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An investigat;on on microporosity in castings was

o

carried out on an Al - $ﬁ5% Cu alloy system. The amount,
type and distribution of microporosity in ingots, cast
both in air and various levels of vacuum, is presented,
with a standard density technique employed as the major

experimental method to quantitatively measure microporosity.

Results indicate there is a distribution of
porosity wi%hin every ingoty a distribution, that is re-
producible and devendent upon %heucasting conditions. For
the gas levels 0.02 - 0.46 ml H2/100 gm Al (S.7.P.), super-
heat and mould temperature were found to affect the dis-

tribution and amount of porosit&'the most.

Nacro and ﬁicroexaminéﬁion revealed information
regarding thé nature of porosity. Ingots displaying a fine
grain structure exhibiﬁed‘ﬁine interdendritic porosity;

= while ingots of a coarser grained strugture showed a layer
type which wag intergranular in nature.

Y - An analysis comparing porosity‘fo various solid-
ification parameters, such as dendrite arm spacings and local
solidification times are presented. The results indicate that
ps}osity is only a function of these variables for a fine

grain structure where the porosity was fine and inﬁfrdendritic

in nature.




: | Nous avons &tudié 1la miérOpprosité dans les pigces
éouleés en alliage Al-b,.5%Cu.' Nous avons utilisé une technique
standard, pour mesurer la densité, comme méthode expérimentale

. principale pour mesurer la microporositeé. Noué\gyésentons des
fésultats sur le taux, le type et la distribution de la micro-
porosité dans les lingots coulés dans l'atmosphére ambiante
et sous vide & différents veaux.

PRt

Les résultat§ indiquent que la porosité est

distribuée dans tous les lingots d°'une fagon reproductible et
dépendanie des conditions de couled, ’ :
- Quand le niveau ée gaz se situe entre 0.02 et 0.46
ml H,/100 gm Al (S.T.P.)les effets de la surchaufie et de la
température du moule sont les plus prononcés.
<3 La micro et 1a.macroexamination~rév§lent.1a nature
de la-porosité., Les lingots d'une structure & grain fin
“présentent une ﬁoroéiﬁé fine et dumirlgue, tandis que les
lingots d'une structurc & gros grains présentent une porosité
intergranulaire et arrangeé en couches,

Nous avons comparé la porosité & différentes
. o o
paramdtres della go6lidification comme 1'espace entre dendrites

.

# et le temps de solidification local. Cette analyse montre que
: N

la porosité dépend de ces parameétres seulement quand il s'agit

s bR IR A

, _
d'une structure & grain fin o la porosité est fine et inter-

dentrique,
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INTRODUCTION

-

1.1 DESCRIPTION

. ° *

. Microporosity occurs as fine holes or pores
d%stributed within a'material9 and as will be discussed
later; it is the resuylt of either gas rejection, unfed
erinkage or a combination of béth. It also is a commen
short range pﬁenomenon in cast metals, extending over
distances thg order of the grain or dendrite size.

™~
lMicropores originate during solidification, and
their shape °in the cast product (Figuresiiula,b) will be of
a férm determined by gas rejection and/or poor feeding. ‘
A shrinkage cavity will appear as a jagged hole or spongy
arca lined with dendrites while a gas cavity will appear as
a spherical, flattened. or elongzated hole.

X . .

It is gcnerally assumed that microporosity (1,17)

; caﬂ:be deleterious to the mechanical properties of various

alloys, but as yet there has been no safe miniﬁum amount

establ}sheé. These voilds will éffect the mechanical prop-
erties because they behave as stress raisers (Figures 1.2a,b),
ana, in critically loaded sections, will seriously affect

the strengths of the section. The effects are similar to

“
1.

2
%

2
s

&




Figufe

1.1

—

Examples of porosity.

4

.

(a) Gas porosity in an Al alloy die cast.
(9.0% Si, 3.5% Cu, rest Aﬁ

(b) Shrinkage porosity in an Mg alloy weld .
joint. (10% Al, 1.0% Zn, 0.02% Mn, rest Mg).

Source - Metals Handbook Volume 7.

b #3
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Figure 1.2 ' Effect of porosity on mechanical properties
\\
3

(a) external defect ‘o

L

(v) internal defect

e

e B g



S(a),

(b)

1

STRESS

RAISERS

external
defect

infernal
defect

stress

[“\/



e B B e R Ay i 7 SRS S e T St oo gimeys oostir oy e o i o e
o

WESBOICT 102, e e

W2

,1ponp occurring at an external defecl or notch (Figures 1&2al.
Iri Lthis case, the longitudinal and tangential normal stressesﬁ

m(Gl&a?) and the maximum shear stress (Fmax) peak at the root ™
of the noteh, whileithe radial stress (dr) peaks below the
root of the notch, A more severe notch will tend to intensify
&pcse maxima. In the case of an internal defect or micropore
(Figure 1.2b), the stresses will peak @ liphtly away fron the edpe

of the defeet, and then drop o't vapidly.

Under static loading, the highly syressed metal S

vill yield plasticaelly at the defect passing high stresses
Lo other pnfts of the sectlon until failure occurs. WVWith
falique loading, the material will be siressed below its

elagtic limit and yielding will ocecur on a much smaller

secnle. A erinck will then be initiated before the stress

paLtern can change to relieve the concentrated stresses.

Pact research (2-5) on microporosity has shown
that 11 does not occur in all metal and alloy systems. The

B
nresence and amount 6f microporosity appears bto depend on X

\
!

= ¢

the mode of freezing, ic. whether the ailoy has a short or )
long freezing ?ange, Vieroporesity is not a problem for
metals and Jlloys of short {reezing ranges because they

301141 My ;g ilJustrated in Figure 1.3. Alter casting into

the would, sovlidificalion beging with the formation of tiny



fed

crystallites (chill zone).at ﬁhe mould wall. Then the mbst
favourably oriented crystals will grow rapidly into the melt
forming a uniform frént: the rate of movement and di;éction
of this front being proportional to theégate of heat -ex-
traction. For a certain temperature gradient in the cast,
the depth of this front will depend on ﬁg@ degree of under-
copling and the fréezingdrange. Alﬁhough micropprosi&y is
not usually a problem in these alloy gystems, a common defect
is typically gross shrinkage porosity or "pipe“ which occurs

in the last arca to solid{fy.

3

.

Microporosity ﬁill be common in long freezing range
alloys becausc of the system's mode of solidification
(%igure 1.4)., Solidification again cnmmenées with the formaiiﬁn
of-a-chill zone; however, the front of solidification will be
more uneven, with colid dendrite arms protruding into the
liquid. The tips of the arms will be at the liguidus
temperature\with,the roots aé'the eutectic temperature. The
length of these arms will be proportional to th; temperature
gradient. Microporosity that occurs will be in these roots,
because as the arms grow furtherlout, they cut off feed metal

and allow pore formation in the eutectic areas. This is

supported by Figure 1.5 which illustrates that porosity is

‘asgociated with' the eutectic regions in Al-4,5%Cu alloy. . :—%?f

~ - . ot

“ - B . ~

<



N
f
2
-
-
‘
I
-
,
a
.8
#F
) -
IaN '\
8
S
\
f
L
. L]
3
a

i
;\L-
VAN
I
”
2.
,
X
;
o /. -

-
H
. !
[ .
..
s o
' [
-y . 0
~
.
- o
»

end of solidification

&

D e

{a) start of sclidification

o
.

6.

n

’ Figﬁfé 1.3, Solidification of a Short Freezing Range Alloy . N
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Figure 1.4

~

Solidification of a Long Freezing ﬁange llloy

,(a)

(v)
(c)

*

stdrt of solidification ’
settling of grains

end of solidification
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Figure 1.5 Microporosity in Al & L.5% Cu. Porosityyexists
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! . in CuAl, region . of cast. Unetched x 170
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1.2 THEORY OF MICROPORE FORMATICN

-

The driving forces for micropore formation

. (dissolved gas or shrinkage) have been extensively debated.

Quantitative treatment of the problem considers gas bubbles
and shrinkage cavities simply as pores without reference

to their specific origin.

Pore formation is possible by a mechanism of
nucleation, either hoterogeneous or homogeneous. In
heterogeneous nucleation pores are formed by foreign nuclei
(air bubbles, inclusions) and in homogeneous nucleation

poreg are formed without the aid of any nucleus.

Pores may nucleate at any time in the solidification
process. The time at which they form will, however, determine
their shape in the f{inal éast. Pores formed early in
golidification will most likely hgtg‘time to escape (Appendix 1)
leaving no trace in the final product while pores formed late
in solildification ;ill freeze in the solid in their original’ ~-
form. Pores formed at intermediate times will solidify into
the so0lid in a different form from the ogiginal. For example;
a pore created as a gas bubble at the bottom of the mould
may finally appear in the top of the sclidified cagt as a
shrinkage type pore dbue to its interference with a shrinkage

i

pore during flotation.
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1.2.1 Heterogeneous Nucleation -

Heterogeneous nucleation as illustrated in

Figure 1.6 is most important éuring the early stages of
gsolidification although theré is evidence that iy can
also be important during the final staées (7). Examples
of heterogeneous nuoieation during the early stages of
solidification are the entrapment of bubbles in the liquid
stream and %as evolution by materials (eg. water vapour
in sand moulds). This type of nucleation has been termed

‘non-nucleation by Campbell (7). ,Those pores formed early

in solidificdtion will be governed by the equation below:

Pi - Pe = 2¥

T (1.1)

where Pi and Pe are the internal and external‘pressures
respectively on a pore of radiﬁs r, and § is the gas-1liquid
.surface tension. If the radius of the pore created by ,
heterogeneous nucleation is less than r the pore will dis-
appear whereas if the pore radius is greater than r, the
pore will grow. A pore of radiusg exactly equal to r will

. remain aﬁd act as a pore nucleus for further pore formation.
[

Another common type of pore formation by hetero-

geneous nucleation is the nucleation of pores on inclusions
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Figure 1.6 Examples of Heterogeneous Nucleation

‘ a) entrapment of air in cast stream

b) evplution off mould wall

¢) nucleation of pore on inclusions
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that exist in the melt. This type of pore formation is

also possible late in solidification and occurs in the mushy
zonet for example,;when AleB inclusions are swept out in )
front of the advancing solid;liquid front,

{

1.2.2 Homogeneous Nucleation

n - A

At a time in solidification when pockets of liguid

metal are completely surrounded by solid, pore formation must

take place by homogeneous nucleation if no nuclei are present.
1 ,
I -
Shrinkage and gas rejection are believed to be Lhe
principal driving forces of nucleation and growth of such a
pore. To originate a pore in the liquid phase, a force must

be supplied to overcome the forces that would Q%}lapse a volild.

3 - - » \“‘
Ag mentioned in the nrevious section, Equation 1.1 holds here.
L

N

. Pl - Pe fomd ?_K (101)

(6,8)

Previous work shows that‘Pi (intermnal pressure) is the
sum of the pressures s Pg, the equilibrium gas pressure and
Ps, the shrinkage pressure. The external pressure, Pe, is
the sum of the pressures @ Patm, the atmospheric pressure

and Pm, the pregssure due to the metallostatic headc As

illustrated in Figure 1.7, equation 1.1 can be rewritten @s(ZS)
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Figure 1.7 Homogeneous 'Nucleation

it

T



HOMOGERNEOQUS

NUCLEATION

SOLID

FOR PORE FORMATION
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Pg + Ps — (Potm + Pm) = Pst



@

Peg + Ps - (Patm + Pm) = 2§ (1.2)
r

Since a pore cannot develop from zero radius due to the
fact that at zero radius the surface tensidn term ( 2§ )
approaches infinity, some other mechanism must expla?n the
growth of a pore from zero radius to a finite size r. 1In

i heterogeneous nucleation, pores of radius r are brought in
from putsidé which is not possible in homoéeneous nucleation,
Howe;er, a hydrogen pore of finite radius can spring into
A slize r due to build-up ané«interaction of gas molecules
in a localized region of the liguid. Once formed, tﬁe bores

. will be governed by the pressure relationship above.

For a speecific location in the mould the atmos-
pheric pressure, metallostatic head and 28 factor will be
= .
essentially constant and the conditions for pore nucleation

are given by:

Pg + Ps = p# (1.3)

:

4
where P* is the initial pressure required to nucleate a void.
Thus nucleation of a pore can be looked on as tﬁe result
involving either gas nuclcation, unfed shrinkage or a com-

bvination of the both. o

oy




1.2.2.1 Gas Nuecleation
\ s

- Gas nucleatiogfof)a pore occurs because Pg rises
due to “the rejection of gas at the solid-liquid interfaée.
The growth of a pore by the rejection of gas is a diffusion
process., Thebr&%e controlling étep wi}ifbe either the rate of: ‘
gas rejection at the solid-liquid interface or the rate og
,gas,precipitation into the cavif&. Assuming noidi}fusion
of the\gas in the ‘solid and that the poncen&ration gradient |
at the S/L interface is small, thehJPg in the liquid can be
referred to as the equiliﬁrium gas pressure. <« This Pg is ¢
the total pressure of all the gases an& vapours in
equlllbrlum with - the llquld. For a dlatomlc gas such as

H 1n-alum1num.q1t can be easily calculated since <i .

2

2
pg = (co/K)? (1.4)

_where Co is the 1n1t1al content of H2 in aluminum and K is
(26) !

. In more compllcated systems,

4

such as ferrous materials, the equillbrlum gag pressure can

Sievert's gas constant

be calculated as the sum of the pressures of COQ, 002. Hz. N2
gases as well as 802. HZS' HZO, Fe (vapour).
.To decrease. the Pg, and make gas nucleation more

difficult, Lo, the initial gas content in the liquid must te

i

it e el e
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decreased. Nany processes employ this principle~to de-

(9,10)

crease pore formation: Standard teechniques used are

flux additions, flushing with inert gases and vacuum treat-
s L]
ment. .

$.2.2.2 Nudleation - A feeding problem .

-y

Pore formation can also be seen as a feeding
problem. As solidification proceedsi%he ghrinkage pressure,
Pgﬁ increases as feeding of liquid metal through the dendrite
mésh becomes more difficult. The feeding problem develops

in many ways and on different size scales.

FiguFe 1.8 is a diagram illustrating the solid-
ification of arlong freezing range .alloy at time "t". The
ingot has three main regions 1 solidf liquid and mush. The
mush consists of a mixture of solid dendpites and liquid
metal, and is typically several centimetres in thickness.

3

Liguid metal surro%fas the dendrite mesh and exists in the

»

interdendritic regg

10'2 cm. in size(1

ons which are channels of the order of

)0

It is in. these areas 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
(2,4,12)

last twenty to thirty years, it has been widely accepted

¢
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that there are three mechanisms of feeding which will
operate t liquid feeding, mass feeding and interdenéritié
feeding. Two others, burst and solid, have been envisaged(lz)
and deserve mention,

Liquid feeding is the macroscopic movement of liquid
metal to the solid—iiquid 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
is the best understood of all feeqing mechanisms and a
comprehensive review of this subject to 1959 has been compiled
by Wallace(13). Absence of this type of feeding leads to M
porosity in the last areés to freeze where the casting
simply runs out of liquid metal (Figure 1.3). Hot-topping

is the usual procedure used to achieve a constant supply of

liguid metal and hence promote liquid feeding.

Vass feeding is the macroscopic movement of mush,
and occurs in long freezing range alloys (Figure 1.4). This
movement usually occurs up to the poifht at which the mush
is 35% solid, but measurements have shown it 1o be effective
even té 68% solid(15), at which point tﬁe dendrite mesh forms
a coherent network (Figure 1.8). Early research focussed on
this type of feeding as being one of the most important in

reducing the microporosity. It has been found that poor mass

1
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Figure 1.8 Feeding Mechanisms in Open
Topped Ingots
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]

feeding can lead to blocking of feeding channels on the

o g
v

macroscoplic scale. This type of feeding must be highly
dependant on such variables as the primary dendrite arm
spacing and the dimensions of the casting. Mass feeding
of grain refined ingots should be easier than feeding of
an ingot with long columnar grains, since the flow of

liquid ‘metal between smaller cquisxed grains is easier

than down long channels bédtween columrtar grains.

A

P s -
At a later stage in 1he so0lidificalion process,
when liquid and mass feeding are no longer possible, feeding
of 1liquid metal through the interdendritic channels (Figure 1.8)
(19)

\\ becomes important. §Limlted cxperimontal data is available on

2- ~—
[

N

. inLerdendritic i"(vr;(igi:w; and reseavceh han generally been approached {raom
a theoretleal point of view,

»
The First attemplt at an analysis was made by Allen(lu)
in 1932. He considered the possibility of feeding liquid
metal into an interdendritic channel (Figure 1.9) of radius r
and length L. To prevent pore formation the rate of liquid
metal flow down the channel must equal 1he rate of movement
of the solid-liquid interface due Lo solidification. The
rate of the liquid metal flow down the channel is &PAuL'
f where AP 1s the pressureahrop between Lhe tip and opening

of the channel, /1l§ the viscosity of the liquid metal and

>
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Figure 1.9 Feed{ng of Liquid Metal into an
Interdendritic Channel
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L' is a dimensionless number equal to r/L. The rate of
contraction is < dm/dt where o is the volume contraction

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

from forming

{

(1.5)

;
=

AP
S ML

-
\

3

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

will develop where ¢
Ps = o f2 L (dm/dt) (1.6)

Therefore if th® pressure suppliéd'at the channel
opening is lecs than Ps (pressure due to shrinkage), a pore
will nucleate. However for the case of centreline shrinkage

in a cyclinder Equation 1.6 is a relatively simple approach

and other more complicated analysis have been attcmpted(l5’16)
as ‘1
; i
Ps = 32,8 2212 - (1.7)
r%
J
where @ =ct/1.ct (e¢ is the volume contraction)
K _ M = viscosity of the liquid metal

2 = K (Pm - To) ¢s H vt
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§§ (! = mould thermal conductivity
TmFTo = melting point of metal, ambient temperature
resi)ectively -
| ‘ H = latent heat of fusion
o’ = mould thermal diffusivity
L = density of the solid o
L = éasting length
r = radius of liquid channel

In cases of dendritic solidification of long freezing range

(15,16)

alloys, researchers have taken into account the
Tactors t = "tortuosity factor"™ to account for_the fact
that liquid flow channels zrd not straight and smooth, and,
. .

. . J
n = "number of f{low channels per unit cross-—-section of

cylinder®. Equation 2.7 c¢an than be developed as

Ps = 3240 2°L7 ( i ) (1.8)
pos
r R™n

where R equals the radius of the cylinder.
Hence in interdendritic feeding, the magnitude of Ps and
thus nucleation is dependent on :

1) rate of solidification

2) characteristics of the interdendritic channel

-y
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.

"hen the dendrite mesh has developed to the’point
where pockets of liquid metal are left iﬁ the solidified
cast, then the only way possible to feed liquid metal into
these areas 1s by burst feeding (rg). This occurs when
liquid metal bursts tﬁrough a solid skin to feed a liquid
pool and is poséible because the gstrength of the solidified

metal is low (Figure 1.10).

Anoiher postible fecding mechanism which has been
proposed is solid feeding. It hac been dealtbwith in detail
elsewhere(12§21), and was introduced to denote the inward \
movement of the solidified outer shell of the cast to com-
nensate for solidification shrinkége. As illustrated in ¢
Figurn 1.11, to prevent pore formatlion the solid shell must

¥
contract and the liquid must expand. The resulting cast /

will have no pores,but will be highly stiressed.

.

