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SYWOPSIS

A literature survey on the whole field of pore formation
is assembled into the form of a general theory of the causes
of porosity in castings. The conventionally accepted modes of
feeding arc assessed: 1liquid-, mass-, and interdendritic-
feeding; and two further mechanisms are proposed: burst~ and
solid~feeding. The latter is investigated theoretically using
various flow models: ela;tic"plastic, viscous, creep and
Bingham flow. A new theory is proposed for the origin of
layer porosity in castings. Experimental work on a wide
varicty of alloys: Al-Cu, Fe-C, Complex Mi- and Co-base alloys,
cast both in air and in vacuum are invest%gated for the effect
of section thickness, taper, andqmould and netal temperatures.
The formation of porosity appears to change from a non-
nucleation to a nucleation mechanism as section thickness
increases. A new method of interpreting radioeraphs based
upon a longitudinal linc count reveals that solid feeding
becomes important in reducing porosity at high mould temperatures.
Experinents on the cffect of composition of an alloy on porosity
cast doubt on the widely accepted theory that the presence of
non-equilibrium cutectic liquid reduces porosity, but indicate
that the non-equilibrium frcezing range of the élloy may be
the critical parameter. The effect of pressurc on porosity
is investigated utilisine pressurcs below atmospheric: the
results are inadequately explainéd by current theories andg
are discussed in terms of the.nuclcation and growth of pores:
the effect would also appear to have considerable
industrial potential for reducing porosity in vacuum cast

components.,
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INTRODUCTION.

The phenomena surrounding the origin of porosity in
 cast metals are inadequately understood in detail so the first
part of this work is devoted to a scientific analysis of the
mechanisms involved. The problem of porosity is approached
throughout as a nucleation-and-prowth phenomenoﬁ.

The experimental approach recorded in the remainder of
this work has aimed to provide some critical measurements of
the effects of the main variables on porosity since there is a
dearth of experimental data in this fiecld,particularly for
thin investment castines, from which empirical solutions for
dealing with immediate production ﬁroblems could be obtained.

Regarding the theoretical background to this work some
introductory explanation may be hé{pful.

An important concept used in this work is nesative
pressurc. This is equivalent to a tensile stress in the

residual liquid of a casting and provides part of the driving
force for both the nucleation and the srowth processes of a
pore (dissolved gas in the liquid provides the rest of the
driving force). Nepative pressures have beén generated in

(202) and is a

controlled experiments on liquids by many ways
well-known condition givingrise to cavitation in sea water
on a ship's propeller, and during the rarefaction cycle
of an ultrasonic wave passing through alirvid.  liydrostatic
tension is also a well-known cause of pores in the solid
state: during the final stagcs of testing of a tensile
Specimen of a ductile metal, localised deformation occurs
which causes the stress system in the specimen to depart
from its simple uniaxial form and to become triaxial,
resulting in the nucleation and growth of cavities.

A general view of the origin of microporosity which

(203--295) i

is widely recorded in the litcrature s that pores



form simply by shrinkage and subsequently fill with gas which
prevents further liquid healing the pores. However this is
fundamentally incorrect for as will be showm later, shrinkage
alone is unlikely to nucleate a pore, ani secondly, if gas
is present at all then elementary thot-odmenics and kipetiCq
demand that the gas phase must contribute to the nucleation
process. Finally, once the porc has nucleated and expanded
to rcduce the elastic enerpy of the liquid-solid mass, then
under normal conditions the pore will not fill with liquid
again since this process would arain raise the free energy of
the system (the strain encrey which must be supplied to the
casting can casily be shown to be 'vastly in excess of the
surface energy of the pore which would be destroyed).

In considering the difficulties of feeding liquid

(295)

throupgh a dendrite mesh many authors invoke terms such
as 'cgpillary forces'. An application of clementary physics
will demonstrate that such forces are fictiious gince before
bubble nucleation no frée surfaces cxist, and after
nucleation the freezing liquid invariably cxhibits a zero
contact angle towards the solid phase so azain flow is
unhindered by surface phenomenon(zzo). Flow is impedecd of
course by viscous forces as will be discussed later.‘

On these grounds therefore, the above mentioned
theorics of porosity formation will not be further considered
in the present work, and instecad a fresh approach will be
put forward.

A ficld of pore formation which is beyond the
scope of the present work is of the initiation of pores
under the hich gas pressures resultine from various chemical

reactions, particularly in mould-metal reactions, resultine

In surface and subsurface blowhnles. Also deserving



mention is the paper by Fllnn( 96) on the qualitative
evaluation of the susceptibility of various alloys to
shrinkape defects but this is an empirical test which is not

easy to explain and asain not really relevant to this work.
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SECTION 1.

DISCUSSION ON TERMINOLOGY.

1e1¢  (Gas and Shrinksge Porosity.

Throughout this work no distinctioﬁ will be drawn between
porosity due to gas and that due to shrinkagé(13). Both are
cooperative in their effects upon mucleation growth and finsl size
of a pore. The exact contribution of each will vary as a result
of many factors, particularly the gas content of the solidifying

liquid. Dissolved gases camnot be entirely eliminated from liquids.

1e20 Macroporosity.

Although it is feasible that a large cavity in a poorly fed
casting could be the result of excessive gas content of the melt,
most metals are degassed tolerably effectively prior to casting, and
the final size of a large cavity in a skin freezing metal (i.e., 8
metal having negligible freezing range) is in general due to
shrinkage. - In a long freezing range aslloy freezing under similar
conditions, a rather more extensive spongy volume of completely
interconnected interdendritic cavities results, bearing some
resemblance to severe microporosity. However, the cavity is better
described as a macropore (since it is a single cavity) whose
morphology has been dictated by the growth of the surrounding solid.
Gating and feeding methods are the normal means for controlling the

extent of macroporosity.

1e3.  Microporosity.
Mlcroporosity is of'ten arbitrarily defined as being porosity'

which is invisible to the naked eye on a polished section, although
colonies of micropores may be seen. However, all grades of pore
sizes between macro- and micro-porosity are found, and there is no
difference in principle between the nucleation and growth of either,

Nevertheless, some differentiation is possible since the
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Phenomenon occurs exclusively in alloys having a finite freezing
range, and in general it is not possible to greatly reduce the
percentage porosity due to micropores by conventional feedinge
Several forms of microporosity may be distinguished:

1¢3.1» Centre line Shrinkage.

In parallel or plate-like sections the porosity is found to
be concentrated along the centre line. This form of microporosity
is not confined to long freezing range alloys ( L&Tf = 200°C or
more) but is in fact accentuated in alloys of intermediate or short
freezing range ( LTy = 10 to 50°C).  Of all forms of micro-
porosity, this variety is most closely related to macro-porosity,
and thus greatly accentuated by deficiencies in feeding, and
exhibiting a large degree of interconnection between pores on the
centre line., Since the effect derives directly from solidification
geometry dictated by the shape of the casting, the remedy is to be
found in geometrical terms: a tapered section greatly reduces
centre line éhrinkage(7), while unidirectional solidification(a)
reduces it very much further.

1+3.2. Layer Porosity.

Commonly observed in sections of light alloys(g) although
occasionally revealed in semi-microradiographs of steels. The
Pores are found to be concentrated in layers parallel to the
supposed position of the isotherms in the solidifying mass, and

are broadly distributed over the casting section.

1.3.3. Interdendritic Porosity.
Very fine pores, mutually isolated, and broadly distributed
over the casting section resulting from micro-regions of trapped

liquid between secondary dendrite arms.
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2. A GENERAL TIEEORY OF PORE FORMATION,

2.1, Non-Nucleation.

—

FOY(Z&S) (247-8)

and some later authors suppose that  the.
residual interdendritic liquid drains from the dendrite mesh,
leaving a network of intercommnected pores which closely

resemble thé characteristic interdendritic appearance of micro-
porosity when observed in section.) This theory presupposes
the prior existénce of a frec liquid surface, such as at an
ingot top (in which case the so-called microporosity is merely
an extension of the primary pipe) or adjacent to a previohsly
formed macropore: in fact anywhere where the solidus isotherm
intersects a free surface of the casting at a late stage in
freezing. As the internal pressure in the casting falls, the
liquid which is Still prescat at the surface of the casting will
be sucked into the interior to coﬁbcnsate for the contraction on
solidification. The final result is a labyrinth of intcrconnected
channels ecmerging in surface pinholes. iClearly, alloys of long
freezing ranpe will be particularly pronc to the formation of
pPorosity by this meéhanism$ czpecially in thin sections, at at
"hot spots' such as re-entrant amgles (no metal-mould rcaction
nced be invoked to explain the occurrence of pinholes at such
locations, as is also suggested by Chalmers(ll)).

Air entering, for instance, a steel casting in this
mammer would not be expected to oxidise (or decarburise) much
more than the entrance to the pinhole, since the oxygen would
be rapidly used up. Much of the nitrogen would probably also
be absorbed 'en route' so that the internal porosity would
contain nearly pure argon (and perhaps carbon monoxide)
thus preserving the chéractcristic unoxidised appearance of

the central porosity.



2.2 HOMOGENEQUS NUCLEATION.

The condition for bubble stability in a liquid is éxpressed by

the relation ....(l)
P, ~P, = 2§ /r

where Pi and Pe are the internal and external pressures.respectively
acting on the bubble surface. The term 2 § /r gives the value of the
Pressure difference across a spherical interface having an energy of
Y Pe? unit area, and a radius r.

P. is the sum of the partial pressures of all the gases and

1

Vapours contained in the bubble

P, = ZPg eeee(2)

where f = |
or sfeel ZPg PCO + PH2 + PN2 + PHZO + P002 + PFe ete.

In a liquid at rest, the external pressure, Pe’ is the sum of

the metallostatic head, P,, the applied pressure at the liquid surface,

d
Pa (usually 1 atmosphere, or close to zero if in vacuum) and the

reduction in pressure due to solidification shrinkage, -Ps, Thus

P = FPg+ Pd - Pg eeee(3)

Substituting (2) and (3) into (1) end re-arranging

(P, - P) = ( ,SPg + PS) - (P, +P;) =27 /T i.ee.(4)

Because of the negative sign, it is clear that an increase in
(Pd + Pa) tends to suppress bubble formation (although Pd is normally
Negligible - a pressure of 1 atmosphere is equivalent to a depth of
1.3 m. of liquid steel, or 3.8 m. of liquid Al)(which is a widely
appreciated fact often exploited for this purpdse by casting under a

high applied pressure. Since PS is negative and increases

3
Negatively the contributions of gas and shrinkage are seen to be adaitive
&nd to encourage bubble formation. K

The bubble nucleation process has generally been approached

in terms of the maximum negative pressure that a liquid can withstand

before rupture occurs (i.e, & bubble forms) in the liquid. This tensile
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strength of the liquid is known as ifs fracturce pressure, Pes
Blake (3 and Nakeshima(4) give critical reviews of some of the theoretical
. attempts at estimating this quantity; they may be broadly divided into
two categories (a) various methods based upon equations of state,
particularly Van der Waal's equation; and (b) the nucleation theories.

Other theories based on viscosity considerations by Briggs et al.(sa)

G3b)

and on energy density considerations by Thorndike are carefully
assessed by Blake who finds the former to be erroneous and the latter to
be insufficient.

(a) It was thought that the a/v2 term from the Van der “zal's
equation (P+ a/vz)(v -~ b) = RT renresented an 'intrinsic,pressure' due
to the mutual attraction of the molecules of the liquid, and which must
be exceeded before fraceure could occur. Estimates of this quentity
based upon critical constants, and other phenomena such as heat of
Vapourisation and compressibility all yield values of the order of
104 atmospheres for water. In order to obtain more reasonable values,

5 [ . . * 13
T@mperley( ) hag arpued that P_. is not given by the intrinsic pressure

f
but by the minimum on the Van der Waal's isothermals. Using agzain

for water

(4)

critical constants, vapour pressure and compressibility, Pf

works nut at 1000, 6,800, and 1400 atmospheres respectively a

»

wide gpread.

(b) The nuclecation theories consider the detailed atomic

(3)

Mechanism of fracturc of the liquid. Followine Fisher's treatment :
a definite quantity of work is associated with the reversible

formation of a bubble in the interior of ailiquid. The creation of a
8pherical volume of radius r requires‘work cqual to (4/3)wr3 Pe‘

The creation of the liquid-vapour interfacc requires wofk equal to
4"rzY and the work required to reversibly fill the buhble with vapour
(or pag) of pressure P, is negative and equal to w(4/3)wr3 P, Ther
Net energy required is therefore

W= anely + (4317 (2 - P

The variation of W with r can be shown to have a maximum

Wt =16n Y3/3 sz
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corresponding to the critical radius

=
t ZY/Pf

where Pf is now the critical value of (Pe'w Pi). Bubbles with radii
less than r* require free energy for further crowth, while those with
radii larger than r* grow frecly with decreasine free energy. Since
bubbles grow as the result of statistical thermal fluctuations of atoms,
it is evident that small bubbles with radii less than r* will usually
disappear. OCnly exceptionally will a long chain of favourable energy
fluctuations produce a bubble with radius exceeding r*. Uhen this
rare event does happen however, the bubble will grow, tending to promote
the equalisation of the external and internal pressures.

From the theory of nucleation and reaction rates, Fisher finds
that there exists a well defined pressure threshold at which super-

»

critical bubbles will appear in finite time. This is

}
p oo Mo ]
£ 3kT ° In (WkT/h)
This statement of Fisher's result neglects a term involving the
activation energy for viscous flow of the liquid, which he assumes will
be less than 10 k cal/mol for rather fluid liquids. Thus this formula

represents the lowest possible strenpths from Fisher's theory since if

the activation energy for viscous flow is assumed to be 10 k cal/mol,

()]

then some 137 increases in these values result
Frenkel(sa) outlines a crude approach (which is heavily
criticised by Blake(a)) which gives

Pf a - 2v/§

where § {g of the order of an interatomic distance in the liquid.

The resulting fracture pressures are, of course, very high (about

10% atmosphercs for water) and are likely to represent an upper limit
to P. values.

(8b) considers only average-sized embryonic bubbles in

also
the liquid which leads/therefore to en expression yiclding high

Furth

values for Pf



Fracture Pressures

TABLE |

(Atmospheres)
Liquid Surface Tension Tgmp . Fu:r:tl'x('aT Modified Fi sher( 3) Bernath( 6) Maxinum
: ergs/cm. K Doring( 4) Observed( 40)

Helium 0.35 1.7 21.3 6.16 6.25 5.09
Ethyl Ether 17 300 541 161 158 113
Benzene 29 300 1,210 358 352 284 150
Acetic Acid 28 300 1,150 331 325 262 288
Water 72 300 4,740 1,320 1,380 1,120 270 .
Mercury 490 300 84,000 23,500 23,100 19,900 425
Aluminium 850 a33 108,600 31,300 30,500 25,700
Copper 1300 1356 170,800 49,100 48,000 40,500
Iron 1850 1800 252,000 72,300 70,800 £0,000
Rhenium 2700 3430 | 321,000 | 91,600 90, 500 76,000
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(8c) (7

More sophisticated approaches by Kagan and D8rine

result in the same forrmula for P but are criticised by Wakeshima(h)
on the prounds that the perfect gas law is assumed for the vapour in |
the bubble. This author produces a modified D8ring equation assuming

that the vapour in the bubbles is at a constant pressure, although the

equation below is not given explicitly in Wakeshima's paper

!
P = - §.2_...". Y3 -
£ 3 kT °

1n (27 NZ/nm

From quite different considerations showing that the frequency

of nucleus formation depends upon the molecular latent heat of

(6)

vapourisation, Bernath finds a relation which requires a trial—and-
error solution for Pe since this quantity appears also inside the
logarithm: . )

P o - [2:06 2]

£ kT s
1 (1.45 p N” v7) .
n 3 I - B
Pf (M~ RT) kT

For most liquids between temperatures about 100 and 2000°¢C
the formulae duc to Fiirth, modified D¥ring, Fisher and Bernath
become approximately

p. = -4 (3}

£
where A is respectively about 134, 338.4, 37.7 and 32, when pressure is
in atmospheres, temperature in °K, and surface tension in dynes/cm.
The reduced form of Fisher's equation is used throughout this paper,
although for comparison, the fracture pressures of a wide range of
liquids are given in Table 1.

Although the nucleation theories are likely to describe
reality a good deal closer than an approach from any of the equations
of state, and certainly the agreement amongst the more refined theories
is good, yet they are all open to criticism since they all assumé
relation (1) which may well be inaccurate for bubbles of atomic
dimensions (the critical embryonic radius lies between 2 and 5 atomic

radii for practically all liquids) since apart from the fact that



such bubbles mey approximate poorly to a spherical form, causing r
to bc uncertain and the whole theorctical model to be ill-founded,
more iﬁportant still, for bubbles smaller than about 10-50 atomic radii
surface tension is progressively reduced and may become neglizible
for bubbles of one atom radius.

This variation of surface tension with radius is investiaated
thooretically by scveral authors(193uzoo) but is critically applied to

4)

bubble nucleation only by Vakeshima who produces some

modified valucs of P, deduced from van der Waal's equation, These

£
Pf values are chosen for modification because of a 'maximum' and

"minimum' pressure concept which arises in his analysis which are
tentatively identified with the turninsg points on the van der Waal
isotherms. This attempt to apply this analoey in a consistent

way unfortunately neglects the fact that the equation»of state

approach can never yield accurate Pf values sgince also the maximum
pressure term disappears from the equations anyway it would obviously

be better to introduce a minimum pressure as derived from one of

the better nucleation theories. The application of Wakeshima's

analysis is complicated, however, and is not pursued here - modified

values would possibly be a factor of 2 lower. P' values calculated direct

£

from Fisher's formula are used throughout this work. Although the Pf




DEPE SEGFNEEY QTR ReSy

- SVETNTOT VARAE iV

1076~

o8-

10" 1074 1072 | 102 104
~ BUBBLE RADIUS (C.M.)
Fis. .

Equilibrium pressures in a bubble as a function of
bubble radius, calculated for various liquids at their
freezing points, illustrating the complete range of
values of surface energy and possible pressures.

(o) Homogeneous nucleation. P, calculated from
Figher's formula.

(x) Vapour pressure of liquid at its freezing point.



-11-

values may be therefore rather high, they are certainly correct to within
about a factor of five, and the relative values should be quite relisble.

A summary of data on a wide variety of liquids at their
freezing points is given in Figure 1. The liquids ere free of external
constraint, Pe’ so that the lines are limited in extent by the vapour
préssure of the liquid at its freezing point. An application of a
reduced pressure, Pe’ would extend the lines as far as desired, Towards
smaller radii the equation bubble size is limited by r* (An application
of Wakeshima's analysis to these lines shows a bending towards the
horizontal below about lO"6 cm radius).

