::'-8 

gralh structure by difi'erent ca~~iY1L ["et} ods Oc. \'jtr",.4 iO:1 

casting) • 

2) Work could be done on other alloy sys~eITs ta show that 

this investigation is not unique to the alloy used nere. 

3) A computer model could he developed to si~ulate pore 



{ 

formation in the simplied casting shape as used here, and 

then the model's results could be compared t the results 

of this investigation. . 

\ 

4) Further metallography could yield more i formation as 

to the nature of the pores. Examina tJiQn by h,e scanning 

electron microscope could supply moreJinform tion as to 

how the pores were nucle~ted. 

5) The effect of cleanliness on pore format on could be 

investigated by çasting of very clean spèetr graphie grade 
\ 

Al - 4.5~ Cu aIloys. 
\ 
\ 

6) Another method of meacuring porosity cou d be developed 
. 

and quantified against the results here. Fo example, a 

metallographic technique which no\'! supplies nforma'tion 

about the shape of the pores "gou:Ud then be q antified. 
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Appendix l 

Rate of bubblc rise in Liquid Aluminum 

AlI bubblos of a diameter of 1 cm. or lass' will rise 

out of the malt at a vclocity determinod by Stokes' Law. 

,~ 

ut :::: 

for aluminum 

jJ. - 0.011 gm/cm-sec 

Q .- 2.7 gm/crnJ 

980 cm/sec 2 
g -

Diameter of the bubble 
(cm. ) 

1.0 x 10-4 

5.0 x 10_l~ 
, 1.0 x 10-3 

5.0 x 10-3 

1.0 x 10-2 

S.O v 10-2 ,. 

1.0x 10.-1 

f 
5.0 x 10-1 

1.0 

(4
'
} ) 

ut ia the terminal volocity 
tf 

db ia the bubble d1ameter 

Terminal Velocity Reynold's 

(cm/sec) Number 
1.6 ~,:",,'10-5 0.39 

4.0 J( 10.,..1~ 1.96 
1.6 x 10-) ).92 

4.0 x 10- 2 19.6 

1.6 ):: 10-1 39.2 
4 196 

16. 392 
400 1960 
1600 3920 

"r,I 
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Appendix II 

Sample Calculation of Porosity 

\.;f 
r 
" 

Each sampls ViaS vreighed in air and in water 

(0.01 ;ta teepol), to obtain the sarnole's density. 

Sample Density ::::: ff.ass in air 

Mass in air-Wass in Wntor 
x Density of 

Water 

The density of water Vlas taken from book values (32) 

U~ing "che sample' S densi ty the percent porosi ty was 

cnlculated with a knowledge of the theoretical density 

(sec Apoondix III) 

Percent 
Porosity 

" 

;:: 

(TheoreticalDensity-Samnle Densit~ x 100 
Theoretical Density 



a 

( 

Si sn '"' 
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'h 
bppendix III' 

CalculaJi~~ of Theoretical Density (30) for alloy of 

4.'32% Cu, o.~~; Fe, and 0.10%",Si, and rest Al. 

Assume 100 'gm sample. 

Element 

, Cu 

Fe 

Si 

Total A 

Al 

Total B 

l!Density 

(cm3/gm) 

0.1116 

0.1271 

0.4292 

0.370,5 

Theoretical Density = 10Q ~ 
Total E 

Amount Present 

= 

(gm) 

4.32 

0.12 

0.10 

, \ 

Volume 

(cm3 ) 

0.4821 

0.,0152 

0.0429 

0.5402 

33.2679 

33.9011 

.. ' 
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\ (' Append1)f IV 

Segregaticn Results 

Cu, Fe and Si values of 9'::>amole A21 J samole A21 cast at 

825f>C (10981\ ) into 25°C (298K) mould. 

~ Si -Grid Position Cu Fe 
( Appendix V ), % -'1. ... % 

11 4.76 0.12 0.09 
. " 12 4.82 0.11 0.09 

1) 4.76 0.11 0.10 

14 J 4.70 0.11 0.11 

15 4.76 , 0.12 0.13 
16 - 4.56 

\ 
0.11- 0.15 

4. 61 .J
1 " 

17 ; 0.11' 0.10 

18 4.61 0.12 0.09 

, 21 4.73 0.11 0.10 

22 5.09, 0.1) ,0.12 

23 ,5. 04 0.12 0.13 -
24 4.53 0.10 0.13 .ç 

~ 

25 4.78 0.11 0.12 ... "; , 

• 26 4.36 0.10 0.14 \ " --
( , 27 5·0) 0.12 0.17 -, 

28 4.68 0.12 0.10 

.., )2 4.86 0.12 0.11 

33 4.64' 0,.10 0.12 

)4, '" 
c--." i 

)5 4.48 0.08 0.12 
r )6 

~~ 

4.73 0.11 0.13 

( 37 4.70 0.11 0.15 .. 
)8 ' ) 4.84 0.12 . 0.12 

Q , 
? 

~ 'Î 
, 

"~ 
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A21 cont'd " 

.) 