1.3 PAST EXPERIMENTAL RESEARCH

A review of the literature has shown that while
several theoretical approaches to the problem of microporosity
have been taken, there is a lack of concrete experimental

evidence to prove or disprove any given theory.

ost experimental research to date has regarded

¥
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Figure 1.10 Schematic of Burst Feeding (12521) E
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Figure 1.11
#P

Schematic of Solid Feeding (12'21),

Liguid expands to accomodate solidification

.shrinkage (b) thus crecating a lower
N
internal pregssure. Solid contracts

pressure differential (c).
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the problem with consideration of one of four variables

1) Effect of the freezing range (3,5,6,17,18)

" 6 /0

2) Effect of initial gas content (0»10,19421,22)

©3) Solidification Rates (7,22,23)
%‘ h) Effect of Pressure over the solidifying cast (19,24)
R
A

1.3.1 Freezing Range ,

The freezing range under equilibrium conditions
is defined as the difference between the ligquids and sclidus
temperatures, Whittehberg@r and Rhines (6)~stated that for
14 alloy systems investigated, there is a linear relationship
between {reezing range and pngenb porosity. Others have

also reported that porosity inereases in steels as the carbon

content rises from 0.2 to O0.46 .9C 4

One of the diffieulties in relating porosity to
freezing range 1is that under the non~equilibrium conditions
of soliﬁificatioﬁ,'the‘actual freezi%g range is greaﬁer
than- thal predicted by the equilibrium phase diagram.
Non-equilibrium coiiditions which have been sho%ﬁ t& be -

(17,18)

applicable to metal casting, are the assumptions of

=
(-

T



2?0

no diffusion in the solid, and complete diffusion in the
liquid on a microscale. If no macrosegregation occurs, the
actual volume of residual liquid in the interdendritic spaces

at some temperature is given by

£1 = (ar/acl) co | 1/1-K (1.9)
. TF - T

where Co is the initial solute concentration, dT/dC1l is the
slope of the liquidus, K is the partition ratio and To is the
freezing point of the solvent. Equation 1.9 predicts the
presence of eutectic at very small solute concentrations,

The freezing range is then actually T, - T, instead of

Tl - TS where

T, = temperature of liquidus
T, = temperature of solidys
T, = teﬁberature of eutectic 74

On this basis it would appear that a better re-
lationship than freezing range versus porosity, is one which
compares the freezing range-composition relation to the
porpsity-composition relationship. Experimental results (17)
indicate this to be soy for example in 2Zn -~ Fg alloys
(Figure 1.12) there is rio porosity up to 3% Zn,.a peak at

.. 6% Zn and no porosity at compositions greater than 9% Zn.
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1.3.2 Gas Content

“hen considering the effect of gas content on pore

formation, researchoers usually have chosen systems in which
i$

(7

In stecl has been investipated extonsively , Lhe ef'feet of gas content,

78 analysis is K?mple (H2 in alumingm alloys). Althongh porosity

on systems such a5 steel has been neplected beeause the several pooes in

solution canplicate the analysis.

(19)

Uram el al Tound, in pure aluminum at its

melling point, that under atmospheric conditions, porosity

versus initial pgag content is pogsibly a linear relationship.

They 21lso reported that a critical gans content is required to

1) 4

nucleate a void.

i

. (20)
Chamberlain and Suylzerp s

casting aluminum alloys
in sand mouldgs, found similar results. Porosity is directly
related Lo the iﬁitial gas content, and as the gas content
decreased from 0.35 ml H, / 100 gni AL (5.T.P.) to 0.15 ml

1, / 100 gm A1 (3.T.P.) the porosity decreased.

Yhiltenberger and Rhines (6) in 1952 published one
of the most important papers on the topic. They viewed the
formalion of casting porosity as a nucleation and growth
process wilh solidificalion shrinkage and gns precipitation

* L3 “ » . w
a3 co~operative driving foreesc. Experimenial evidence
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evaluating the individual con%ribution of each force con-
firms that microporosity is nucleated By gas precipitation.
They demonstrated that in degassed alloys which shrink on
golidification (Al - ,5% Cu) no porosity existed, and they X
also showed that porosity could exigt in gas containing

alloys (Bi - Sb) which expand on solidification. The
important'conclusion was that unfed shrinkage could not
nuclileate porosity alone, but porosiiy could be nucleated

by gas without shrinkage. However, although gas alone could!

nucleate a pore,” the growth and final shape and size was due
(21,22) , \

A
1

to unfed shrinkage

Campbell (2i) attempted to evaluate the shrinkage
pressure theoFetically and found that homogenegous nucleation
of a pore by shrinkage was impossible since the shrinkdge
gtress in the liguid is at least an ofder of magnitude‘
smaller than the fracture stress of the liquid. Thug in
the abgsence of gas, some other form of heterogeneous or non-
nucleation précesa should be responsible for the creation

of pores in unfed regions of castings. 1In principle he con-

cluded that sound cagtings were possible even in the absence

of good feeding.

Nishi and Kurobuchi ‘?2) examined the conditions for
pore formation in unidireetionally solidified Al - 4.0% Cu

alloysa. They found that the critical gas content for pore
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simple linear equations.

— 31.
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formation was approximately 0.15 ml H, / 100 gm AL (S.T.P.).
However, orice a pore formed,; the shape of a shrinkgge or

gas pore wos dependent upon the initial gas content and
solidification rates. At solidification speeds of -3,6,12 and
60 em/hr, the critical gas levels to form a gas pore instead
of a‘shrznkage type pore were 0.22, 0.26, 0.34 and 0.41

ml 1, / 100 gm Al (S.T.P.) respectively: g

1.3.3 Solidification Rateg
s ,
I'ahadevan et al (23) studied the influence of
solidificatlion gradients (fraction solid / em) on casting
goundness in Al - h.5% Cu alloys. They concluded that the
5orosity decreased linearly as the log of the solidification
gradients (maximum and average) incfeased. Similar results
were obtained with the use of metallic or non-metallic
chilles. The relationships between amount of porosity and

solidification gradients were expressed in the form of

4

Many authors deal with the minimum temperature gradient
required for the elimination of porosity in any alloy.
Results have been quoted and are presented in Table 1.1.

Recent work by Nishi et al (22) has shown the influence of

‘

e
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Table 1.1

Reported values of the minimum temperature gradient to

reduce porosity in various alloys (17),

s

Moterinl

Al - k.5 Cu
Al -~ 7 Vg
Cu’85 - Sn 5
88 Cu-8Sn-kin
88 Cu-10Sn-2Zn
0.3C Stecl

"

(plates)

(bars)

Minimum
Gradient
(°c / cm)

- 13
1

8

1 -3
25

AW

1 -2
6 - 12

Freezing Range
(Non Equilibrium)

100

70
130
130
160

32.
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?
solidification speeds on pore formation in unidirectionally

gsolidified alloys. The higher the speed, the higher -the gas
level must be to form a gas bubble typé pore in lieu of a
shrinkage type pore. Although solidification rates do not

affect pore nucleation, they can affect the growth.
1.3.4 Pressure

Pressure apnlied to a solidifying ingot is

important because it can increase the gas solubility in the

s0lid, hinder pore formation and compress{existing pores.

Uram et al (19) iJlustrated how avpplied pressure
can affect the amount of Ygas type®” micropores in aluminum
castings., They found that as the applied pressure increased,
the dependency of porosity on initial gas content decreased,
and the critical gas content for pore formation increased,
Jﬁlthough the"applied pressures might affect the “shrinkage
type” pores by forcing liquid metal throggh the narrow feed
channels, this was found not the case, primarily because the
applied vressure used was too low (17 atmospheres (1722.1 Kpa)).

(2k) considered the influence of a re-

Other work
duced pressure. In an aluminum alloy, the effect of reducing

the head and keeping the initial gas content constant resulis
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in the highest porosity with the lowest pw¥essure. A relatively
gound cast at f1atm (101.3 KPa) became an unsound cast (gas
type macropores) at 22 torr (2.9 KPa). The solidification

of the same alloy at 90 torr (11.9 KPa)Qu)with different

gas contents yielded results which followed the preceding
findings by Uram et al(lg). Porésity decreased with initial
gas content, but this relationship was more sensitive to

gas content and the critical gas level for pore formation

was less.,
1.4 AINS OF THE PRESENT INVESTIGATICH

As has been mentioned, microporosity is generally
found in alloys that solidifly over a wide range of tenrperatures.
Yany have regarded the problem qualitatively as being caused.
by shrinkage, gas, or a combination of both; yet there has
been little experimental or analytical work done to discover
the relative contributions of shrinkage, or gas in the form-
ation of pores. There has also been very little quantitative
reseafch to ascertain the influence of various processing

variables on microporosity.

With this in mind the chief aim of this present

¢

investigation was to study quantitatively the distribution of

micropores in an ingot. It was considered at the outset that
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the questions to be answered were:

1) Does microporosity follow a reproducible pattern?

2) What are the relevant variables and how do they

quantitatively affect pore formation? -

-

{
3) 1Is it possible to predict the amount of
o microporosity in an ingot? ’
* §
1©
":‘:D
]
\
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EXPERIMENTAL PROCEDURE

Microporosity in castings was investigated with

ref@q@ﬁgc to the influence of relevant variables on its

dist%ﬁ%u%ion. An Alxm 4.5 % Cu alloy (Figure 2.1), was

chosen for several reasons 1 it golidifies over a long =
range of temperaﬁures (100°C, 100K); it has only one gas

in solution of any importance to i{s casting operation
(hydrogen): and much previous research on microporosity

uged this alloy.

LY

1

Castings were made in air at ﬁtmospheric pressure
v %o ohow which variables affect the distribution of porosgity
(pouring tempcraturc, mould temperature, hydrogen con-
centration), and further to serve as standards of porosity
for compérisdn to later experiments in Jﬁcuum. Some of these
aiy meltc werc grain refined using a standard Al - Ti < 8
grain refiner. All exveriments with relevant details are

ligted in Tables 2.2 and 2.3.

e

Since previous research (Scetion 1.3) showed that
initial ges contént and pressure over the solidifying‘cast
con affect ﬁicroporosityg cagtiﬁés wore made at various levels .
of vacuum to measure the offect of these two variableé. VYacuum

degaassing of H, from aluminum melis hag already been
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‘shown to reduce the gés content rapidly, even at low vacuum

: ' (35) . i
levels, eg. 1 torr (133.3Pa) « The effective head

.pressure (Equation 1.2) can also be altered by the use of
a vacuums; for"{;xamplea a decreage in c%amber pressure from
760 torr (161.3 KPa) to 0.25 torr (33.33 Pa) represents a

+ 3000 fold decrease. The details of the air and vacuum cast-

ing experiments are listed in Tables 2.2 and 2.3 respectively.
, 3

J
. Each experiment produced cylindrical castings of

dimensions 4* (100 mm) high by 3 3/4% (93.8 mm) diameter.

The castings were exa%ined both quantitatively and qualit-

atively with a standard density technique employed as a
quantitative measure, ond macroetching and various other
metallqgraphic techniques as a duaiitative measurec. Also,

for cach experipemtal run, either in~air‘or in vacuum, a
gpectrographic sample was taken: for analysis of oomposition}

and a4 “Ransley mgﬁld" sample was taken for later gas aﬁalysis by an

ecatablished su?;fmsion technique (25).
1”':;‘ '

(W

QT 2.1 AIR NMELT EXPERIMENTS

2.1.1 Alloy Preparation

To prepare tThe alloy, aluminum of coﬁmercial purity
grade (Table 2.1) was melted in an induction furnace,

g ond held at 100°C superheat to avoid excessive gas pick-up.

A
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Electrolytic tough pitch copper (Table 2.1) was then

charged to the melt, with efficient mixing of the alloy
accomplished by -the inductive stirring. Each melt was

typically in the range of 14 - 16 Xg. in Qeight.

2.1.2 Yelting Apvaratus

A Tocco.Mel%master, 150 XVA, LOOV, 3000 Hz
induction unit was employed for this investigation. The
unit consisted of a recrystallized alumina crucible packed
inside an induction coil capable of handling melts of
aluminum uo to 120 ¥g . The alumiﬁa crucible was 197 mm.

in.diameter with a depth of 356 mm.

v “ 4

Temperature was monitored using chromel-alurel
v

thermocouples sheathed in double bore alumina tubes ol bore

diameter 2.7 mm which were in turn protected by a single
bore alumina tube of inner diameter 2.8 mm, which was

closed at one end.

During .each experiment, once temperature was
attained, temperature control was accomplished by keeping
5
the power constant to the furnace. This enabled control

to the nearest - 10° C (10K). .
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Teble 2.1

Materials used in Investigation

Zaterial Analysis " Source
Aluminum 0.11% Fe, 0.09 Si Alcan International
(commercial grade) 0.01% Zn, rest Al Ltd.

(Cu,Vg,Ni,Ti,Cr) 0.01%
: A

Copper 0.015-0.030%0 (*3) Canadian Copper
(%}ecﬁroly%ic tough % p.p.m. H, ' Refiners Ltd.
% piteh) ‘#gﬁtallic impuriti§s
{ 7 70.003
| » -
=
é Hycor TAS30 96% A1203 Engineering
3 Crucible : 105 810, , Ceramics Co. Ltd.
‘- -
\ Aluminum 5,88 Ti, 1.1 B, Alcan
| Grain Refiner rest Al o International Ltd.
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2.1.3 loulds

Casting were made into c¢ylindrical steel moulds
'3§33 3/ inches (93.8 mm) diameter by 4 inches (100 mm)
high (Figure 2.2). The thickness of the mould wall and
baseplat@ wasg 4 inches (12.6 mm). Before casting, each
mould was cleaned to recmove iron oxide, dried to remove
moisture and then preheated to the desired temperaturé
from heat gupplied Sy the melt surface.

r

2.1. Casting Procedure

Ao outlined in Table 2.2, the air melt experiments
consisted of holding each.melt at 700°C (973kx), 825°C
(1098K) aﬂd'950°C (1223K) and casting into steel moulds

preheated at either ZSOC (298K), 70°C QB&B@) and 250°C
/)kSZBK)a In one case, {or a pouring temperature of 82500

(1098K), a cagting wgs made into a mould held at 400°C

(673K). All castings werc allowed %to air cool before

being removed from the gteel moulds.

The grain refining experiments werc basically

gimilar. Once the aiiby attained a temperature of 825%

{1098K), the graln refiner (Table 2.1) was ndded to the

v

CRpW



Experinent

Number

A21
A22
A23
A2k
A3l
A32
A33
Akl
Als2
AL3

o,

Type of

Exveriment

filon -
Grain

Refined

Grain

Refined

Melt Temp

700
700
700
700

825
825
825
82s

950
950
950

825

825
825

o

Alr Casting ZExperiments

°¢ (%)

(973)
(973)
(973)
(973)

(1098)
(1098)
(1098)
(1098)

(1223)
(1223)
(1223)
-{1098)
{1098)
{1098)

Table 2.2

Superheat
°c (x)

50
50
50
50

175
175
175
175

300
300

300
175

175
175

Mould Temp
°c (x)

25 (298)
25 (298)
70 (343) °
20 (513)

25 (298}
70 (343)
250 (523) -
Loo (673)

25 (298)
70 (343)
250 (523)
25 (298)
70 (343)
250  (523)

A

LN S
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molten bath to bring the titanium and boron contents to
0.21% and 0.04% regpectively. To minimize the fading effect
of the grain refinera‘castings were immediately pouréd at
825°C (1098K) into steel moulds held at 25°C (298K), 70°C
(343K) and 250°C (523K).

)

\

[ i
"

For each pouring temperature, either grain refined
or not, samples were cast for gas and spectrographic
analysis ag described below. Results of these casts appear

in Table 2.4.
2.1.5 Sampling

Gas analygis qampjes were cast in specially pre« '
pared graphite “Ransley Mouldg® (25) (Figure 2.2). These
moulds allowed for a rapidly solidified sample free of pore
formation. To determine the gas content, a standard sub~
fusion Lxﬁraction method was employed with reault reborted
on a volume b&“lS : ml / 100 gm AL at S.T.P.

A %tandard disc type stecl mould (Figure 2.2)
wes fabricate@ for casting of spectrographic sampies. In
order To obtain quantitative results, the sambple was pre-

pared in the came chemical and phyeical form as the
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Figure 2.2 Moulds Used in Experiment
° A
(2) Cwvlindrical Vould
{b) Ransley IMould

(¢) Spectrographic Fould

EoN
s

[
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-
shandard (3“)° The concentration of 2lloying elements (Cu)

R

and drpurities (Fe, 31, I'g elc.) was determined Lo the

¢ nearest 0,0lwt” with the aluminum conlent calculsnted by

difference.

All gas and speclrogranhic analyses (Table 2.4)

R e i

were performed by The Aluminum Company of Canada Ltd.,

Research Cenblre, Kingstor.

2.7 VACUUN I'ELT EYPERIINENTS .

?.2.17"e1ting Equipment

The vacuum melting and eaaling experinents were

carried oul in Lhe vacuum induction melling agssembly shown

in Figure 2.3, The unit consisted of a 150 KYA 400V,

Q

3000 liz induction furnace coupled with a 2260 1 vacuum
chamber. The recrystallized oluirina crucible wzg similar
10 that used in the air welt excepl Lhat it was packed

inside an induclion coil capable now of handling melts to

[

150 VP, The pumping uniﬁ for the chawmber consisted of »
200 CoPuv.e (B.5 x 103 1/min) mechanical pump in series with

1300 C.F.'. (3.68 % 10” 1/min) Roots blower. Temperature control
and ronitoring made ugse of a chromel-alumel thermocouple

an owas uned in Lhe alr melin, Thing connected Lo o chart
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recorder ‘through vacuum seals in the chamber wall.

2.2.2 Vacuum Casting Unit

An assembly wag degigned to vacuum cast the
Al - b.57 Cu alloy into preheated moulds ag ghown in
Figure 2.%. The set-up of the asscmbly was nuch that the.
molten stream flowed through a preheated tundish intp,a
atgel mould positioned on a turn~table. Thig gﬁeel
mould sat in a mould heater capable of holding four steel
moulds and of revolving ‘below the tundish. ?h@ tundish was
canable of channelinhg a molten atream of 6" (fSO'mm.) to
i (29%mm. ), and consista of a 104 recictance heaied coii,
which in turn wago connected to a 150V, 10 amp wvariac through
senled pover leads in the chamber wall,

LY

a1

In order thot the castings could be made into °
mqulds at varying ﬁompcr&ﬁurée a unit, pféviouéﬁy mentioned,
wac built. Thig unit was designed guch that castings could
be voured into four steel moulds during eny experiment '
without breaking.vacuum., The apparatus {(Figure 2.0) had four
independently controlled feaistanae (101) furnaces eﬁbedded
in silica gand, and contained in o ateel*cylind@q of 9% ‘
(228 mm.) height by 23 (585 mm.)} diameter. Refractory
cement covered the top (29 mm.) of:the dylinéev 1o both cu§ v

/ o

;
gﬁ"’/

4

La
’



{

——

Figure 2 .01&

-

B
C e
, y .
ki »
)
v
.
'
k]
- il
N
)
B
.
:
)
/ 3
.
L.
~ v v
H By
"
f
? .
N @

~

Fould Heater Unit

L8.

P

iy



META 3418 MEBIA dOL

Wl gy jelsises usde & .
- P
BODUING ’
PUBS <7 .m uwt MM
i A ¢ g &
© 303 .
e g /L zu.w“:
4 & m}. |
spoaj ||| 1|
b@.&wﬂalﬁm V\u _
m&ﬁ \zzzzs) | L2 _ b
dob /// _
.€§m .
As1aps pjnow
, 5 ~ o
) pincw (Soss
LINA
A3ILVIH CINoW .
5 - -

S o, K - e g A S A R N g7 el oA N g w1 AT




f

£

down on {he heat loss from the furnaces.and to pre%ent the
metal splashing during the casting and shorting out the
wiring of the resistance furhaces. Each mould heater had
its own (Figure_z,s) power leads conngcted to 150V, 1C amp
variacs, chromel alumel thermocouple, and open resigtor
protuding %" (1.25mm.) into the steel mould. The open
resistor consisted of two bate steel wires attached tc a
source measuring resis?anqex As the mould filled wiih
molten metal, this metal rose ané~surr6unded the steel
wires creating a closed cireuit of finite resistance. This

signalled that‘%ouring shot1ld end., The same steel roulds

were used in vacuum as in air. These fitted in the rould

I3

heaters with a 5 mm. clearance.

e H

’ This entire vnit was enclosed inside the vacuum

Lid

chamber, and power to the moulds as well as tgmperature
could be monitored very closely throughout the experinent
‘without breaking vacuum. The temperature of the roulds
could be controlled easily within the range of 50°% (323K)

]

o 600°C (873K) ¥ 5°C (5K)..