A further complication which has been apparently overlooked in
the theoretical approaches at evaluating the fracture strengths of
liquids is the variation of surface tension with pressure. The
application of a high positive pressure to a liquid surface brings a

‘large number of molecules within reach of the surface (and is practically
equivalent to the presence of a second liquid) and so diminishes the net
inward attraction on the surface layer of atoms. Kundt(9) found by
experiment that the surface tension of several low melting point liquids
was linearly decreased by up to 50% at 150 atm, Additionally, at high
tensile stresses in the liquid the increased separation of the atoms in
the ligquid should also reduce surface tension. Thus Pf will be

reduced whether nucleation occurs solely due to either gas or

shrinkage. In the absence of experimental data for the effect of
pressure on surface tension of liquid metals this refinement is
neglected., The effect is likely to be more important for low melting
point liquids,

It follows from the above considerations that the condition for
homogeneous nucleation in the liquid is

Pe - Pl = Pf ...(11)




ON BUBBLE

PRESSURE

EXTERNAL

GAS PRESSURE IN BUBBLE

Fig, 2.

Schematic representation of the cooperative
effects of gas and shrinkage on the nucleation
of pores.

Adapted from Whittenberger and Rhines.
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which becomes, since Pa and Pd of equation (4) are often negligible

P +P = P 000(12)

g ] £

Clearly, in a gas-free melt Pf equals the external negative pressure
which is required to creste & pore, and in an uncongtrained liguid Pf
equals the internal positive pressure due to gas. This cooperative
effect of gas and shrinkage is represented in Figure 2, where the line
showing the beginning of homogeneous nucleation is a plot of equation (12).
Following the ideas of Whittenberger and Rhines(z); as
golidification proceeds in a casting the pressure in the residual liquid
falls because of shrinkage, and the gas content (and therefore the
equilibrium gas pressure) increases because of segregetion, so that
some curve AB is followed (Figure 2.). The equation of this cucrve is
deduced in Section 3, When the éoint B is reached, conditions for
nucleation are satisfied (equation 19) so that a bubble is formed.
The bubble expands rapidly to an equilibrium size and relieves the stress
in the casting so that the pressure rises to C. Further nucleation can

now only occuxr if the gas segregation ihcreases to such a point that the

nucleation condition is met again at D,

2,2.1 Istimetion of Gas Pressure within a Bubble.

Considering the segregation of gases in & little more detail:
The rejection of various solutes by an advancing planar solidification
front is represented schematically in Figure 7., and some partition
coefficients, K, for gases in metals are given in Table II, (the scatter
in the solu;ility data is rather large so that some ecoefficients are
probably enly accurate to within a factor of 2). The peak
concentration at the interface Cmak is related to thé concentration

in the bulk of the liquid, Co, by the well known equation

Coax = C/K
Hydrogen and nitrogen are seen to be concentrated by a factor of 2 or 3

for most metals, although hydrogen in aluminium is increased by 10

times.




TAPLE 11,

Solubilities of Gases in Metals at the Melting Point

(et 1 atm. pressure)

Metal Solid ‘ Liguid i Reference l K
Hydrogen (cc/100 g)
Al 0.036 0.69° 41
0.062 42 0.1
0.77 43
0,050 0.43 44
Mg 15 33 45
41 46 0.5
19 27 47
Cu 1.50 5.17 48
5.42 49 0.30
1.53 50
5.46 51
Fe 6.5 , 52
20.4 53
13,36 26.7 54 .
30.2 55 0.5
25.6 o 51
27.7 §16oooc§ 56
29.8 (1600°C 57
Co 6.7 59
19.5 o 51
22,4 (1600°C 56 0.34
23.2 " 57
24.5 " 60
Ni 13,7 61
41.0 51 0,3
44.0 60
Nitrogen (wt.%)
0.0122 62
Fe 0.446 63 0.3
0.40 64
Oxygen (wt.5)
0.0324 l , 65
Fe 0.17 66 0.19
0.17 67
0.18 68




TABLE TIT.

Data for the estimation of equilibrium gas pressure in

contact with molten iron

(Pressure in atm.)

Gas Reaction Law Effect of Temperature Ref.
E, 2 = H, PHz% = [wt.7m) /X log X = = _1_51(_) - 1.68 69
N 2N = XN P L Wt ] /x log K = --1§§—'-1--1.246 63
2 2 H, T
02 20 = 02 No data available since pressures immeasurably low 70
o C+0 = (O PCO = K. a, . & log K = l%ég + 2,00 71
cozq CO + 0 = €O, P002 =K (PCO . ao) ‘log K ﬂéﬁ - 4.762 71
0 28 + 0 = B0 PHZO = {w‘t.%ﬁ] 2 [wt.0] /x logK = - -1-9%29 ~ 0.19 72
HS | 2+5=BS | Py [wi] 2wt s ] /& logk = -2 -1.93 70
80, S + 20 = 50, Psy0 = [wt.%S] [wt.5%0] 2 fx log kK = - -2-%2 + 2.8 70




TABLE IV,

Approximate Maximim Equilibrium Gas Pressures
attainable at a plane
solidification fwent in liquid iron.

Gas Pressure (atm,)
N2 30
H, 4
co 440
-3
S0, 3 x 10
-2
I,S 6 x 10
H20 - 10
002 + 530
02 0.00
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The height of the concentration peak may be considerably lowered by
the nucleation of a second phase. The maximum concentration is therefore
that requirea to homogeneously nu:leate this phase: for oxygen in liquid
iron, for instance, FeO inclusions are thought to homogeneously nucleate
at about 0.2 wt, % 02(19). Using in each case the maximum concentration
of solutes which may be found at a solidification front, and using the
relations in Table III, Table IV has been compiled to show the maximum
attainable equilibrium pressures in contact with liquid iron (the
activities of carbon and oxygen are taken as 1, corresponding to a
saturated solution). The most important gases are clearly €0, and CO -
which emphasises the importance of efficient deoxidation, but H20 and N2
are not negligible, and H2 is not so important as is so often assumed.

Its importance would increase in properly deoxidised melts. The maximum
total pressure is in the region of 1000 atmospheres - considerably lower
than the 70,000 atmospheres required for homogeneous nucleation.

This value for the internal gas pressure, Pg, does not requireba
reduction due to the curvature of the bubble suriace, for as Doring points
out, the increased vapour pressure of a very small droplet of liquid
Predicted by the Thomson-Gibbs equation‘should be properly interpreted
88 resulting from the in:reased pressure on the liquid phase, not from the
Curvature of the surface. Thus in & bubble the internal gas pressure is
independent of the radius, but does vary with the external pressure, P,
&ccording to

P

P M
1n (_::_) = RT o (Pow = Pe)
g

where P, is the "normal" gas pressure, and QO eand M the density and

Molecular weight respectively of the liquid.

If, instead of plotting gas pressure, gas concentration were
Plotted in Figure 2., then for a simple diatomic gas in solution the line

Tootiotes e pressures of other gases may be somewhat increased if account
s taken of the 5 ( rather than 1 ) dimensional nature of solidificetion.
Turkﬁﬂgan(zs) indicates how the solute concentratien may be calculated ~(by
®Quations analogous to our equation 20 ) although he omits the impertent
Correction ( equation 21 ) in the case of wide freezing range alloys. In any

Case, however, the approach leads to infinite concentrations as solidification :
becomeg complete so that it is not clear vhat concentrations are actually obtained:
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representing the threshold of nucleation would become a parabola (in
contrast with the straight line proposed schematically by Whittenberger

and Rhines(z)) because of Sievert's Law

Pj - [C) /&g

Such considerations apply to a simple system sueh as hydrogen
in liquid iron., With surface active gas, however, the surface tension

is reduced causing Pf to be a function of gas content as is demonstrated

in Figures 3, and 4.

Estimation of the Maximum Shrinkage Pressure.

The author has shown elséwhere(39) that the meximum possible
negative pressure in a casting of pure iron is in the region of
-1,500 atmospheres because of plastic collapse'of the casting under
the internal tension. '

Thus it seems that neither gas nor shrinkage alone, nor even
in combination can meet the very stringent conditions defined by
equation (12) so that hemogeneous nucleation does not geem to be a
feasible mechanism for the creation of peres in iron castings.

Similar eonsiderations show that this conclusion applies to aluminium

castings, and perhaps to castings in any metal.




2.5 HETEROGENEQUS NUCLEATION.

It is believed that nucleation of bubbles occurs at certain
preferred sites in the liquid. These sites may consist of the
boundaxry of the liquid with a solid, a second immiscible liquid, or a

gas phase, These are discussed in turn,

2.5.1 Solid Inclusions.

(3)

Following Fisher's treatment of heterogeneous nucleation, a
bubble at the interface of the solid and liquid phases assumes the

shape shown in Fig, BA ¥ XSV and g7, Tepresent the liquid-

AT
vapour, solid-vapour and solid-liquid interfacial energies respectively.

The wvalue of 4 corresponding to & minimum energy can be seen to be
afr =-0s0 =( ¥g - ¥)/ ¥y ... (23)

where 9 is the normal contact angle measured by a sessile drop
technique. Considering the maximun value of the energy required to
produce a bubble of critical size leads to & value of the fracture

pressure, Pf', at the interface

W ¢
S -3 s LV
T (3 kT 1n (6 7%/ x1/n) e
where g = (2-CosB ) (1 + Cos © )2/4 : ...(15) .

Equation (14) differs from (8) in that a factor of ¢% has been
introduced and the number of interface atoms 6 N2/3 (assuming that
the 1iquid is bounded by the solid in the form of a cubical container)

appears in place of N in the logarithm, Thus

' X ,1n N kT/n i

o ~
=

1n 6 ¥/ xo/n’ vee(26)

N N

or approximately for temperatures between 1000°C and 2000°¢

: Prloa 112

P | «L(27)

o

A plet of equation 17 is given in Figure?9 ., We may further modify

equation 14 by &ssuming that one mole of liquid contains a o -
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concentration Ci of inclusign material. If the inclusions are
: cubical and of average side 8y and if ML and Mi are the molecular
weights of the liguid and inclusions respectively then the total
number of interface atoms now is 6 (ci MI/aipil/z’)(N/Mi)z/s.

- However in the extreme case of c; =1 (i.e. 100% inclusion) and
K ay = 1078 bcm (smaller than one atom) the value of P,' 1is decreased
only by 9%, so that Pf' given by equation 14 i‘s evidently a uséful
measure of the influence of inclusions irrespective of their number
or size, | - |

The parameter - Cos 6 (often denoted m in the nucleation
 literature) is a measure of the wettability of the surfacet if

8 « 180° the solid is not wetted by the liquid and Fig, 8A would show
"thcla‘>bubblé as anA infinitély thin film on the surfage; ¢ and Pf"
;oecome zeﬂrov"in this case so that rucleation is easiest. For 6 = 0°
-’,(the soiid is perfectly wetted and Fig. 8A would show the> bubble on the
poin:b of detaching iteelf from the solid. Correspondingly g =1,
but Pf'_ is larger than Pf' by more thanyloﬂ Yeoause of the reduction
in the possible number qf cavitation sites. This situation ocours
whére liquid is in contact with solid of identical composition since

Antonoff's rule may be assumed to be applieable:

= g . ... (18)

fov - Yo

For this reason a plane‘ solidification front is NOT a favourable.
site for nucleatioen. , Chalmers(n) reaches a.n identieal conclusion
by a rather mo:.jé qualitative approach; The quantity f# would have
to deorease to less than 0.80 (6.,)650) before nucleation becomes
- favourable (i.e, P! £ Pf) on 80lid surfaces (Fig. 9.).

' Somé mea;gured values of surface energies and contact a.ngies
‘a.r; tabula"éed in the eppendix. Using this data Figures 6 and 7
" have been (llerivle‘d, although it is clear that some of the conté.ct
a.ngle measu;‘ements are very unreliable (c.f. TiC inclueions ir; liquid
iron), The lihe repreéenting the threshold of hetérog‘enéous

nucleation in Figures 2, 6 and 7 is defined by the equation

P+ P = P! ' : | » ’ o--(19)
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It is evident that solid inclusions do not raise the nﬁcleation
threshold sufficiently for nucleation to become possible since
conditions in the real casting can never exceed the bounds of the
rectangle which represents the limits imposed by the plastic collapse
‘of the casting and the meximum gas pressures attainable.

It is, howe@er, feasible that solid inclusions may help pore
nucleation by other mechanismst (a) they may block fine channels of
feeding liquid(l’?), (b) depending upon their density relative to that of
the liquid'they will sink or float to a boundary surface.b In the region
very close to the point of contact a bubble may nucleate more easily
because a smaller volume change is required for anyigiven radius
(Figure 8B ); (c) The volume of the critical bubble nucleus may be
reduced by a coneave substrate(il) ( Pigure 8C ). ,

As far as the author was able to find; no work has been published
on the effects of the size and geometiry of nuclei on pore formation,
although Fletcher(13) has investigated theoretically the nucleation of
the solid phase from the liquid on to particles of various shapes,
and some theoretical work on the nucleation of solid from the vapour
dgmonétrates that macroscopic steps on the so0lid surface greatly aid
nucleation for certain contact angles(14). Steps of atomic height
corresponding to the emergence of screw dislocations are known to oeccur

(15). It is reasonable to

on the solidification front of pure tin

suppose that such steps are present at the solid-liquid interface of

other metals, and that these sééps may influenee the nucleation of pores.
Nevertheless, it 1s encouraging that the experimentally

determined contact angles of liquid nickel on sapphire and polycrystalline.

alumina are not very different (see appendix) and moreover, experiments

by Turpin and Elliott(lo) on the hoﬁogeneous nucleation of oxide

inclusions from iron melts yieided values for interfacial energies very

close to those measured by macroscopic methods»on very imperfect

surfaces. These experimental facts lend confidence to the applicatioen

of bulk conecepts, such as surface tension and contact angle, to the

investigation of afcmistic phenomena such as nucleation.
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2,3%.2. Liguid Inclusions.

Many non-metallic inclusions in castings are liquid until well
below the solidus temPerature of the casting alloy. Almost invariebly
they have comparatively low surface tensions (in the region of
250600 ergs/cmz; see appendix) so that homogeneous nucleation of poreé
in their interiors is easier by about an order of megnitude compared with
the interior oflliquid iron. Most liquid inclusions are therby more
effective nuclei for pores than most solid inclusions (Figures 6 and 7).

It can be showﬁ (utilising the theory given in the appdndix)
that although the interface between the liquid inclusion and liquid
metal is a favourable site for nucleation compared to the interior of
the liquid metal, the site is very unfavourable compared to
homogeneous nucleation in the inq}usion.

The condition for nucleation in liquid inclusions (equation 19)
is probably facilitated not only by their small fracture pressures but
| also by the fact that liquid slags end glasses (which constitute a
large percentage of such inclusions) have very open crystallographic
structures so that fhey are capable of dissolving large quanfities of
gas(14). The internal pressure due to dissolved gases-in the inclusion
may depend in a complex way on the gas content of the liquid metal,
which means that the line in Fig. 6. representing the condition for
homogeneous nucleation in a liquid slag may be non~linear and
considerably steeper: it is shown accordingly as a tentative dotted
line,  Although the liquid inclusions do not appear to raise the
nucleation threshold sufficiently to make pore formation feasibie,
(Figure 6.) & proper allowance for the efféct of dissolved gas, and ar'

better estimation of Pf values is likely to reverse this conclusion,
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2.3.2 Complex Inclusgions.

| Complex inclusions are common in castings of nearly every type:
In iron and steel, solid aiumina—type particles are often coﬁtained
in a liquid sulphide or silicate matrix (although the small contact
angles of the lattef meke decohesion unfavourasble at this boundary).
In cast iron, graphite (which appears to make high eontact angles with
most inorganic liquids) is often adjacent to low melting point
sulphides and phosphides,

Employing equation (10a) to determine the fracture pressure of
the iiquid phase of the inclusion, and then reducing this valuebby
applying equation (17) then it is possible to obtain very low fracture
pressures, Assuming a surface energy for the liquid of 250 dynes/cmz,
and very poor wetting of the solid phase (8 ::1600)? then decohesion
at the solid-ligquid interface occﬁrs at about -200 atmospheres.

This is more than an order of.magnitude lower than fracture pressures
obtainable with single phase inclusions, and mey be relatively easily
attained by either gas or shrinkage in relative isolation or in
combihation.

Immiscible 1iquids are quite common in complex inciusions and
the author hag extended Fisher's analysis to determine fracture
pressures for the liquid-liquid boundary (see appendix), It is fo
be regretted however that very little data is currently available on
interfacial energies between non-metallic liquids at such high
temperatures,(134’ 135 ) although measurements of contact angles and,
interfacial energies between liquid iron and various slegs are

reasonably plentiful.(l66‘175)

¥ Reference 181 gives some evidence that 160° mey be a maximum possible

contact angle for any liquid on a solid.
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2.5.4 Gaseous Nuclei.

2.,3.4.1 Gag bubbles in suspension.

Rapid, turbulent pouring of castings may cause air bubbles to
enter the liquid metal(zo). If the bubbles are sufficiently small
they may rise ig a fimg'great enough to allow the formation of a solid ’
skin on‘fhé casting, and so be trapped. A bubble which is too small
however may require for its stability an internal pressufe of gas
higher than the equilibrium gas pressure which the bﬁlk of the melt
can provide, thus the bubble will dissolve,

Considering the first part ¢f this problem: From Stoke;s Law
the\time of rise of bubbles through a distance of 10 cm, is taken as a
rough guide to the bubble's lifetime in suspension (Tadle 5.).

A s0lid skin will form on such a casting within a time of the order of
a minute, or somewhat less. Such bubbles require internal excess
pressuresin excess of 2.8 atmospheres, Initially the high internal
pressures in these bubbles are possibly met by compression of the
included air since it is likely that these small bubbles are the result
of the collapse of larger bubbles, and possibly by the thermal
eipansion of the air., Finally however the bubble must dissolve for a
reasonable equilibrium gas pressure in properly deoxidised steel
containing normal amounts of hydroéen and nitrogéq/gﬁly about

1-2 atmospheres‘at the most. casily

Although their solutions cammot/be applied to liquid steel
because of its complexity, various authors have solved the diffusion
equations for various simple gas-liquid systems(187"191¥o find the
time of dissolution of a gas bubble. If its rate of dissolution is‘
sufficiently slow to allow the bubble to survive long enough to
impinge on a well established solidification frbnt, then‘it will almost
certainly grow because of the local high build up of gas in solution
together with a probable reduction in surface tension. '

The presence of such a gas nucleus means that high negative
Pressures can never be reached in parts of the pasting in hydroatatic
commumication with the bubble, For instance if an exterior negétive

Pressure is reached whioh nearly equals in magnitude the internal



TABLE V.

Data on bubbles in suspension in liquid iron.