1 .. ' 

Grid Position Cu Fe Si 
% % % ~ 

41 4.88 
\~ 

0.12 0.12 
42 5.00 0.12 0,.13 

43 4.54 0.10 ' 0.10 

44 "4.99 0.12 0.13 

45 4.53 0.10 0.12 
46 , 4.65 0.10 0.12 

47 4.89 0.11 0.12 

48 4.73 0.10 0 0.09 q 

51 {,4.79 0.12 " 0.09 

52 '4.98 0.12 0.11 

53 4.91} 0.12 0.12 

54 4.87 0.12 0.13 " -4J 

55 4.68 0.10 0.12 
4 56 4.65 _ 0.12 10.10 

57 4.62 0.11 ' 0.08 

58 4.57 
,;'\.. 0.10 0.08 , 

"i" 

~ 

,1 

, ( 

- ." 
o 
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( 
Appendix IV cont'ct 

,J 

Segregation Results 

Cu, Fe and ~i values of Sample A24. samPte A24 cast at 

825°C 
r,C 

(10981<") into 400°C (673K) mould. 
". 

Grid pos1 tion Cu Fe Si 
% % % 

11 4.81 0.12 o ~ 11 $ (1 

{~ 
12 ' ",.80 0.12 0.11 
13 4.96 0.12 0.11 
14 4.88 0.12 0.11 
15 4.89 0.12 0.11 
16 4. 195 0.11 0.11 

17 4.71 0.11" 0.11 
18 4.51 0.10 cr .10 

1 
21 4.71 0.11 0.11 
22 4.50 0.11 0,,1'1 

23 4.67 0.11 0.12 
24 4.51 0.11 0.12 

25 4.57 0.11 0.11 
f,' 

0 

"', 26 4.53 0.11 0.10 

27 4. 6l~~~-'" . 0.10 0.10 
28 4.6~' 0.11 0.10 

" < 

q 32 4.57 0.11 0.11 

33 4.48 0.10 0.10 

34 4.46 ., 
0.11 0.10 ~ 

"' , 
35 5·04 0.1'2 0.11 

36 4.57 0.12 0.11 

J7 Ik.49 0.10 0.10 
38 4.48 0.10 0.10 

f 
, 
i 

, ~ 
t.. ", 

"'" 
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--' / 

( 
, , 

À,24 cont'd 
~ "\.0(/" 

\ 
~\ Grid Position Cu Fe Si 

% % % 
41 5.08 0.13 Oe13 

\ 42 5.09 0.13 0.11 ~/ 

43 4.48 0~11 0.10 
44 4.44 0.11 0.10 
45 4.61 0.11 0.11 
46 4.45 0.10 0.10 
47 '4.61 0.10 0.10 
48 4.91 0.11 0.10 

51 4.85 1 0.11 0.14 
52 4.86 0.11 0.12 

53 4.89 0.11 0.11 
54 4.97 0.12 

"- " 0.11 

55 4.89 0.12 0.11 
56 4.93 0.12 0.10 

57 4.81 . 0.11 0.10 
58 4.74 0.11 0.10 

, 
J 

(. 
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Aypendix V 

Experimental Data 

For each casting the value of percent porosity is 

given for every nodal pointo In addition, the pour temperature, 

the mould t~mpGraturo, initial gas content and pressure over 

the cast is given. The format forothese results is shovm below. 

Pour temperature Oc (K) 

Mould temperature Oc (K) ~J 

Initial Gas Content - ml H!lOO (gm Al (S.r::'.P. ) 

Pressure over cast - torr (Fas cals ), 
\( 
(~ 

Grid 

/ 
> ~ ,:~ 

11 21 )1 41 51 
\ . . , 

12 22 32 42 52 

13 23 33~ 
<. 43 53 

14 24 34 44 54 
" 

15 25 35 45 55 
.:1 

16v 26 36 46 56 

17 27 37 
,1{ 

47 57 

18 28 38 48 58 

r 

\ ., 
" 

b. 



t 

( 

" ' 

,J 

r 

'J .... 
AIR r.:EL'!.' EXPERnr.ENTS, 

\ 



~tyZSWéWrl 

2. )219 

0.7298 

0.7012 

o.64'n6 

0.5438 

0.~·114 
t" f' 

0.2540 
</ 

000787 

\ 
( 

Experimen~al Data ' 

Pour temperature - 700°C (973K) 

Mould temperature - 25°C (298K) 

Pressure - 760 torr (1:01 x 105Pa) 

Gas Level - 0.30 ml HZ/lOO gm Al (S.T.P.) 

100 100 100 

1·3917 100 1 .2378 '. 
~ 

1.3309 100 1'.3416 

'. 
1.2)78 1 .3452 1.2701 

1.0840 1.0697 ~ .0876 

0.9373 0.9946 0.8980 

0',6905 0.8193 0.6941 

O. ~968 0.2791 0·3578 

\ 

.0)03 . 
1 

1 
1 

p.8157 

.751)" 

.6189 

.5366 

1 
1 

0.3864 

0.2826 

v 

0.0823 



( 

- 0.9326 

0.9076 

0.8433 

0.7826 

0.7111 

0.5825 

/t. 0.4395 

0.1572 

l' 
\ 

Experimental Data 

Pour temperature - 'iOOoe (973K) 

Mould temperature - (ooC (343K) 

Pressure - 760 torr (1.01 x 105pa) 

Gas Level - 0.19 ml H2/100 gm Al (S.T.P.) 