2.2.3 Vacuun Casting .

The vacuum experimental series (Table 2.3) was

’

performed to make castings under various levels of vacuum
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~Table 2.3.
Vacuum Casting Experiments

R\.

Experiment Time of Degassing Pouring Temp. Mould Temp. Pressure on Casting

Number {(minutes) oC (K) - i oC (X) . Torr (Pascals)

vi1 10% 700 (973) 275 (548) 1 0.20 (26.6)

viz 700 (973) 275 (548) 760 (1.01 x 107)
vai 0% 200 (973) 200 (473)  0.20 (26.6)

ves : 700 (973) 370 (643) 0.20 (26.6)

v23 - ' 700 (973) 300 (573)  1.50 (200)

vah 700 (973) 280 (553% 760 (1.01 x 10°)

- Y,

v 7Y ~ 90® 700 (973) 30 (303) = 0.20 (26.6)

v3z ) 700 (973) 300 (573) 0.20 (26.6)

V33 , ‘ 700 (973) 300 {573) 1.50 (200)

V3 , . 700 (973) 230 (473) 760 (1.01 x 10°)
vig CL 120% 700 ﬂ973) g0 (363) .20 {25.6)

V2 ‘ 700 (973) 120 (393) 0.20 (26.6)

V@B 700 (973) 250 {523) 0.20 (26.6)

Vi 200 (973) 525 (798)  0.20 (26.6)

V51 , 90+~ 825 (1098) 275 (548)  0.35 (L6.7)

v52 ® , 835 (1098) 275 (54§) ;.hO {187)

vy 825 (1098) 205 (s48) 100 (1.33 x 10%)

vsh : 825 (1098) - 275 (548) 760 (1.01 x 10°)

*  Degassed at
700°C (973K) and
0.20 torr {(26.8Pa)

%t Degassed at
825°C (1098K)

© and
0.35 torr {(46.7P2)

1S
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and gas content. Alloy preparation was similar to that
used in air melts, and after alloying each melt of

Al - 'b.57% Cu was aegassed at 700% (975K) and 0,25
torr (33.3Pa) chRamber pr%Ssufg with the times of de~

gassing at the reduced pressure given in Table 2.3.

-

Once the vacuum degassing step was completed,

the casting procedure followed one of two types. The

first procedure was that of casting at various levels

of vacuum into moulds ﬁeld_at the same temperature to
examine the effect of external oressure on micronorcsity
distribution. Four moulds were heated to a steady - s3ate
ﬁempergiure, and a cast into the first @ould was rade

after t@g degassing cperation, at the pressure of the
IS :

degassing. Before .the next cast, air was admiR?ed to *the
! u '
chamber, and 'the second cast was made at the new pressure,

: The pressure was again raised for the third cast, and Tinally
v the fourth cast was perforred at atmesphreric nressure.
Samples for gas and spectrographic analysis were then taken

. . C e . Py
at atmospheric pressure after the final cist.
M Y A}

- '

s The second procedure followed that of casting at
one vacuum level into moulds at different temperatures to

examine the efflect of solidifiication rate on microporosity

f s

distributions gt these reduced pressures. [he four noulds

4




Exporinental

Numberi

Al ®

- a2
A2
'3
Al

vi
V2
V3
Vi
V5

a
l"

LS,

Table 2.%

Gas and Spectrographic Anslysis

Type of
Experiment

L]

Air

Vacuum

¥
b=

% Cu

5.00
.86
%.29
L.26
h.02

L4.68

l&ﬂh?
1&068

k.57
4,51

% Al represents All, A13, All#, casts

/

Alloy Composzsition

wt %

%Fe

0,13
0.13
0.13
0.13
0.11

#si #Ti 9B

0.09
_0.08
0.07
0.08
0.13

0.08
0.09
0.09
.09
0.11

(Table 2.2)

#% 0,1 wt % Ni and 0.1 wt % Zn Siesent

) -

0.21 0.04

Initial Gas Content

ml Hg/iﬁﬂ gm Al (S.7.P.)

/

0‘19
0.30
0.45

0.45 B

0.23

.07
0.07
0.02
0.02
.14

%9
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were ﬁcatéd to four’tempcratures betvieen 9600 (363K) %o
525°c (798K) as gi#en'in Table?@.Bo After degassihg for
120 ninutes, castings ‘were made at 0.25 torr (BB.jPa) )
pressure into the four moulds, and cach casting was
allowed to solidify in vacuum. After solidification, the
chamber was brought to atmospheric pressure so that

}

gag and spectrographic samples could be taken.

2.3 DENSITY AND METALLEGRAPHIC ANALYSIS

The experiments outiined in Tables 2.2 and 2.3
produced éastings of Al -« 4.5% Cu which were preparéd for
fur?her quantitative and qualitative analysis by metal-
1ogréﬁhic and density techniques. The ingots were sectiéneﬁ
as illgstrated in Figure -2.6. The centreline slice was cut
into cubes according te the grid vutlined, so that they
could be quantitatively analysged by the density technigue.
Opposite the centreline slice, the left féoe was used for
macroejamination while the right face yielde§ gsamples for

microexanmination. - <

2:3,1 Dengity Veasurement

The quentitative analysis of microporosity was

A

" ¥, b
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Figure 2.6 Sectioning of Ingot for Density

Measurements /

T
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pozss ible throurh the use of one of three techniquess

.

1) quantitative lineal metallography

N
Ly

density meagurements

. . . &
3) quanfilative radiography

Tri this work density wmeasurecments were uzed Lo
arrive at a nuantitntive meagure of microporosity. This
wethod was well established (27,29) for porosity measure-

rentn and Lhe required apparabus was relatively easy to

conasLruci, Quantitative radiography was notl employed
because the required equipment wias nobt available and density

\ mensurements were felt 1o be a reasonable alternalive to

i

Ythe metallographic approach which involved the polishing

« of %argo numbers *ol porous samples. |
A dingram of the apparatus used for density

mersurements 1o pgiven in Pigure 2.7 whereby the dénsity is

calculatad using Archimeden! Principle. This technique

=y

. ~ necsures norosity (blind pores) by comparing the weipht
of Lthe =amole . in air and in another medium of known density,

fuch as water. Pure othanol can be ugsed as an alternatlive,

0

A mnrnle ¢nleulation for porogity by this method is given

tumatg b,
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in Apﬁendix II. -Caliﬁratiéh of the apparatus to ensure
/. ' ) . r’

accurate results was accomplished by two means. Firstly, -

v

the densities of .pure Cu, Sn and Bi samples were measured

(29)

1

. and compared to known values , and then the apparatus

N et T
T g g

was further checked by substituting pure eipanol for water.

'Identical results were obtained by edch method (Table 2.5)l
, . . : 1
y V There were major difficuities in. the debsity " 2 ’§
_measurement technique; ;amely;,a knpwledée of‘the theoretical f
dénsity éf the‘alloj. and the entrapmeﬁt of air bubbles
‘on the sample éuxfgée during weigﬁing. For the élloy used

the theoretical density was dependent. upon the copper con-

‘tent and could be calculated using a technique developed ) E

(30)

by two researchers at Alcoa A sample calculation
using the technique appears in Abpendix I1II. The.accuracy
of the calculation was checked ﬁy comparing it with the.

measured density of a rapidly chilled sample of the same

'alloyfcontent. 'Values obtained by each method were found

to be the same (Table 2.5). For each égst% gggylgne
theoretical density was calculated from tﬁ;hanalysis of the T
allof composition. Theoretical density was assﬁmed'constant
throughout the entire cast, and this assumption is only

valid if no macrosegregation occurgs. To check the assumption,

two slices were taken from the right face of two air melted

, .
s ~, . Lo - o~
S o) T ot e s o

ingots, casts A21 and A24 (Table 2.2). A grid similar to that -

a
W

-
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Table 2.5

Caliﬁratiph of Density Apparatus » %
Part I Density of Pure Metals k L

8 ‘ f .
" Sample +  Experimental Density ' Reported ?ensity(zg) ;
g/ Cm3 gn/cm }
8- , :
, Sn 7.2969 2 0.0018 7.28 :
i Cu " 8.9261 ¥ o0.0011 * . B.92 “

Bi ’ 9.8015 ¥ 0.0036 . 9.80

¥ é’

Part II \Denslty-gf Quickly Frozen Sample
7 .

)

Sample . Experimental Density Calculated Value (30) f

Al - 4.5% Cu 2.7992 S 2.7985
* mean of 10 samples ' . - }
- - ‘h. 'f

~ B 14

i
j
o - 1

.
*
A
>
s
e 1 4 o fo, A
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.
. density measurerent were ground on °O grlt 3iC paner <o

0.

in the earlier section. The results of these analyses are

presented in Appendix IQ; and mean results are ovresented

in Table 2.6, Although microsegregatidh existed, doth
samples ylelded the same copper amount, UL.73%. EF&y in

the slowest cooled ingot did any arount of racrosesregation
occurs The type was inverse, and as shown in Table 2.6 the

it
copper content went as low as L.587 at the centre. to 4.8

@
4

at the outside. ZEven with this maximum arount of segregration,

the density technique can yleld porosity results to ire
+ O.lf}as cited Ey other auﬁhors(g7’2?). acro-

-

nearest

segregation was reparﬁed as the majicr errer in this

<
{4*“

with the error involved in the use of the densiiy apnaratus

t

ecnnlque

as secordary. Even so, to prevent the entranzert of air

bubbles on the surface of the samoles, the sarnles for’

remove asverltxes and wetting agents (C oLy ueepel) were

added (28) to the distilled water in which %the sarnles were

weighed. .

2.3.2 ietallosraphic Analysis . . {

W N
Each casting was sectioned as illustrated ir Figure

2.6 with the opposite faces to the centrgline slices used as

-

W mr  dTLNEAEY L d

R

ALt 2er man
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Table 2.6

Effect of Segregation in Al - 4.5% Cu *®

I

‘ Sample ' Mean Values "+ 4%Cu

, Quarter
Mean Outside Diameter
AZ1%* b3 .78 b b
A2l e b,73 /7 4,83 L,71
’ \\} o'
Y T
* s@gugppendix I -

_#*  cast at 825°C (1098K) into 25°C (29BK) mould
*## cast at 825°C (1098K) inte 400°C (673K) mould

61.
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‘obfained from the density measurements.

62.

f

gsamples for'furtpér examinafioh. The lefF face was prepared
for‘macro-egamination by grindihg-smoo%h egch sample on -

80 &g,ri't SiC belts. Etc“hing of the sample was carri'ed out .

in caustic soda (0.1% NaéH) held at 60°¢ (333K) - 70°% (BEBK)
for 3 -~ 5 minutes. The time of etching varied depending on
the amount of eutectic present, because the role of the

etch was to oxidize the Cuhl,. After etching in caustic
soda, the samples were swabbed in a solution of 50% nitric

acid in water. .

P

From the right face of the section; samples were
taken for microscppic eidmination. The method of selection
followed a scheme by which sémpies were randomly selected
from the chill, equiaxed and columnar zones. Selection

also was made according to the %Psolute amount of porosity
!

All the samplés wvere mounted in cold mount and
hand ground on four 34-~C papers, grit sizes 220, 320,
400 and 600 using Qater as the flow megiuﬁ. Rough polishing
was carried out using Brdsso on.a goft selvet cloth., After
this operation, the samples were thoroughly cleaned in an
ultrasonic cleaner before the final polish. The final polish
wag performed on s selvyt cloth usiﬁé 0.3 micron alumina

suspended in water. The samples were then cleaned in alcohol

.

o
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@

and dried. During the grinding and thé“polishing steps,

light pressure was employcd to prevent the pores from

being distorted.

« -
N L

For cach sample déndrite arm gpacing measurcments‘_
werc made, making use of a Quant iment T@léviéi?n Monitor
microscope (Q.T.V.) A Lineal intercept meﬁhéd was cmployed
by Wwhich the number of interarn gpacings was counted in a
fixed distance. A starting point vas set anﬁ the number‘

"of intorcepts was counted in 5 mm lenzthg in four mutually
. ) . .
perpendicular dircctions from thoe poiﬁt, To Taeciliate the
counting, fhe samble imagc was projected on %o a television

gereen at 10X. A sample caleulation using this procedure

is shown in Appencix Vi.

This technigque was ocmployed to supply three -
dimensional pictures of the mieropores. TFor both the air
‘and the vacuumn melted gamples displaying coarse porosiﬁy9
5. mm. high by 10 mwm. diamebter Gisks wewre cut. The disks
wore cold mounted. and polished oo desceribed proviously.
onece polished they vere pemoved fvom the mounts and used

for S.B.V. cxamination. ™

2.3:¢3 Scomning Electron Mierogcony .

.
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. : . 2.3.4 Computer Modelling - _ :

'

(30 was used to calculate
. - the local solldification time.at the various nodal locations in

<« 3 B v

N the castings for the various air am} vacuum runs. 7Thls program

<M exlsting computer program

had been valitated (4.c. parameters such as the heat transfer co-

o

Sefficients betwaedn the cast:‘mg and the mould had been established)

I

. . . - [}
", by experimont. 'The local solidification time is the time taken

forr Lthe solidifying netal to g from the llquidus temperature Lo

* * the solldus tomperature. Tn the case of Al - 4.5% Cu the solldus
- . temperaturg is actually the cuteetic temperature. Tn addition the
. propram was cmployed to calculate the times taken to recach certain

’

fract.ion solids (As calculated by Scheil's lquation (Fquation 1.9)).
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RESULTS oo

The results from the experiments described in
! .

the previous chapter are presented here wrere tre dis-

tribution, amount and type of norcsity found is raported
as a function'ﬁ?igarious solidification paranmeters.
3.1 TREATVEMT CF EXPERIIENTAL DATA .

A tynical result waking use of thne density .

~

technigque described in Section 2.3.1 is showr. in Fisure

3.1 where £ﬁc‘percené noeroglity is givern for e#wry nede

-or grid voint of the gentreli%n slice of ithe f-ocot. Tre
specific case shown +-us one qf “re air czeghnerg, s0lid.
ified under thevcééi'ng conditions o 70070 (
terperature, 2500'(29\K) mouwld' terperacure oo
‘ rl i, /100 pr A1 (S.0.D.) . The denct'y

measurements for each casting, either air cr vacuv~, :srz

tent of C¢.10

presented in this manner in Appendix 7. Val.es of norc-ity

3
Y

equal to or close to 1005 represent those nodes where

either vnising was present 6r else samnlirzy of e nole, due

&2
)

B
A

[N

1A cholctc

foie

*

to its size, was

1

Since it is rather difficult to nake a corpavison

of the data as presented in this mamner,; lhe data was plctted.
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1
'3

*Figufe\3;1 Typich?’porosity result in an ingot

wheyé ﬁercent porosity is given for
every nodal point. Pouring temp-
erature 7oc$°c (973K), Mould temp-
erature 2500 (298K), Hydrogen con-
centration 0.19 ml Hy/100 gm Al (S.T.P.),

v

Atmospheric pressure.

)

”mg,

T

e, ¥



Experimental Data -

Pour temveraturg - 700°C (973K)
' Mould temoeratyre - 25°C (298K)
Pressure - 760 torr (1.01 x 105Pa)'
Gas Level - 0.19 ml Hy, gm Al (s.r.pP.)

~ 10.9648 100 100 100 1,604

0.9791 1.1899 100 1.2221 0.9791

D
' 0.9684  1.3257 1.604L 1.3757 0.8755
0.8362 1.2328 "1.2149 1.1435 0,825k
0.7683 1.0363 1.0327  1.0756 0.7075
7

0.6003 0.9148 1.0041 0.9326 0.5860
0.532 1.0184 0.8398 0.7611 0.5789

' !

. ‘ ’ . 1 K
0.1572 0.4145 0.4324 0.4753 0.1358
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) to produce distribution profile graphs as shown in v
{ Figuré 3.2. The ingot revresented in Figure 3.2 is-

the same as that in Figure 3.1. In producipng these

s

graphs, three assumotions were made:

1) Porosity at the mould wall is zero.

[ s

— 2) . The values of porosity, arc those at tlLe

' cer‘re of each individual sarple.

3) Linearity of porosity sxists betweern sannles.
[‘ .

[
c

£3

v

In addivion, vsing the resulls as shoin ..

e R R TR B L R P TR

’5;}

§ Figure 3.1 and given iw Anpendix 7, tre wean amouni and

s I3 4 A v

- : standard deviztion of pcrosily in each ‘rgo’ was cal-

é o culated 2i%r the resulie orezerntol in Talle 2.1 Zor e

?{ ~ L air relte, and Tahle 3,2 for tre vacuun ~gliig. As s2en ‘
% - in these tables, the deviation ahcut “he rean arount of

? porosity can be gqulite zizaificant. Thercfore sreau carsz
'é " should be-rtaken in choosine a representetive sarple within
‘% ' an ingot in order to deterwine a rean porosity value,

P

e 3.2 PCRCSITY DISTRIBUTICI PRCIILES ,

¥ ,

by . 3.2.,1 Alr Castines ' 1

P . T «

y 8 The alr melt experimenis were designed to shudy
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950-
950
950

825

825
825

(1223)
{1223)
(1223

(i0983*
{1098)%’
{(1098)+

Nonn Values

Mould Touwp -
°c (¥)

25 (298)
25 {298)
70 (343)
280 (513)

25 (298)
70 (343)-
250 (523)
200\ (673)

25 (298)
70 (343)
250 (523)

25 (298)
70 (343)
250 (523)

Grain Refined

[P S PRI SRR £ 4
3

*
\\_
Y
w) g
s R
Table F.1 /
of Porosity in Alr-Castings e

initial Gas Conuent « Mean Volue' Standard
ml H, / 100 gm 41 (S.T.P.) -of Porosity Deviation
Z o, . o

7 7o
0.19 0.9 o.b
0.30 0.8 0.bL
0.79 0.8 0.3
Q.19 0.6 0.1
0.6 1.1 0:6
0.6 0.9 0.5
R 1.1 ’ 0.7
. 0.46 2.9 ' 0.9
0.k5 " 3.1 . 1.0
0.b5 - 2.7 0.9
0.b53 3.5 1.4
0.23 0.9 0.5
0.23 6 0.l
0.23 1.4 0.5
A -

~

/

‘g9
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the effect of various casting and solidification con-
ditions on the amounit type'and digtriﬁution of /e
microporosity in an ingot, A result txpical of those
found at the lower supernheats and hence faster rates

of soliaification is shown in Figure 3.2. Féﬁ this case
of a éample cast at a low pouring temperature, 700°¢C
(973[); into a cold steel mould, 25°C (292r'); with an
initial.gas confgnt of 0,19 ml Hp /.100 gm Al (S.T.P.);
the pé(tern is such that ode can readily idéntify,éon- o
tours ofnequal oorosity, ie "}SOporesW, which are per=-

pendicular to the expected directiorn of heat transfer

v

fron the solidifying relt and whose ragnitude ircreases

from the outside to the inside of the, cast..
\ . ,

° 3 !
!

At these low superheats, rguld ternera*ture has

2

very little effect on the mean amount or distribution of
~4

microporosity. As illustrated in Fi_ures 3.3 and 3.4 an’

"

. : oA .
ipecrease in the mould.temperature fror 70°C (34317} =

o

210°Cc (5137) does not. affect the distribution of porosity
Qbfained. Por each of-'the casts outlined in Figures 3.2 -
3.4 the mean amount of porosity was esseﬁtially constant

at about 0.7 © (Table 3.1).

. 4
3 -
o

In addition, for these conditions of solidification =

the effect ofr initial gas content was minimal., With the

' [y

N .
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-

( same superheat as before and a mould temperature ?§§u
25°C (298K?, an increase in the initial gas content from
0.19 %o”b.30'ml H, / 100 gm Al (S;T.P.)'has no affect on
- the distribution profile as illustrated in Figure 3.5

or. on the mean 'amount “of porosity as shown in.Zable 3.1.