Bubble Radius Time to Excess Pressure
(em) rise 10 cm. in bubble
(sec) (atm)
4.0 x 1074 10 8.9
1.3 x 107 10° 2.8
4.0 x 1077 10 0.89
-2 :
1.3 x 10 1 0.28




gas pressure (3 atm. for a bubble 1}; radius) then the 5ubble will

expand to macroscopic size, relieving the external pressure (equation l.).
Thus, as Blake points out(s), the tensile sfrength of a liquid body is

in practice determined by the size of the largest gas bubble present.

In conclusion, although the possibility of such nuclei cannot be
ruled out, the required and possible lifetimes are shown to be nearly
mutually exclusive, so they constitute an unlikely source of porosity.

It may be noted that such nuclei may be avoided by the use of suitably

careful casting techniques or by casting in vacuum,



2.5.4.2 Gas~filled Crevices in Solids.

The vapour bubbles produced by boiling water in a glass container
can be seen to be nucleating from distinet points which could be pockets
of gas contained within small crevices in the wall of the container.
Nuclei of a similar nature are thought to be responsible for the 'boili
in an open hearth furnace(zl'zs).

In a casting, however, the boundary of the liquid metal at some
stage during solidification is not analogous to the inner surface’of
the glass éontainer, nor to the bath of the open hearth, which were both
previously in contact with the air before receiving the liquid cover,
The boundary of the ligquid surface in a solidifying casting is formed
by a phase transformation, and because of this, perfect atomic contact
would be expected at every point., * The same applies for indigenous

(24) ,_

inclusions (i.e, formed in the melt). Gernez demonstrates that
crystalline solids formed in the 1iquid and which had never been in
contact with a gas were incapable of inducing effervescence in the
liquid which was supersaturated with gas (to a pressure however of
prbbably only about an atmosphere).

Thus in a caéting, porous inclusions containing gas can only
have an exogenous origin (i.e. were washed in from the tip of the ladle,
or from the mould wall etc.).

Harvey(zs) describes a stabilising mecﬁanism which relies on the
fact that a bubble which has a lower internal pressure than that of
the surrounding liquid can be in equilibrium with the liquid providing
it has a concave surface (Fig. 8E)., Their theory leads to a value of
the fracture pressure

‘P! = A,

where Pm is the maximum pressure to which the melt has been subjected,

Pg is the equilibrium gas pressure in the bubble, and Al and A2 are

constants depending upon the angle of the crack and the advancing .
and receding contact angles, ea and er. If @, and Gr are
approximately equal, then Al becomes unity, A2 becomes zero, and

since Pm is usually one atmosphere an unstable expansion of the nucleus
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occurs when a shrinkage pressure of about -1 atm. is reached
(i.e. about zero absoluée pressure).

It is clearly not helpful to discuss such gas-filled crevices
in any more detail since any number of geometries can be envisaged:
Blake(g) suggests a type which becomes narrower towards its mouth, as
a narrow-necked bottle, and thus enclosing gas irrespective of contact
angle criteria.

The growth and emergence of gas bubbles from crevices is

(21)

described theoretically in some detail by Vallet in relation to the

carbon 'boil' during steelmaking, and investigated experimentally with
vater and other organic liquids by many investigators(182"187) -

particularly with a view to understanding heat transfer in boilers.
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2.4 NUCLEATION BY ATOMIC COLLISIOWS,

In their various theoretical models of liquids, the investigators
of fracture pressures failed to include the presence of occasional fast
moving, high energy particles from space (Cosmic Rays) and the relatively
high density of energetic alpha particles due to the decay of traces of
radioactive matter which are prevalent everywhere. Althouch no direct
evidence exists to determine whether such phenomena do in fact
influence pore formation in liquid metals, the purpose of this section is
to assess this possibility as far as possible by inference from other data.

In 1953 Glaser first demonstrated that fast moving atomic particles
can cause the nucleation of bubbles in metastable 1iquids(27). This
observation has been put to widespread practical use in the construction
of bubble chambers which illustrat? the track of a particle through
the liquid by corresponding trail of bubbles. “ost chambers

(22) employ a liquid super-

uiilise superheated liquids, although some
saturated with gas under pressure, which is closely analogous to the
conditions in a solidifying casting. More recently, several

investigators have measured the effect of various radiations on the

(29-31)

fracture pressures of liquids which are shown in some cases to be

very much reduced. These studies have been so far only directed at

water, organic liquids, and a few heavy liquids such as Xe and WF6(35).

(29) assumed that in a collision of the energetic

Early theories
p;rticle with an atom in the liquid, the charge agsociated with the
particle woul& be rediétributed over the surface of an embryonic
bubble. The effect of the mutual repulsion of the charge would act
in opposition to the surface tension and thus aid nucleation. If this
were true then the possibility of bubble formation by this mechanism
in liquid metals would appeaf to be reméte because of their high

(33,34) which have had

conductivity. liowever, more recent theories
a fair measure of experimental success, indicate that nucleation occurs
by the deposition of very localised quantities of energy by a direct

knock-on of the incident particle with an atom in the liquid, causing

a small region to become vapourised.
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Thus a close analogy can be drawn with the production of
radiation damage in solid metals, where it is now well established(37)
that an incident particle of sufficient cnergy will produce intense
vibration in the region surrounding its encounter with a lattice atom.
The region finally cools to contain a high density of vacancies.

It seems reasonable to conclude therefore that a similar event
in a metallic liquid will produce a vapour bubble exceeding the size
of the critical bubble required by classical nucleation theory, so
that Pf will be lowered.

We now turn to a consideration of the possible sources of

suitable radiation.
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2.4.1 Cosmic Rays.

Sette and wanderlingh<32) have shown that the cavitation threshold
for water subjected to ultrasonic vibration is affected in a complex
but reproducible way by the thickness of a lead box which encloses the
apparatus, The results are explained in terms of cosmic rays
intercepting the lead shield and giving rise to secondary particles which
may also cause nucleation events in the metastable liquid.

Nevertheless, as a prolific source of bubble initiation, which
seems to be required to explain porosity inreal castings, cosmic rays
may be rather unlikely for several reasons:

(36)

(i) The frequency of arrival of cosmic rays is only about
one particle/minute/cmz, so that relatively few particles will enter a
normal sized casting during the critical final stapes of solidification,
when gas and shrinkage pressures aré rising more rapidly.

(ii) At eround level only approximately 30 per cent of the total
incident radiation at—proumd=iovel consists of the strongly interacting
'soft' variety, thus most particles will pass harmlessly straight
through a casting.,

(iii) At a late stage in solidification (i.e. when the fraction
of liquid present is small) it is unlikely that a primary (or secondary)
collision within the casting will be within the highly strained
residual liquid.

(iv) In order for nucleation by cosmic ;ays to be favourable, Pf
must be lowered by at lcast one or two orders of magnitude since the
coliision site will not in general be adjacent to a solidification front
where conditions of high ras content and lover surface temsion prevail,
nor at interfaces within complex inclusions, where decohesion is
relatively easy.

The possibility of bubble nucleation by cosmic rays is by no
means ruled out in large castings, since slower freezing means that
more time is available for a favourable collision to occur, and the
area and depth of the casting also increase this possibility.
Furthermore, of course, only one such event is necessary to initiate

porosity which may branch and spread throushout a casting.



2.4.2. RADIOACTIVI: DECAY.

Small amounts of radioactive elements are present in most metals,
Investigators of radioactive phenomena (who may have to construct
apparatus and research rooms with a low radiation background) have
difficulty in obtainipg materials with sufficiently small amounts of such
impurities and often utilise steel from dismantled battleships since
this is known to be low in active contaminants. DModern steeis are
relatively highly contaminated as a result of the fall-out from
atomic explosions, and perhaps occasionally from the increasing amounts
of radiocactive waste from industrial, medical and nuclear power sources,

The decay of an atomic nucleus may result in the release of one
or more alpha or beta particles. The latter are electrons which are
too small in mass to cause any impoftant damage from the viewpoint of
the nucleation of pores. Electron bombardment of solid metals is
known to produce only occasional single atomic displacements in the
1attice(37). |
In contrast, alpha particles are heavy and have high energy,
resulting in severe local damage to the lattice of solid metals(37),
and thus probably resulting in vapour bubbles in liquid metals.,

Table 6, gives a list c¢f néturally occurring radioactive isotopes_‘
which produce alphs particles on decay. The number of decays per
minute variés directly as the fraction of the isotope present in the
element, and inversely as the length of the half-life. Only Th and U
are seen to produce a significant number of decays per minute, although
it is quite feasible that some artificially produced isotope may have
found its way into the metal; for instance 1 p.p.m. of Ra 226 or

Pa 231 in 1 cc. of metal will produce lO8 and lO7 decays/minute
respectively. There are several dozen artificial isotopes which

are alpha-emitters.

Bubble nucleation by fission fragments from the spontaneous
disintegration of en unstable nucleus such as U may ordinaril¥i‘ggionable
discounted (except for the casting of pure uranium or similag/material)

because such events ere many orders of magnitude more rare than

alpha~decays,



TABLE VI.

Naturally ocourring radioactive isotopes which

produce alpha particles on decay.

Abundance in Energy of | No. of decays
pure element H?lg 835.6 alphsa per minute due
Isotope (%) J particle(s)| to 1 ppm
(MeV) element in lcec
liquid metal
Nd 144 23.9 2.4 x10%° | 1.83 1079
Sm 147 14,97 1.2 x 1000 | 2.23 1071
Gd 152 0.200 1.1 x 10t | 2.14 1076
HE 174 0.18 2 x10%0 | 2.50 1077
Pt 190 0.0127 1012 | 53 1077 .
5 ¢l 10
Pt 192 0.78 ~ 10 2.6 10
Th 232 100 1.39 x 1000 | 4.0 10
T 234 0.0056 2.5 x 10° 4.75 20
U 235 0.7205 7.1 x 10° 4.5 15 n
U 238 99.2739 4.51 x 107 4.18 20

Data from Chart of the Nuclides prepared

at Institute Radiochemistry, Nuclear Researeh

Centre, Karlsruhe, Germany.

July 1961.




-28~

Several factors favour the creation of pores by the decay of ’
radioactive contaminants rather than by cosmic radiation: 1) The
radiation is 'in situ', and thus exactly where it is required %o
create pores ~ there is no problem of the radiation having to penetrate
just the correct distance into the casting. 2) Alpha particles are
strongly interacting and will in general not escape from the casting
so that the process operates st meximum efficiency, 3) Given a
favourable partition coefficient the contaminants will be concentrated,
together with other impurities, into the centre of the casting where
both gas and shrinkage will both aid nucleation to the greatest
edvantage, 4) The frequency of cosmic réys is very constant(36)
although it is the experience of foundries that porosity 'comes and
goes' for no spparent reason. The blame is sometimes traced to
gases in solution and other causes: but an additional reason may well

be the wide and erratic variation in radioactive contamination from

one batch of metal to another.
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2.5. RELATION BETWEEN SHRINKAGE AND GAS PRESSURES IN VARTIOUS CASTINGS.

From elementary considerations, omitting several important factors

(38)

discussed in Section 1,, Flemings and co-workers deduce an
expression for the equilibrium pressure of a diatomic gas in solution in

the residual liquid of a casting

o 2
g LYL ™ %s s

- where Co is the original gas concentration at the start of solidification,
fL is the fraction of liquid at some later instant, KL and Ks ar ¢ the
solubility constants for the gas in the liquid and solid metal respeotively.
For a cylindrical casting of a mushy freezing alloy these authors derive
from geometry

FL = ﬁ’atz n’ta 000(21)

where n is the number of feeding channels per square centimetre of cross
section, (a) is the mean radius of the channels, and ‘tb is tortussity

factor associated with the non-linearity of the channels. Also

P = B/a* ...(22)

where B ig a function of the size of the casting, the dendrite'arm
spacing,'and the thermal properties of the metal and mould. Thus
eliminating (a) from equations (20) and (22) we obtain the locus of

the line AB (Fig. 2.):
2

P =co?/ [ MnT(K - K)(3/2,)* - Ks‘] oo (23)

Similar relations may be obtained from the work of these authors
for the cases of unidirectional dendritic solidificatioh, for cellular
solidification, and for the case of a cylindrical casting in a skin
freezing metal.

Considering new the situation in which a volume of liquid is
isolated from supplies of feeding liquid, the pressure in this confined

(39)

liquid volume is

P, = 2 /2 - 2¥ 1n (b/a) : ...(22)
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assuming for simplicity that Po and Pd are negligible and that the
whole casting is in a plastic condition. XLS is the energy of the
liquid-solid boundary, Y is the yield strength of the metal at that
temperature and strain rate, a is now the radius of the liquid core
b is the distance from the centre'of the confined liquid to the
nearest free surface of the casting. From geometry (assuming

approximately spherical symmetry)

f

L = 23.3/1)3 ---(25)

substituting (25) into (20) and eliminsting (a) from the resulting
equation and (24) will give the relation between P, and Pg for

a region of confined liquid in a casting,



2.6, Crowth of Pores.

o e ——

2.6.1. Kinetics.

Once nucleation of a pore has occurred at B (Fig. 2.)
the strain encrpy in the liquid and surroundine solid is

suddenly released by the expansion of the pore and the pressure

I3

in the liquid jumps to point C.

(]

(212)

A cine-film of cutectic alloy solidification by Davis

shows that pores sprins to equilibriun size in a2 time shorter
1/

than the shutter speed of the camera (about 24th second)

and thercafter grow only a little at a very slow rate until
solidification is complete. Experiments involving ultrasonic

cavitation in liquids indicate that this rapid prowth period

. cqgs 213 .
cccupizs less than 1 mllllsecond( ), ard calculations

involving inertial forces in the liquid sugeest that the

(211), althoush if heat transfer

(212)

pericd is nearer 1 microsecond
considerations are included in the calculation then crowth
times again become of the order of milliseconds. An
interesting rheological appreach to this problem is outlined

2 . 3 - . [
(217) in an investirgtion into

by Hoffman and ifyers
cavitation dynamics in thin ligquid films.
Some quite relevant cxperimental studies on the

growth rates of bubbles in boilins liquids may be referred
t°(207”209).

(2)

Followings the ideas of Thittenberper and 2hines '/,
further nucleation in this body of liquid is impossible
because hydrostatic tension cannot develop so lone as shrinkage
is beins accommodated b§ rrowth of the existins pore. As
freezin~ progresses however, the gas concentraticn in the
residual 1iqui§ vill increase, sﬁifting its pressqre*
concentration state to the richt of Fip. 4.  Psint D may

never be reached, howcver, if the available oas has

sufficient time to diffuse to the existing pore, or if
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solidification overtakes the region first., ilevertheless, if
parts of the liquid in hydrostatic communication with the pore
are sufficiently distant so that their gas content is not
drained by the srowing pore, but allcwed tc increase, then D
may be reached so that more peres will form.

After the first’repid stage of growth two extreme
mcdes of prowth may be distinguished* (a) when the pore is in
perfect communication with feeding liquicd its rate cof growth
is determined by the rate of gas deposition alone, and
(b) when liquid fceding is cut off (and when pores have already
been nucleated) then in the absence of gas the total volume
of pores that will develop must‘equal the shrinkage of the
body of isolated liquid.

Growth by-gas precipitation may be limited either by
the fate of diffusion of gas through the liquid phase, or by
the rate of diffusion across the bubble interface, whichever
may be the slower. TFither process is complicated (a) by the
increcase in surface area of the cavity, which, because of the
complexities of pora shape, néed not be simply related to the
quantity cf gaé released. (b) by the irreéularly changing
ratio of gas-liquid to gas-solid surface: (c) by the flow
and possiblc turbulence of the ¢as-solvent liquid as the pore
grows; and (d) by the chanpes in solubility anéd diffusitn
coefficients with alterations in temperature and composition.
Hence it is not to be expected that the rate of pore growth
by gas rejection will follow any simple law.

Nevertheless several authors(137_192) have attempted
to analyse the growth of cas bubbles in a iiquid, making
the great simplification of assuming a spherical bubﬁle
at rest in an infinite liquid.

Shrinkage-controlled cavity growth is probably more

susceptible to analysis since it must proceed in direct
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proportion to the quantity of heat extracted from the body of
(214)

confined liguid. Ruddle hag provided an cxhaustive
critical analysis of such heat flow solutions for castings.

2.6.2. Final Size of Pore,

The sinecle cavity formed at B (Fig.'Z.) has a erowth
advantape over the cavities which start their growth later
at D: the single pore is initially larcer than the later pores
because of the lonper time and the stored elastic cnersy
available for its srowth, and thercby also grows at a faster
rate because of its preater surface arca availsble for
gas transfer. .

Growth is arrested by local completion cof freczing.
In principle it will never be stopped by completion of gas
precipitation since an infinite time is required to bring a
diffusion process to equilibrium. Accordingly, it is
expected that pores will be larger the lonecr the time
allowed for their growth.

Easy nucleation ncans that very little plastic
collapsc §f the casting vill occur since the hydrostatic
tension will never reach hich values. Thus the resulting
porosity will be a maxirum i.e. numerically equal to the
solidification contraction - of the order of 3% - or possibly
higher with the gssistancc of ras., In ﬁhe case of difficult

nucleation (high P_' values) pore nucleation is delayed until

£
the shrinkage pressure reaches the necessary high value to
satisfy the nucleation condition.  This means therefore that
the final pore will be small bzcausc of the prior
5ccurrence of a considcrable émount of solid fceding.

The final size of a pore in the fully solidified
casting may be influenced somewhat by viscous or plastic flow
in the manner of sintering., A survey of sinterine mechanisms

(215)

is eiven by Ramqvist although for such procosses to
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become properly effective (since sintering normally occurs
under initially stress—frec conditions) the high internal
gas pressure or surrounding hydrostatic tensicn which in
the first place both contributed to the creatioa and
growth of the pore, and which now ipso facto oppose its
collapse, nust therefore first be dissipated before
sintering can take place.

The shape of é pore will also be modificd to some

extent by diffusion in the solid state(216).
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3. FEEDING MECHANISMS.

There appear to be at least 5 mechanisms by which the
difference in volume between the liquid and solid states can be
accommodated in a solidifying casting, however not all of the
mechanisms need operate in any single case.  Adequate
feeding of any one of these means rcliceves the hydrostatic
tension in the remainingkliquid, and s0 reduces the
possibility of the nucleation and the subscquent enlargement
of a pore. The feeding processes are dealt with in the order
in which they occur during freezing, and this order
coincides with a progressive transiticn from what might

usefully be termed 'open' to 'closed' feeding systemsQ

3.1, Liquid Feeding.

/ Liquid feeding is the most 'open'feeding mechanism
and generally precedes other forms of feeding (Fig. 19.)
although in skin freezing metals and eutectics it is normally
the only method of fecding. , It has been much investigated
both theoretically and experimgntally and for this rceson is
prcbably the best understood of all the types of feceding.

(227)

Wallace gives a comprehensive review up to 1959,
Inadequate liquid feeding leads to formation of
porosity by the elementary non-nucleation process by the

spread of the primary shrinkage pipe into more distant regions

of the casting. (Section 2.1.).