, .. 

100 
\ 

1·3900 

1.4472 

1.2864 
\ 
\ 

1.0541 

. 0.8648 

0.7361 

0.3145 \ 

100 . 100 

100 1.4043 

100 1 .4651 

1.2971 1.2578 

1.0255 1.0220 

0.9362 0.8683 

0.6325 0.6932 

0.3824 0·3395 

175. 

0.8505 

0.8433 

0.7540 

~ 

0·7075 

0·5860 

0.4824 \ 
) 

~(I , , 

0.2573 
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" 

( 

Experimental Data 

Pour temperature - 700°C (97JK) 

Mould tempcraturc - 240°-6 (51 JK) 

P~ossure - 760 torr (1.01 x 105pa) 

Gas Level - 0.19 ml HZ/lOO gm Al (S.T.P.) 

/ 
0.4896 100 100 100 0.5681 

~' 
~ 

\ '~ 

f 
0.4002 1;2900 100' 1.2650 2. 9~ \ 

0.3895 1 ',~'f.Ol . 1.5080 1 .1~·70 0·34)0 ~, 

1, 

0.3109 1.1'077 1.1578 0.9326 .. 0.3145 
J 

0.3430 0.8040 . 0.9148 0.8254 0.2895 

0.3680 0.7861 0.6754 , 0.7075 0.3538 

/ 

0.3109 0.5825. 0.6718 0.5967 0·3037 

\0.1036 0.3538 0.2895 0·3037 0.0464 

1 



" -
1 

1.1)85 

O.94 lt.6 

0.9266 

, r 

0.8512 

0.7219 

0.7865, 

\, 
0.6177 

0.2945 

( 

Experimental Data 

Pour temperaturc - 825°C (1098K) 

Mould tempcrature - 25°C (298K) 

Pressure - 760 torr (1.01 x 105Pa) 

Gas Level - 0.46 ml HZ/lOO gm Al (S.T.P.) 

100 100 100 

1.0)07 100 1.1026 

1.1960 1.4617 1.0846 

! 

1.1098 1.0559 

2.2231 0.9912 2.0363 
\ / 

1.8)16 1·7023 1.6305 

1.2067 1.4474 0.9446 
.\ 

0.4633 0.6177 0.4669 

1· 

177. 

0.9697 

0.8548 

2.8839 

0.9338 

ft 

0.6608 

0.4453 

0.)412 



0.5423 

0.5890 

0.5459 

0.5136 

0.3627 

~ 

" 0.3160 ~ 

" r 
if 

0.4561 

O~4022 

( 

Experimental Data 

Pour temperature -,825°C (1098K) 

Mould temperature - 70°C' (343K) 

Pressure - 760 torr (1.01 x 105pa) 

Gas Level - 0.46 ml HZ/lOO gm Al (S.T.P.) 

0.8620 , 100 0.8224 

0.7039 100 0:6213 

0.9805 1.0667 0.9553 

1.7 l ,.18 2.2195 1.5263 

1.4904 1·5910 1.5407 

1.7095 1.2103 1.31-1-32 
\ 

1.0271 1.3612 0.9168 

0.233.5 0.2837 "0.2442 

178. 

0.9984 

0.6428 

0.4741 

0 • .5207 

0.4777 

0.3699 

0.4489 

0.2981 



0.8763 

0.6644 

0.7506 

0.6141 

0.7829 

0.5782 

( 

Experimental Data 

Pour ternperature ~ 82,oC (1098K) 

Mould temperature - 250°C (,23K) 
" 

pre~sure - 760 torr (1.01·x 10'Pa) 

Gas Level - 0.46 ml H2/100 gm.Al (S.T.P.) 

100 ~ 100 100 

0.9446 100 1.0235 

1.4006 1.0343 1.42,8 

0.9302 1.1026 1 .6341 

1.3791 0.8620 1.2714 

1.8711 1.1672 2.2195 

" 

179. 

0.4382, 

0.3986 

0.6213 

0.6249 

0.9877 

0.'7327 

1.720 3 ).8249 2.1549 ~ 0.8907 

0.7147 0.9841 

.. 



2.2108 

20 1+2)4 

2.6208 

2.8)26 

2.5167 

2.6424 

2.3300 

:1.9710 

( 

E;Kp~rimcmtal Data 

Pour temperature 82SoC (1098K) 

Wiould temperature - l~Oooc (673K) 

Pressure - 760 torr (1.01 x 105pn) 

Gas Level - 0.4·6 ml H2/100 gm Al (S.T .P.) 