When the rates of sg}idification became slowver,
as a result of using higher pouring temperatures
(8250C. 1C98K; 95006, i223¥) the pattern of porosity
¢ changed. As shown in %igure 3.6, pouring the 1iquid’metal

at 825°C (105°K) into a steel mould held at 25°C (269%),
yielde%}results where the qentrel%ne syrretry c¢f t7e
profile began to breakdom and the isonore pcsition wis "

less predicable. Tevertheless, ithe isoporzsz s%ill follcved

¢ L

the expected heat flow pattern. The initial gaz cecnternt
’in‘this case was .46 ml,}{2 /100 zm Al (3.7.7P.). hen

the same casting conditions, *he pattern (Figure 3.7} btecare

more erratic with the isopores being randomly distributed

in the cast. A further increase in the mould %tenperature

to 400°c (673K5 yielded a pattern (Figure 3.Z2) where the

isopores were distrituted as circles about'the centre of

the cast. The highest porosity existed at-the centre ari

decreased in magnitudé towards the outside. There was alsc

a simultaneous change in mean porosity as' the mould %emperature

ot

IR R
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\\\ Figures 3.2 - 3.10 Porosity profiles in J
\ , atmospheric cast ingots 3
’ ] ¢ , 3
.Q?der different casting %
N ' ‘ conditions. The isopore “
-4
. values given are in
percentages.
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Figure 3.2 Porosity pr%file of ingot shown in
Figure 3.1. 1In producing this graph,

three assumptions were made: 1) porosity

o il i R B

at the mould wall is zero. 2) The
values of porosity are those at the

centre of each individual sample.

3) Linearity of porosity exists p

- between samples. 3
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Pouring Tomp. 700°C (973K)

MovldTemp . 25'¢  (298K)

Prossure 1 atm,

Gas Content 0.19 ml.Hz/‘IOOgm Al (STP)
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Figure 3.3 Effect of mould temperature on porosity

distribution in an atmospheric cast ingot

1

poured at low supérheat. Pouring temperature

‘ 700°C (9%3K). Hydrogen Concentration 0.19 =«

ml H2/100 gm Al (S.T.P.), MNould temperature
70 °¢ (3L43K). v
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,Figure 3.4

73.

o

Effect of mould temperature on porosity
distribution LQ\an atmospheric cast

ingot poured at low superheat.‘ ?ouriﬁg
temperature ?OQOC (973K),; Hydrogen
Concentration 0.19 ml H2/100 gm Al (S.T.P.)

Mould temperature 280 °C (513K).
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Figure 3.5

Effect of gas content én porosity
distribution in an atmosvheric cast
ingot poured atqlow'suéerheak. Pouring
temperatyre 700°C (973K), Mould temp-
eratur; 25°C (298K), Hydrogen Concent-

ration 0.30 ml H2/100 gm Al (S.T.P.).
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Pourlng Tomp. 700°C (973K)

Mould Temp. . 25¢ ,(298K) )
Gas Content 0.30mI.H2/1009m AlL(STP
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Figure 3.6

-

Porosity profile of atmospheric

cast ingot poured at.a higher
superheat. Pouring temperature

825°C (1098K), Nould tgmgeggture ¢
25%c (298K), Hydrogén‘déﬁééﬁ%-
ration 0.46 ml'H2/100 gm Al (S.T.P.).
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Figure 3.7 Effect of mould temperature on
porositx distribution in an
atmospheric cast ingot ooured
at high superheat. Pouriné
temperature 825°C (1098K),
Mould temperature 250°C. (523K),
Hydrogen concentration 0.46

ml H,/100 gm Al (s.T.P.).
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Figure 3.8 Effect of mould temperature on
‘ porosity distripution in an
atmospheric cast ingot—poured
at high superheat. gyu;ing
temperature 825°q (1098K), NVould

temperature 400°C (673K), Hydrogen

8
(s.7.P.),

¢
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Figur&}3.9
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Effect of very high superheats on |

porosity distribution in an atmos- ;

pheric cast ingot. Pouring temperature E

E!

950°c (1223K), lould temperature )
259% (523K), Hydroéen concentration

LW )

0.45 ml H,/100 gm Al (S.T.P.). :
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Figure 3.10
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%

Effect of grain refining on porosity
distribution in an atmospheric cast
ingot poured at high superheat.
Pouring temperature 825°Cc (1098K),
Mould temperature 250°C (523K),
Hydrogen concentration 033 ml
(Hz/ioo gm Al (S.T.P.).
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increased, ie. 1.07 at 250°C (523K) and 2.9~ at h00°C (673K).

The extreme case occured when the pouring temperature was

inereased to 950°C (1223%) with a 250°C (5237) mould

temperature. The

was concentric about the centre of the ingot

the same pattern as ex-:ibited in Figure 3.9,

higher centre and

g

.

the grain size had .any effect

AS

relininc altered

<y

but not the

fired

o

refined ingots reverted vack ¢

suncrieats with !

line and following the

Several ingots were

ireot (Figure

distribution then was such that porosity
(Figure 3.9);
bu* with

mean porosity (Table 3.1). .

1
grain refined to delerrine if

or: the distribriion ard anount
[]
jllustrated in Pigure 2,10 Tor a cast

into a 25C°C (2227

rould, _rali

significantly the distziu* on of the nores

amovnt wWren coanared tTo Lo norn gooin ree
3,7, Tre distribullion v tre soslin

»

3 “xr ~ - A
Lo tyne found ab e

. e )
2 isooores bel.p synmes

oy of htre sclidificatll

front. fowever, the wean amount of vorosily Aid not crange.,
, 3.2.,2 Vacuum Castin-g

The effect of

alloy at
to bring about a

of the melt., As

200°C (973K) and 0.25 torr (M, b

vacuum treatment on the alurinuwm
Pa) pressure vwas
sharp decreasce in the hydroger concentration

shovm in Pigure 3.11 a 90 winute treatuent



Figure 3.11

81.

vacuum degassing of hydrogen from
Al - 4.5% Cu., Ilielt temperature
700°C (973K), Pressure over melt
0.25 torr (W44 ra), Area to
volume ratio of liguid bath is

0.13 em™ 1,
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_J/" Table 3.2
Mean Values of Porosity in Vacuum Castings
. Pouring Temp Hould Temp Pressure on Casting Gas Content  Mean Value Standard
% (x) % (k) torr {Pascals) ml Hz/ifgg'%ﬁ‘?% of Porosity Deviation
) ‘ ' v %
700 (973) 275 {548) 0.20 (26.,6) 0.07 3.4 2.1
200 (973) 275 (5L48) 760 (1.01 = 109) 0.07 0.6 0.3
700 {973) 200 (473) .20 (25.8) 0.03 0.6 . 0.3
700 (973) - 370 (6k3) 0.20 (26.6) . 0.03 1.7 1.1
700 (973) 300 (573)  1.350 (200) 0.03 0.8 0.3
700 (973) 280 (553) 260 {1.01 x 107) 0.03 0.5 .0.3
700 {973) 30 (303) 0.20 (26.6) 0.02 0.4 0.2
700 (973) 300 (573) 0.20 (26.6) 0.02 - 1.1 1.2
700 (973) 300 (573) ° 1.50 {200) " 0.02 0.6 0.2
700 (973) 200 (473) 760 (1.01 x 10°) 0.02 0.2 0.2
700 (973) 90 (363) 0.20 (26.6) _ 0.02 0.4 02"
. 700 (973) 120° (393) 0.20 (26.6) 0.02 0.4 0.2
700 (973) 250 (523) 0.20-22{26.6) 0.02 0.8 0.4
700 {973) 525 (798) 0.20 (28.6) 0.02 0.5 0.5
825 {1098) 275 (548) 0835 (46.7) 0.14 b L 5,0
825 (1098) 275 (548) 1.40 (187) . 0.14 2.5 2.5
825 (1098) 275 (s48) -+ 100 (1.33 x 10%) 0.14 1.5 P
825 (1098) 275 (3548) 260 (1.01 x 107) 0.1 2.0 2.0 S
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at these conditions reduced the hydrogen content from
0.19 ml H, / 100 gm Al (S.T.P.) to 0.02 ml Hy / 100 gm
Al (S‘T.Pl). ’

As in the atéospheric castings, a distribution
‘of porosity within the ingot wés found., Although the same
trends occurred--a highly porous central region and a
patitern of isopores more or less perpendicular to the heat
flow direction--the vacuum cast results resembled air melts

B

solidified at low freezing rates,

©

Lowering the hydrogen éoncentratiqq'of the melt

and casting at dtmospheric pressure did not ai{ef\significantly

either the amount of distribution of porosity. 4&s shown in

Table 3.3, decréasing the gas content ffﬁm 0.1%9 vo 0.02 ml H2 /

100 gm Al (S.T.P.) reduced the mean porosity from 0.6)5 to (j

, 0.2%. Yet, the dis@ribuxion (Figure 3.12) was of the same o
| type found under similar conditions of scolidification, but
at higher gas levels of 0.19 and 0.30 ml H, / 100 gm Al -

(S.7.P,) (Figures 3.2 and 3.5)

Table 3.4 illustrates the effect of pressure
over the casting at various gas contents and pouring temp-

eratures. For a Yow pouring temperature, ?OOOC (973K) and




Table 3.3'

Effect of Initial Gas Content on Porosity
Pouring Temp. 3 lould Temp. Initial Gas Content Applied - Mean Porosity
°c (x) °c (x) - ml Hy/100 gm Al (S.T.P.) Pressure %
. ' > - _ ) torr (Pascals)
200 '(973) T 25 (298) 0,19 760 (.01 x 107) 0.9
700 (973) .25 (298) 0.30 760 (1.01 x 105) 0.8
700 (973) 70 (343). 0.19 | 760 (1.01 x 10°) 0.8
200 {(973) 280 (513) 0.19 760 (1.01 x 107) 0.6
700 (973) . 275 (548)° 0.07. 760 (1.01 x 10°) 0.6
200 (973) . 280 (553) 0.03 260 (1.01 x 107) 0.5
700 (973) 200 (473) 0.02 760 (1.01 x 10°) 0.2
700 275 {548) o 0.07 0.20 (26.6) . 3.4
700 . ‘ 300 (573) ‘ 0.02 0.20 (26.6) 1.1
825 250 (523) . 0.6 760 (1.01 x 107) 1.1
825 ' 275 (548) - 0.14 260 (1.01 x 10°)

Al

Py -
TR T L e

"4
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4 an initial gas content of 0.67 ml H, / 100 gm Al (S.T.P.)
decreasing the pressure from 1 atm (101.3KPa) to 0.20 torr
Tﬁé,éPa) resulted in an increase in porosity from 0.67%
to 3.4%, The porosity distribution of the cast made at

- 0.20 torr (26.6Pa) (Figure 3.13) exhibiﬁgd high central

porosity in a pattern very similar to that found in the

air melts at the higher superheats and mould temperature.

“As the gas levels fell to 0.03 ml H, / 100 gn
Alé(S.T.P.) and below, the effect of decreasing the pressure
ovar the cas%s was no'lﬁnger significant. Two casts
(Table 3.4) one at atmosphere and one at 1,50 torr (200.0Fa)
yielded approximately the same'ﬁean‘amount of porosity.

Yet, the éistributions of porosity became more random atz
reduced pressure levels (Figure 3.104), similar to that-
obtained in the air casts solidified at the intermediate
freezing rates, As the pressure increased to that of
atmospheric pressure, the pattern (Figurg 3.15) resembled
that of similar air casts made at higher 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
supérheat of 82500 (1098K) increased the amount of porosity

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




Lo e

J Y

~ . L
AY
) Table 3.4 . .
_ Effect -of Pressure on Mean Porosity .
Pouring 'I{emp_.;' Mould Temp. _ Gas Content - Applied Pres:,s'ure Mean Porosity
°c (x) °c (x) ml H,/100 gn Al (S.T.P.)  Torr (Pascals) . . %
. 700 (973) . 275 (548) 0.07 0,20. (26.6)- 5 3.4
700 (973) 275 (548) : 0.07 760 (1.01 x 10 0.6
" 700 (973) 300 (573)- 0.03 1.5 (200) 0.7."
700 (973) 280 (553) 0.03 760 (1.01 x 107 0.5.
700 (973) 90 (363) . . 0.02 0.20 (26.6) 0.4
700 (973) L1200 (393) 0.02 0.20 (26.6) 0.5
825 (1098) - 275 (548). RS I 0.35 (46.7) I,k
825 (1098) 275 (548) . . 0.1b _ 1.4 (187) 2.5
-~ 825 (1098) - 275 (548) 0.1k - " 100 (1.33 x 105) 1.5,
825 (1098) 275 (548) 0,14 n 760 (1.01 x 107) 2,0
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a large’ range of pféssures of 1.atmosphére (101.3KPa) to

0.35 torr (46.6Pa) only fielded a 2-fold increase in mean
porpsity from 2.0% to 4.47%. The fact, that the casting in -
this series made at 100 torr (13.3KPa) resulted in a lower
amount of porosity and disvlayed (Figure 3.16) fewer

pockets of high porosity “than that found at the hlgher
pressure level (Figure 3.17), showed that although, the
reduced oressure of 7 times did not affect porosity, the

4}0wer rate of heat extraction in the vacuum cast did.
“ .

2

It should also be noted that temperature resulted
in a higher residual content. A gas level of 0.14 ml Hz/
100 gm Al (S.T.P.} was obtained after 1.5 hours for a melt
temperature of 825°C (1098K) and 0.35 torr (46.6Pa) pressure.
(Table 3.2). .o

Even vacuum casting into a mould at h;gper pre-

demonstrated this/ effect on the amount and distribution of

heated temneratu;? ‘can affect. the porosity. Table 3.4
porosity at reduced gas levels and pressufe into moulds of
different temperatures, for a pouring temperature of 700°C
(973K). As the mould temperature increased from 90°C (363K)
to 525°% (798K), ﬁo large change iﬁ mean porosity was found
(Table 3.4), however, there was a change in the resulting

distribution profile. At a low mould temperature of

&
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3

= Figure 3.12 Effect of reduced gas content
on porosity distribution in an
.ingot cast under atmospheric
prgss&re. Pouring‘temperature
700°C (973K), Mould temperature.
¢ . 200°Cc (473K), Hydrogen concent-

ration 0.02 ml H,/100 gm Al (S.T.P.)

' " ®

o 5o e E38 s B a e d7 e ) s R Lol S B IR L bt



OO,

Pouring Temp. 700°C (973 K}
. Mould Temp. +200°C (473 K)
Pressuro 1 atm.
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1 !

Figure 3.13 Effect of reduced‘pressure on
peorosity distribution in a cast
ingot poured at low superheat.
Pouring temperature 700°C (973K),
Mould temperature 275°C (548K),

Hydrogen concentration 0.07 ml
R e

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

over cast 0.20 torr (26.6Pa).
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Pouring Tomp. 700°C (973K}

Mould Temp. 275'C  (548K)

Prassurc 0.20 torr (2606 Pa)

Gous Contont .07l H2/ 100 gm. Al
(STP)
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Figure 3.1k Effect of reducé& pressure on
porosity distribution. Pouring
temperaturgﬁ?GOOC (973K), Mould
temperature 300°C (573K),
Hydrogen Concentration 0.03 ml
H2/100 gm Al (S.T.P.), Pressure
over cast 1.50 torr (200 Pa),

Nean Porosity 0.7%.
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Figure 3.15 Effect of pressure on porosity
" distribution. Pouring temperature
n00°C (973K), Vould temperature
“280°¢C (553K), Hydrogen concent~
ration 0.03 ml h2/100 gm Al (S.T.P.)

Pressure over cast 760 torr (101.3

KpPa), Mean porosity 0.5%,

it ¥
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A

K\\_J Figure 3.16 Effect of reduced pressure on porosity
digtribution in an ingot poured at
4;igh superheat. Pouring temperature

) - 825% (1093K), Mould temperature
275%C (548K), Hydrogen concentration
0.14 ml H,/100 gm AL (S.7.P:),

Pressure over cast 100 torr (13.2KPa).
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Figure 3.17

93.

Porosity distribution in an ingot
poured at high superheat. Pouring
temperature 825°C (1098K), Mould
temperature 275°C (548K), Hydrogen
concentration O.ia ml H2/100 gm Al
(8.7.P.), Pressure:over cast 760

torr (101.1KPa).
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C Figure 3.18 Effect of mould temperature on porosity
distribution in an ¥ngot poured under
reduced pressure. Pouring temperature
200°¢ (973K), Hydrogen concentration
0.02 ml Hz/loo gm Al (S.T.P.), Pressure
over cast 0.20 torr‘(26.6Pa). Vould

temperature 90°C (363K), Mean Porosity
0.4h7.,
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Figure 3.19

95.

Effgct of mould temperature on porosity
distribution in an ingot poured under
reduced pressure. Pour temperature
700°C (973K), Hydrogen concentration
0.02 ml H2/100 gm Al (S.T.P.). Pressure
over cast 0.20 torr (26.6Pa), Mould
temperature 525°C (798K), Mean porosity
0.5%.
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(363K) the isopores (Figure 3.18) followed the ex-

pecled position of the solid/liquid interface with the

amount of porosity less at the mould walls, At a temp-

erature of 5250C (76817) the profile (Figure 3.1¢) was very

different yielding a sound centre with a ver, porous ingot

i e

surflace (Figure&j.ZO).

i 3

3 3.3, RELATICNZHIP €I PCRCIINY 70 3TEUITURE

; Vacroexaminatior and wicroexar inatior of e cassh
i materials yielded sone ianforratlon wicut Lie naturse of

( porosity and ilg distribublion in lie cirst,.

;

° 3.3.1 Taercsiruetupe

1oL

R R S ek Y en [ A T Th KRR A . N
Ab L owLse Yop 1 18 Woroo o lr',‘,p LA . e (5

-

- in the tyne of gra’nr, co colwnar vo acaviaxed, '10 oot poszllt

’ in any abrupt chonge in elther the arcunt or digiritution
of porogily. All changes were seen o veo zraduzl,

% ®
5
e
g7t : * - s
gg A Tinc columnar cr cguinred UpruOuaw@ (Fi_oce 3.21)
-
ot - . . P .

o4 was typical of ineots thal digplayed low arounis of -orcaity,

REL Saka

A
255

-
LA

: Thig typec of sitruclure wan obtoained eliher by castin. ~t low

superheat or clue by pgrain rei

Y

which displayed the structure (Zable 3.5 ) were cast a1t
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ot Table 3.5

Grain Structvie of the Castings

i) q‘ g
; Group No. Type of Grain Present Sample #
; .
‘ 1 Fine equiaxed AL AB2, 003 ‘
2 Fine columnar AL ,AL2,A13,A14,
Fine cquinxed viz,vabk,vih
N
3 Mixture of Group 2 AR21,AR2,V23,V33,
. ond Group ! V3i, Vil |
b Coarde columnar A23,A01,V1L,v21,v22,
Coarsce cquiaxed vz, vhe vhi,vhle vsh
5 Coarce colunnar AZh AB2,A33,

¥51,V52,V53

# Somple numbers ore listed in Tables 2.2 and 2.9

Pl .
y“"’j s !?%L,
:af% g}‘\ »
[y 5
X

L
a’ "
]
.
=,

R

. gwj

e
A
by
et

£ ey
£
LR

TN
TSt

R
1. = B
B

et

i

e

e



L e

e

“
i
-~

¢
ver

]

S

BRS

,
e o
A
b
fet 0
S
%

£

AL

o
L

g, Rt &

e e tin 5 At w Tt s e e 0 o et e S o S 3 oSt venern 5 Y i L da 8 il g

i N 980

200°C (973K) under atmospheric‘pressureB irrespective of
the gas content, and those cast at 825°C (1098K) which

were grain reflined. For all these castings, the tynical
type of distribution profile (Fighre 3.2), displayed ise

opores which followed the expected position of the solida-
#
ification front and which were greateat in the last areas

to g0lidify. Tn all of these ingots norosity was ;ro’h ,

Y

visible to the naked cye,

1
v

Ag the strueture hecame coarser zs the direct
. ,
result of slower (reeczing rates, the z2mount of porosity

. o . R . - B S
inercased (Mable 3.1). Porosity in thes t- we olre

v
v

of a layer tyne in micrestructure (Figurs 2,22) which

covld be deteeted viltcul Lho uvse of ~ ricroscere,

Ttehing in Yeller®s reogent of the vacun: and oir carples

I

revealed bthat the noregiby cecurred i;. bre intersronulear
regions (Figure 3.23, in botr coarse colurnar or cgu'ax

atructures.