3.2, Mass Feeding.,

(2238)

[This is a term coined by Baker to denote the

consolidation of a fluid mass of solid crystals and residual

liquid,) { The movement of this slurry is arrested when the

growing crystals impinge and interlock.: Pellini(zzg)'

suggests that this occurs at a critical value of 60Z solid

- (230)

for steels: Flemings ct.al, infer from their experiments
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on, the flow of liquid through a dendrite mesh that 'flow
channelling' tbrough the mushy zonc of Al-4.57Cu alloys occurs
at up to 68Z solid. and the experiments by Singer end

Cottrell(zsl)

on the mechanical strengths of Al-Si alloys at
temperatures above the solidus indicate that the nmushy zone
gains mechanical strength at about 607 solid.

Many of the earlier authors suggest that mass feeding
is the important process from the point of view cf reducing
porosity. Such a view is largely unjustified becauselthe
critical feeding stages occur scne time after mass feeding has
practically ceascd:) However, consideration cf this process
is warranted in order to show how the flow of the liquid-
sclid mass cculd indicate where biockages are likely to occur
with a given grain size in a casting of given geometry. For
instance‘the process would be expected to produce choking of

(229), so that the

the liquid channel at a change in scction
sections more distant from the fecder are less perfectly fed,
~and thercfore, finally, possibly less sound.

The prcblem is similar in some respects to that of
the flow of soils through various apcrtures, of which a useful

(232), although the mechanics of soil

review exists by Brown
flow is still largely empirical and not well understood.
Furthermore the analogy is weak in two respects: (a) the
dendritic shape of some metal crystals would cause premature
interlocking (more analogous to thé flew of dendritic metal
pouders familiar in powder metallurgy) and (b) the
considerable plasticity of the dendrites at the solidification
temperatures which would tend to act in oppesition to a
premature interlocking effect.

An improvement and possible extension of this feeding
process by refining the grain size might, however, impair
the subsequent interdendritic feeding, although equation (28)

suggests otherwise. MNevertheless, this illustrates the
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important point that a change in any particular casting
variable may affect various types of feeding in opposing

ways.

3.3. Interdendritic Feeding.

L Allen(l) in 1932 coined the term “"intcrdendritic
feeding” to describe the flow of residual liquid (which was
compensating'for the volumetric contraction, o, on solidification)
through the mushy zone of a casting’and made the first serious
attempt aﬁ a theoretical analysis: 1if P is the pressure
applied to thc feeder héad, and P, the pressure at the tip of
an interdendritic channel, then the rate of flow along the
channel is (PawPe)/uL' where u is the viscosity of the liquid
metal and L' a function of the length and diameter of the
channel (L' tends to increcasc as the channel narrows - which
could easily be demonstrated quantitatively if Allen had
usad the well-known Poiseuille's equation at this point).

Now if dm/dt is the rate of solidification the rate of

contraction will be odm/dt so long as no pores form, so that

- ' =
(Pa Pe)/uL adm/dt
or
= - ' Y

P, P, ual'! dm/dt ..,(26)
As solidification procceds the paths for the feed metal
become progressively constricted until the pressure Pe falls
below a critical value at which pores will nucleate.
Allen assumes that this critical value is the effective

(230)

internal gas pressure while Flemings considers that the
value is zero,  Scction 2. has shown that both these
assumptions are incorrect in general, although “lemings

assumption will probably be justified if exogeneous inclusions

are present in the melt.



=35 -

More detailed analyses by Walter, Adams and Taylor(233)

and later by Piwonka and Flemings(230)

consider the pressure
drop along a horizontal cylindrical sand casting of a pure

metal. Their results have a similar form to that of Allen:
Pe ='Pa -~ 32 uar?L2/a% (1 - @) ee(27)

where a is the radius of the liquid core; A a heat flow
constant (sece list of symbols) and L is the length of the
chennel.  The values of 'a' calculated to give zero pressure
at the end of the channel are found to be‘in excellent
agreement with pore radii found by experiment (as the liquid
thread pulls apart the resulting cylindrical pore is assumed
to have the same radius as that of tie liquid core when
nucleation occurred) which are of the order of 0.05 cm.

The problem of the solidification of a long freezing
range alloy in a horizontal cylindrical sand mould can be
approached in a similar manner, except that flow is assumed
to take place in n chanﬁels per unit area (where n may be
taken as the reciprocal 6f the square of the dendrite arm
spacing) rather than in a single channel, and the channel
length is the casting length multiplied by a tortuosity
factor T (numerical value close to 2). The result is

T 2

32uar2 L2, ‘o
e a (1 -a )a* wb2n

«s4(28)
Normally toz/nbzn is smaller than 1 by several orders éf
ﬁagnitude, hence by comparison with equation (27), pores in
a mushy freezing alloy will be much finer than pores at the
centreline of a pure metal. While this equétion applies
strictly oniy to the extreme of mushy freezing where the
solid is uniformly distributed throughout the éasting,

the equation can also be used to describe pore formétion

in the caséé intermediate bétween entirely mushy and skin.

freezing conditions i.e. in cases where some centreline
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shrinkage occurs but where dendrite growth also results in
more or less evenly distributed microporosity.

The same authors also derive analogous equations for
a plate casting in a pure metal, for conditions of cellular
'solidification, and for conditions of unidirectional
dendritic solidification under steep temperature gradients.

In addition it may be noted that much interesting
related research has been carried out on the flow of various
liquids through compacted beds of particles of various
geometrie3(220“226).

All this theoretical work, however, presupposes
conditions of laminar flow of the liquid, which leads to the
further presupposition that the pressure drop across tha
mushy zone is the maximum pressure drop in the system.

It is conceivable that localised reductions in pressure could
occur at random points within the zone for at léast three
reasons, which arc now examined in turn:

(i) The liquid flow channels would be expected to
contain many narrow constrictions. Trom an elementary
application of Bernoulli's theorem one would expect that an
increase in velocity of a liquid strcam at a constriction
in a ctannel would produce a reduction in pressure of

AP = pV 2 [1 - A 2
o |1 ()
2 A L (29)
where p is the density of the liquid, Vo its original
velocity, and Ao and A are resPectiQQIy the original and
contricted cross-sectional areas of the channel.
Reynolds in 1901 demonstrates this phenomenenin a

(234) Water was caused to flow

classical experiment:
through a glass tube which had a narrow constriction.
As the water velocity was increased, a critical velocity

was observed at which the water at the narrowest part of

the constriction became opaque with minute bubbles which
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extend some distance down-stream. At the same instant a
loud hissing noise occurred which was assumed to be
associated with the collapse of the bubbles.

Equation (29) predicts rather larger falls in pressure
than are to be ;%pected in practice because of the neglect
of viscous drag from the walls of the channel which would
tend to favour the direction of liquid through easier
neighbouring channels.
(ii) Liddiard(235)»suggested that the rapid accelaration
of residual liquid through the dendrite mesh as solidification
necars completion might creaté turbulent conditions. This
seems unlikely however in view of the wide applicability
of formulae, such as Poisceuille's, which are based on laminar
flow to the proElem of liquid penetration through porous
media(22$~6). |

(2029235) have supposed that

(iii) Various authors
vorﬁices may occur during interdendritic feeding, and that
a bubble may nucleate at the centre of a vortex if the fall
in pressure at this point is sufficient., However the
predicted fall in pressure depends upon the particular

(235) and Dean(zoz)

mathematical model choscn. Liddiard
both quote

AP = - TI2p/8n2r2 e (30)

where ' I'= the circulation (a measurc of the intensity of
the vortex) p = density of the liquid; r = radius vector.
At the centre, therefore, the pressure differcnce falls
to minus infinity. This is only true for a 'free'
vortex, whose rotation is zero at the liquid boundary
and increases towards its centre.

A 'forced' vortex corresponds to a region of liquid
of radius R circulating with constant angular velocity w

(as a rigid disc). The pressure differential between
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the boundary of the vortex and its centre is finite, and
ie given by
AP = - W2 Rz p/.?. 001(31)

(236)

Prandtl and Teitjcns attempt to describe a
mathematical model corresponding more closely to a real
vortex: it consists of a free vortex containing a core of
radius r, of forced vortex. The pressure reductionvis

again finite

Despite this progressive refinement, all these models
are inadequate to explain the pressure drop at the centre
of a real vortex for two reasons: (a) the models are two
dimensional, so that in a real liquid coasiderable
relaxation of a hydrostatic fensile stress would occur along
the third dimension, i.e. parallel to the axis of the vortex;
and (b) the models neglect the stages of the growth and
decay of a vortex, so that the pressure differential would
be expected to exhibit a maximum at some stage in its
1i£e(237)

A closer theoretical and experimental examination of
the hydrodynamics of liquid flow in the mushy zone of a
casting may reveal that vortices, or at lcast certain
types of vortex, are not permissible and that the laminar

flow theories require no revision.

3.4. Burst Feeding.

Observations of the late stages of'solidificétion
of many aluminium alloys, and of commercially pure
aluminium (in the form of a drop of liquid alloy on a
levelled sand surface, or of the fecder heads of castings)
show clearly that the level of the last portion of inter-

dendritic liquid sinks into the dendrite mesh not smoothly,
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but in a series of abrupt, discontinuous movements. This
erratic flow of residual liquid is to be expected if it is
allowed that a reduced pressure builds up within a metal as
solidification proceeds. This implies that the rate of
increase of the pressure differential across a barrier (or
restriction) to the flow ¢f feeding liquid may exceed the
rate of strengthening of the barrier (by thickening due to
progressive solidification and/or a fall in temperature)
causing the barrier to burst and permitting a rush of
feeding liquid into the poorly fed region.

In terms of the nucleation diagram (Fig. ll.) the
ﬁhreshold level for burst feeding,-?b, will be unique for
each fed, or pobrly fed, region of the casting: If the
feeding barrier is substantial P, may lic below Pf' 80 that
a burst will never occur. If the barrier is weak, Pb may
lie only just below the level of clastic-plastic deformation.
If the burst threshold is crossed at B then the rush of
feeding liquid into the region will raise the pressure to
the local level (probably not far below atmospheric pressure)
at €. The region may then be isolated again as the barrier
is rg*cstablished and the sequence be repeated. One or
more bursts could possibly dela&che crossing of the
nucleation threshold until solidification overtakes the
region, ﬂ

pe1lini ®2?) dravs attention to the possibility of a
puncture of the skin of a bronze casting. This relieves
the internal tension and so prevents a 'dishing' of the
surface. This is a type of surface burst feoding = bu£
- which, of course, results in more porosity and'noﬁ less.

Similarly, successive burst feeding may-occur in a
casting until the supply of feeding liquid becomes
exhausted. At thié stapge subsequent bursts will consist

of inrushes of air into progressively more distant regions of
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the casting, resulting in a system of completely inter-
connected porosity which could probably have been avoided by
providing a larger feéder, or by keeping the feeder hot
with the application of exothermic compounds etc.

Ueglecting these cases of gaseous bursts (which

correspond to the growth of cavities and not feeding processes)
two extremes of burst feeding may be cnvisaged: a macroscopic
and a microscopic variety.

A macroscopic barrier may arise across the width of
a casting due to the choking of the dendrite 'sieve'.

This practically impervious mesh will bow into the region of
reduced pressura (this will be acc?ntuated by atmospheric
pressure, but can occur without iF) and eventually

may break.

Microsqopic regions of trapped liquid may occﬁr between
dendrite arms (Fig. 12.). The dendrite arms are rather
stubby (i.e. high width/length ratio) and so will be
relatively stronger than the macroscopic barriers.
Nevertheless, the probability of bursts into such regions is
still high since these liquid regions are sufficieﬁtly sméll
to have a2 high probability that they will contain no
nucleation sites, so that hydrostatic tension may attain much
higher values than may occur in practice in macroscopic
volumes. The observed erratic falls in liquid level in
Al-alloys correspond to volumes of feeding liquid of the
order of 2 x 10 3cc, which indicates trapped liquid regions
of about 3 x 10"2 cc, although more careful measurements
are required before firm conclusions can be drawn.

Although a complete theoretical analysis of burst
feeding is not practical becausc of the indefinite number
of possible geometrical arrangements of barriers within a
simple castiné9 some simple geometries could be analysed

' (233)

by the method of Svensson who investigates the bursting
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of thick spherical shells using an elastic-plastic model.
This may be a means of providing some interesting insights
into this problem, particularly with a view to investircating
the relative rates of the strengthening of barriers and the
rate of increase of the pressure differential. Such an
investigation might lead to a denial of the existence of
confined liquid regions below a certain size threshold -
this would have an important influence on some theories of

the origin of microporosity.

3.5. Solid Feeding.

/ This concept is introduced to dencte the inward movement
’of the solidified outer shell of the casting to compensate
for the shrinkagé on solidification, the driving force being
the pressure differential between the inner and outer
surfaces of the solid shell' (and therefore, in vacuum, only the
inte mal hydfostatic tensi;n).

All types of feeding require a pressure differential
otherwise no liquid flow could occur. lence solid feeding
(even if it amounts to no more than an elastic, and thereforg
reversible, deformation) must occur tc some extent even
during simple liquid feeding. The more severe pressurc
éiffercntials produced during mass- and interdendritic-
feeding may start to produce a permanent §1astic ccliapse
of the casting.

‘Expcrimental evidence for solid fecding is so wide-
spread that it is surprising that its importance in
rclation to porosity has not becen appreciated before.

(228) and Ruddlc(239) discuss the surface

Baker
collapsing of the flat surfaces of castings, and
Chamterlain and Sulzcr(ZAO) find that the phenomenon is only

observed in castings which are both poorly fed and of low

gas content (the latter resulting in low porosity) and is
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eliminated by reversing these two factors; thus solid
feeding cen operate in the same way as liquid feeding to

(241)

redﬁce porosity. Jackson provides some quantitative
data on the overall shrinkage of castings. Always, howevér,
the surface sinks have been attributed solely to atmospheric
pressure, whereas if part of the driving force results from
the hydrostatic tension in the residual liquid because of
the solidification contraction, then sinks nearly as severe
could have been produced in vacuum.

(249,250) 4 o5 draw sttention to this

Recent German work
phenomenon in relation to the overall fecding of the
contraction on solidification, an% refers to it as the
"einfallvolumen".

Some early theories of the origin of microporosity
assuméd that if a smali interdendeitic volume of liquid
metal were isolated from supplies of feeding liquid then a
pore nust ncecessarily occur to make up the volume deficit

(251--255)

on freezing This can now be secen to be an

oversimplification. Both Allen(l) and Vhittenberger and

(2)

Rhines appreciated that a negative pressure would arise
in such a confined liquid and the latter authors qualitatively
discuss nucleation of pores under such conditions.

In view of the pore nucleation conditions outlined in
Section 2., it is of interest to determine exactly what
'shrinkage pressures can be developed in a solidifying
casting. ' For the following quantitative aﬁtempts at this
problem spherical syrmetry has been universally adopted
(inner and outer radii of the solidified shell are respectively
a and b): by virtue of its geometry the sphere is the most
difficult shape to collapse, and therefore results in the
highest possible values for the shrinkage ﬁressure.
Simila; analyses could be developed for other geometries but

in any case sumall liquid regions which are entirely enclosed
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by a large solidified volume of a casting approximate
reasonably well to spherical geometry.

In many of these models a distinction nust be drawn
between the solidificﬁtion rate & and the rate of deformation
of the snlidificd shell at the solid-liquid interface,
which is u; if the very small elastic expansion of the
liquid may be neglected (this is justifiable since P << G
where G is the bulk modulus of the liquid). Thus assuming

that the strain at the inner surface of the shell is(238)

e = (2/3) 1n (a/a0)3 = 210 (a/a) ...(33)

‘then the strain rate & at the solidification front may be

&

taken to be 20i/a.

Rigid Shell Model,

On éhe assumption that only the liquid expands
elastically to make up for the volume deficit as the solid
shell thickens (the solid is assumed to be peffectly rigid)
Nussey(224) finds theoretically

@+ 2 Ja= (G+P) a>o .o (34)

where P ié the externally applied pressure and P the
shrinkage pressure. The cxpression yields values for Pos
however, which are extremely high. Liddiard(zés) in a
previous qualitative discussion of this problem suggests
that the elastic pulling-in of the solid shell may

greatly relicve the internal stress. . The following models

take up this suggestion in several ways.

Elastic~Plastic Model.

From elementary elastic-plastic theory it can be

(39) that as the shell increases in thickness, the

shown
internal tension progressively builds up so that the yield
point of the solid is exceeded when the internal pressure

reaches about ~2Y/3 wherc Y is the yicld stress. After
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this a plastic zone of radius C spreads from the inner
surfacc towards the outer surface of the shell. The

pressure in this state is given by

3

-2y 20E (do3 - a”) 2aF (d03 - a3)
1 -~ + ln { 3 } 000(35)

- 3¥ b 3Y a

where E is Young's modulus and d is the radius of the liquid
core when feeding liquid is cut off. When the plastic zone
reaches the outer surface, ¢ = b, and the whole casting is

deforming plastically. 1In this condition
P= -2 1n (°/a) .0 e (36)

If account is also taken of the positive compressive
effect of the interfacial tension at the sclid-liquid
boundary, then the resultant pressure in the liquid becomes
(Figt 13.)'

’ b/
P = ZYLS/a - 2Y 1n ("'a) ve e (37)

Differentiaticn reveals that this expression predicts

a minimum in the shrinkage pressure at

/Y e+ (38)

which, for a casting of any original size, gives a value for
the r~lius of the solidification front of a few hundred

Angstroms, corresponding to the minimun pressure

P ='2Y,[ 1-1n (bY/Y)] .+ (39)
min ‘ 4 ‘

This effect of the interface energy is not mentioned
in dealing with the subsequent models, although, naturally,
it is always present and can be dealt with as above.

. . . (242)

During the elastic-plastic state Tabor et.al. :
suggest that a relaxation analysis may be applied to the
problem of the progress of the ﬁlastié boundary, which théy

find to be diffusion controlled. In this way the effect

of the rate of freezing may be evaluated. Such an approach
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is not attempted here, but the fully plastic condition may be
investigated for its ratc dependence if we allow for the fact
that the yield stress is dependent upon strain and‘strain

rate using the relation proposed by Tabor
Y =K, ¢ ¢ ‘ .o+ (40)

and making the further assumption that the strain rate is
approximately uniform then

Y = Klt“é(” + V)

where u and (u + v) are experimentally very rouphly 0.03 and
0.13 respectively., Writing & = 20a/a equation (36) becomes

0.03 b/

P =-K.t (2aé/a)o'18 In (

1 a) eee(42)

¥

Neglecting the very slight influence of t the equation becomes

very nearly

P =K, (a3/2)%? 1n ) vee (43)

Bingham Flow Model.