100 100 100 

2.4952 :3·5112 2.441) 

2.6101 1.ll,23l~ 2·3587 
\/ 

, c 

2.8183 :3 .1486 2·7178 

5.6760 3.0,086 

1 4. 2J6L~ 6.0207 :3.6261 

3.9025 2.9008 

2~2869 2. 7821~ 2.8398 

180. 

) 
,1 

( 

2.1864 
~ , 

2.5059 

2·5921 

2.9008 

2.'5849 

2.4880 

2.4413 



fl 

\ 
\ 
\ 

• P 

'J 

t 

~~ 

. 
~ 

E~perimental Data 

Pour temperature - 950°C (122JK) 

Moula temoerature - 25°c (298K) 
\'" ' . ~, 

Pressure ... 760 torr (1.01 x 10=>Pa) 

181 • 

Gas Level ~ 0.45 ml H2/100 gm Al (S.T.P.) 

2.3423 ).4057 100 l~.634 3 4.1996 

).09':31 4'.1996 3.)051 ,'\ 2.041./.1 

2.3351 }.2979 2.6441 ).312) ~2.0?65 

' 2.8740 ).3518 2.5291 J.2Q,40 2.1 734 
'\ 

3,,1290 3.3338 )'."5781 ' 3.6320 2.0765 

2.9027 5.3240 IJ 
1~.3253 3.5278 2.0908 

" 

3.8655 4.9181 5.7910 '5.3671 1. 8501 ' 
( , 

d' 

2.1160 ).6535 3.2368 2.2022 L6418 

~ 
/ 

.,.~.(" ,.,. 1>., 

li ' 

, 



/, 

, 

o 

l 

~ 

" 

- ,f 

, 
, 

, . 
'. 

1 '. \\ \ ~ 

" , 
,f l ,'If {; 

fi; " , ' , , ,V f 

, 
J", 

" 
J! 

" r '1',,1 , 
" • '1/ Il 

~ 

'l' 

"- ,> 

/' ,: 
", '1 d 1 , " 

, 
>. , ~ 

'0 

2.4249 

2.46M~ 

2.·5974 ' 

2.2812 

1.7567 

J.5160" 

\ 
" '" '1.2682 

i 

Experimental Data 

Pdur temp6rature 95poC (1223K) 

Mould tcmperature 700 e (343K) 

Pressure - 760 torr (1.01 x 105pa) 
~ -

182. 

(Jao Lovel - 0.4.5 ml H2/10.0 gm Al (S .1' • P.) 

100 2.6117 

3.1721 ).2691 2.6261 2.1914 

3.3087 1.7639 2.7303 2.8129 
'. 

:3.5314 2.1Q52 2.9351 2.5650 

( 

5.0366 3.8691 3.7577 2'.3459 

2.9818 J .1~703 3.3230 -2.2920 

>--
J. O/~28 ' 5,.1121 3·0500 1.8860 

1.7136 2 .ï~069 .1 .7747 1.61)0 

-
~ 
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/ 
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Experimental Data 

Pour tomoerp,ture 950°C (1 Z2JK) 

fJlould tempcraturc - 2S'OoC (523K) 

Pressure _ 760 t,ox'r (:J.. 01, x 1 05pa ) 

Gas Lovel ~ O.;'·5l!'1 HZ/100 gm Al (S.T.P.) 

t.:h ' '. 

2.5794 3.3338 100 ll,.7852 
,'" 

~. 

2.9782 2.7698 3·6607 . ,3·6463 

i' 

" 

" 3.9086 2.949Ll--},0500 
).4272 

, -

2.8416 4.0020 . 5·'9779 3.7829 

249243 L~.9181 7 .il 79 4.4618 

'-

2.2992 -4.9504 8.6838 4.4187 

3.3733 3. 01+64 6.0,46 4.2355 

1.8070 
2.7590 . 

o 

" 

'. 

:3.5817 -

, 

:3. oL~64 

-
3.0177 

2-.8776 .' 

2.86)2 

2.5902 

2.3459 

2.0154 



q , 

\ 

" 

" 
~ 

} 

2.8256 

1. 21S7 

0.8952 
) 

~ 

Experimental Data 

Pour tcmporature. --825°C {1098K)';} 

'Mould tempar~ture ~,250C (298K) 

Precsure - 760 torr (1.01 x 105Pa) 

Gas' Lev'cl - P.,23 H2/l00' gm Al (S.T.P.) 
1 

100 Ji 100' 100 

1.1252 100 1 .16't~8 

'1.1504 1.9772 1.2079 

0.618; , 1.i684 1.51t94 1.254,6 

0.6435 1.0246 1.2403 1.1072 
.. 

0.4350 0.8808 1.0102 o .,91}55 

0.2732 0.7406 0.9347 0.8017 

0.0899 0.4098 0.5105 0.4961 

* .. Grain Refined 
, ,r 

\ 

1.0281 

0.9239 
,/ 

0.7837 

0.7765 

, -
0.7118 

0.6723 
'r 

0.4386 

p. 1474 , 



'<~. 