A coarsc equlinxed structure (Fisuve 3,20

a digtribution prefile Uhere the nosiilion znd U

the iscpores bended lte be unpredictabile  (Figure 3.8

\ Vo
s ‘vnrale

a coarse columnar siructure {(FTlpure 3.29), obhtained an re-

'

latively slower Preezing rates, yielded o porosily profile

exnibiting very high centrsl porosity anl Iscporas that
‘ i
4

¢
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med concentric circles of decreasing ‘nitude frow ,
formed entriec circles of decreasing magnitude from the

centre of the cast. .

The two typeg of slructures descrlihed above were
typical of the non-grain refined air.,relts at hizher super-

of'?ZSOC (10997) and above. Also included with these

v

heats

casts (Table 3.5) were the vacuum casls~all those at

82500 (1098%) and the casts at 200% (97797) casi under

vacuu.
* M I - . ¢

Along with these resulis was zn obzarvation ~ale
only with some vacuur casts. As 1lluster el Ty Tlure 2,26,

4
the larger and coorgser ooulaxed grasug wee

less porosisy while the swallepr ~relns 1. vz centre ex-
‘ )
hitited licher arounte of norooity.
4
3.3.2 Llerostrueinra
*

Examination o7 the rmicrestruciures cf “hes

castings which exhibited a fire columiar or cquiazxsl ghructe

ure (Figure 3.21), revealed inat the poves were inserferd-
ritic in nature (Figure 3.27), occurving on
as the sccondary dendrite arms. In sore cace~ ag exhiblted

by Pigure 3.28 the pores were long and narrcow occurring in

the direction of the heat flow.
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Figure 3.20 Porous ingot surface of ingot described

in Figure 3.19 X 3/4
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i Figure 3.21 Fine columnar and equiaxed siructure, .
. typical of ingots that displayed low
4 ‘

3 . amounts of porosity. Pour temperature

3

700°c (973K), Fould temperature 200°%
(B73K), Hydrogen concentration 0.02 ml

H2/100 i AL (S.T.P.), Pressure ove cast

760 tory (101.3P2) X 3/b
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Figure 3.22 VNicrogroaph of an atmogpheric cast ingot

ghowing o high degrece of layer vorosity.

Pouring temperature 95000 (1223K), Iould

- . . D' [ eone
temporature 250°C (5273K).  Unctehed x 20
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Figﬂre 3. 23 chrograph of a reglon of layer

porosity show1ng its intergranular

Loee

J ‘ nature. . Pouring temperature 950 °¢

(1223K), Mould teﬁperature 250°¢C

N

(523K). Dilute Keller's etch x .40
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Figure-3.25

1030

k]

Macrostructure of an atmospheric cast ingot
exhibiting coarse equiaxed grains in the
centre. Pouring temperaiture 825°C (1098K),
Mould temperature 25°C (298K). €.1% NaQH
etch X 9/10

‘ Nacrogtructure of an atmotheric\cést ingot
exhibiting coarse columnar grains. Pouring
temperature 950°C (1098K), Mould temperature
250°¢ (523K). 0.1% NaOH etoh X 9/10
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Figure 3.26 Nacrostructure of a vacuum cast ingot

N

/d of cmaller equiaxed prains., Pouring

exhibiting higher vorogity in reglons

| semperature 700°C (973K), Mould
N ) temperature 9000 (3631 ), Hydrogen
- concentration 0,02 .l H?/loo gm Al

(S.7.P.)y Precoure over cast 0.20

torr (26%6Pa).
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Figure 3.27 Micrestructurce of a vacuum cast ingot
showing fine interdendritic porosity.

Unetched % 170

s
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Figure 3,28 MNicrostructure of an atmospheric cast

ingot showing fine interdendritic porosity
I3 - ¢ - '\ " \ i
in the dircction of the heat flowlhygPnetched,

v

% 170,
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Figure 3.29 Scanning electron micrograohs of a

“"hot tear® region showing the dendritic

1ining of the pore. a) X 84 b) X 168.
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"he intergranular pores (Fipure 3¢23) which werc
vigible to ube naked eye werce cxamined furtler throug house
of the Scann\wﬁ clectiron m;cro scope. Random samples of
" thege pores were chosen from both the alir and vacuun melts,
o 3 / B
A Thig exsnination revealed two very different typoes of
i pores. Cne type exhibited a pore/metnl interface Lhst ‘ias
; Iined with dendrites rescewblirg a decanted or "nour ont™
© interface (Pigurce 3.29), On closer inspectlor, the pore
: vag seen tu be on a Size seale conciderably srroater thar
! ~ ' .
- al of the secondary derdrite arra, A Yigher 1 arnification
ul - (Pigure 3.29h) o 4ﬂn gome pore chowed. cocer dovy lenx?rl
| . 7 - .
- 217 ms thh tihe areca betvicen the arve ricrk in aviectic,
! v
) “Le second tynme of pare toot awdiiffc. et felr,
v re ‘)1,J # pore Yhougtt Lo Te ctuged by digsetoed op
. . . i f
entranped gor,  The pore was circcular o ootane wiU 0 00w
, Aritgs aroiuding ot the surface (Fipure 2. 209). 71 Tiooaca
»
? 3.30b the norve/: etal nterfmes is very rourh cod nay el
! be Tvnod with dross. ;
¥ ! .
g ) ,
& - Fal TURTOETOR T JCLIDTETOATICY PARATETE .
%%\ i ' ‘ '
ol / co An attenpt was wade LO correlte B mount of nopotivy
A':“Tgép" i ¢ ’ .
%/’ ' . to the secondary dandrite arw spacing of the ipngon orn o w
/ ’ R PRI . P N . -
' srounds the U, Wnin preereber g dnportant o conLyrotlie
B i e Y : -

a
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{ Y
interdondritic solidification and conocquently lecding.

Teio methods weire used in the correlation. The sécondary .

arm spacings were measured on several somples (Table 3.6),

ral
A el e T (31 L .
and an exioc ting computer program way uged to compute

)

the local golidification times at locations in the ingois

Trom wnich the denaity samples were taken. The loeal

1 oo golidilico . ron btine, as stated belorchand, is the tine fo:
) guirnd o~ ~ given location to cool from the liguidus to

v the nolldus (cuteetic) temporatura, and it has been shown
; ° % 1 ¢4 (3393”‘) oo e “ m A R T L4 N

by many authory : Lo be the major factor in determ-

- ining secondary arm spacings,
-'.f) -
z

. 3ue1 [econdary Dendrite Arm Spacing !

lcagurements of the secondury arm spocings

i

apgreed Tavourably with resulis obtained by otlhers on

castings made undey Similar conditions as shown in Table 3.7,
RN s

A1l resul ks measured were in the 100 -~ 350 nilcrometre range,

and as expecied Lhe eagtings made in air with the fstest

fveezing rotes had the omallegt avm ocpacines, For most eases
~
ne gorrelotion could be made botween the amount of porosily
and the secondory arn apacings, as cxhibited in Figure 3.31.
Hovever, when tho groin olze wes on the order of

mrgnitude ag Lhe socondary dendrd te arms, some corpelation
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Pabhio 3.6

gondyriv o Avie Spocings - Alr Meldo,

s

Position Yvneling Position Spaeing  Pooition Spacing
Jh . . JAm. J4 00,
. AL1IE 79 A2IAG 1.80 S LY 211

1 INEN T 315 L3908 175 A5348, 189

: 1333 3,28 CRIE L 1M A5392 1
f . 1136 121 L1h7 169 A5357 ,

241138 190 A3 57 182 A5358 188
: ALY 129 A3137 179

4 - AM118 90 A3117 180 | -

: 14133 169 A3118 : 190 b First Lhroe

% IRRth 179 A28 1.5k digits (fe. AL1)
; L. AB136 g A3127 197 sipnily the eant.”
§ ’ A1 38 117 A5158 3173 ¢

: , oot fwo diglts
3 abisy 120 20538 168

. ,  (ie. TB) oipniyvy
; A58 : 100 L3335 irs

: \ ] position in edui
B  Ab328 86 A333Y, 198 :

] (sce Apoondiz )
: Ahhs b, L3087 177 ,

;‘,,f “ / 4 .

i A28 1 L35S 167,

4 ,

A L3108 oh A3336 172

¥

gl

2 | A3l 52 83335 222

WY 5

L5 .

o AR5 116 £3338 161

i X

9 ’ A2 221 A3337 197

£ ¢

43 .

cé ( A58 76 13526, 177
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*
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3
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L d
8
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Tnhle 3.0 contid

¢

'

Dendrite Arm Spoeings - Vocuwa Velis

v
3

Ponition

3

L

2INg Pogition Spocing

{ 5. S,

1

? Cov128 206 vIizy 168
: vi120 77 '\ k37 286
: ¥1.130 106 | V3138 21
: Y1997 187 vk 260
: 3 V145 . 20 vhU18 A 172
" ‘ Vil 96 25 vy o
?? 'Sk 219 vhis6 270
) v 48 1.8y Va8 155
f' - _ovries L 222 viihag Lt
é V2310 7 vhi336 215
% VY 3073 vh338 725
g‘ V155 1956

%ﬁ vaa6 49D .
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Toble 3.7 -

Sacendary Dendrlite Arm Spoacinge as o Funetblion of

Locol SGoldification Pime in A1 -0, 570 Cn

Jecondary Tocal
Axit Spacing Solidification Time

3
(pme ) aeconds)

00 = 200 #
VAR - o900 i
175 3G0

f ) 'i l!
w Reasult Lnken from K. .P, YTouns and DU, Kirkwood (34)
o Repult taken from Tuble 3.0

. . . ; 7
U0 Loenl OGolidificaGion Thaae caleulated Drom .
- ., (31) '
conputer nodol
\
>,
~
3 1

LI
i

153
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: could, bhe medn. Jigure 3,32 demonstrates that oven in the
navrow range of 25 « 200 mlierometres the percont porocliy

ving dirveetly related Lo the secopdary dendrite arm apacings.

“he ormples uced in yhe corrclation were chosen from Lhe

eyt
[SE R

te which cxhibited o fine girain cize celther duo to
) eanting at low superheats or by grain refining Che melt.

Microczenination oi the ingots showed ihat porosily was

|

i fine and Interdendritic in nature (Fipgure 3.27), its size
E most Likely a funetion of the secondary doendrite ari

: spacing. ’

. o

| { 3.4.2, Tocal Solidificolion Time L

;‘ . A.h I A ~ 4 4 b [ ey ( 31 )

T b atoted in Chapier 2, on exis inc prosoiun
=}

was ucsed Lo ecaleculate ihe loenl oolidifiention times [or each
. nodnl loeation ln the coastings for the alr wmelis. “Thoeoo

values. oblalned apgreed favourably with those Tound by

Y

A R R T N D

2 B
o
et
"t
o
rk

othors (Table 3.7) for simllar dﬂndmztn arm ooneling.  Aloo,

in ihe ecage of cecondary dendrlie nym scprelns, porocitby was

only o Tunction of local solidificition tjmes (f#irure 3.33)

L]

in the thoas displayed a {fine -~ columnnxy and cculnxed

9

ot ]
Ty ~= . ovructure and 2 Sine interdendritic type of porosity. N
] _:‘“ - s , '
;i .
24
i - PR . o N . P T
N Tn need Sion thio voariable wan uneful in deteroining
- whe rooaons for She Lypoes o diciributions found. In o cano
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Fomnd

oi” a Iow superhnest, the col colldifieation Liwes inerengced

{rom the oultoide ba the inside (Fipgure 3.38) in the sanc

5

wamer an “thet nxhibiﬁrﬂ in Pigura 3.2, ﬁ;ﬂﬂVOTn a Sho
superheat inerensed, ﬁhohlncu] agolidiflicabion tiwme incroased
vith o eorrvesponding dearenge in the temperature gradient
(Pigure 3.35)k Theze factors will repuli inm the formation
of conrser praing which will bo diffiecult to feed upon
colidifiention.

g -
(12,17) han

Pyrevious worls gtnted the type of

Toeding was dependent upon the amount of fraction solid
{Figure 1.8) where at low fraetion solids (fn) mana fooding

ig pirtavalent ond nt oa high 9 Interdendribtic foeding iz

e

more posaible Theorefove with uwzo of itha <ompuier pro-

rrrom, hihe timn tabon (or cach node to reach o opecified

A

fa was ealeulaled. The fraction gollids choa?n were cgually
Fe
P 2, .
ooacod betveen 0.00 and 1.00 . The {raction nolid woo

N

srnleu nhod uning Sehoild Bon (ign 1.9).  Once enleulnsed
they were plotied apaingt the corronponding poroaiiy vonlue

of thai, node. ‘ .

-

=y + ' G vy e g 2
For o pouring towperaiure of 700°C (273K) inte

2560 (290K) mould, porcent porouity woai.n linoar function

o

a1

ot

tine fop very Wwigh feaction solidns (Pisupn 3.36), while

\ . y AL
b n hirgher superhent, 25070

i

Semparaturs, the Linenrity dicappenvad st low {roction solide

{Pirare 93,97}, B

bY
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.

Figure 3.36 Percent porosity versus Solidificatiph
Time for various fraction solids.
Pouring temperature 700°C (973K),
Mould temperature 25°C (298K).
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Percent porosity versus Solidification
'Time for various fractions solids.’
Pouring temperature 9§p°é (1223K),
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DISCUSSION

"4,1 NMICROPOROSITY

'

-

The production of a sound cast structure is

- becoming of more importance to foundrymeﬁ today primarily

bécause of the increasing demand for premium quality
material. Information then, on how, where and why
microporosity is forméd is much desired. Previous research
on microporosity in castings followed two distinct and
different approaches. One approach was‘ﬁheqretical in
nature as evidenced by the works by Campbell G?’lz’}?’al)-

' (15)

H
and Piwonka and Tlemings.

However, much of”bﬁe theo-
retical work is difficult to analyse experimentally, and
for this reason, little has been done to date to prove .

or disprove existing theories. On the other hand very -

" empirical research has been done on this topic. The major

aim of many of these works has not been pfimarily to explain
pore formation but to find those techniques which ean
eliminate the problem. With this in mind the preéint work
was undertakeg to investigate pore formation in cast ingots.
The work provides some fundamental research on microporosity

where the amount, the type and the distribution of the pores

.can_be related to theory.



4.1.1 *Suitability of Al - .57 Cu to the study

. ) . e

K3

Although the work involved a‘study of an .

"Al - 4.S5% Cu alloy, it'is hoped that the results gen-
erated by this investigation can serve users of other

metal and alloy systems. Several considerations were

—t

made in choosing +this alloy for the study. As illustrated

in Figure 4.1 %He solubility of hydrogen Ir, both solic

and liguid aluminum 1is lower than that found m several

“ M o

other metal systers.

v . - -
The nrotler of dissolved hjydrogen in aluriran
- %

and alusinun tase allcys arises bvecause tre sclubilities

of hydrozen in the liquid and solld are very wuch: 4%°ferent
y o (36 .
(0,69 vs. 0,02 11 =, / 1CC zp ALl S.7.2.) ‘MY Birce «
g’

most conmercizl conerations onerate witr bydroren leve

- f‘t,

~
[

up to C.2 ml'HZ / 100 gn Al (S.T.P.) for pronerly Jlegzssed

AV

[

melts, the effect of gas rejection is very irportant as
. 5o

driving force behind pore formatior.. ETven in cases where

"

vacuur relting or ofther degassing copnerations reduce tre

"

vr

hydrogen content in the .liquid to values of about 0.02 rl Ho
' )

/ 100 gm Al (S.T.P.), this value is still of the same magnitude

as the solubility of hydrogen in the solld below the solidus

temperature.

<)
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Effect of freezing range ori the
A

solidification of £ metal.

Figure 4.3
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!
e, v

Compared to most metal énd alloy systems, Al -
k,5% Cu has a relatively high thermal conductivit# which

as illustrated in Figure 4.2 results iq%lbw temperature
gradients that give rise to a large muggy region. As
mentioned previously the large_mushy region is more difficult
to, feed, enhancing the possibility of pore formation. As *
a converse’to this, metals displaying a ibw thermal cor-
ductivity allow steep termperature gradientis to arise forming

X. . <
a short mushy zone which is easy bto feed,

~

»

Al - L.,57 Cu solidifies over a long range of

temwperatures, approxirately 100°C (1C0K) if +the solidun
' I3

temperature is considered as the eutect

o
+

enserature in

'

As in tre cas f a

<{
(e}

non-equilibrium freezing,

-
o1
o
RS
9
e
=
-
o

a high thermal conductivity, the lovg freezinz rarge re-

sults irn a large mush zorne (Figure L.,3) addicg to the

o

difficulties ¢f feedinz

tignt b4

.

4,1,2 Sarpling Teclnigue:

-~
-
) e

or

H.
(9]
o}
[a)
=
Q
s
o]
e
.
F2

/£ At the outset of this work, ite problem in
selecting a representative sample for measurenent cf
microborosity had to be overcome, As illusirated by tle
distribution profiles and quantitatively shown in Tables

3.1 and 3.2, where the standard deviation from the mean

.
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3

i4

can be a$ great as the mean value of porosity for the
specific cast, the meaﬁured amount of porosity is a very *#
strong function of position in the solidified product.
Therefore the measurement of porosity in a series of ingots
gsolidified under various casting conditions usging a random

.

sample process can yield meaningless restlts. e

In the case of an open topped cylindr'éal ingot
(Figure L.1}) as used in this word, a cenirelire slice was
used because it provided a samnle renresenta* ve of =11
solidificfition conditions in tie ingot. Since a cyl':irfeal

ingot was used any ceritrelire slice should - feld tre sare

results, for.as shown i Appendix ¥V, most sa.nles lis-

nlayed syrretry about the ter'rsline.
Ir. the mweasurernent o"-microncreziiy In “cre cuiplex

"

shapes the sanpling techniques must obviously ~roduce a re-,
presentative sarple. As illusirated in
casting of metal iatc either square, reciansular or sn
statlc roulds requires the uzse of different sanpling vro-
cedures to »nrcduce representative sarples. For a square
ingot, one centreline slice as well as or.e éurface slice is
needed. Tor a rectangular ingot a surlace and centreline
slice parallel to both the x and y axes rust be taoken,

And in the case of a sphere all that is needed is a slice
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'Figure 4.4 Sectioning of a cylindrical ingot
to obtain a representative sample
. i for the measurement of porosity.
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. Figure 4.5 Sectioning of various types of

©

ingots to obtain a reoresentative

’ sample for tgg measurement of

. porosity.
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. SECTIONING OF VARIOUS TYPES

OF STATIC CAST |INGOTS
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are required
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’ &
{ along its diameter. It is therefore important to remember .

that before an ingot is sectioned for measuring uicroporosity,
the ingot symmetry in relationship to the process ¢F solid-

ification must be considered.- « ' (il

DS \

o

) h,2 RELATICNSEIP CI PCRCIITY 7C STRUCTURZ

o

> 4.