A Binpham solid is onc which is perfectly rigid up to
a critical shear stress fc and subscquently deforms viscously:
so that the rate of shear strain § is propeortional to the
shear stress 1. Thus following the analysis by Mackensie |

(243)

and Shuttloworth we have

SToo= on &+ Tc veo (44)

If the rate of radial strain is & then
g8 = /2 ¢ v oo (45)

Substitutingz the Tresca result that the uniaxial yield
stress Y = Zrc then the instantancous viscosity from

equations (44) and (45) is-
n o= n_ o+ Y/2 - .o e (46)

The rate of dissipation of energy per unit volumc of

the sclid is .
: E = 382 g vee (47)
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so that the rate of dissipation of emergy throughout the
whole shell is

3 fg 82 ndv = IZNIZ &2 ar veo (48)

We may now deduce that if the rate of radial displacement

is 0a then the effective force gencrated at the inner surface
.

of the shell is E/aa, so that the corresponding pressure duc
to the restraint of the shell is E/4ma? ad. Therefore

b
f

3
2. a
a aa

P = n &2¢2 ar

2, 1 1 3y b
=~4na” 2a (g~ === 1n ()
3.3 1;.5 /2*' a . .(&9)

»

When the viscosity is zero the cxpression reduces to

P = ) ln(h)

2

V2 = «++(50)
which comparcs favourably (to within 6Z) with that deduced
from the eiastic-plastic analysis (equation 36).

When the yield stress is zero the Bingham solid behaves
as a classical viscous material. When b>>a equation (49)
simplifics to
P = '-4n_ od/a ves(51)
or if we may déscribe viscosity as a process characterised

by an activation energy Q, then the shrinkage pressure for a

purely viscous material beconmes

P = - K3(aé/a) exp (Q/KT) ees(52)

Creep Models.

For an incompressible material the radial velocity
of an element at radius r is given by G = (az/rz)i where u
is the radial displacement cof the element. Consequently

the radial strain rate is

é = -2 a . é ..t(53)
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Assuming now that the deformation is best described by

(245) from

a Sinh flow relation proposed by Sellars and Tegart
theoretical analyses of creep and verified very convincingly
by the rationalisation of a wide varicty of data on high

temperature mechanical properties, then
. ) m !
g = K4 (sinh Bo)™ exp (~Q/£T) oo (54)

equating (53) and (54) and substituting the boundary conditions

that when r = a, 0 = P, and when r = b, 0 = o, wc have

2,1
a

]
(:37 - 33) = K, (sinh BR)™ exp (~Q/KT)

b

hence

P=-21 sint|(20d 1/m;x 2
B Y P T vt 0 (55)
if b >> a. Sellars and Tepart find m to be roughly 5 for

nost metals. Making the further simplification when P is less

than about ~10 atmospheres (since Sinh x = x when X is small)

| 0.2 . 0.2 2
P o=~ (F) exp (gp) ve s (56)

jo

In a somewhat similar analysis Tabor and colleagues(242)

use a transicnt creep equation instead of equatibn (54), since
they believe that it describes rather more accurately the
situation where a plastic zone is continuously spreadiﬁg.
For the case of the whole body being in a plastic céndition
however, there can be no objection to the use of some of the
morc common creep‘relations applicable to a steady strain rate.
Using a viscous crecep equation € = Kscs exp (-Q/KT) we obtain
a result identical in form to equation (56).

Bgaring in mind the differences in theoretical
approach the qualitative similaritiecs between the various
results (equations 43, 52, 56) is reasonable, and the
shrinkage stresg is seen to increase with increasc in (3) solidifica-

tion contraction, (b) freezing rate, and (c) decrease
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in radius of the liquid core. Quantitative results are not
easy to obtain from equations (52) and (56) since there is a
great lack of data, but equation (37) is worked out in detail.
The results are given in Fig. 13. and show a maximum shrinkage
pressure of the order of -1500 atmospheres. This figure falle
to -900 atmospheres if other yield point data is used(sg).

In either case the maximum hydrostatic tensile stress is sevérdl
orders of magnitude lower then that required to homogeneously
nucleate a pore, 36 that in the absence of suitable nuclei,

a volume of trapped liquid will freeze sound due to the inward
collapse of the surrounding ;asting. We may also conclude

that 1if there are n nuclei (including inclusions, bubbles or
alpha decays) present per unit volume of casting during
freezing, and if there are 10n volumes of liquid trapped

between dendrite arms, then approximatcly 907 of these regions

will freecze sound.



4.  FACTORS AFFECTING MICROPOROSITY.

A survey of experiments dealing with factors affecting
porosity reveals that the earlier experimenters were largely
unaware of the complexity of the phenomena involved, and as
a consequence often exercised too little control of important
variables. Many of their results, therefore, must be viewed
with caution, Nevertheless, some attempt at rationalisation
has been made in this review, with due regard to the uncertain

nature of the evidence.

4.1, Gas Content.

Very little work has been carried out on the rélation
between gas content and porosity in steels and high temperature
alloys. The practical difficulties of such investigétions are
very great, and the interpretation often open to doubt because
of the several gasses in solution, and the many possible
combinations of these gascs in a bubble.

(218) has demonstrated

Some comparative work by Parsons
that, for a 0.37 C steel, poured in air and in vacuum, hut
solidified under atmospheric pressure, pouring in vacuum
reduce;lgicroporosity. More quantitative comsiderations by
Heide( ‘ throws light upon the contribution of the various
gases present under various conditions to bubble formation.

Chamberlain and Sulzer(zao)

used aluminium alloy; of
"high" (0.35 ml H2/100 g), "intermediate (0.25) and 'low"
(0.15) gas contents cast in sand moulds, and found that high
gas contents were associated with considerable pérosity, while
low gas contents practically eliminated porosity, but led to
severe surface collapsing in poorly fed sections.

"Experiments with an Mgfalloy degasscd as thoroughly
as possible and cast into moulds previously baked out at

(228)

900°C and filled with So., led Baker to believe that he

2
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had conclusively proved the existence of shrinkage porosity.
However, realising the inadequacy of conventional degassing

(2)

techniques, Whittenberger and Rhines boiled Mg-alloys in a
carbbn crucible in an atmosphere of pure dry Argon,vuntil a
najor proportion of the alloy had boiled away. The netal
was cooled while remaining under its protective atmosphere and
subsequently examined for porésity. None was revealed by
metallographic examination, or by radiography, although
density results seemed to indicate a porosity level of 0.02
to 0.107 which cannot be far outside their experiﬁental error.
Exposure.of the melt to various gases, particularly H, and
HZS, vastly increased the porosity to almost 40Z.  After this
demonstration of zero (or nearly so) porosity in the ﬁbsence
of gas, they also show that porosity can be found in gas-
containing alloys which expand on freezing. They conclude
that porosity cannot be nucleated by shrinkage clwna, but can
be nucleated by gas in the entire absence of shrinkage.
However, once nucleated, the growth and the final size of the
pore can, in certain cases, be practically entirely goveraed
by shrinkage.

It is interesting that the sbove cexperiments are

confirmed by Mrs. Beeton(256)

who recommends the use of
pre-boiled water (which, it must be remembered, expands on
freezing) if clear ice-cubes are required.

(304) deduce theoretically

Flening¢. and co-workers
that the'applied pressure, P, during casting reduces the
percentage volume porosity by (a) increasingthe solubility

of the gas in the solid and (b) compressing existing pores.
. - - i
Z Porosity (Co Ks Pa ) .o sTf/273 Pa e oo (60)

C, is the original concentration of gas (in ml/100 g), R
Sievert's constant for the solid, g g density of sound solid,

Tf freezing point (OK). The derivation assumes‘that the
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pressure in the bubbles is equal to P, which explains why

this formula yields values for porosity which are at least a
factor of 3 too large. Later work(ZBO)by the same school
shows that the equilibrium partial pressure Pg, of a dissolved
gas is given by equation (20). Considering only gas as the
source of pores, a critical amount of gas Cc nust be present
for pores to form at all. This follows directly by setting
P, =P 6= €, and £, =0

< p}
€, = Kg P, .+ 0 (61)

The formulae (20, 60, 61) neglect surface tension and
the mode of solidification, so these authors proceed to show
that surface tension increases the Elmouni: of gas which can
be present initially without forming a pore, particularly
when nt is large. Correcting some minor errors in the
original paper, the equations are

2
P, = y[(nnr(lL ~ Kg) ¥+ KS) - _E_g_ }
2rnt (KL _ Ks) rc3 c vee(62)

3

3

C = [ (K, - Ko 1"cz * Ks}
¢ 20 (B - K T, vee(63)
To deternine C_, equations (62) and (63) are solved
simultaneously to eliminate the critical bubble size, L
Provided Cc.is greater than that given by equation (61) the
final solid is supersaturated. This effect can be very
great if the mode of solidification yields a high value of
nt, so that little gas is available for the production of
porosity.

Although predictions must be made with caution when
using the above equations since they negléct the effects of
shrinkage, there is a fair volume of expefimental work to

justify the view that a critical gas content must be
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exceeded before porosity can occur for a given cooling rate
during solidification, and that above this value, porosity

increases with increasing gas content. This is found for

(41,257-9)

aluninium alloys and estimates of Cc for hydrogen

(219) (260).

in steels are given by Heide and Smialowski

From experiments concerned with cavitation induced by

(213)’ in agreement with Briggs(261)’

ultrasonics in water, Blake
found a cavitation threshold for water saturated with air at
about -1.3 atmospheres (i.e. -0.3 atm. absolute), and for

degassed water about -6,0 atmospheres (-5 atm. absolute).

4.2, Inclusions.

The nucleation of bubbles by certain inclusions is
expected to be rather easier than nucleation in the interior
of the liquid metal (Section 2.). The experimental evidence
for this is revicwed.

(259) compared the porosity found in

Ransley and Talbot
' Duralumin, 99.2% AL, 99.8% Al and 99.99% Al. For the same
hydrogen contents they observed that the least pure material
produced about 10 times the volume of porosity found in the
purest material. Also, the points on the graph of gas
concentration versus 7 porosity were very closely grouped about
the mean line fof the 99.27 Al, but were widely scattered for
99.997 Al. This suggests that where inclusions are plentiful
little supersaturation occurs since pore formation is easy in
all parts of all castings produced in this materiai, but when
inclusions are sparse, there is a sthtistical prbbability that
some specimens will contain significantly more inclusions than
others, and regions of some castings may contain none, causing
nucleation to be difficult or impossible. This interpretation
is corroborated by a further observation which was obtained in
this work: equation (60) predicts a linear increase in

Z porosity versus gas concentration and was derived assuming
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easy nucleation (i.e. neglecting surface tension) whereas if
nucleation is hindered by surface energy considerations the
relations become more complex (eqtns. 20, 62, 63) and non-
linear. The experimental results show a good straight line
for the 99.2Z Al and a curve for 99.99Z Al. All other
results on relatively impure Al show linear relations(54’55’572

The Straube-Pfeiffer test for the gas content of Al-
alloys was carefully investigated by Brondyke and Hess(262).
They concluded that the test was insensitive to hydrogen
contents below 0.3 ml1/100 g. because of the influence of
inclusions. By filtration of the liquid mctal to remove a
large percentage of the inclusions a specimen which appeared
"oassey" in the test (i.e. formed # large number of bubbles
during solidification) could be made to appear perfectly
degassed, although the gas content was unchanged. They
point out that although ﬁhe test does not provide an
indication of gas content at these low levels of concentration,
it does provide an estimate of pore~forming potential of
the liquid, which is perhaps, of greater interest to the
foundryman. |

The theoretical considerations in Section 2. on the
action of solid surfaces in aiding pore formation are given
weight by the experiments of Abramov and Teumin(263) who
induce cavitation in liquid Bi by the immersion of a solid
surface vibrating at ultrasonic frequency. The threshold
power imput - to produce cavitation at the solid surface was
found to be a function of ¢, which was varied by pla;ing
the surface with various metals.

It is therefore feasible that liquid metal history
may affect the amount of porosity, since a sufficient time
at hipgh temperature may cause certain harmful inclusions to

be taken into solution, and so 'deactivating' the liquid

metal (i.e. reducing its pore forming potential)(264).
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4,3, Freezing Distance L, and Temperaturc Gradient dT/dx.

Considering an element of distance dx in the mushy zone
of a solidifying 2lloy, across which there exists a temperature
difference dT, if the temperature gradient is linear then

"integrating across the width L of the mushy zone gives

L o= ¢

ZdT;dXS o--(64)

where ATf is the freezing range (under equilibrium conditions
this is the liquidus temperature T, minus the solidus

~ temperature Ts). This relation is necessarily rather rough
since real temperature gradients are far from linear, and

ATf may be effectively increased by sgveral hundred percent
during rapid freezing (for an alloy of a eutectic‘system ATf
becomes (TL = Te) whera Te is the freezing point of the eutectic).
L may of course be obtzined directly by approprisately placed
thermocouples in the solidifying casting,

Most investigations into the causes of porosity have
used either the temperature gradient (usually mecasured at the
solidus)Aor the freezing range as critical parameter, and have
neglected L which would be expected to be a parameter rather
more closély related to the incidence of porosity than éither
ATf or dT/dx separately, and more particularly since’L appears
in all the pressure drop formulac (equations 26-28).

Several authors have claimed the existence of a minimum
temperature gradient for the elimination of porosity in a
particular ailoy. Some results are listed in Table 7.
together with a minimum value of L calculated from eqtn., (64).
Two interesting observations may be made: (a) most of the
minimum estimates of L exceed normal casting dimensions (it

follows that in general, therefore, thec nushy zone fills the

casting), and (b) the valucs are remarkably scattered.
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(265)

Bracale does not give a limiting gradient to

climinate porosity, but infers that a gradual transition occurs.

(266-7) denics the existence of such a threshold

Flemings
gradient by pointing out that the threshold which is found
depends upon the sensitivity of the method used for the

detection of porosity.

4.4, Alloy Composition and its Relation to the Equilibrium

Diagram.

Equilibriun considerations have led experiments to expect

that an increase of solute content of a eutectic alloy will

increase AT, thereby increasing L and the resulting porosity.

Czike1(275)

reports some subjective'assessments of the amount
of microporosity, varying from "none" to "very pronounced",

in steels of 0.2 to 0.467 C. TFor all 14 alloy systems studied
(2)

by Whittenberger and Rhines an approximately linear reclation

between AT, and ZPorosity was claimed (although unfortunately

f
the precise experimental data is not given).

However the equilibrium diagram may influence the amount
of porosity by other means than merely considerations of ATf
and its effect upon L. These are

(a) Bardot(275)

suggests that the rrobability of forming
trapped liquid regions may be related to the equilibrium
diagran as shown in Fig. 15. Of the thrce alloy compositions
shown, he would predict microporosity only in (3) since
"imprisioned" liquid fegions would be absent in (1) and (2).
The writer has added alloys 4 - 5 in which trappéd liquid would
be expected under the‘non~equi1ibrium conditions in a real
casting. This is decalt with in greater detail later.

(b) Eastwood and Davies(227)

point out that if the
contours of the liquidus and solidus surfaces are such as to
permit a relatively large proportion of liquid to remain at

the lower part of the solidification fange,’then the alloy
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will be less susceptible to the formation of mizreporosity.
Their original diagrams are given in a slightly amended form
in Fig. 16,

(269,273)

(¢) Several authors proposc that porosity is

reduced by the presence of increased amounts of cutectic liquid.

Lees(279)

finds that hot tearing of aluminium casting alloys
is similarly, reduced. Although this can be secen to be neerly
a re-statement of Bardot's hypothesis, it is rniore than this:

(12)

Schener suggests the mechanism by which porosity is

reduced and an.amﬁcnded form of his briginal diagram is given
in Fig. 17. The explanation is basically that eutectic liquid
does not solidify on the tips or the arms of the dendrites,
which are at too high a temperature, but at their roots. In
this way thé path of the féeding liqﬁid is not rendered
progressively more difficult by the general freeziﬁg out of

the liquid on all aQailable solid surfaces, as normally occurs,
but rather, solidification proceeds on a plane front through

a dendfite network which‘femains unobstructed.

The equilibrium dizgram is likely to give an erroncous
indicatioé of the amount of cutectic liquid remaining, simply
because under real casting conditions’equilibrium is not
attained. For instance, in castings of Al-4.57 Cu sorc

eutectic CuAl, is always found at the grain boundaries despite

2
the prediction of the equilibridm diagran that no CuAl, can

be present unless the Cu content excecds 5,65%.

Conditions of "complete non-equilibrium" can be

(246)

defined in which there is (a) no diffusion in the solid

state, (b) completc diffusion in the liquid state on a
microscaie,‘and (¢) no macrosegregation. This lecads to a

maximum of coring by the dendrites, and a volume of residual

liqui& given by(279_282?
_lc 1/(1 - k)
£ (EE) vee(55)
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where C0 is the initial solute concentration, C is the

concentration when fL liquid remains, and K is the partition

ratio (assumed constant which implies that thc solidus and

liquidus lines are straight. Allowance for their curvature

(282)).

- alters the results very little The expression may be

re~written as a function of the temperaturc T at which £
' (246)

L
liquid remains
¢ o [CaT/ac) co]
L ——
T, - T

/(1 - K)

f 000(66)

where dT/dCL is the slope of the liquicus and T, is the

freezing point of the pure solvent. These equations predict

that some eutectic liquid exists at indefinitely small solute

céncentrations, thus the freezing }ange is now no longer

('I‘L - Ts) but more nearly (TL - Te) over a large proportion

. of solute contents. Fig. 18. shows the proposed relation of

freezing range to carbon content in the Fe-C system.

Similar relations would be cxpected for other eutectic systéms.
A peak in the freezing-range/composition relation would

lead one to expect a similar peak in the.porosity/compoéition

relation. This appears to be born out well in the results

(283) ho found that no porosity was

of Lagowski and Meier
observed in Zn-Mg alloys up to 3% Zn:; a peak in porosity
occurréd at 67 Zn; and disappeared again at 97 Zn’and did
not reoccur at higher Zn contents. The equilibrium diagram
“indicates the presence of eutectic liquid above 8.47 Zn,
The critical quantity of eutectic liquid which is required.
to be present to just eliminate porosity is easily shown
from the above formulae to be 11.7%.

(278,284) 1o Al-lg system,

Other information
where solid solubility exists to 17,47 Mg, indicates that
porosity is present up to about 107 Mg and above this

suddenly decreases. The critical fraction of eutectic

liquid can be shown to be 8.2%.



TABLE 7.

Reported values of the minimum temperature
gradient to reduce porosity in various alloys.