1.6788 

0.3990 

o .l~422 

0.4925 

0.4674 

0.\4206 

o. 3l~87 

0.1115 

E:7cporimcntnl Data 

Pour temperature 825°C (1098K)* 

Mould temperaturc - 70°C (343K) 

Pressure - 760 torr (1.01 x 105pa) 
\ 

Gas Level - 0.23 ml H2/100 'gm Al (S.T .P,-) 

100 100 100 

2.0203 100 1.1360 
Ô 

0.981 ~, <'100 1.0030 

1.1504 1.111-32 0.8448 

1.021+6 0.9958 0.9383 
'" -

0.7981 0.6938 - 0.7621 
.{ 

, 0.7046 0.6687 0.6758 

0·3703 0.'3128 0.3703 

':lt Grain Refined 

2.5021 

0.4350 
,,' ~;:. 

0.4062 

';l 

O. 381~_ 

C.3595 

0.3056 

'10 

0.2624 

0.0467 



,[, 

1 

r 

262864 

1 

Exporimental Da.ta 

Pour tomperature - 82SoC (1098K)-i} 

lVlould tornperature - 250°C (5?3K) 

Pressure - 760 torr (1.01 x 105~a) 
\ 

Gns Level - 0.2) ml H2/100 gm Al (S.T.P.) 

5.25.22 100' 2.8975 

1.7759 1 •. 8370 

1·9197 1.8334 1.9808 

1.8262 l08298 

186. 

1·3193 

O.94S5 
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\ 

\ 

100 

100 

4.5337 

/ 
3·8068 

'1 2.5749 

1. 5865 

O.6l~10 

Experimental Data 

Pour tomperature - 700°C t973K) 

Mould tcrnperature - 27SoC (~48KJ 

Pressure - 0.20 torr (26.6Pa) 

Gas Level 0.07, ml H2/lOO gm Al (S.T.P.) 

100 100 ' 100 

"11-.3583 100 100 
~7"'" 

100 6.6502 10.0559 
'"'' Ir "-

1.3931 2.5104 2.8076 

4.4908 5.5974 5.6761 

9.4471 

3·4952 3.1872 

1. 41lt6 1.5936. 2.1738 

100 

100 

5.5579 

3.3412/ 

4.8596 

2.7682 

1.4110 

1.2749 

.-J 
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E'tpor imentul Duta 

0 
700°C 

.. -
Pour tcrnpcrature (973K) ) " 

Mould ternperature 275°C (548K) 

Prossure - 760 torr (1.01 Je 105pa) 

100 100 100 100 100 
~, 

'J~-

100 100 100 100 100 

:1" 

0.6124 O.497~ 100 0.6554 O.347h ... 

0.3581 0.5587 1 • 36l~4 0.4692 O.~402 

) 
0.3760 0.6876 0.6446 0.4799 0.5193, 

L 

0.3975 0.9168 0.8344 0.8272 0.2937 

0·3259 0.6804 ' 0.7950 0.6912 1.~711 
'-, 

0.2149 O~J152 0.3402 0.2722 0.1576 

--" 
If / 
'ft, 

"- r 

"1- ./ 

.; k< 

1 \ 

,. 



" /---

' . 

. \ 
>\ 

" ~\ 

100 

19.0625 
(\ 

0.9792 

0.9756 

0.7783 
') 

0.3802 

0.2439 

0.1686 

Experimental Data 

Pour tcmpcrature - 700°C (973K) 

f,1ould temperature ~ 200°C (47:3K) 

pr'assure - O. 20 torr (26.6 Pa) 

Gos Lovel - 0.0) ml He/IOO gm Al (S.T.P.) 

1,00 100 100 100 

100 100 100 25.6725 

\ 
, 

too 1.1047, 0.7926 0.6205 
( 

1 
0.85)6 0·5129 0.7568. 0.4591 

0.6312 0.7532 o .1~770 

, 0.7.388 0.6994 0·3300 

o.638h· 0.7962 0.26)54 

0.3874 0.6205 0.5488 0.1506 
.~ 



\1' 

, 
<" 

" 
ç<) 

100 

14.7586 

1.2194 

1.1872 

1.1226 

1.076~ 

E~cperimental Data 

Pour tcmpcraturc _1 700°C (9T3K) 

f.1ould tcmpcraturo - 370°C (643K) 

Pressure - 0.20 torr (26.6Pa) 

Gris Level - 0.0<3 ml H2/1~0 gm Al I(S.T.P.) 

'100 100 100 

100 100 100 

1.1082 2.2022 1.5458 

3 ;1741 2. J851 

2.1268 5.)404 2.8513 

1.9332 ).7085 2.4173 

0.8393/( 1.2015 106964 1.4)11 

/ ,J~~ r' . 
, 

k 

O.JO~6 r- O.6L~20 0.9361 0.9182 

, -
j-~ , 

\l l~-
, 

\~ 

/ 

100 

1.1585 

1.6004 

1.5996 

0.9110 

0.8106 

0.4125 



191. 