The rilcroporosity Tound s the ceslings, wietrer

cast in air or in vacuumn, wag interfdendritic ‘v nahure.,

and 3.27 tre rmajdér differences Trory infot o dr-obt gos of
- w At -
bt 3 - - VYt N oy Y e . ~e " ' N
scale, Tine interderiritic poros’ Ty weo 288sc < le ‘:
h ¥ ~3 fraem Y ' -~
. meoks Y- disniayel 2z Tine gralr slouchare, oL .ol ] ’
.
o~ s I ol ~5 [N
by the use o7 lLow supex e~ . s oo Ly Frel xelil o, AD
illustratel L0 71 ure 2,727 17w inersden? T molont
was ¢” = gize the sare orfer 7 rcogniinte az ile veccr?
™,
2 % L - - + - - -
ary denirite vsrug,. Tigure 2,72 ghone e e er Lyne o
. - ey b . B o~ 1 ~ — AT,y s 4 3 -
porositly <halt wse optal-ied ar slower osies ¢ soll i Ticeiios,
[T (S P W, TR SOURE I LI R ey oy -
These nores existed 1r “he Intergranvla: rellions ol the

cast and 2s evidenced bty the scansing electron rlilcrofranh
in Firure 3.29 each pere wes gssociatod with severnl

secondury denirite arrs,

For gas levels of 0.19 - 0.456 wl ¥, / 100 21 Al
($.7.P.), and in some cases as low as 0.02

Al (3.7.F.,), the amrount and distribution of nicroporcsity
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. was @ery sensitive to the initial casting conditions.
Sincé the -structure exhibited éy the iﬁgot is very de-
pendent upon the casting conditions empioyed it should
be nossible to relate‘the amount and distributicn of

©
porosity in the ingot to t!e structure cf the ingot.

In the castings rade in air, the distritution,
-,, B
! )
amount and type of porosity wez found to he ver§ derferdent

‘ on the grain structure. If the narticular cast underwert

ranid solidifica%ion vsing lcw superreats or wasz gred
relfined, *tre resulfing graiv sitructure waz of very Il e

columnar and equliaxed sraims or just Tlac equiaxe’t syrsirs

L . . \ . e - .
(grairrefined ingotz) as showmn in "lrure 30210 Zerco ity

po L7
was very fire, and occurrszd in tre intertendvit’' o r z'ors
of the cast, Tigure 3.2 shoews a itysical suros Sy osro”lle

\ where isonores follow the expected positica ¢

s s . 3
ification front,

e

nereasing in magnitule towsrds tte centre
of the cast, Ags expected, and sraown by
porosity wes very “dependent on the size of secondary
dendriie arr spacing wi-ich has been shown to be a llrect
function o® local solidification tine (33'3u), since

: Equation 1.5 demonstrated that the rate of cooling (dr/dt)

AP

AP dr (1.5)
M

i
R
o
3
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{“/ was an important parameter in calculating the driving forces

. : ;
for pore formation indthe interdendritic reéions, thus the fine‘é

. % ’

porcsity occurring under these conditions must be a result

> of poor interdendritic feeding.- This is supported by the;
correlation of)percent porosity and local solidification time.
Flgure 3 36 supports thls conclusion- because porosity is

&
still a functlon of free21ng rates even at a high fractlon

y

solid. Interdendritic feedlng is the only type of feeding ’

expected at these high fraction solids.

Slower rates of cooling such as thése oceurring
at higher superheats, resulted in a caaréer columnar and
equiaxed étructure, which in turn wasﬂassociated with higher
values of porbsity. The type of porosity found in thgse
castings was agéin the interdendrﬁtic type (Figure 3.22)
although on a much larger scale than that found in the
castings where the grain size was smaller. It can be seen
by the scanning electron micrograph in Figure 3.2%a, that
these layer pores were\lined with many gecondary dendrite
éfms, and it is not surprising that for ingots oroduced
under thesge condltlons no correlatlon of percent por031ty to
secondary dendrite arm spacing. (7 1gure 3.31) could be made.
This type of por081ty appeared to be ?he layer type as dis-
cussed by Campbell (37), Ittcouid also be named as inter-

3

granular type for as revqaléd by etching in Sigurer3.23, it




- | 135,

-
- R - *

( - a occurred in the intergranular regions of these casts.
\ Co- ' -
. c 3 ”

1
N .

In foundry termlnologj a term which comes' close

- c M ]

to descrlblnv thls type of porosity is hot-*ear;ng Hot!

(ko)

4

‘tearing is usvally referred to as fracture of .retal
"just below or avove the solidus temperature as a result of
-stresses which arise in the solidifying cast. The latter

N 'seems. mﬁst iikely thé'case for as seen in Flgure 3.29%, the

™ secondary dendrlue arms appeared fu be vcr' smooth.. IF

5

the tearlng occurred in the mexal below the solidus terp-

erature, the surface should have exhibited sicrg of frecture.
) ‘ '
%

’

1 ' ~ f N
© N

) . The 'mectanism by whick these pcres

by
3

crrel can he

&
.

explained by the structure present, ' Whetrer the structur

\ was coirse‘colufnar or edquiaxed tre. layer' Lype of rovosity

- existed; howaVer, thé type of ¥istri¥usidns found were
different. large.superheats and higk mould semperatures
v produced a coarse columnar s*ructure (Figure 2.23; A

. typical disiribution showing high concertiric pgockels of

] - ' t . -

porosity was observed'ih Figure 3.5. The existencs of tials

«

di§tribution can be explained by the mechanisi in which a
‘cast solidifies under  these casting conditions. As -

illustrated in Figure 4:6 the coarse columnar grains will{

2 IS

grow qu?Fy fror all directions. This fact is supporied

by Figure ,.35 wnlch shows that the local solld ication

- \ N
* !

'l

e T N s T P Nt

adid

oilinte ek
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Figure 4.6 Schematic illustration of the develop-

ment of columnar grains in an ingot.
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-

times are higher and_the temperature gradients are lower;
both facts which enhance the formation of coérse columnar
grains. Pore formation will not be a probleﬁ until these
columﬁar graihs have grown to the gentre of the cast.

At this stage in the solidification the liquid metal will
exist at the columnar grain boundaries and the last liquid
feed reserveoir will exist at the centre of the ingot. The
resulting distribution profiles will *then exhibit a very high
centre porosity with concentric isopores decreasing in
nagnitude to the outside of the cast. (Figure 4.7)

b
At the other extreme, for an fhgot\that consists

of coarse equiaxed grains - the result of using inter-
mediate superhea%s and mould temperature - a rather simple
explanation for the occurrence of layer éorosity can be,
envisaged by régaréing the mechanisms of formation of the
equiaxed zodg. Work on transparent model systems (38,39)

has shown that the equiaxed zone builds up progressively
during solidification, and if the density of the so0lid is
greater than that of the lihuid (as is the case with most
metals) a considerable amount of equiaxed grain is deposited
“in the lower regions of the ingot by settling or sinking
“of grains formed early at the surface ér from fragmented
dendrite bits originating in the upper columnar zone

o

(Figure 4.8). The grain to érain contact in the pile will,

P e e g e s e : v o e e
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-
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Figuce 4.7 Expected poro§ity profile of an
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. ingot which solidified in a manner
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similar to that shown in Figure 4.6.
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EXPECTED POROSITY PROFILE OF INGOT

WITH COARSE COLUMNAR GRAINS
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of course, be imperfect (Figure 4.8) and liquid pools or

™
Y

channels will remain between the equiaxed grains. Feeding
of these intergranular liquid regions should be extremely
difficult and solidification will result in the establish-
ment of local tensile stresses which in turn all pore

formation. Since the packing of the grains is a random

process, the resulting profile (Figure 4.S) should resenble
some of the typical air casts that exnitit ccarse egquiaxed

grains. (Figure 3.7).

Cn éimple goenetrical grounds it would be ewx-
‘pected that a pnile-up of large grains would be nore inperfect
A&and would result in larger and longer intergranviar linuid
channels than if the equiared crains were grnaller. There-
fore 17 the structure was one o° fine equizxed Jraing, better
packing of the grains wonld be pessitle leadirg tc a =maller
amount ¢ microporosiiy. As illustrated in Figure B.fC

grain refining results in a profile sirilar,to that fcrred ax

nce

p-re

low superlreats., lo erratic.central porosity is noted. 3
for tnhis ingot, poresity is a functicn of gecondary Jdendrite

arm spacing (Fipure 3.32) this porosity is suspected, although
[
intergranular in nature, to be *he result of poor feelirg
¢
between swall grains composed of only a few secondpry arrs
Y / .

! 4

growing fror a central nucleus. ]
) ®
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?igure 4.8 Schematic illustration of develop- i
’ .
¢ ment of equiaxed grains in the
% at
3 centre of an ingot.
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Figure 4.9 Expected porosity profile ofﬁan
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{ In general, ingots contain mixtures of columnar
and equiaxed grains/and hence the porosity amount and dis-
tribution is probably most often caused by a combination of
these two mechanisms.

-~

L,2,2 Vacuum Casting

A distribution of microporesity also existed in

the casts made in vacuuri. The distritutiocn tended ¥¢ re-

semble those cf atwospheric casting preoduced a* slower
freezing rates. TFor instance, as illustrated in Tizive
4 ~

3.15, trhe poroslily profile made at the low sunerheat =nl

reduced pressure recserblel tre air cast at a higter supzr-

heat (Tigure 3.7,. Correspondly tre racrosiriciore ex-
hibited coarse columnar or egulzxel sra'ns (Figure 7.25).

A As mrentioned earlier tre vacuur reliing sas emr-
. K d

ployed to reduce tle gas levels of ¥, “r relt. 4% ¢ 9 ﬁ

(9737) (Fiesure 3.11) a 1.5 hour treatment Jed to a gas level
of 0.02 rl ¥, / 100 gri A1 (S.7.P.) wnile for the sare “i.e
period at 825°C (10987), a2 gas contert o 0.14 ml r7'/ 100
em Al (S.,7.P.) was attained. Degassing appeared %o bYe 2
slower operztion at the higher melt temwmperature. TLis
result is logical because depassing rates are very dzpendent

upon the equilibrium gas levels in the melt (Co) and at the
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melt/gas interface (Ci). Since Co increases with melt

(

temperature 36) the driving force for degassing (Ci-Co)

is less at a higher superheat, -and consequently degassing

¢

is & slower operation.

Casting at 7OOOC abt atmospheric nresgure tut
at reduced gas levels (due to vacuum degassirg) 4id not
significartly decrease the arcunt of aorosiﬁy ir the
castings.* Reducing the gas level fron 0,19 %tc .07 ;l
Hy / 100 gr Al (S.T.P.) for tre sare solilificztion con-
ditions (Table 3.3) only resulted in_a srall decrezve of
mean porcsity from 0.77 zo C.27. In.bo% cazses, a2 t.ocro-

<
structures consisted of fine cclumnar aad equ aza’ ~Trainy

(Fizure 3.21) -ontainire Ti-e interdendritic rorocisg,

These resul's asusgest tvel gsaw wolectlicw ury cot Te Sha

only way nores are nucleated. At low zos levele nore
formation rzs o-:ly reduced arid el el’ ' netel *v.e Ph:ge;téﬂt
that sore ot er nore nucleant is Hresent., "iz Tles il bé

dealt with in detail later.

'
iy

tings wmade auv vi

)
} e

From the resulsts or ca ricus

Q)

levels of vacuum, the role of zonlied pressure was “-und

to be insizniTicant in nost cases. For example, a reduced

gas level of 0.03 ml H, / 100 gm Al (3.7.P.), casting at
)

and a%t 1 atmosphere (101.3¥Pa) rizlded

~

1.5 torr (50.9Pa

approximately the same value of porosity (Table 3.9).

PR
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Neverthele§s %he reduction of pressure'over the casting
gurface aliered the structure of the ingot. Even at low
poafing temperatures 700°C (973K), the strqcture changed
from a mixture of fine columnar and equiaxed grains
(Figure 3.21) at atmospheric pressure to a mixture of(@éarse,
columnaf and equiaxed grains at 1.5 torr (50.9Pa) and less.

This latter mecrostructure was similar to that of one of

the air melts cast at higher superheats (Figure 3.24).

‘These castings at reduced pressure levels also exhibited an

R
erratic pattern of isopores as illustrated in Figure 3.16,

indieating that the distribution of pores was due to the

random pvacking of these grains as described previously.

Again, liquid pools or channels existed between the grains

and upon solidification pore formation occurred. It is

then easy to see why, at a gas level of 0.07 ml H2 / 100
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°C

(1098K) at various pressure levels, the role of solidification

which controlled the packing, overrode the effect of pressure.
A 3000 fold decrease in pressure only resulted 'in a two fold

increase in porosity. (Table: 3.4)

IS |
In cagsting under vacuum the relative grain'size
was found to be important to the amount of porosity. As -
illustrated in ?igure 3.26 mbre‘povosity was associated with

the smaller grains. This observation can be explained by

E5 e
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- ‘again regarding the mechanism by which these casts soiidify.
As 'in the air castings, the formatiori of the equiaxed zone

is a result ‘of equiaxed crains being deposited at the lower
. | o ’ Ll . .
' fégions of the cast, caused by the settlinr of grains, either’

formed at the surface or from ‘ragmented dendri e bln
(Figure 4.8), :raller equiaxed gralns for geometrlc reasons

Pl

are expected *o pack better. -

1

A JIf this mechanism of settling is considered, eirilar
3 - - N .

to'particles settling in an air charber oper both at the top

- and bottom cf the chamopr (= 1ﬁuro L.,10), ire ohsersatior in

tifé vacuur cast, where porosity was less in rag sionz of larger

& i

grains,'cahn*hen be xolawned. As illusiret el ir Tlgure
. L.10a, if the ton pressure (pressure cver”tle. cast) ls less
than bottor pressure (pressure due to gas re

£ » - ,
.pressure will resul’, irn an .unward driving fo

~
(9]
(¢}
e
[ O}
<

o]

[]

i
o

. ward force will te counterbalanced by tre -jei_1%t {or size)

b ef t“e grain, anl as expected, the larger crains s

nould _
cornact more (with less porosity). This recranism can zlso
- . ¢
* - Y . 7 v - ° » . > Y
, explair tre observetion found in the air casts where the

1

smaller grains yielded less pbroéitV. As showh by Flgure

h‘lOb if the top pressure (pressure over tre casi) equals :

the(bottbm pressure (oressure due to gas rejection), the

T

dprlng force due to a pressure dpop ghould be zero.

)

Therefore, compaction of the grainé should be the same
v [

- PO - . i s & o i A Wi ot PR
A - " Lt ¥ s R & e A R, i o i,

P

e
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Figure 4.10 Schematic of grains settling both
in air and vacuum at various
o ' levels of gas concentration.
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irregardless of grain size. However, the smaller grains
gshould yield lower values of porosity due to the geometric

reasons as discussed previously.
k.3 EFFECT OF CASTING VARIABLES ON PORE FORNMATION

As mentioned in the introduction, there are
several casting variables which can influence pore formation.
O0f these, the initial gas content, solidification rate and
applied pressures are the most important. Each of these
variables will be discussed making a correlatibﬁ of the

present f%sglts to previcus work. ,

k.3.1 Initial Gas Content

Equation 1.2 as shown in Chanter I, indicated that
gas rejection and unfed shrinkage are the driving forces

(7'21)h

behind pore formation. Recent research ags shown that

pore formation is often the result of a gas-shrinkage inter-

action with unfed shrinkage playing a secondary role.t However,

unfed shrinkage canhot nucleate a pore (21)

alone, and gas
or gsome other pore nucleant such as inclusions is needed.
It is known, however, that unfed shrinkage determines the
final pore shape (6'7). Work by Nishi et al (22) on difect— .

ionally solidified Al - 4% Cu samples shows (Figure 4.11)

e »

* {5
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that the critical gés%%evelvrequired to nucleate a pore’

is 0.15 ml H, / 100 gm Al (S.T.P.). However, whether the
pore shape is determined by shrinkage or gas depends on the
sglidification rate. TFor example, for a solidification rate
of 60 ecm/hr, the initial gas content must be above 0.41

ml H, / 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 irm
Appendix VII), the type of vore predictéd and observed uwas
the same. The gas levels of the air mel?s predict that
for the levels 0.19 to 0.46 ml Hy / 100 gm Al (S.T.P.), a
pore will form but its shape will be of the shrinkage tyve,
as was observed in Figures 3.22, 3.26. Thus, 'the present

(22)

work confirms that of Nishi and Kurobuchi » even though

the solidification was far from being unidirectional.

There are also discrepancies between the two works,
in that air casting at reduced levels of gas 0.02 to 0.07
ml H, / 100 gm Al (S.T.P.) did not-eliminate porosity, even
though these values were far below the reported threshold
level of 0.15 ml H, / 100 gm Al (S.T.P.) (Figure 4,11).
Stating threshold values is quite possibly meaningless un-

less the cleanliness of the metal is also specified. As

S
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Figure 4.11 Critical gas content to nucleate
\ ’ a pore and_the rate of solidification
#
required to form a shrinkage or
gas type pore.
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]

mentioned in the introduction, in nucleation theory gas

or some other porenucleant is needed to act as nucleation

¢

sites. In aluminum castings, inclusions such as Al 03
can act as these sites, Thus if the liquid retal is dirty

enough, even in the case of vacuum melting, nore Tornation
Y

can still occur when the initial gzs level is

the quoted threshold value (C.02 vs ¢.15 ml =

4

Al (S.7.p,).

b,3,2 30lidificaticn Ra*es
P4 b}

Iuch work to dale hasz involved exnzri> ente «iere-

o

by the rates of cooling arl “ernersture gredien

s Move T een
;e
I

contrciled For trne purncese ¢ Sirdins on!ivwur conlitior:
which lower porosiiy Dby suprescing nove Tcrratiarn.,  In this
work, 2t tle ra‘tes c¢f cooling used (Tigures 2.°0 aad 3,737,

o

the solidification rate deferiiines tre arousnt <7 noroeity

by contrelling the siructure of tls ingot nrodicel,

Mo keep norosity te a winuvwum, the rate of sclil-
ification must be such that an open licuid ¥reservolr o

feed metal is possible. The slower freezing rates noll only

3

making feeding impossible.
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{ ‘ Only in casting where the ,grain structure was .

. fine, did the relative rate of soliaification affect the
)
amount of porosity. As illustrated @y Pigure 3.36 for 3
| “F ‘
typical ingot fed interdendritically, the porogity in-

) | . . .
creased as the rate of cooling decrezsed every at a time in

N the casting whe# the casting was almost 1007 solid. 1In
I
the slower ratef of cooling where mass feeding was import-
ant the relatlohsnwp broke down at low fractlion solids

(Figure 3.37).

4L.3.3 Applied Pressures

’ o

Casting at reduced oressure levels ras already

A

been shown to he detrirental Yo inzol soundress, for as

(41}

i
shown in stee E castings /3 vacuut cast rzlerizl 's uore
‘re

r
L

% porous. The ductior of »nressure s very useful as a2 re-
gsearcn tool slfince a pres=ure dron freow 1 atrosnhere

(101.3 ©Pa) tlo €220 torr (26.¢ Pa) represerts a 2000 foll
decrezse. Since applied pressure over the(casiiwg acts to
suppress porg formation, the decrease should enliarce tlre

possivility df pore formation.