Minimum Non-equilibrium| Calculated
. Gradient ATg minimum

Haterial (OC/cm) (asgumed) value of L Ref,

o) (cm)
Cu35-8r5~ (2'x2" bars) I
Pb~5Zn5 (length 12") 8 >130 16 268-3

9" 13 11

6" 33 A
88Cu-8Sn~47Zn 1 -3 >130 43 - 130 271
88Cu~108n-27Zn 25 >160 6.4 229
Mg~6A1-32n (A Z 63 A) 1 25(?) 25(?) 272
Al-4,5Cu 5~-13 100 7-20 270
Al-TMg 1 70 70 273
0.3 C steel (plates) -2 > 40 >18 ~ 36 229,
6 - 12 > 40 >3 -6 274




4.5. Rate of Solidification, dm/dt.
(285)

Budgen reports that slower cooling produced greater
porosity in Al-alloys. He explains this on the assumption that
the greater time interval, At, between the liquidus and solidus
fronts allows more gas to be precipitated. Furthermore, the
greater width of the pasty zone facilitates the entrapping of

gas bubbles which would otherwise escape by floating out to the

(259) 100

surface. For similar materials, Ransley and Talbot
 found that the amount of porosity was a direct function of the
time interval At. By casting an Al-alloy, saturated with
hydrogen, into steel moulds at various temperatures,

(2)

Whittenberger and PRhines showed ‘that porosity was inversely
proportional to the rate of freezing, although a fall in porosity
at very slow rates was attributed to loss of gas from the

surface of the ingot during solidification. Also, using

Al-67% Cu and Al-57 Si with hydrogen contents of 0.2 and

(236)

0.4 ml/100 g. Bhattacharjya showedvthat for At between
about 20 and 200 seconds, the relation between porosity and
At was closely linear with a slope of 17 porosity per

100 seconds solidification interval. However for low gas
contents (0.15 m1/100 g.) and shorter solidification
intervals (10 to 50 seconds) this linear relation broke down,
and, despite some scatter, a reverse trend is percepﬁible in
the results.

It is feasible that at low gas contents and high
sglidification rates, viscous floﬁ between dendrites becomes
important. Allen's formula (eqtn.‘26.) predicts that the
pressure drop along an interdéndritic channel is directly
proportional to the rate of solidification. The same
implication is present in subsequent formulae (equations 27-28)

because of the heat flow term A.
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The grain size and dendrite arm spacing are both
reduced by more rapid solidification. Formula (28) would
therefore indicate a reduced amount of porosity from either or
both of these changes. |

Where a solid interface is a&vancing fron the base of
a casting, and where the overlying liquid provides an
unobstructed route for the escape of bubbles, providing that
they do not become trapped in the pasty zone, bubbles which
" are sufficiently large will float upwards at a rate higher than
the advance of ﬁhe.interface and so completely escape from the

(237).

casting, reducing its final porosity Using Stokes's

equation, the terminal velocity v of a bubble of radius r is
2 2
v=g.801 e e (67)
u

Assuning p = 0.025 poisc, and p = 7 g/cc. for liquid steel,

an interface advancing at 0.10 cﬁ/sec. would trap all bubbles
smaller than about 10 micron radius, but would allow bubbles
larger than this, and which were not already ehmésheds to

float out. A narrow mushy zone would enhance this effect by
ﬁermitting a greater proportion of the larger bubbles to escape.

(238) on solidifying

The work of Chalmers and Newkirk
water indicateé that the rate of advance of the solid interface,
in skin freezing systemsiat least, affects both pore size and
morphology. At the slower freezing rates, the larger bubbles
which are pushed zhead of the inte:face may detach and flaat
out of the casfihg, again reducing the final level of porosity.
This sﬁudy makes an interesting comﬁarison with that of

Uhlman et.ai.(zag)

who find that there exists a critical
interface velocity for each type of inclusion, below which
particles are rejected, i.e. pushed along by the interface,_

and above which they are entrapped. By this means, slowly

frozen castings will have a higher density of inclusions
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segregated in the residual liquid, and therefore casier pore
nucleation, while, conversely, fast frozen castings will be
cleaner in the interdendritic regions, tending to suppress

porc nucleation. This effect is not likely to be very
inportant in cormcercially pure alloys since even if very fast
cooling produced no segregation of inclusions, there would still
be a sufficient density of inclusions in the residual liquid

for effective pore nucleation.

Solidification rate will also affect microsegregation
of solutes, and the volume fraction of residual liquid, fL.
This is dealt with more fully under Secction 4.4. from which
it is cvident that most generally encountered solidification
rates result in pe:fectly non-equilibrium structures and
thercfore constant amounts of fL.

Finally, solidification rate, in conjunction with

(126), will dztermine the mode of

certain other parameters
freezing . whether ﬁhe interface will be planar, celluler,
dendritic or whether general equiaxial nucleation of the

solid throughout the melt will occur.  The planar interface
will produce no microporosity (unless it be centreline
porosity) and the other varieties of solidification are
described analytically in Sceti:n 3.3. Cellular and
dendritic solidification may result in higher concentrations of
segregates than a planar interface(zgo).

‘Summarising, a high solidification rate will produce
lower porosity because of (a) smaller grain size; (b) smaller
dendrite arm spacing; (c) shorter solidification intcrval, At:
(d) shorter freezing distance, L: (e) an incrcase in residual
liquid, fL; (f) few segregated inclusions., Other factors
which will operate in opposition to the above, tending to

producc higher amounts of porosity are (a) pressure drop due

to viscous flow is higher: - (b) bubhles are unable to float

.=
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out because of their-limited rate of rise; or become
entrapped by Chalmer's mechanisn; (c) nucleation will be
easier because of decreased surface tension of the residual
liquid. A carceful consideration of the last three factors
reveals that although they may tend to increase porosity a
1itt1e,-their major influence may be rather to produce finer
and more numerous pores. Thus, in general, for a given mode
of solidification, faster freczing rates will reduce the
amount of porosity and produce finer pores.

The effect of various factors on the solidification rate

(214) for the solidification

nay be estimated from Ruddle's formula
time, tos of a casting (although it is strictly only applicable to
castings in mculds of semi~infinite wall thickness, and the
derivation neglects corner and surface curvature cffects)

[w (H+ S (Tc*Tf) )]2
t = ; -
s 1.123 Aq (Ti Tm)

«e+(63)

where W is the weight of the casting; I is the latent hecat

of fusion; s is the specific heat: Tcg Tf, Tm’ Ti are the
temperaturcs of casting, frecezing, the mould, the ﬁouldﬂnetal
interface; A is the area of the casting; ¢q is the thermal
diffusivity of the mould., Writing superheat AT, = Tc* Tf,

and approximately T; = Tz, and introducing a constant z

[H+SAT V
t = oz e—
s T~ Ty ve (69

Thus splidification time is seen to increase with
both mould and metal temperatures, and becoming infinite
when Tm is maintained constant at Tf. Ilowever, both superheat
and mould temperature have several cffects upon porosity

in addition to their effect upon the freczing rate: these

are dealt with separately.



4.6. Superheat, AT .
Superheat is dcfined as the difference between the

casting temperature, Tc’ and the liquidus temperature, TL

(or freezing point, Tf).
If a region of volume Vo of a casting becomes

entirely surrounded by perfectly rigid solid, then, according

(291)

to Simonik , the volume V, of a resulting pore would be

(correcting a small omission)

V = Vo (= + <1, ('I‘av - Tf) ) «s«(70)

where Tav is the average temperature of the confined liquid,

= is the coefficient of thermal cxpansion of the liquid.

The equation (J0) predicts a greater volume of porosity for

higher values of T, ,» and it is argued that Tav may be raised
<L

(292)

by increasing the superheat. Jackson also proposes

this idea. However the additional porosity produced by higher
superheats by this mechanism can be safely neglacted as the

following considerations show: the difference (Tqv - Tf) is

(93)

not likecly to exceed about 1°c , and «  is very small, of

(293)

L

the order of 0.027 per °C for carbon steels , compared

with «, which may vary between about 3 and 12%Z dcpending upon
carbon content(294).

A high superheat may also provide the moﬁld with
considerable extra heat, recsulting in an effectively higher
mould temperature (considering particularly investment
moulds) and will therefore be expected to make some change in |
the temperaturc gradients and the solidification interval, At.
This point is taken up in detail in Section 3.

The effect of superheat is further complicated by

(264)

its effect upon liquid metal history. Bogdanov suggests
that at high tcmperatures nuclei for bubble formation are
taken into solution in the liquid metal so that the liquid

becomes “'deactivated”., On the other hand, if melting is
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carried out in air then gas pick-up at high temperatures may
be severe, greatly accentuating porosity.

Ruddle(zgs) interprets all his experiments with
Al-4.5% Cu on the variation of poroscity with superhecat in
terms of the temperature gradient in the mushy zone of the
casting. For each plate thickness (from 0.6 to 3.8 cm.) he found
an optimum pouring temperature which would give the maximum
temperature gradicnt during solidification. For higher
superheats the maximum pradient passed before interdendritic
feeding started: for smaller superheats the casting was solid
before the maximum gradient was attained. For progressively
smaller scction thicknesses he found that higher superheats
were necessary to obtain optimu; soundness.

For Armco iron cast into cylindrical investment moulds
of 0.6 to 2.5 cm. diameter, Present and Rosentha1(296)
observed the feeding distance to be approximatley prbportional
to the superheat.

(264)

‘More comprechensive work by Bogdanov on turbine
blade matcrials cast into 0.6 cm. section investment noulds
shows a decrease of 1.3%7 porosity as superhecat increases

from 70° to 250°C, although in several bronzes cast into s and -
- moulds Hanson and Pell-Walpole generally observe porosity

to increase with superheat(ZOS).

4.7, Scetion Thickness,

Ruddle's forrmula (eqtn. 69) indicates shorter cooling
times for smaller castings. Applying those considerations
dealt with in Section 4.5. it would be expected that for
well degassed metal increasing porosity should accompany
decreasing section thickness, and vice versa for metal

containing rather more gas in solution.
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(235 on plates varying in

Ruddle's experiments
thickness from 0.6 to 3.8 cm. cast in Al-4.5% Cu at 700°C
into sand moulds demonstrated that the minimum porosity
occurred in the plates of intermediate thickness, and that
above and below this thickness the porosity increased because
of inadequate temperature gradients during the period of
interdendritic feeding. Similarly, carly authors(ZSA) were
of the opinion that in very thin sections (approximately less
than 1 cm.) increasing porosity was due to simultaneous

solidification over the whole cross section because of the

small temperaturc gradients present.

*

4.3,  Mould Temperature, Tm’

Mould temperature is only of real interest in ceramic
moulds, and is, incidentally, a useful variable for
investigations into porosity. Although it might be
expected that a reduction in mould temperature might reduce
the amount of porosity by increasing the temperature gradient,

pféctically every experimenter has negated this prediction.,
(296)

Present and Rosenthal , in agreement with

(297)

Adams , observed that feeding distance was increased in

a 0.2% C stecel by increasing the mould temperature.

From foundry experience of casting turbine blades,

(298)

Tedds records that increasing the mould temperature

from 1000 to 1150°C greatly reduces centreline porosity in
long blades. In more controlled experiments on similar

(264)

hlloys, Bogdanov observed an increase in density

(corresponding to an elimination of 1.4%7 porosity) as the
mould temperature was increased from 20 to 800°c.

The reasons for these surprising results are discussed

in Section 8.
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4.9, Applied Pressure, Pa'

. . e . redu.c.e
A pressure applied to a solidifying casting would reguire

porosity by three possible means: (a) increasing the solubility
of gas in the solid; (b) preventing nucleation of bubbles;
(c) compressing existing voids. Eﬁuation 60. is derived
assuming (a) and (c) but neglects nucleation difficulties.

Threc main methods are available for casting under
pressure: (a) The pressure is applied to the feeder head of
the casting after pouring, either by the introduction of gas

(299, 300)

from a cylinder or by the introduction of gas producing

(3C1*2). The exact time of application of the pressure

(300)

pellets
is very critical, making the process unreliable in practice
and the pressurcs which can be uséd are scvercly linmited by
the penetration of the liquid metal into the walls of the
sand mould, and by the occurrence of swells on flat surfaces
of the casting, All thesc disadventages are rcmoved by
casting (b) in an autoclave, and (c) against a counter-
pressure(303).

The application of pressure to a varicty of alloys
confirm that porosity is reduced and mechanical properties are
improved by casting under pressure(l’Boaué).

However, for very high pressures, Babington and

(307) found that the quality of Al die~castings did

Kleppinger
not improve significantly when the pressure exceeded
1350 atmospheres (the yieid point of a strong Al alloy at
room temperature is about 370 athSpheres). Pussian

(393) found that porosity was not further rcduced by

workers
pressures above 1900 atmospheres in steel solidified under
the pressure produced by a piston.

. . . . 309)
Comparisons of steel cast in air and in vacuum

showed that the vacuum cast material was the more porous,

This incrcase in porosity was attributed to the lower pressure.

As far as the author is aware, no thorough work has been
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published on the effeet of lover pressures on porosity. This

is surprising since if porosity is governed mainly by the
expansion of gas bubbles then the important parameter is the
number of times the gas pressure may be increased. For instance
above atmospheric pressure a factor of about 102 increases in
pressure is attainable with good equipment, whereas from 1 micron
to 1 atmosphere is an increase in pressurc by a factor of 106,
which represents a useful and easily accessible range of
pressures as a resecarch tool. If however porosity is limited
by nucleation criteria, then absolute pressures are important,
so that 1 micron may be effectively rcgarded as zero pressure,
and negative shrinkage pressures are pnssible. In view of
the results of this experiment on steel it secems likely that
porosity is not limited by nucleation difficulties, but is

linmited only by growth considerations.

4,10, Surface Tension, Y.

(236)

Bhattacharjya compared the numbers and sizes of
pores found in unidirectionally solidified 99.99Z7 Al and
Al1-3% Bi. The freezing characteristics of both were very

similar (AT, is only 4°C for the Bi alloy) but the residual

f
liquid in the Al-Bi alloy was rich in Bi and therefore low in
gurface energy (the surface energies of Al and Bi are 860 and
380 ergs/cm2 approximately). Pores werc observed in the
Bi-rich interdendritic regions and were reduced in average
diameter by a factor 10, and correspondingly increased in
number per unit volume by a factor 103, for melts of similar
gas content. The results were interprcted in terms of
easier nucleation in liquids of low surface energy, and also
illustrate the elecmentary fact that from the point of view

of nuclecation the surface energy of the bulk 1iquid is

relatively unimportant, but the surface energy of the highly

impure residual liquid is the critical parameter.
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A further interesting point is that up to about 1958
Bi was thought to be naturally slightly radiocactive, cmitting
alpha particles on decay. " This was because even the purest
forms of Bi commonly available contained a small amount of
highly radioactive impurity. This may be a contributine factor
to these results because of the enhanced number of nucleation
opportunities corresponding to thc higher density of energetic

alpha particles in the residual liquid.

" 4,11, Grain Size.

Liddiard and Baker(Blo)

suggest that a finc grain size
should improve mass feeding. The theoretical work by the
school at M.I.T. on the pressure reduction due to viscous flow
(equations 27, 28) suggest that easier interdendritic feeding
should also accompany decreasing grain size;

Cibula(311’312) found that porosity tended to increase
liqearly with grain size for Al alloys and bronzes, but found

(313)

a large scatter in his results. Calvert confirms this

a9
(253) greatly reduced

lincar relation. Lagowski and Meier
porosity in Mg-Zn alloys with the use of grazin refiners.
However, the picture is not so clear cut, since recent

(314) has showm a definite

work on Al;alloys in thié Department
increase in porosity with decreasing grain size. - These
conflicting results could be due to an effect upon the width
of the mushy zone, which is not an independent variable, and
in differences in gas content from cnc cast to another.

A comparison of Al~ and ng;alloys solidified under
similar conditions revealed that MMg-alloys contained the least

(310 attribute the difference

porosity. Liddiard and Baker
not merely to grain size (their Mg-alloys were rather finer-
grained than the Al-alloys) but to dendrite morphology also.
Dendrites in lg~alloys (with hexagonal crystal symmetry) form

small rosettes with six main branches in one plane, and little



~71~

or no growth at right angles. In Al?alloys (with cubic
syrmetry) the dendrite arms extend in six mﬁtually perpendicﬁlar
direétions9 and by this means interlocking more and so hindering
nass feeding, providing greater rcsistance to liquid feeding

and trapping more liquid. TFurthermorz, it is likely that
plate-like dendrites would pack more denscly than three

dinensional dendrites.

4.12. Taper.

(315)

It has been pointed out that the fundamental rcason

for tapering an originally parallel casting is to achieve taper

(316) pioneered

in the liquid flow path. Brinson and Duma
a systematic investigation into the zffect of tapers varying
from 4.8 to 18° on the density of cast steel plates. In
spitc of some scatter, their results show that a large taper
did not further incrcase the density above that obtained with

the mininum taper. They also proved that a non-lincar taper

could be made more efficient than a straight taper. Using

* 3 7 4
earlier experimental data, w10dawer(31 ) deduces an ideal

' . . . . (315)
curve for the tapering of casting. Sullivan proposes

a parabolic taper from theoretical considerations. Earlier

calculations and confirmatory cxperiments by this school(233)

show that a lincar teper of 1.7° is sufficient to feed a

round, sand-cast bar of a pure mctal to complete soundness.

(318)

Experiments on wedges cast in bronze show

that step-wedges are more difficult to feed than otherwise

identical linear wedges. This observation might be simply

(229)

explained by Pellini's suggestion that at a change of

section the feed metal which is sucked into the smaller
scction may carry with it solid material which may plug

(319)

the entrance. Later work however casts doubt on the

general validity of this mechanism.
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4.13. Vibration during Solidification.

O
In this largely unexplored ficld Jagaciak and Jones(32 )

and Dmitrovich and Butse1(321)

have found that the application
" of vibration to sclidifying castings improves their soundnzss.
Although the full explanation of this result may be complex,

1

part of the cause may be attributed to the finer microstructures

produced.

4,14, Pouring Rate.

In extensive experiments con various bronzes, ilanson
(293) . ;
and Pell-Walpole found that porosity decreased with
slower pouring specds. The effect is most probably the
result of the high temperaturc gradients which maintain an

artificially swall width of the mushy zonec.
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5. THE QUANTITATIVE MEASURENMENT OF POROSITY

Investigations into the phenomenon of microporosity have
been severely hampcred by the lack of a convenient and precise
method for its asscssment. Certain unusual techniques have
been suggested for the quantitative measurement of porosity, for

(323-4)

instance the use of indentation hardness and measurements

(322)

of thermal and clectrical conductivity . However, six main

techniques which are used more generally are examined below.

5.1, Fecding Distance.

Feeding distance is defined as the lensth of casting
which can be faed to perfect apparent soundness. This widely
used parameter can only‘be used for comparative purposes, and
can in no way be releted to the quantity of porosity. In .
this respect the results nay be actuzlly misleading, as the work

(325) suggests, since conventional X~-ray techniques on

of Weins
thick scctions arc not sensitive to regions of fine, dispersed
microporosity, which may therefore appear sound and increase the

apparent feeding distance.