E,cpcrimcntal Data 

Pour ;;tlèmperaturc ~ 700°C (97JK) 

, ff.ould tcmporaturc )OOoC (57JK) 

Pressuro - 1.50 to'rr (200 Pa) 

Goo Level - 0.0) ml H2/100 gm Al (S.T.P.) 

8.5862 100 100 1,00 0.7101 

0.9505 0.8716 ).0091- 0.7819 0.5882 

,t 

0.9469 0·9:792 1 . 21~81 0.7747 0.6886 
À 

~ 

'>'\ ~ 

0.7783 1.3019 1.0473 0.8393 0.6456 

0.6671 1.)019 1.31}86 0.8357 0.4735 

0.5954 1.1620 1.2015 o .1~089 

0.5093 0.7424 0·570; 0.3049 

0.1~555 0.J228 0.2403 0.2008 0.1435 

J 



\ 

\ 

Experimental Data 

Pour tcmpcraturc - 700°C (973K) 

Mould tcmperature - 280°C (55JK) 
~ 

Prcselurè - 760 torr (1.01 :iC 1 o~1:9a) 

192Q 

. Gas Level - 0.03 ml H2/l00 gm Al (S.T.P.) 

. 0.:7101 100 0.4519 

1.1441 0.3945 100 0.2367 

0·5021 0·7604 0·3551 0.2690 

0.3587 0.9684 1.2266 P·9397 . 0.2331 

0.9971 " 1.0437 0.9361 

0.7388 0.9505 

0.5344 0.7281 0.4735 0.2188 

0.1793 0.2654 0.)228 0.2403 0.0897 

" 



Experimental Data 

Pour temperature 700°C (973K) '''v 

, fliould temperature - 30°C (30)K) 
Î' 

Pressure - 0.20 torr (26.6Pa) , 

Gaer Levol 0.02 ml H2/1'OO gm Al (S.T. P . } 

100 .. 100 160 100 100 

100 100 100 100 '100 

0.4763 o. 5~}O8 }.7459 }.8569 0.9598 
tt-

0.3760 0.5945 0.4906 0.5694 0.6339 

\~, 
"t.-t'~--

.;Jo 0.3832 o. 50l~9 0.4154 0.6124 o. !~727 

,P 

O.~O80 0.:3832 0.4297 0.5049 0.4937 
-" 

0.2328 0.3689 0.4405 0.3259 0.1970 

'\c 

" 
0.0931 0.3366 0.4297 0.2722 0.0824 

~ -~ -,. , 

& / , 

\.::.'Î 



0.6124 

0.6052 

~' 

0.4763 
(, 

i) 

0.5085 
Î't,\ 

005515 

093796 

Experimental Dhta 

Pour temperature - 7000 e (973K) 

Mould temperaturc - ,300oç (573K) 

Pressure - 0.20 torr (26.6Pa) " 

Gao·Level - 0.02 ml HZ/too g,m Al (s:r"p.) 

100 100 100 

.;r 

1.0242 3. '1709 . 1.0278 

1.)0?1 ,1.4611 1.2606 

1.6724 7 .. 094) 2;0627 

1 :~2856 2.2275 1·5363 

1. ,3071 1 .7906 1.0851 

0.7736 0.9454 0.691.2 

0.2650 0.2614 0.26;t4 ' 

,1 

194. 

1 .1711 ' 

1.3895 

0.5945 

0.5694 
(.;/1'1 

0.5766 
.,t) 

0.4047 

0.1862 
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Experimental Data 

, Pour temperature - 700°C (973K) 
~ Il '1"rq- r :-"'t. .,.... ......... ''l'tl .. , .., ... _~~ ~ \. 

. ~_Mo~id-'" te~pèràtùrè .; ':3"oooc '(573K) 

" ( 

... 

100' 

100 

1.0171 

0.7234 

0.7019 

0,5909 

0.3939 

0.2256 

Pressure - 1.5 torr (200 Pa) 

Gas Level 

too 

,-. 
100 r 100 

, 0.6804 

0.5408 0.6554 

0.8272 ,0.8129 

. 
1.0063 . 0.'9275 -

0.0912 

0.4297 0.4297 

'. 

100 -

100 

0 .. 8881 

' ~.7592 
''''\, _~~~,r, 

r 

0.6267 

0·5551 

_'1'( 

0.2686 

195. 

\ , 
J 
'7 
l , , 

~ ': 
~ 

, :1 
,~ 

l~ 
~ 

'1 
j 
1 
'j 

': 
: 
~ 

100, 

100 

J 
1 

0.6016 

0.6733 

0.5°49 
.~ ... ~~ 

-0,.3832 

\ ~ 

~ 
, : 

0.0251 
.,. 
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( 'l 
11 

Experimental Data ~ 
, 

.. \. -~ ~ . 

'! Pour temperature -' 700°C (973K) 

Mould temperature - 2000 C (473K) 

Pressure - 760 ~orr (1.01 x 105Pa4 

Gas Level - 0.02 ml H~160 gm Al (S.T.P.) 