This work revealed that the role of reduced pres-
sure was two-fold. In one instance it allowed the ingot to

so0lidify more slowly since the rate of heat extraction in
\
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L

vacuum was less. Thnils resulted in a coarser structure and

a greater tendency to -form layer porosity (Figure 3.22),

In addition to the lower rates of solidification achieved .
by vacuum casting, there was also an Iincreased tendency .
for pore formation due to the reduced driving force for

feeding ligquid metals into interdendri%tic channels. As

N

shown in Eqn. 1.5 the AP {
5 2 an | \
/%—:f' < I.»E (1'5/

PN

the nressure supplied at the crannel opening is legs in

vacuur casting,

As stown ir Table 3.4, casting at 2,72 51 v, 7 100

gm Al (5.7.P.) at a pressure of 1.5 “orr (270.0 Fa] 1id rot
alter the mean porosiity from that obtainel wi%h "dentical

castins conditions at atmospherie nreszure. Yet tie re-

duced pressure allowed for tre “ormatior of a ccars:r

-
-

structure similar to that showr in Figure 3,24, This olLsar- :

+

i

vation supports the work reported in Chapter I by

v

ram eb ~

<

|
G
al, (19) They found that castirg at 17 atm. (1722.1 i'FPa)

also did not affect the resulting arount of poresity.
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Ry

L.4L VFETERQGETZCUS AND/CR HCINOZENECUS NUCLEATICY C7 POREZS

- o g

Y

Cver the past twenty years, pore formation haé
been gnvisaged as a nucleation and growtn process.
Nucleation of a pore usually ofturs early ir solidification
when pores are created by some external means {(ez. zir
bubbles trapped in the cast stream); or late in t'e pro-

cess of solidificaticn at such a tire wren tre liguiad is

comnletely surrounded by solidified retal, znd nore form-

{

. 12
ation ig only vnessilble Ly internal means. Previcus authors

)

)
 have reTerred to th

D
rh

irst tyne as non-niucleatio:r cr nelero-
genszous rucleaticrn and to the latter as honogenesls

3

9
nucleasion, :

Tor.tre onen-tonned irgcots uged i theg~ axperia

rents thers is evidence to supncrt “he “2et thakh nore forra-

4
o
il
i
0
1)
cr
L fe
[@]
"
.
~
5

el

")
O
>
D
ihy
(@]
v

i

D

—

ation occurre?! late ir solis
early = solidification T
strear or rezc-ion with moisture on tre mould rellc) 1'kely
had suf~iclent time bto float ou® of tre cast in “ri-t ¢l the
solidifyins fron%. Tre conditiors under whicy Tlc¢ aticen
or poo casling georetry., This latfer conliilion vezz occas-
sionally founi in the vacuun casts when freeze-over of the

top occurred (Ficure L.12),. J

would no* he expected to occur are corditions of Tust freezing
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Fiéure L.12 Nacrostructure of vacuum cast ingot
where thevtop froze over. Pouring
temperature 700°C (973K), NMould
temperature 275°C (548K), Hyarogen
Concentration 0.07 ml H2/100 gm Al

(S.T.P.), Pressure over casi 0.20

torr (26.6 Pa).
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G

Except for those few vacuum casts, the distribution,

type, and a@ount of porosity found "in this work indicates
that pore formation is the result of nucleation late in
solidification - either homogeneous or heterogeneous.
Since the distribution displayed a pattern of isopores

depéndent upon the casting conditions it is suggested that

there is no barrier to nucleation and that.the formation of

a pore is both predictable and reproducible, Thig is also
' (22)

-

supported by the fact that, és predicted v shr%nkage type
pofes were formed.in air castings for the gas levels of 0,19 -~
046 miﬁﬁg / 100 gm AY (S.T.P.). This ability to predict

pore formation would not be expected if the only‘mechanisﬁ

fof pore formation were random heterogeneous nucleation,early

in selidification, eg. on .gas bubbles introduced on casting or

" formed at the mould wall by a metal-mould reaction. .

I3

- Although this work indicates that the ma jority bf;/i

pores are nucleated late in solidification probably on e

. . i
some substrate, it would glso appear that different nucleants

have different degrees of effectiveness., This is indicated
by the presence of ﬁorosiﬁysat a gas level of 0,02 ml Hz/lqo

gm Al (S.T.P.) far below the threshold values of 0.14 - 0.15

ml Hy/100 gm AL (S.T.P.) quoted, (22:42,43)

(22)

The nucleants

in Nishi‘'s experiments ‘were probably incapable of
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nucleation at gas levels less J*t‘han his reported value. Yet,
considering that commercial grade materials were used in
this study, the possibly that nucleation occurs at gas -
levels as low as 0.02 ml H2/100 gm Al (S.T.P.) is a good
one. — .
o .
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{ CONCLUSICONS AND SUGGESTICNS FCR FURTHER WORK :
In investigating %the formation of microporosity
in castings, the chief aim was to study quantitalively the

distribution of microvores in an ingot. 3By doing so, the

questions which could be answered were:

1) Does microporosity follow a pattern? ‘

2) vhat are the relevant variables and how do they

"quantitatively" affect pore fornation® -
“
©3) Is it possible to predict the amourt of rirrc-
. perosity®

. As a result of experimentel evidence nuonlield "y
this investigalion, il was possible o rake
, ments as to how the itype, arount and dl-tritution was re

-+

to the various solidification parametsvs. Tn zeneral, thre

following conclusions can %e made.

1) Porcsity followed a deflinite reprcducible nattern 'n the
ingot. The pattern exhibited isopores (equal lines of

S - )
porosity) witr the position.of the isupores being. strongly .

dependent on the structure. In most cases these isopores

“

. . .




displayed syr¥metry about the centreline of the ingot.

2) Porosity was interdendritic in type, with the only
difference from ingot to ingot being one of size. Cn one
extréme, areas of low porosity were interdendritic in
nature on the same scale as secondary dendrite arns,
while at the other extreme, the areas high in poroszity

exhibited -a layer type of porosity. The walls of these

pores were lined with several secondary dendrite arms.

3) The distribution and,type of porcsity as well as *“re
amount was sensitive to the structure,.

a) A fine equiaxed and colurnar siruchure aciieved . ilhe
air castings by using low superheats or 1y grair refining

.

ex“ibited a type of porosity which was very “ire and

fo

oY

interdendritic., The 2istritut:

-

on disnlayed isunares tl.as

followed the expected solidification ‘ront and whcse

magnitude incressed from the outside to the irside of the cast.

b) A coarse columnar and equiaxed structure yielded a

layer type ¢f porosity. Yowever toth types of struclure
yielded a different porosity profile which was dependent
upon the mode of solidification. Coarse equiaxed grains

were associated with unpredictable patterns while coarse
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columnar grains exhibited pockets of high porosity at the
centre of the cast with the isopores forming concentric

ciﬁéles of decreasing value towards the mould wall.

4) At the rates of solidification used in the air melts,

the gas levels 0.19 - 0.46 ml H, / 100" gm Al (S.T.P,) had

no effect on the amount, type and distribution of micro-
porosity in castings.

5) Vacuum degassing at 700°C (973K) and 0.20 torr (26.6Pa)
pressure resulted in a ravid decrease of hydrogen level.

A 50 minute treatment produced a level of 0.02 ml H, / 100

gm Al (S.7.P.). However, casting at tﬁese'reduced gas levels
did not eliminaﬁe'porosity, even though the gas level was

below thé threshold value (zz)for pore formation.

6) Casting under .vacuum resulted in a coarser grain
structure and the resulting porosity was of the layef tyne.
Yet a sound cast could be obtained by vacuum casting as
1oﬁ%bas the gas level was dgcreased along with the oressure
levidl. At 0.20 torr (26.6Pa) pressure, an unsound cast

at 0.7Am1 H, / 100 gm Al (S;T.P.) bgcame a sound cast

below 0.03 ml Hy / 100 gm Al (S.T.P.).

w

?7) Pore formation was the result of homogeneous nucleation

E
.,

(!

3 = T

{7
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{ ‘ since a predictable reproducible pattern of pores cculd
be observed. The use of an open top ingot allowed pores

formed by heterogeneous nucleation tc escape.

8 Althougn the nore was nucleated by gas or by inclusions
[ i <
AY ’;j v
present at the interfacce, th% resulting pore was deterwined
by the shrinkage. of the 21lloy. Under the casting-conditicns
£ J g
i used here, no ras bubble or ninhole type of porosity was

observed. - .

SUGGESTICN 7CR FUIURZ WCRK

?

As a resul® of thig investigatior, the au*i:r

feels the following areas should be furtlher investi_ate’.

1) Witk tre use of sare alloy, oifrer solidificat u1 con-

d

Fat]

tions srtould be ewployed. CIhese could Include a) caun ng

at higher freezing raites into a ~ould des®gned Lo proluce
solidification in order to siwulate D/C crsiiag and 1) cast-
&

ing at the same rates of golidification “ut

-

luering tre

j$Y]

grain strueture by different casting retlods (ie. vibra*ion

casting). , .

2) VWork could be done on olher alloy systers 1o show that

this investigation is not unique to the alloy used here.

3) A computer model could be developed to simulate pore

gy




=T

formation in the simplied casting shape as us
then the model's results could be compared to

of this investigation,

ed here, and

the results

L) Further metallography could yield more in

formation as

to the nature of the pores. Examination by the scanning

electron microscope could supply more, inform

how the pores were nucleated.

5) The effect of cleanlineés on pore format
investigated by casting of very clean spectr

Al - 4,55 Cu alloys.

tion as to

on could be

graphic gr?de

\
!

6) Another method of measuring porosity could be developed

and quantified agéinst the results here. Fo

metallographic technique which now supplies

example, a

nformation

about the shape of the pores could then be g antified.

1615 .
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Appendix I
—
Rate of bubble rise in Liquid Aluminum
All bubblos of a diameter of 1 cm. or less will rise
out of the melt at a velocity determined by Stokes' Law.
7 5 (4h)
ut = db g e
for sluminum
M = 0,011 gm/cm-sec ut is the terminal veloecity
0 = 2.7 gm/cm3 db is the bubble diam%ter
g = 980 cm/ssec2
Diameter of the bubble Terminal Velocity Reynold's
(cm. ) ) (em/Bec) Number
1.0 x 107" 1.6 ﬁin‘f 0.39
5.0 x 107" h.0 x 107 1.96
© 1.0 x 1073 1.6 x 1077 3.92
5.0 x 1077 b.0 x 1072 19.6
1.0 x 1072 1.6 x 107" 39.2
5.0 x 1072 ‘ I 196
1.0 x 107t 16. | 392
5.0 x 1071 100 1960
f 1.0 1600 ‘ 3920
X "
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Appendix II

Sample Calculation of Porosity

.
O g
“

Each sample was weighed in air and in water

(0.01 % teepol) to obtain the sample’s density.

Sample Density = Mass in air X Density of

Mass 1in alr=Fass in Water Water

(32)

The density of water was taken from book values

Using the sample‘s dengity the perceent porosity was
calculated with a knowledge of the theoretical density
(sece Appendix ITI)

P [

Percent (Theoretical Density-Samople Density) x 100
Porosity Theoretical Density

b
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Appendix III

Calcula?ian of Theoretical Density (30) for alloy of
Q.jZ% Cu, O.&é% Fe, and 0,103-3Si, and rest Al.

Assume 100 zm sample, .
Element 1/Density Amount Present Volume
(em?/ gm) (gm) (em?)
‘Cu 0.1116 432 0.4821
Fe Q0.1271 0,12 0.0152
Si 0.4292 S ' 0,10 + 0.,0429
Total A : C 0.5402
Al 0.3705 95.46" 33.2679
Total B o ’ 33.9011
Theoretical Density = 100 gm = 2,7854L gm/cm3
Taotal B
i
L s -

S
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{ . ¢ ~ Appendix IV

. Segregation Results

Cu, Pe and &i values of%Sémole A21; samole A21 cast at‘

825% (1098K) into 25°C (298K) mould.

"Grid Position Cu - Fe Si
~( Appendix V ) - % , 2 %
11 : .76 ' 0.12 - 0.09
12 _ .82 0.11 0.09
13 ' b.76 0.11 0.10
L ) b0 . 0.11 S 0.11
15 ‘ .76 1 0.12 0.13
16 4,56 ( 0.11° 0.15
17 b6t L o0.r - 0.10
18 . .61 0.12 0.09
21 4.73 0.11 _0.10
. 22 5.09 0.13 . 0.2
23 . 5.0b 0.12 ‘ '0.13
24 4.53 0.10 0.13
25 b.78 0.11 0.12
-, 26 .36 0.10 0.1k i

. .27 . 5.03 ©0.12 0.17
28 \ k.68 0.12 0.10
- 32 I, 86 0.12 0.11
33 4,68 . 0,10 0.12

3. - - ol - e
X 35 L.48 0.08 0.12
, 36 ' . b.73 ©0.11 6.13

L 37 ' k.70 0.11 ' 0.15 !

38 . L, 84 0.12- 0.12




Grid Position

1
2
43
Bl
ks
b6
b7
) B T B

51
52
53
5k
55
- 56
57
58

A21 cont'd

Cu
%
L,88
5.00
L, sk
4,99

L.53
k.65

.89
b.73

t .79
4,98
L. oh
k.87
L.68

b.65

k.62

h.g7 7

Fe

0.12
0.12
0.10
0.12
0.10
0.10
0.11
0.10

0.12
0.12
0.12
0.12
0.10
0.12
0.11
0.10

Si
%
0.12
0.13
+0.10
0.13
0.12
0.12
0.12

170.

0.09 '

0.09
0.11
0.12
0.13
0.12
19,10
. 0.08
0.08

%

~
-7
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cont®d

Segregation Results

i71.

Cu, Fe and 3i values of Sample A2k; sample A24 cast at

Grid Position

i1
12 -
13
ik
15
16
17
18

21
22
23
2k
25
T 26
27
28

32
33
3h
35
36
37
38

Cu

%

b.81
k.80
k.96
4.88
b.89
k.95
b.71
b, 51

.71
k.50
k.67
k.53
bo57

b.53
4,63,
e, 65

h.s57
k.ug

.46
5.0
k.57
b 4o
b.hg

Fe

%

0.12
0.12
0.12
0.12
0.12
0.11
0.11°
0.10

0.11
0.11
0.11
0.11
0.11

0.11
¢ 0910
0.11

0.11
0.10
0.11
0.12
0.12
0.10
0.10

825°c (1098«5 into 400°C (673K) mould.

si
%
0,11 |

0.11
0.11
0.11
0.11
0.11
0.11
0.10

0.11
0.11
0.12
0.12
0.11

0.10
.10
0.10

0.11
0.10
0.10
0.11
0.11
0.10

0.10

2
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[}

Grid Position

41
2
43
by
k5
L6
b7
48

51
52
53
sb
55
56
57
58

¢

A2l

cont'd

Cu

%

5.08
5.09
4.u8
L L
L.61
4. ks

4.61

k,91

k.85
L.86
L.89
k.97
.89
k.93
.81
It .74

Fe
%
0.13
0.13
0:11
0.11
0.11
0.10
0.10
0.11

0.11
0.11
0.11
0.12
0.12
0.12

! 0'11

0.11

Si

%
0.13
0.11
0.10
0.10
0.11
0.10
0.10
0.10

0.1k
0.12
0.11
0.11
0.11
0.10
0.10
0.10

172,
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Appendix V
{
Experimental Data

For each casting the value of percent porosity is

given for every nodal point. In addition, the pour temperature,
the mould temperature, initial gas content and pressure over

the cast is given. The format for,these results is shown below.

Pour temperature - °c (x)
Mould temperature - % (k) 5

Initial Gas Content - ml Hg/loOfgm Al (s.7.P.)

Pressure pvgi cast - torr (Fascals)
. r Grid .
» ) .
11 21 31 hy - 51
12 22 - 32 U2 52 "
13 23 33, ° 43 53
14 24 .34 Ll © sl
15 25 35 Ls 55
16 26 36 46 56
\ A
17 27 37 R A C 57
18 28 38 48 58
5%
b
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Experimental Data

Pour temperature - 700°C (973K)

Mould temperature - 25°C (298K)
Pressure - 760vtorr-(1,01 x 105Pa)
Gas Level -~ 0.30 ml H2/100 gm Al (S.T.P.)
2.3219 100 100 100 1.0303
: |
0.7298 1.3917 100 1.2378 | 0.8157
0.7012 i.3309 100 T 1.3M6 D.7513
‘, )
0.647% 1.2378 1.3452 1.2701 ). 6189
{
0.5438 1.0840 1.0697 1.0876 0.5366
o
& 0.4114 0.9373 0.9946 0.8980 0.3864
§
0.2540 0.6905 0.8193 0.6941 0.2826

0.0787 0.1968 0.2791 0.35?8 0.0823




175.

Experimental Data

Pour temperature - 200°%C (973K)

Mould temperature - 20°C (343K)

Pressure - 760 torr (1.01 x 105Pa)

Gas Lével - 0.19 ml H2/100 gm Al (S.T.P.)

" 0.9326 100 100 © 100 0.9898

N

0.9076 1.3900 100 1.4043 0.8505

0.8433 1.4472 100 1.4651 0.8433

0.7826 1.2864 1.2971 1.2578 0.7540

N\ | “ .

0.7111 1.0541 1.0255 1.0220 0.7075

0.5825 '0.8648 0.9362 0.8683 0.5860
, S
5 - 0.4395 0.7361 . 0.6325 0.6932 - 0.4824

b5
FiN

0.1572 0.3145 ‘ 0.382k 0.3395 0.2573
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Experimental Data
\ Pour temperature - 700°C (973K)

Mould tempecraturc - 24006 (513K)

Pressure -~ 760 torr (1.01 = 105Pa)

Gag Level - 0.19 ml Hg/loo gm Al (S.T.P.)

\ 0.4896 100 100 100 0.5681
: 0.4002 1.2900 100 1.2650 '2.9989
; 0.3895 1.4001 " © 1.5080 1.1470 0.3430
3 f:'
g ; 0.3109 1,1077 1,1578 0.9326 - 0.3145
i 0.3430 0.8040 "0.9148 0.8254 0.2895
1
y 0.3680 0.7861 ' 0.6754  _ 0.7075 0.3538
4
: 0.3109 0.5825, 0.6718 = 0.5967 0.3037
X .
\
% 0.1036 0.3538 0.2895 0.3037 0.0L6L
{




1.1385

0.94L6

0.9266

0.8512

0.7219

0.7865.

0.6177

0.2945

Experimental Data

Pour temperature - 825°C (1098K)

Mould temperature - 25°%C (298K)

Pressure - 760 torr (1.01 x 105Pa)

Gas Lovel - 0.46 ml Hz/lOO gm Al (S.T.P.)

100 100
1.0307 100
1.1960 1.4617
1,1098 0.7363
2.2231 ' 0.9912

[y /
1.8316 1.7023
1.2067 1. 447h
0.4633 0.6177

100

1.1026
1.0846
1.0559

2.0363
1.6305

0.9LL6

0.4669

177.

0.9697
0.8548
2.8839
0.7650

0.9338
0.6608

0,453

0.3412
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Experimental Data

Pour temperature . 825°C (1098K)

Mould temperature - 70°C‘(343K)

Pressure - 760 torr (1.01 x 1O5Pa)

Gas Level - 0.46 ml H,/100 gm Al (S.T.P.)

K]

. 0.5423 0.8620 . 100 0.8224 0.9984
0.5890 0.7039 100 0.6213 0,6428
0.5659 0.9805 1.0667 0.5553 0. 4711
0.5136 1.7h18 2.2195 1.5263 0.5207
0.3627 1.4904 1.5910 1.5L07 0.4777
0.3160 1.7095 1.2153' 1.3h32 0.3699 |

\
0.4561 1.0271 1.3612 0.9168 o.uusgﬁ
0.ko22 0.2335 0.2837 “0.24L2 0.2981




Sy

0.8763

0.6644

0.7506

0.6141

0.7829

0.585k

0.5782

0.3053

Experimental Data

Pour temperature

- 825°c (1098K)

Mould temperature - 250°C g523K)

Pressure - 760 torr (1.01 'x 105Pa)

Gas Level - 0.46 ml H2/100 gm.Al (S.T.P.)

100 ™

0., 9Ukb
1.4006

0.9202

1.3791

1.8711

1.7203

0.7147

100

100

1.0343

1.1026

0.8620

1.1672

3.8249‘

0.9841

" 100

1.0235

1.4258

1.6341

1.2714

2.2195

2.1549

0.7398

e

179.