5.2 Pressurc Tightness.

Alternative methods of measuring nressure tightness are

(271), and Trojan and F1ian¢3267)

described by Johnson
Although the pressure tightness of a complete casting may be
tested, detailed investigation requires a thin slice of the
casting, between 0.08 and 0.64 cm. thaick, normally taken fron
the thermal ceantre of the section.  Although the method is
rapid and casy it has large disadvantapes: ‘it is subject to a
sampling ecrror, and of necessity, cnly the interconnected

pores are assessed, which may bear little relation to the total

porosity present.
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5.3. Ultrasonics.

(329)

Abrahams and Lavender Lave demonstrated that micro-

porosity can be detected as a fine, ‘‘grass-type" of oscilloscope

1(330) clain that

indication. Furthermorc, Smolen and Rosentha
ultrasonic attenuation appears to be more sensitive than radio-
graphy in the detection of microporosity. They found 2 linear
relation between density and the number of echoes, so that there

is some hope of developing a method of assessing porosity in a

quantitative and non~destructive manner by this means.

5.4, Metallogravnhy.

An evaluation of procedurés in quantitative mctallography
for volume-fraction analysis is given by Hilliard and Cahn(331)
and Gladman and Woodhead(332). However, generally the mgthod
is arduous and the écatter in the results is high. The
unreliable element in the results derives not only from the
expected standard deviation due to the point counting method
(this can be reduced as far as desired by increasing the number
of points), but from the severe sampling error involved in
attempting to estimate bulk quantitics from a gingle plane
section. lMecvertheless, the technique provides additional
information on the distribution and morphology of the pores.

The rapidity and ease of obtaining results with the
quantitative television microscope could reduce the sampling
error since it would be feasible to cxaﬁine mary more sections.
.This technique would then be a powerful tool for the

quantitative investigation of porosity.

5.5, Radiography.

In peneral, X-rays are not sensitive to porosity of
linecar dimensions smaller than about 27 of the thickness of the
section. This is largely duc to the blurring of the image

because of increasing average distance from the film as the
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section increases. Definition is further reduced by the
mottling of the imagc duc to diffraction cffeets associated

<333), and in unmachined
(334) (335)

with large grain size of the spcecimen

castings by surface roughness. Trillat and Sharpe

have reviewed the technique.
For the study of microporosity it is clear that

thinner sections having a smooth surface finish must be used.

(13)

Many workers have used 0.022 em. thick sections for the

(11) h

study of microporosity, and Flemings as observed pores

of only 3.5u in diameter by using a thickness of 0.005 cm.
Investigators at British Steel @astings Research Association(lz)
recormend 0.05 cm. thickness. lLiowever, in a casting of about
1.0 ¢n. section there is a realﬁpossibility that such thin
sections might entirely miss the important regions of porosity.
To reduce this sampling error somewhat, the author has usad
specimens 0.125 cm. thick and found that pores of 10u
dianeter could still be distinguished: the loss of detail
represented neo loss of useful information from the point of
view of a quantitative assessment.

An carly attompt at quantitative evaluation of the

resulting radiographs was nade by Busk(336). A later

- method employing point counting is deseribed by Flemings(287),

and subsequently further improved to give a direct value for

the percentage of porosity(337).

5.6, Density.

Several important disadvantages attend the use of
cdensity as a measure of porosity. In complex alloys the
pfoportions of the phases present may change because of
differences in cooling rate, heat treatmeat, &r working, so
that the density of the sound material is never known with
certainty . The results arc also affected by the presence

of inclusions and macropores. Finally, the methed is
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rather insensitive for densc alloys such as steels, so that
many ﬁrevious investigations using this method have failed
becausc experimental scatter has obscured real changes in
density due to the prescnce of porosity. A noteworthy
excepfion is described by Euddle(333).

Some of these disadvantages may be overcome as follows:
In nultiphase alloys a constant proportional relation between
the phascs present may be attained betwecen castings made fron
the same melt (although other casting conditions have been
varicd) by appropriate annecaling trcatments. Duplicate
specimens reduce the chance of error due to occasional large
inclusions or macropores. The }nsensitivity pf the methiod
can be overcome by careful technique and accurate weighing,
although for light alloys the sensitivity is in any case
considerably better than that for steels,

In order to determine fhe density of the perfectly
sound alloy investigators often attempt to remove the porosity
by rolling followed by annealing, However this method
introduces porcsity due to the breaking up of inclusions.

A morc accurate and reliable method is to estimate the
percentage porosity from a semimicroradiopraph of the most
sound casting of a particular melt, and relate this to the
densities of the remaining castings.

The density technique has the powerful advantages
of (i) being a ncn-destructive method, (ii) eliminating
sampling crror for a given specinen, and (iii) yielding
directly a quantitative valuc for the volume fraction

of porosity.
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6. EXPERIMENTAL PROCEDURE.

6 .1, The :Mould .

6.1.1. Design.

The test pileces werce closcly modelled on actual cast
turbine blades and consisted of a blade 10 cm. leng by 3 om.
wide and of thickness varying from 9.125 cm. to 1.00 cm.

o .0 ) .
sy 60 and 87 could also be superimposed on any

Tapers of 20, 4
thickness of blade.

Preliminary measurencents on thin sections indicated
that the castings solidified within about 3 seconds. Since
this is of the same order as the time required to pour the
casting it was felt necessary, at least for the first part of
this investigation, to top pour castings so that the coldest
metal would be at the bottom of the mould and vice versa, thus
aiding directional golidification and keeping porosity within
reasonable limits.

Spherical fceders of 3.5 cm. diamcter were chosen as
being the most efficient whilst providing a minimum of
interference with thermal gradients in the test casting.

Vents 3 mm. diameter were added to the tops of the feeders’to
allow the wax to escape during burning out.

The gating system was kept deliberately rather narrow
(1.6 cm. diameter) to facilitate a constant raté of filling of

the mould despite fluctuations in the rate of pouring.

6.1.2. Construction of the wax pattern asscmbly.

The tcst pieces and gating system were made by
injecting a special low shrinkage wax (filled Fascim Wax) at
70°C into Duralumin dies at a preesure of 50 1b/in2. The
complete pattern was assembled with a hot knife, ensuring
that all joints were carefully smoothed to avoid sharp

projections and edges of rcfractory being washed into the

metal stream. A finished assembly is shown in Plate 1.



Plate 1.

Wax Pattern.

Plate 2.

Complete Mould.
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6.1.3. Formation of shell noulds.

The wax pattern was dipped into a primary solution
consisting of a colloidal silica base containing a suspensicn
of 200 mesh zircon (zirconium silicate). The wet pattern’was
then suspended in a fluidiscd bed of 39-30 grade sillimanite
(aluniniun silicate) and allowed to dry. & sccondary
coating of refractory was gpplied by dipping the pattérn into
a solution of ethyl silicate containing a suspension of
200 mesh sillimanite eznd then immersing it in 2 fluidised
bed of 16~390 prade molochite (a heavily calcined aluminium
silicatc). The pattern was then hung in an atmosphere of
ammonia for abcut two minutes which caused gelling of the
ethyl silicate, and finally left to dry in air for five
minutes to allow excess armonia to evaporate. A further
five sccondary coats were applied, producing a shell
approxinately 0.5 cm. thick, and left to dry for twelve hours,

Care was taken te maintain the acidity cof the
secondary dip solution between 2 and 3 pll to prevent prematura
gelling of the solutien.

6.1.4, Dewaxing and Firing.

The moulds were dewaxed by placing them in a furnace at
1000°C.  This shock heating technique allowed the wax to
burn out without expanding throughout its bulk resulting in
cracking of the shell, as happens in slow heating.  The shell
was finally fired in air at 1100°C in an electrically heated
furnace for at least five minutes to remove all traces of

carbon.,

6.2, Mould Preheating before Pouring.

» L] » '3

Vhen casting in air, the mould was heated to 1100°C

in an clectricelly heated furnace for 5 minutes to remove as
nuch moisture as possible., The mould was then cooled in

. o
the same furnace to & toemperature a little above (about 20°C)
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that required for pouring. The mould was then rapidly
removed from the furnace and the metal poured. The temperature
loss involved in this operation was measured and found not to
exceed 20°C even for the highest mould temperatures.

The same heating cycle was used in vacuum, but the
mould remained inside the heating furnace during pouring thus
the temperature control was rather better than that for the

. . . o
air casting, and was ostimated to be + 5°C.

6.3. Melting and Casting.

Air melting of stecls was performed in a 40 1b.
induction tilting type furnace with lip pouring. A rarmed
basic lining was used. The melt was deoxidised with 0.17%
of aluminium immediately before pouring.  Six mouids could
be poured direct from the lip of the furnace in rapid
succession thus ensuring similar pouring temperatures,
composition and gas content. Finished castings were shot-
blasted to remove adhering refractory and oxide and vacuun
annealed at 950°C for 1 hour prior to taking density measurenments,

Aluminium was melted in a 20 1b. Salamander crucible,
coated with an alurina wash, in a Morgan gas-fired fprﬁééér
and the temperature checked by means of dipping alumin;u
coated chromel-alumel thermocouples. A temperature of
800°C was never exceeded in order to keep down the gas
content, The melt was degassed with proprietory degassing
tablets and p.oured at 7500C into moulds held at 200°C.

The pouring ladle was preheated by previously stirring the
melt: this procedure also reduced the temperaturc loss
during pouring to less than 2°C.  In the first series of
casts, oxygen-free high-conductivity copper was added in
increments of a length of a long rod which was also used to
stir the melt. A series of castings was produced of

variocus Cu contents up to 177 Cu. Two repecat scries were
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made up to lower Cu contents using the remainder of the high
copper alley from the first melt as a temper addition.

he procedure for the vacuum melting of high temperature
alloys was to pump the chamber down to below 10u pressurc.
HMelting was then carried out in e 20 1b. induction tilting
unit in 2n alumina crucible. The motal temperature was
brought to the required pouring temperature (+ 5°¢) by means
of dipping silica sheathed Pt~-PtRh thermocouples into the
melt. The charge was then poured into moulds held in separatec
heating furnaces on a rotating platfcm. Different pressurcs
of arpgon could be introduced within about 10 secconds before
the pouring of each mould. Any cxcess netal was poured off
into an ingot mould. The finighed castings were shot blasted

prior to testing.

6.4, Measurcment of Density.

The well knovm Archimedean formula for apparent density

was used

W, p
AL
po= 3

O A S
WA LL

where U, = weight in air
WL = yeight in liquid

op = density of liquid (from tables)

Weighings wera performed on an automatic balance and
were accurate to *+ 0.2 mg.  Specimens were weighed and the
zero re-checked repeatedly (not usﬁally nore than three
times) until both the weight rcading and the zero were constant.,
The water temperature was read to 7.05°C which was on the
threshold of affecting the accuracy of the final result.

A small drift in temperature of the water of the order of
1°¢ per day was obtained by using a very large quantity of

water - about ten litres - in a thick-walled glass vessel.



Kodak wetting agent was added to the water in concentration
3 al1/1 which was found not to affect the density of water within
the accuracy of other measurements. This minimised the a&dherence
of bubbles to the surface of specimens (which were always
closely inspected for bubbles on all sides before weighing) and
gave a constant meniscus angle at the liguid surface at the point
of entry of the wire. Occasional bubbles on the surface of the
vwater which attached themselves to this neniscus could change
the weight recading by 3 ng. or more.

The support wire was 0.008 cm. diameter molybdenunm,
carefully chosen from the batch so as to be quite smooth to the
touch (for example it was found that tungsten wire when rough,
affected the meniscus shape in an crratic manner causing
inconsistent readings).

The weighings in air were perfectly unambiguous, but those
in liquid were observed to change with time. A specimen
weighing say 100 g. might increase in weight by 2-3 mgz. in
about five ninutes. ~Part of this weight chonge was due to the
adjustment of the temperature of the specimen to that of the
liquid but this could be minimised by allowing the specimens to
approximatcly equalisé their temperature with that of the weter
by placing in the balancc case adjacent to the water container
for about an hour before teking the veiphings in vater.

Other occasional increases in weight could not.be attributed to
this cause and were thought to be the gradual scepage of water
into internal pores. No increase in weight could be
attributed to the slight discolouration (representing a very
light rust film) of the stcel specimens in the water.

The final accuracy achieved depended - upon the weight of the
specimen. For a specimen weighing 1 g. an accuracy of about
1 part in 409 con be expected; and for specimens weighing 10

and 109 g., 1 part in 4,000 and 40,000 respectively.
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6.5. Determination of 7 Porosity.

In order to determine the percentage of pores from the
density measurements it iz necessary to evaluate the density of
the perfectly sound material. For carbon stecels this was
attempted by cold rolling the specimen to about 75% reduction in
thickness, ennealing at 950°C for 1 hour in vacuum to regain the
criginal quantitative relation betweon the phases present, and
finally determining the density. This method however gave
unsatisfactory results which were attributed to the opening of
pores due to the brecking up of inclusions, and in any casec the
method was impossible to apply to high temperature alloys which
cannot be hot rolled. Hence from a g{ven cast the specimen

N
which showed the highest density was intensively examined by
netallographic and semi-microradiogreaphic techniques in order to
obtain a rough estimate of its % porosity {an accurate assessnent
was unnecessary - even if it were obtainable - since the quantity
was very small). Once the density Pq of the sound material had
been estimated, the Z porosity of cach of the other specimens of

the samc cast could be obtained

p, — P
% Porogity = (~§E-~)100
5

where p was the density of the casting of unknown peorosity content.
For a stcel specimen weighing 1 g. and containing iZ

porosity the maximun limits of error are + 17: for specimens

cf 10 g. and 10C g. containing the samc amount of porosity the

corresponding maximum crrors are respectively + 0.17 and 0.017.

In practice the smallest specimens employed in these

investigations weighted about 100 g. so thet the accuracy was

always better than + 0.01%7. These accuracies arce improved by

a factor of about 2.5 for Al and its alloys.
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6.6. Radiographic Techniques.

The as—-cast specimens of 0.2 cm. thickness were lightly
surface ground to produce a gcod finish.,  Gevart double-
coated D.2. film was used with a 0.015 cn. lcad backing screen,
and was placed in contact with the specimen. The anode-film
distance was 100 cn. and the exposure about 20 minutes at
100 XV and 10 na.

A longitudinal line count was carried out cn the resulting
racdiographs t0 measure the total length of line which traversed
porosity as a percentage of the total lenpth of the s?ecimen.
The rain disadvantage of this nmethod of interpreting the
radiographs was that a fairnt or dark image could occupy the
same length of the scanning 1ine,‘but obviously correspond

to different porosity in depth. A rourh allowance could be

nade for this by giving diffcront weights to images of different

intensity. It would clearly be a useful refinement to measure
the area under a microdensitometer scan, so that from several
scans an reasonable intepration of the total porosity could be
estimated.  Hevertheless, the simple line count technique was
extremely easy and quick to perform and has yielded good
comparative results.,

For semi-microradiegraphy 0,125 cn. thick specimens
were machined from the geometric centres of the cast specimens.
The surface finish resulted from careful machining on a
precision surface grinder.

The sample was placed in‘a light-tight envelope in
contact with the emulsion of a fine grained X-ray filn. A
sheet of plastic foam placed behind the film ensured good

contact between the film and sample.

Filtcred Cobalt radiation is ideal for this work(337)

since absorption coefficients for the inclusions cxpected to

ba present should be higher than the natrix, thus showing up
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lighter than the background, and so clearly distinguishable
frop pores; which give dark images. However, to give
reasonable cxposure times, unfiltered cobalt radiation was used.
The sample was placed 25 cm. from the target of 1 square rm.
This geometry should give, at worst, a resolution of the order

of 5u. Exposures werc 3 hours at 35 IV and 3 ma.

6.7. Solid Feeding Experiment.

A mould was prepared as described in Sections 6.1. and
6.2. consisting of spheres of sizes 2, 1.5, 1.0, 90.75, 0.5,
0.33, 0.25 inches run via very long narrow ingates of diameters
0.25, 0.19, 0.13, 0,09, 0.063, 0.063 and 0.063 inches
respectively. The latter represented the snallest diameter of
ingate with which it was feasible to use without constant
breakages during the coating of the wax. Thus, as far as
possible, a constant'geometry obtained for all the soheres.

They were mounted on a circular assembly as symmetrically as
possible to balance metal flow and heat content within the
mould. The wax assembly and the finished mould are shown
in Plates 3. and 4.

P.K.24. alloy was induction heated to 1620?C in an alunina
crucible in a vacuum of 1-5 microns. This temperature was held
constant for 30 minutes in order to outgas the netal as far as
possible. During this time the mould was hcated to 1100°¢C for
5 minutes in the same vacuum chamber. This was designed to drive
off as much water vapour from the mould as possible, The mould
was then cooled to 1000°C at which teﬁperature it was maintained
until the metal was poured. The alloy was poured at 1620°C in
vacuun and allowed to cool to near room temperature befo;e air
was admitted into the chamber and the casting removed.

The densitics of the spheres were determined as described
previously and scmi-microradiographs were made of 0.125 cm.
thick scctions from the centres of the four smallest spheres,

which werc highest in density.



Plate 3.

Wax pattern for pon-fed spheres,

Plate 4.

Completed Mould.
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7. FESULTS.

A general observation cormon ts experiments on all alloys
was that for similar casting conditions, smaller section

thicknesses were invariabtly associated with higher porosity.

7.1, Effect of Superhcat and llould Temperature.

For the 3 carbon steels (Fig. 20.) increasing mculd
tenperature is seen to reduce porosity, whereas superheat
appears to have almost negligible effoct.

The vacuun cast P.X.24 alloy behaved rather differeatly
(Fips. 21. and 22.). At‘the lower pouring temperaturcs porosity
showed a peak with increasing mould temperaturc, but tended to

*

dec¢reasc at the higher pouring tomperature.

7.2, Lffect of Composition on Porosity.

Each composition of stecl reported above corresponds to
a single cast, so that comparisons between specimens of the
same cast arc not influenced by variations in composition,
particularly gas content. An alternative presentation of thesc
results to investigate the effect of carbon content necessarilyr
involves comparisons cf diffcrent casts, rendering any
conclusicns, at best, only tentative. This caution is given
weight by a compariscn of a 9.25% C steel cast into 0.75 cﬁ.
section mould et 300°C which gives porosities of 0.457
(Fig. 20.) and 0.137 (Fig. 25.). This socond cast was
deoxidised by about 5 times the normal addition of Al,

Fig. 23. was coastructed, neverthelesé, but without
regard to the effect of superheat (assumed to be préctically
negligible) and includes data from a cast of clectrolytic iron.
It shows a prominent peak in porosity at about 0.7Z C.

A rather differcent anprcach to the expcrimental data

was used in interpreting the Al-Cu results:
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Table 8,

Some measurements of grain size and secondary dendrite
arm spacing in the three carbon steels.