" ~ , 
" 

; 
o .17l!9 -v; 0.4226 , , 100 100< 100 

~ 

. 0.4692 0.3725 ' 1QO < 0.4656 0.1826 
~ 

\ 0.1039 0.2435 ' 0.6697 0.2650 0.2901 
~l' ,T, 
r , 

0.1003 0.54.79 0.6339 0.3474 0.1074 



'197. 

'-' 
t. 

'Experimental Data ;f} \ ,: ~ 

Pour temperature 
f, 

700°C ( 973K)' 

Mould temperature 90°C (J63K) 
, , 
~ 

" , .,~ 

Pressure - 0.20 torr (26.6Pa) .. ~; , ë{ 

Gas Level - 0.02 ml H2/100 gm Al (S.T.P.) 
':'{ 

.~ 
~' 

100 100 : 100 100 100 

1 ~) k. 

~ 

• 0 • 

10,Q 100 100 100 100 
" 

<, 

" " ,} 

J 
4 •. 9998 0.3942 100 0.5054 0.6416 

1.1 

" i 
:( 

"I 
0.4480 0·3190 0.2258 0.4158 - "0.5591 

ri 

0.2,867 0.'3190 b.2402 ~.5519 0.4122 
'f 

"" -.., 

~ 

0.1864 0.6200 0.8387 P .6738 0.1434 
"' , 

0.0717 0.3799 0.5~99 0.4480 0.0359 , 
-0.0466 0.0789 0.2473 ',0.1975 0.0000 

.(\ 

\ 



100 

0.4839 

\ 
0.6272 

~ 

'~J 

0.6057 

0·3118 

0.2545 

0.2007 
1 

0.0466 

t .-/' 

( 

Exp~rimental Data 

P~ur temperature - 700°C (273K)' 

Mould temperature - 120°C (393K) 

Pressure - 0.20 torr (26.6pa) 
, \ 

198 • 
• 

Gas Level - 0.02 ml H2/100 gm Al. (S.T.P;) 

100 ~ Id~ 1'00 ' 100 

~ 

100 10e 2.5770 0.3011 

0.4086 O.473ix 0.4086 0.3656 
" . 

0.4014 " 0.2509 0.3727 0.3656 

0.3763 0.:3692 0\. :3548 0.3441 
f,i 

) 
0.5699 0.53~ 0.5734 0.2186 

0.4122 0.5125 0·390.7 0.5914 

0.146~ /°.25'09 0.0394 0'.0036 

, , 

\ 
'\, 
'r 

". 
,~ 
'~ 
'i 

. 'f , 

.7, 
! 

.' ", 

J 
~ ,? 
.'( 
," 

\ 



100 

0.5018 

. ,\ 1.6989 
J 

I!. 
1 0.6667 

~ ... 
0.5340 

0.5412 

0.3333 
C~~,,? 

'\ 0.0681 

f 

~ 

Experimental Data , , 

Pour temperature - 70noC (973K) 

Mould temperature ~ 250°C (523K). 

Pressure - 0.20 torr (26.6Pa) 

Gas Level - 0.02 ml H2/100 gm Al (S.~.P.) 

100 100 100 '100 

1.0322 4.6127 1. 924.~ 1.4014 
1'",1 ' 

l)i 
1 

Q 0.7634 0.960~ 0.9892 1·3118 -

0.8279 1.1756 1·3333 0.8172 

,,-, -, 

" 0.7849 0.9355' 1 .0322 0.6416 

0.9856 /' 1.4372 1.0752 0·5191 1 

, 

0.7562, 1.0609 
l" 
1.1792 0.4767 

0.2294 0.466'0 0'.5089 0.2294 , 
. \-", 

/ 

1 

J 



.~. 

100 

.. 
1.1398 

- 1 

1.0250 

. , 

0.9713 

... 
1.0179 

, 
0.6416 

0.9'Q32 
"'-J 

, . , 
1'.8351 

'l:. J 

" 

Experimental Data 
~ \ 

Pour temperature 700°C (973K) 

Mould temperature ~_ 525°C (798K) 

Pressure - O. 20 torr (26'.6 Pa) 
, 1 

200; 

CI 

G~Vel - O.O~, ml HZ/100 gm Al (S.T.P.) 

100 100 100 100 

0.8674 ,0.6882 
~~ 

or.-6200 0.3226 

0.5896 0.6021 Q.5591 0:9032 

0.2975 0.1613 
fi 

°if516 0.6774 

0.0609 -0.2796 0.1183 0.5770 

-0.2186 -0.-5663 -0.)118' 0·3799 ., 

/ 
. '; 

-0.2,724 \ -0.8351 -0.73"83 0.2688 , 

0.)118 -0.8351 -0.8422 -0'.1362 

- j 

tl _ 

'1 
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201. 
" . 

"' 
~" 

-> 
~ 

'0 

i' 
Il 

1 Experimental Dat~ '." 
~ .. . (' . . 

Pour temperature - 825°C (1098K) 

"' Mould temperature. - 275°C (548K) 
-. 1> 

'pr'essure' - 0.35 torr (46.7 JPa) 
1 f . 

i '0" 
Gas Level - 0.14 ~l Hz/I00 gm Al (S.T.P.) .. 