0.4382

0.3986
0.6213

0.,6249

‘0.9877

0.7327

0.8907

0.2945
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Experimental Data
|
Pour temperature - 82500 (109«81{)
Mould temperature - %00°C (673K)
: Pressure - 760 torr (1,‘01 X 10513:1)
% Gas Level - 0.46 ml Hz/xoo gm Al (S.T.P.)
|
4 2.24738 © 100 100 - 100 2.1864
g 2.b234 2.h952 3.5112 2. 4413 2.5059
B o
4 2.6208 2.6101 1.h23h  2.3587 2.5921
A &
2.8326 2.8183 3,1486 2.7178 2.9008
2.5167 3.2742 5.6760 3.0086 2.5849
2.6420 2360 6.0207 3.6261 2.4880
2.3300 3. 04717 3.9025 . 2.9008 2.h413
1.9710 2.2869 2.7824 2.8398 1.9423
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o ' Experimental Data

_ Pour temperature - 950°C (1223K)

Mould temoerature - 25°C (298K)

r v
Pressure - 760 torr (1.01 x 107Pa)

- | Gag Level - 0.L45 ml Hz/loo gm Al (S.T.P,)
2.3423 3.4057 100 46383 4.1996
3.0L60 3.0931 %.1996 3.3051 2,084
2.3351 3.2979 2,648 3.3123 "2.0765
Ki a2k 3.3518 2.5200  3.2440 2,173k
. 3.1290 3.3338 37,4781 3.6320 2.0765
2.9027 5,320 " 14,3253 3.5278 2.0908

< ¥
3.8655 k,9181 5,7910 "5.3671 . 1.8501"
2.1160 3.6535 3.2368 . 2.2022 1.6418
, ; A ,
/
&
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. Experimental Data ‘[\
1 . Péur templérature - 950°C (1223K) N
i Mould temperature - 70°C (343K) ’
j Proggure - 760 torr (1.01 x 1O5Pa)
! ) fas Level - 0.45 ml H2/10,O gm Al (S.T.P.)
L
E 2.60L5 , 100 100 100 2.6117
i i
2.4249 . 3.1721 3.2691 2.6261 2.1914
" 2. b6k 3.3087  1.7639 2.7303 2.8129
2.5974 3.5318 2.1052 2.9351 2.5650
2.2812  5.0366 3.8691  3.7577 23459
1.7567 - 2.9818 ' 3.4703 ’ 3.3230 - 2.2920
1.5160" 3.028 . - 5.1121  3.0500 -  1.8860
::3._.,2682 . 1.7136 21069 .1&?7&,7 ) '1,6130




Experimental Data

Pour temperature - 950°C (1223K)
Mould temperature - 250°C (523K)

pregsure - 760 torr (1.01 x 105Pa)

Gos Lovel - 0.5 ml H?/ioo gm AL (S.T.P.}

g

2, 579% 3.3338 100 u,7852 3.5817 .
s.gn82  2.7698  3.6607 - . 3.6463 3. 0b6h
L “ 3

3,0500 - 13,9086 2,949l 3.4272 5.0177
2,816 " 1,0020 © 59779 53,7829 2.8776 .
2.9243 n.o181  © 7.5179  b.h618 2.8632
2,2992 1,950l 8.6838  ° k.u187 2.5902
5.3733 3.0b64  6.0546 1.2355 2.3459

1.8070 2.6512 3,143 2.7590 . 2.0154




2.8256

0.8952

8

0.618?.

0.6435

0.4350
0.2732

0.0899

Experimental Data

Pour temperature. --825°C (1098Kk)*

‘Mould temperature - 25°C (298K)

Pressure - 760 torr (1.0i x 105Pa)

Gas Level - 0.23 H,/100' gm Al (S.T.P.)

100

1.1252
~1.i504
1.1684

1.0246

0.8808
0.7406

0.54098

*.Grain Refined

100~

100

1.9772

1.549L

1.2k03

1.0102

0.9347

0.5105

ioo

) 1.1648

1.2079
1.2546

1.1072

¥

0.9455
0.8017

0.4961

184,

1.0281

0.9239

0.7837

0.7765

§ S

0.7118

-~

0.6723
e
0.4386

}091“’7“’
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Experimental Data
['\

Pour temperature - 825°C (1098K)*

Mould temperaturc - 7000 (343K)
Prossure - 769 torr (1.01 x 1O5Pa)
Gas Level - 0.23 ml H2/100'gm Al (S.T.P.)

o€

1.6788 100 100 ' 100 2,5021
0,3990 2.0203 100 1.,1360 ‘o.nasq“
3 ‘ ) f.// &7
’ 0. bl22 0.98104 *100 1.0030 0.4062
N
0.4925 1.150h 1.4432 0.8448 0.3811
0. 167k 1.0246 0.9958 0.9383 €.3595
0.4206 0.7981 0.6938  ~0.7621 ' 0.3056
. " ) T
0.3487 . 0.7046 0.6687 0.6758 0.262h
0.1115 0.3703 0.3128 0.3703 0.0L67
{ # Grain Refined - i
- ‘;\\‘

A



%\u,aeuz
2.2864
1.1360
1.2083
2-5599
0.8988
0,?873

0.5105

Pour temperature

W e R T A e e e A Vi gt SIS, A SN e el L R

Experiﬁcntal Data

A

~ 825°%C (1098K)*
Mould temperature - 250°C (523K)

Pressure - ?§O torr (1.01 =x losya)

Gas Level - 0.23 ml H2/100 gm Al (S.T.P.)

5.2522
1.7759
1.9197
1.8262

1.9197

1.2978

1.0929

0. 801‘47

1

* Grain Refined

-

100’

' 2n 30&”4‘

1.8334

1.8298

1.5926
1.3085
522762

0.8556

2.8975
1.8370
1.9808
1.9915
1.6716+
1.9553
1.1468

0.8125

\

186,

1.3193
0.9455
0.9383

0.9562

0.9130

0.8233

0.8053 °

0.5680
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Experimental Data

\

Pour temperature - 700°C (973K)

Mould temperature - 275°C (548K)

\
\\\ . ) " Pressure -~ 0.20 torr (26.6Pa)
KN Gas Level - 0.07 ml H,/100 gm Al (S.T.P.)
y .
100 100 100 . . 100 100
100 "4, 3583 100 100 100
b,5337 100 6.6502 10.0559 © 5.5579
/ “ ~ s

3.8068 1.3931 2.5104 +  2,8076 3.3412

T 2.5749 b.k908 - 5,597k  5.6761 b.8596
1.5865 5.1390  9.um71 7.5419 2.7682
1.%856 1.9159 3.L952 3.1872 1.4110

0.64%10 1.4146 1.5936 . 2.1738 1.27L9

3
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Experimental Data

-

: Pour temperature - 700°C (973K)
| Mould temperature - 275%C (548K)
Prossure - 760 torr (1.01 x iosPa)

. Gas Level - 0,07 ml-H2/100 gm Al (S,.T.P.)

100 100 100 100 100
100 100 100 - 100 100
. 5
0.6124 0.4978 100 0.6554 0.3474
0.3581 0.5587  1.364L 0.4692 0.3402
. ) 0.3760 0.6876 0.6446 0.k799 0.5193
0.3975 0.9168 0.83L4 0.8272 0.2937
0.3259 0.6804 ' 0.7950 .  0.6912 1.1711
0.2149 0.3152 0.3402 0.2722 0.1576
. vV
'B‘w Qw
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Experimental Data (f\
Pour temperature - 700°C (973K)
: Mould temperature -~ 200°C (473K)
; , \‘\\ Pressure -~ 0.20 torr (26.6Pa) \
% A
1\ £y Gas Level - 0.03 ml }{2/100 gm Al (S.T.P.)
! \ ‘
| - .
100 100 100 100 “100
19,0625 100 .00 100 25.6725
0.9792 100 1.1047 0.7926 0.6205
- ¢
/
0.9756 0.8536 0.5129 0.7568 0.4591
0.7783 0.7675 0.6312 0.7532 0.4770
4 ' . -
0.3802 0.5523 . 0.7388 0.6994 0.3300
0.20:39 0.638l 0.9325 0.7962 1 0.2654
. 0.1686 0.3874 0.620% 0.5488 0.1506
g i
i ) 1

.2
,‘fd
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ixperimental Data

Pour temperature - 700°C (973K)
lould temperature - 370°C (643K)
Pregsure - 0.20 torr (26.6Pa)

Gds Level - 0.03 ml H,/100 gm ALl '(S.T.P.)

100 * 100 100 100 100
1b,7586 100 100 100 . 1.1585
1.2194 1.1082 2,2022 1.5458 1.3450
’ / ¢
©1.1872 1.7610 3.1781 2.3851 1.6004
1.1226 2.1268 5, 340k 2.8513 1.5996
" 1.076D 1.9332 3.7085 2,4173 0.9110
0.8393 1.2015 1.6964 1.h311 0.8106
4 b,
- . 7
0.3085 - 0.6h20 0.9361 0,9182 0.4125
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Experimental Data

Pour zemperature - 200°C (973K)
. Mould temperature - 300°C (573K) \

Pressure - 1.50 torr (200 Pa)

Gag Level -~ 0.03 ml Hz/iOO gm Al (S.T.P.)

8.5862 " 100 100 100 0.7101
0.9505 0.8716 3.0091" 0.7819 0.5882
0.9469 0.9792 ' 1.2481 0.7747 0.6886
_0.7783 1.3019 ~ 1.0473 0.8393 0.6L56
0.6671 1.3019 1.,3486 : 0.8357 0.4735
0.5951 1.1620 1.2015  0.7209 0.54089
0.5093 0.7k2h 0.7568 0.5703 0.3049
» - . -
0.4555 0.3228 0.2403 0.2008 0.1435
t ' N
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0.699h

1.1001

O.@OBQI

0.3587

0.3h07

e 0.3623

0.3013

0.1793

Experimental Data

Pour temperature - 70000 (973K)
Mould temperature - 280°C (553K)

. . fid
Pressure - 760 torr (1.01 x 10°Pa)

“Gag Level -~ 0.03 ml H?/100 gm Al (S.T.P.)

©0.7101 100 0.1519
0. 3945 100 0.3228
0.5021 0.760k 0.3551
o,éésa 1.2266 0.9397

© 0.9971 1.0437 0.9361
0.7388 0.9505 0.72Us5
0.530h 0.7281  0.4735
0.2654 0.3228  0.2403

192,

0.3336

0.2367

0.2690

1 0.2331

0.1508

. 0.2403

0.0897
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Experimental Data

Pour temperature - 700°C (973K) .

h

lMould temperature - BOOC (303K)

100 -
100
0.4763

0.3760

0.35080

0.2328

0.0971

A
Pressure - 0.20 torr (26.6Pa) . v

Gas Level ~ 0.02 ml Hg/fOO gm AL (S.T.P.}

" 100 130 100 100

Fie ?ﬂf\j&?
106 100 100 : 100
0.5%08  3.7459 - 3.8569 0.9598
o " 0y '
0.59L5 0.4906  0.569L 0.6339
0.5089 . 0.5k 0.612h 0.4729
0.3832 0.4297 0.5049 0.2937
10.3689 0.4405 - 0.3259 ' 0.1970
0.3366 0.4297  0.2722 0.082L
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1.9873
0.6124
g.6052
0.4763
0.5085
0.5515
0.3796

0.1934

e

Experimental Data

*

°

Pour temperature -~ 700°C (973K)
Mould temperature -~ 300°C (573K)
Pressure - 0,20 torr (26.6Pa)

Gag-Level - 0.02 ml H,/100 gm Al (S.T,P.)

© 100 00 100
1.0242 5.7709  © 1.0278
1.3071 »1.@5110 1.2606
1.6924 7. 0943 2,0627
172856 2.2275  1.5363
1.3071 1.7906 1.0851
0.7736 0.9454 0.6912
0.2650 0.261u' S 0.261h

194,

1.1711

1,432 ¢

1.3895

. 0.5945

0.5694

0. 5766

74 -

o

0.kob7

0.1862



Pressure - 1.5 torr (200 Pa)

N
Co -
¥4
. Pour temperature
r e T Ve T s s g e .
B Gas Level - 0.0
,’J) 1
100 . 100
) .
100 100
1.0171 - 0.6804
0.7234 0.5408
0.7019 0.8272
0,5909 11,0063 °
10,3939 0.6912
' 0.2256 0.4297

a - R S L e T

Experimental Data

- 700°%C (973K)
_Mould temperature - 300°C (573K)

2 ml H2/1oo gm Al (.S.T.P.)

100 100

;00; 100

0.9275 0..8881
0.6;5; 0.5229
0.8129  '0.7592
e S
0.9275 ~  0.56267
0.5587 0.5551
0.4297 0.2686

B R T i LB e

0.5049

195.

100.

100

0.6016

0.6733 ¢

.0.3832

0.2686

0.0251 i
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Experimental Data

" Pour temperature - 700°C (973K)

Mould temperature - 200°C (473K)

Pressure -~ 760 torr (1.01 x 105PaQ

\ 196.

Gas Level - 0.02 ml H,/100 gm Al (S.T.P.)

0.171% -
0.3725 .
0.1039
o.iooj
0.1110

) .

" 0.0430

0.0537

0.039%

100

‘0.4692

0.2435
0'5h§9
0.3832
0.2722
0.1540

0.0072

10G

190
. 0.6697
0.6339

. 0.‘4914-2

0.3760
0.3008

0.0215

"0.0430 "

100

0.4656

0.2650
0347k

0.?653

-

0.2757

0.1612

4

N Rt g P A TTRAREIR L 180 o

¥

- «

0.4226

e

6.1826

% (]
0.2901
0.1074
0.0788

0.039%

0.0358 ?

" 20.0036

~
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100
100
0.4180
0.2867
0.1864
0.0717

-0.0L466

Experimental Data 4

Pour temperature - 700°C (973K):
Mould temperature - 90°C (363K)
Pressure - 0.20 torr (26.§Pa)

197.

L

Gas Level ~ 0.02 ml H2/100 gm Al (S.T.P.)

e
. 100 | 100 100
100 100 100
0,392 {60 o.;o5u
0.3190 ;,2?58}\ " 0.4158"
03190 v.2hoz 0.5519
0.6200 6.8387 " 0.6738
0.3799 0.5699 0,480
. e :
é.o789 0.2473 :-o.f975

C e v S JR s atir PRSP

100
100
" 0.6416
7
“0.5591
0.4122
0.1434

0.0359

0.0000
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- 100

0.4839
0.6272
0.6057
913118
0.2545

O.%OO?

0.0466

Experimental Data

«

Pour temperature - 700°c (273K)

Mould temperafure - 120° (593K)

Pressure - 0.20 torr (26.6Pa)

Gas Level - 0.02 ml H,/100 gm Al.(S.T.P.)

" 100 100
100 109
0.4086 0.473k
0.4014 - 0.2509
0.3%63 0.3692

! y
0.5699 0.530%
0.4122 0.512?
0.1“62» 0.2569

o

1o0

. 2.5770

0.4086
0.3727
0w 3548
0.5734

0.3907

0.0394

8

- 100

0.3011
0.3656
0.3656

0.3441

0.2186

0.5914

0.0036

S~
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pxperimental Data

Pour temperature - 700°C (973K)

Mould temperature - 250°C (523K).

Pressure - 0.20 torr (26.6Pa)

Gas level - 0.02 ml H2/100 gm Al (S.T.P.)

100 100

0.5018 1.0322
7

1.6989 - 0.7634

0.6667 0.8279
0.53“0‘ I' 0.7849
0.5412  0.9856
0.3335 . 0.7;62‘/
0:0681 | 0.2?9“

100
b.6127
0.9605"
1.1756

0.9355

7 1.4372

1.0609

0.4660

100
1.92k7,
0.9892
1.3333
1.0322
1.0752

%.1792

0. 5089

100

1.4014

1.3118
0.8172

0.6416

0.5197

0.4767

0.2294



100

1.1398
1.0250
0.9713

1.0179

0.6416

0.9032

1.8351

q

Experimental Daie
k4

Pour temperature - 700°C (973K)

[}

Mould temperature 7_52500 (798K)

Pressure - 0.20 torr (26.6Pa)

100
" 0.8674
0.5806

v

0.2975
0.0609
-0.2186
-0.2724

0.3118

3

100
0.6882
0.6021
0.1613

~0.2796

v‘-0»5663

\-0.835J

-0.8351

~J

100
-
056200
Q.5591 -
i/
2%5316
0.1183
-0.3118°
-0.7383

-"0 08“22 '

" 200. .

.GQE\:;vel - 0.02 ml H,/100 gm Al (S.T.P.)

100

0.3226
0.9032
0.6774
0.5770

0.3799

-0.1362

L

-

t .
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Experimental Data

, Pour temperature - 825°C (1098K)

Mould temperature - 275°%C (SMBK)

,Press;re'- 0.35 torr (hé.?,?a)'

100

' 3.0733

1.1727
1.1978
1.5492
0.7603
1.2229

0 . usul _\

Gas Level - 0.1k il H,/100 gm AL (S.T.P.)

100
4.1277
23.7905
1.7536
1.0902
15.9656

10.3532

-

Hv
¢4

B.1779

100

bh,2532

2.3920-

5.8705
0.4411

2.,8689
-
9.0156

>

5.1246

]

i

100

. 6.1503

1.4237

1.,0651

1.2731

8.9295

. 8.5064

13

201.

100

12,

1.

-

1.

2.

1.

1.

2360.
7393
7106
2557
.&
0113

3914
B

-

2.7039~i}“\\&;5592

&

/

Cd



; 202,

{0
- o ’ o Experimental Data
& .
_ Pour~te?npera;;ure - 8259 \(10981{)
Mould tempei‘ature - 275°C}3,(5l&8K)
- C - Pressur;e ~ 1.40 torr (187Pa)
Gas Level - 0.14 ml H2/100 gm'Al (S.T.P.) =
9.2738 .- 100 100 100 © B.47991
g 13,3100 5.3721  9.9695 - 3.3638 1.2408°
" 3.3495 .0.8858  0.8678 1.,0687 1.1978
_ 1.8325 0.5379 0.5057 0.4662 -1.0220
.~ 1.0687 0.1076 0.1865 0.4734 1.2767
1.1153 1.4058 1.5958 0.9575 1.2229
1.3986 3,006 ~ 3.7762 . 1.7931. ° 2.4135
Y ‘ ~ ‘
a ) | , o |
C1.3197  7.M126 8.7287 4.5185 1.2014
L Ny - ) - ,

PRI



. 203.

e

' Experimental Data

: Pour temggk?ture - 825°% (1098K)

0.5917
0.7997

0,8714

. 1.1727

0.9467
. 1.1260

0.6383

Mould temperaturei- 275°C (548K)

I

Pressure - 100 torr (1.33 x/10 Pa)

Gas Level - 0.14 ml H,/100 gm Al (S\.T.P.)

9.04473"

100

100 100 2.1£58
1.9903 1.8361 1.3305 . 0.7674
@’~ | ""f: i ‘
0.8607 0.8140 0.8858 1.1583°
0.9073 1.9365 0.950;' 0.9647
11978 017136 - ('1:197§" 0.9754
. L1746k 3:18E5' 517721' 0.8965:
2.1051 1.9293 2.9048 1.3592
o.eéz?

\J - .
1.3225\\<\h‘i:?895

0.8140 -

e e e

°
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Experimental Data

Pour temperature - 825°C (1098K)

5.0565

0.7495

0.9611

0.9431

1.0758

1.1081

0.9467

0.8248

' Mould temperature - -275°C (5U48K)

pressure - 760 torr (1.0l x 105pa)
Gas Level - 0.1k ml Hy/100 gm Al (S.T.P.)

100 100 100 10.0878
- . ‘ . ) b
1495k 1.5421 1:u883 0.5738
0.8392 0.889L 0.9073 1.9328
0.8320 0.6527 0.8427 ° 1.0687
0.9682 o.616é 1.1547 1.1583
3.1056 4.9848 2.55;9 : 1.7321
3.8981 7.4018 2.4565 1.0256
2.6932 L. 4540 1.5707  0.5917
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Appendix VI

' Sample Calculation of Dendrite Arm Spacing Measurement,

¥
For each %&mple, the number of dendrite

arm 1ntepcepts was counted for a fixed distance.

In a 20 mm. distance for sample 1138,

the number of intercepts equalled 170.

Therefore the denq;ite arm spacing was

=" 20 mm = 0,118 nm = 118P1n
170

205,

%z,
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Assumptions:

Appendix VII

: ’ P
i : /

Solidification Rates in the Castings

1) For a 10 cm high by 10 cm diameter c¢ylindrical cast,
the distance over which solidification occurred was 5 cm.
2) The local solidification times varied between 250

and 500 secnndsé(Bl).

Sample Calculation:

A
- s

\_« .
At a local solidification time of 250 seconds, the rate

of solidification was , o
2 ’ i -
h, "8 em. x - 3600 seconds = 72 cm/hr
250 sedonds . - 1 hr.

Since the local solidification fimes varied between 250

and 500 seconds, the solidification rates varied between
36 - 72 ecm/hr

These are very approximate values, as the solidification
rate at any location within the ingot is certainly not

constant throughout freezing,