.----
• " , -

f']'~----.c;;~M> ~ 
( 

100 100 100 100 100 
~~ 

() 

, . 
, 

).0733 ~.1277 4.2532 . 6.15.03 12.2360. 
. • , 

~ 

il 

0' 
1.1727 23·7905 2·3920- 1.4237 1·7393 

1.1978 1. 7536 5.8705 1.0651 1.71Ô6 
/ .. , 

" 

1.5492 1.0902 0.4411 1.2731 2.2557 

ft. 

,. 0.7603 15:9656 .2.8689 '8.9295' 1.0113 

- 1) 

. .",. 
1.2229 10.:3532 9.0156 . 8.5064 1.)914 

~ 'l' "..---- ) 
" 

1 
fj 

.0 

2.70J9- ~:~92 O.4~41_\ 4.1779 5.1246 .. -. 
"" \ -~ .~q t \ 1 

" ~ "r.~ 
'\ ( .. ~ 

.. :I,<..,~, j 

~ 

, 

!l 

" 



202. 

r 
.- Experimental Data 

pour~ternperature 82SoC '(1098K) 
.. 

Mould temperature - 27SoC,(548K) 
(',' 

Pressure ~ 1.40 torr (187Pa) 

Gas Level _'0.14 ml H/100 gm'AI (S.T.P.)·' 

9.2738 
'. 

100 100 100 4.4791 . 



. 

. Q 

.~ 
'-, 

, , 

\. 

(-,. " .. ~ 

'" 
1 Experimental Data 

, 

Pour te~ature 825°c (1098K'5 

275°c (548K) Mould ternperaturel~ 

Pressure - 100 torr (1.33 x 104pa) 
/ 

Gas Level ... 0.14 ml H2/~00 gm Al (9--. T • P - ) 
" 

, 

9.0443 100 100 100 

< 

0·5917 1 .990) 1.8361 1. J305 

" -'1i" 
, 

0.7997 0.8607 0.8140 0.8858 
,. 

-0,,8714 0.9073 1.9365 0.9503 
~ 

-. 

t.1727 1.1978 0~71)6 , 1.1978 ~, 

, 
'\ 

-
0.94f>7 J . 1.7464 3.1845' 2.7721 . 

1.1260 2 .• 1051 1.9293 2.9048 , .. 

0.6383 0.8929 

: ' 

203 • 

0, 

, ' , 

2.11;;8 

0.7674 

1.15'8) 

0.9647 

0.9754 

0.8965 

1·3592 

0.8140 0 

. 
• 

1 . 

<0 
'~ 
~ 

-' 

~-

l~ 

~ 
!, 
; 

~ 
! 
! .; 
< 

1 
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Experimental D~ta 
ft. _ -r: ~ \ 

Pour temperature - 825°C (1098K) 

Mould temperature - "~75°C (548K) 

Pressure - 760 torr (1.01 x 105pa) 

204 • 

Gas Level - 0.14 ml H2/lOO ~ Al (S.T.P.) 

"100 100 100 10.0878 

'1.4954 1 .5-421 1.4883 0.573,8 

0.9611 0.8392 0.9073 1.0328 

0.9431 0.8320 0.6527 0.8427 1.0687 

, 

1.0758 0.9682 0.6168 1.1547 1.1583 

'J 

1.1081 J .1056 4.9848 2.5569 1.7321 

0.9467 3.8981 7.4018 2.4565 1.0256 

0.8248 2.6932 4.4540 1.5707 0.5917 

• l;y..., ~ 

1 

f 
/1 
". 

~1 
~ 
.;1 
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A:ppendix VI 

Sample Calculation of Dendrite Arm Spacing ~easurement, 

') 

For each sImple, the number of dendri,te, 

arm inte!cepts was counted for'a fixed distance. 

In a 20 mm. distance for sample 1138, 

the number of intercepts equalled 170. 

Therefore the den~rite arm spacing was 

= 20 mm = -0 .. 118 mm = 113;; m 
-
170 

205. 

\ 

). 
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206. 

Assuplptionsl 

;..(" 
li 

... 

Appendix VII 

wif: 

(7 

, --
Solidification Rates in the Castings 

1) For a 10 cm high by 10 cm diameter qylindrical cast, 

/ 

the distance over. which solidification occurred was 5 cm. 

~) The 

and 500 

local sol~~ification 

seconds (31 ). . J 

Sample Calculationt 

"-

times varied between 250 . , 

At a local solidification time of 250 seconds, the rate 

~~ solidific~~ion was 

~ cm. ( 50 serlonds 
x 

o 

î600 seconds = 72 cm/hr 
1 hr. 

Since the local solidification times varied between 250 

and 500 seconds, the solidification rates varied between 

36 72 cm/nr 

These are very approximate values, as the solidification 

rate at any location within the ingot i6 certainl~ not 

constant throug~out freezing. 

" 

i" 

_ .. 'tIl-" 

''<1\1 