Dendrite Arm Spacing Mean Grain Diameter
(microns§ (microns)
Mould Superheat Section
Tczxgp; (%) Thick- 0.25%C 0.80%C 1.309C 0.25%C 0.804C 1.304C
C ness .
(em)
300 80 0425 - n.d.(e) - - 100(?) -
0.50 - - n.d.(e) - - 88
0.75 n.d.(e) 32 (e) n.d.(e) 500(?) - 97
100 - - - - - -
150 0.25 - - - - - -
0,50 n.de(e) n.de(e) n.de(e) 357 111 80
0.75 - - - - - -
1.00 - 29 (e) 35 (e) - . 244 162
1000 80 0.25 - - - - - -
0.50 - n.d.(e) n.d.(e) - 158 82
0.75 nede(e) = - 834 - -
1.00 - n.d.(e) n.dee) - 170 118
150 0.25 n.de(e) 407 (e) n.d.(e) 500 127 145
0050 - - - - - -
0.75 - 35 (e) - - 222 -
1.00 75 (d) - 64 (a) 870 - 625
- no measurements were taken
e equiaxed structure
d dendritio, columnar structure

n.de

no dendrites were observed



14

l.o T T Y T Y T
a
AT, & _~ i
/ \ 8
09 / \-or 1
/ \ g
5 i / B\ .
= / iy
("2 ]
oo-ar £ k=4 ]
@ /
O
a i / i
°\° /
/
o7k i
/
/
f i
/
06 / 3
/
/
/
o's 2 .
P-Y
| /
Loy
an
O'4r ©0A -
, k3
o e \ 2-‘ E
A
/ \ 8
0-3 } / \ ]
/ [ ]
/ B ) &
/ - - a -Q-\
Sel / z 3= &\
/ o S e 33
/ DG (o)
/ S 0 00 W 1
! v 000
o1t ,' O'S5cm o o o i
/ O:78 o A x O
ll -0 oo 1
/
l 1 i L Bt i A '
© 0-2 0-4 06 O-8 -2
Wt /o C

EFFECT OF COMPOSITION

ON POROSITY

FIGURE 23

IRON~-CARBON ALLOYS



Pl
/7
3‘00'l'r 1 l'l/'lifl'l'l'l'l'r/ L4
o
Pt
= g ~
/7
/7
290 F / 5
e
&
- / g
, JCAST |
&
. - b -
2-80 &
&
7 1
o CAST 2 ‘/ & s
/
272 r ) / -
(8]
Gt L -
o
/
& i
L
)
Z -y
W
(&)
271 -
MOULD TEMP 200°C e
POURING TEMP 750 °C
SECTION THICKNESS O:5cmd
PARALLEL - e o
2° TAPER = & a 4
A l L 1 1 1 i 1 i 1 i Y
] . 1§ v T L) T T v T v
4 1
o
v .
303 |
a
o
0. -
2
(4]
02
o1 it 4
\
a
0 B e Vo WU W W AUy J FRSPUSI WS NS SHY [ESPUIERN WOt S Sty M S I
Ol 2 g~ .6 B O 2 4o e 80 2 s R
Wt °/s Cu
FIGURE . 24
EFFECT OF COMPOSITION ON POROSITY IN Al-Cu ALLOYS



.
-85

Since density increases smoothly, and closcly linearly,
with composition,; a plot was nade of the densities of the 2°
taﬁer specimens (which were verified meta}lographically to be
very nearly scund) versus coﬁposition. In this way a smooth
curve could be'derived eriving weight to the hich density values
(which fell on this curve), and ocecasional low density values Jduc
to fortuitous macropores or inclusions could be identified.

A similar intecrpolation (but in this case of course, not linear)
was made for the parallel 5pecimens which contained varying
amounts of porosity. The vertical distance between these
curves gave a neasure of the porosity present in the parallel
specinmen and was plotted below (Fig. 24).

The peaks deduced from casts 2 and 3 roughly coincide at
0.37Z Cu, but the actual height of th:io peek may be critically
dependent upon gés content. From Straube-Pfeiffer tests nade
at thc time of casting it was known that cast 2 was higher

‘in gas content than cast 3.

7.3. Mectallogranhic Excnination,

A metallographic examination of the Fe~C alloys
revealed very finc and evenly dispersed inclusions consisting
nainly of alumina~ and silicate~-types with occasional yellow,
angular particles resembling TiC.

An etch in nital showed no anomalous structures in the
low carbon steel, althoupgh a trace of cementite could be
detected in the grain boundaries of the 0.80% C steel, and
5~107 cenentite waé observed inhinterdendritic areas of the
1.30%7 C stcel. A fow areas were sufficiently large to
reveal a structuré stroncly reminiscent of the ledeburite

eutectic, and was interpreted as evideace of strongly non-~

o

equilibrium cooline. These areas were quite distinet from
the prain boundary and plate-like Vidmanstatten cenentite

precipitated at lower temperatures in the solid state.



Plate 1. Mould Temperature 250°C.

Plate 2. 500°C.

Plate 4. 1000°c.

Contact Prints of Radiographs of PK.24 alloy.

Pouring Temperature 1500°C. Section Thickness 0.5

Vacuum 15u.



Plate 5. Mould Temperature 270°C.

Plate 6. 500°¢C.

Plate 7. 800°C.
(Damqgecl F.‘lm)

Plate 8. 1000°C.

Contact Prints of Radiographs of PK.24. Alloy.

Pouring Temperature 1620°C;  Section

Thickness 0.5 cm: Vacuum 15u.
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Measurements of grain size and dendrite spacing
felating to the steels are given in Table 8. Each result
represents a mean of at least 10 determinations on one
polished section.

Metallographic exemination of the Al-Cu alleys revealed
a strongly cored structure in the dendrites even in the
specimens of lowest copper content; and although from the
equilibriun diagram cutectic would not be expectad until
5.7% Cu, above 17 Cu eutectiec appearced first in trace anmounts,
increcasing to a practically continuous interdendritic filn

at 4.77 Cu.

7.4. Radiographic Examinntion.

o p—

Contact prints of radicgraphs of 0.5 cnm. thick specimens
of P.K.24 and X40 alloys are shown in Plates 3-5, It is
evident that at lower mould temperatures porosity is
concentrated in nacroscopic form at the thermal centre of the
casting, whereas at high mould temperatures it is widely
dispersed and very fine. It is also just discernable that in
this condition the actual amournt of porcsity alceng the
centreline is very smzll compared to the region on eitherside.
These observations are emphasised and made quantitative in the
longitudinal line counts shown in Fies. 2%. and 30. |

The tendeney for porosity to occur in layers is also

clear in many of these plaotes.

7.5. Effect of Taper on Porosity.

The results for X490 alloy (melted in a 10 1b. indirect
arc furnace, and poured directly from the furnace into moulds)
are given in Fig. 26. A large increase in soundn2ss was
obtained by superimposing a 2° taper én tae specimen, but

. oo s . . . o
little coxtra benefit is obtained by incrcasing the taper up to & .
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Similar results were obtained for a 0.257 C steel
(Fig. 25.). In addition, heowever, several duplicate snecimens
were cast in this experiment to determine the reproducibility
c¢f the technique, which is seen to bLe recasocnable,

Some narrower sections of this cast failed to fill
completely and were observed to contain relatively large
anounts of porosity which appeared to be related to the degree

of filling. (Fig. 27.).

7.6, £~1id Feedine Experiment,

The densities of the sphercs cast in P.K.24 alloy
were found to increase with decreasing size of sphere. Four
of the most dense spheres were igﬁpected by semi-microradiography
and it was verified that the most dense sphere was perfectly
sound. It was therefore possible to convert densities to
Z porosities. The results are given in Fig. 28. The
largest sphere contained more than 3% porosity, and this
large but definite value decreased with sphere size to a
rather broad scatter band between O and 1% porosity for the

smallest spheres.

7.7. Analyses of Alloys.

Carbon Steels

Results S P Mn Si Ni Cu Cr Sn Mo Al O
Section

0.25 .04 .02 .52 .15 .08 .16 .07 .02 .03 .12 96.6
Zr’w 0.80 .04 .01 1,29 .37 .07 .18 .07 .01l .02 .15 37.6
1.2 1.30 .03 002 2.00 .14 .08 .12 .02 .0l .02'.01? 33.6
7.5 0.25 .03 .0l 0,11 .04 .06 .13 .02 .02 .02 .11 216%

*This large valuc coinciced with a high inclusion density.
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Figure 29.
Results of Longitudinal Line Count
from Radiographs of PK 24 Alloy.
Vacuum 15u.
Pouring Temp. 1500°cC.
Section Thickness 0.5 cm.
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Results of a Longitudinal Line Plot from

8 . - . - Radiographs of PK 24 Alloy.
Vacuum 15u,
% o, i Pouring Temp 1620°cC.
r \ i Section Thickness 0.5 cm.

(Effectively shows porosity acgoss an
average transverse section of specimen).
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Effect of pressure of argon during casting
of P.K.24. (Pouring temperature 1500 C;
mould temperature 800 C;® A& from Figure 21).
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Values are given in wt.Z of the element, with the
exception of oxygen which is in p.p.m. The latter was
dotermined by vacuun fusion and represents a total oxygen
analysis. Oxygen analyses takén from the first and last
castings in order of pouring, and from those having a high and
lov porosity content, showed no significant differcnces. The
final value is a nean of 8 determinations and is estimated to
be accurate to within + 307,

Mo facilities were available for the analysis of
nitrogen and hydrogen.

P.K.24,
¥
c Ti B Ma. 81 Ni Cu Cr W Ms Al Fe Co 1L

0.10 0.06 0.30 0.16 0.44 Bal - 10.8 3.90 3.2D0 5.70 0.84 0.34 2.25

X40.
C S Mn Si Ni Cr W Te Co
0.45 0.030 0.62 0,63 10.9 25.0 7,57 1.23 Base

Major Impurities in fuper Pure Al and 9.F.H.C. Cu.

s.p. Al. si Cu Fe
99.9% min. 0.0015 max. 0.0075 nax. 0.003 max.

O.F.H.C. Cu. Bi " Pb

Cu + Ag, 99.95 min. 0.001 max. 0.005 max.
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3. DISCUSSION OF RESULTS.

The problen of sclid feeding is Considered first since
the results and conclusions have bearing upon the interpretation

of all the other experiments.

The spheres of all sizes were unfed to approximately the
sane extent because the whole casting geometry was kept as near

as possible, so that the usual assumption would be that

]

1i

o

each would contain the same fraction of porosity, and this
would be close to the value a, the solidification contraction,
which is probably about 4.5 + 1.0% for P.K.24 alloy (Fig. 28).

If, however, a ncgative pressurc builds up in these
confined volumes of liquid (Section 3.5.), then the exterior
solid shell nmust be contracted by the reduced internal
pressure (the exterior atmospheric pressure would normally assist
this process; in the present work howecver vacuum conditions
vere used) at first elastically, and subsequently plastically
as the deformation proceeds. The exteat of this 'solid

feeding'

L)

(i.e. the indrawing of solid material to compensate
for the contraction due to solidification) depending upon two
nain factors (a) the mechanical strength of the solid, and
(b) the value of the negative pressure. These factors
require further discussion .

The exterior shell of the larger spheres will ba
relatively cool before solidification has far advanced towards
its centre, Thus'the solid wiil be relatively strong and
better able to resist the internal suction effect. The
nepgative pressure will therefore increase more rapidly, and
soon eiceed a certain critical level for nucleation,
resulting in the creation of a pore. The pore will rapidly

expand to equilibrium size, dispelling the internal stress
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and arresting solid feaeding, and thercafter grow slowly to
compensate for shrinkage until sclidification is complete.

In a small sphere, the tempcrature of the exterior shell will
have fallen very little by the time solidification is complete
at its centre, so that plastic flow is facilitated for a
longer time in relation to the solidification time of the
sphere. By this means, the negative pressure is prevented
from reachine high values even at a late stage in solidification,
so that there is a possibility that in thc absence of a
sufficiently pood nucleation site a pore will not occur,

The casting will be sound‘dQSpite almost perfectly non-fed
conditions of solidification,

The problen of pore nuélcation sites can be discussed
statiétically. If we arbitarily assume that there are about
10 nuclei/c.c. then statistically the smell spheres of volume
0.1 c.c., will contain either a few nuclei, or none. whereas
the larger spheres, of volume 50 c.c., will contain in the
region of 500 nuclei. This means that the ncgative pressure
which can be reached in the larger spheres will be limited by
the prescence of large numbers of nuclei which will promote
nucleation at low hydrostatic tensions.  As the sphere size
decreases, the probability of the spherc containing no
favourable nucleation sites increascs, so that the negative
pressure is allowed to reach the high values necessary for
efficient solid feeding.

The results shown in Fig. 28. revcal the expected
scatter in the quantity of porosity in the smaller spheres.
Of the three smallest spheres only one was sound, indicating
a nuclei density close to that assuned, The actual
inclusion density of the alloy used is more nearly an order
of magnitude greater than this, so that it secms probable
that most inclusions are not favourable sites for pore
~nucleation, which is to be expected from considerations in

Sections 2.3. and 2.4,
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The results of this experiment cannot be accounted for
by assuming any other feeding mechanism than that of solid
feeding. This seems to be therefore a strong justification
of the correctness anc ncecessity for accepting this concept
as an important feeding process.

The results are, however, amenable to an alternative
interpretation in the semse that it is coolins rate rather
than size 5f sphere which is important in affecting solid
feeding in this particular experiment: 1if all the spheres cast
were ideatical in size then a slow cooling rate, resulting,
in a higher temperature and consequently higher plasticity in
the solid shell, would give a more dense castinr.,  Therefore,
in conditions wherc liquid regions are unfed, and yet are
required to be perfectly sound, a slow cooling rate is
required, in agreement with the quantitative predictions in

Section 3.5.

8.2, Effect of Superheat ATs’ and lculd Temperature Tu.
In the experiments on P.K.24. alloy increasing super-
heat reduces porosity somewhat, but for the carbon steels
superheat‘is remarkable for its complete inability to influence
porosity except in the hish carbon stecl where its influence
changes from increasins to decreasing porcsity depending on the
section thickness. The latter chservations m&y be attributed
to the rather small difference in superheats which was
perhaps insufficient to clearly distinguish aay tendencies.
Because of the small difference in superheats,bthe
areas of the incompletely filled castings of another melt
(Fig. 27.) arc of considerable interest since it is nrobable
that the arecas of the castingss are 2 measure of superheats
close to zero, and since the porosity in fhcée castings is very
high, we may tentatively conclude that increasine superheat

increasaes soundness in carbon steels.
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The observation of decreasing porosity with increasing
ﬁbuld temperature agrees well with the reéults of other
investigators (Section 4.7.) and yet no explanation of this
effect can be traced in the technienrl literaturc. Any such
attemnt would be necessarily somewhat involved since Tm
caffects firstly the temperature gradiont and‘hence L, the width
of the pasty zone; and secondly the freezing rate, which in
turn influences (1) the mode of sclidification, whather
dendritic or equiaxed; (2) segregaticn and the surface
tension of the residual liquid, (3) the time interval of
solidification At; (4) gfain size and dendrite arm spacing;

(5) viscous flov rates: (6) burst feeding and solid feeding.
These factors will now be consiécred:

Decrcasing Tm should increase the tomperature gradient,
The inportant influence of this paramcter is dealt with in detail
later; here we shall merely assess its cffect upon the width
of the pasty zone L. Tha maximunm pradient attainable with
variations of T will probably not excead SCOC#msince this is
approximately the maximum gradient observed in solidifying steel

(229,274)9 which would rosult in L

in a cold sand mould
very much greater than 1 cm. even for the low carbon steel,
Thus even the largest mould used would be filled with metal in
a pasty concdition despite all variations of Tm; so that L
cannot be a facter influencing the amount of porosity.
Considering now the affect of the rate of cooling on
the observed porosity: if dendrite arm spacing is a direct
measure of this rate (Flemings shows that this is true for

Al-4.57 Cu alloys(38) and for steels(287)

for very widely
differing solicdification conditions) then the limited data
available in Table 8. indicates that 2 decrease in T from
1000 to 3OOOC increases the freezine rate by almost a factor
of 2. Proceding now to an examination of the various

factors dependent on this rate:
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Most castings solidified in an equiaxed manner, and
although the few that revealed colummar structure tended to
have rather higher amounts of porosity, the data is too
linited to draw fimm conclusions. The cffect does not
appear to be large.

The greater case of nucleation of poreé dva to the
seprezation of impurities and inclusions into the residual
liquid is not likely to be greatly affected by the relatively
small changes in solidification rate introduced in these
experiments, since all conditions will approximate well to
perfect non*equilibrium, described in Section 4.4.  Furthermore,
it is probable that the alloys are sufficiontly impure as to
be little affected by further concentration of impurities.

As T increases, the consequent reduction in freezingp
rate should cause At, arain size, and dendrite arm spacing
to increas: porosity.  Experimenteally howcver, porosity in
general was obsarved to decresse with increasing T 8o that
these factors are either unimportant in these experiments,
or are outweiched by other influcnces. In zddition,

236 . .
,( ) denonatrates that porosity is

Shattacharjya's wor
lareely independent of At when the pas coatent is small,
which is probably truc of practically all of the alloys
used since the lavels of porosity were very small.

lie importance of the following two factors is not
easy to assess® both would tend to reduce porecsity with
increasing Tm: (a) The pressure cdifferential across the
pasty zone would be lowered during slower freezing becausa

of the slower movement of the liquid during interdendritic
feeding, and (b) burst feeding which acts similarly since
the metal will remain ian a more plastic condition for a

longer time with higher values of T, (although it is possible

that the lower shrinkage prcssures which aceompany slow
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solidification may in any case reduce the likelihood of a burst).
Neither of these mechanisms can be dismissed on independent
erounds but both are thourht to make a relatively small
contribution to porosity in these experiments because cf
arcuments based upon the distribution of porosity which are
discussed in the followine paragraphs.

Thus far in this search for a cogent explanation of the
effects of pouring and mould temperatures on porosity, out of
11 possible influencing mechanisms, by a series of elimination
we are left with 2 parameters which appear to be of prime
importance: temperature pradients and solid feeding.
Firs. 29. and 39 can be explained qualitatively very satisfactorily
asgumin~ only the operation of tﬁese tvo factors:

As mould temperature increases the temperaturc sradients
become less favourable so that porosity is no lonrer
concentrated along the centreline (Figs. 29. and 30,) but is

dispersed over the whole casting:  the base of

the porosity
distribution curve widens., This may be stated conversely for

as T decreasces the increased chilline power of the mould

produces a progressively thicker sound outer resion of the
castiﬁy. Thus with low Tm values the porosity is initially small
(Fig. 32.) correspondin~ to a chilled structurce, and increases
with increase in Tm'

Solid feeding is practically inoperative with cold metal
but starts to become important at hicher temperatufes, acting
in opposition to the temperature sradicmts. The overall
density measurencnts reveal that solid feedine rather more than
balances the effect of the unfavourable gradients at hi?h
temperatures, so that the total porosity falls arain above
about 400°C (Fie. 32.).

The important feedine mechanism at hi~h temperatures is
identified as boine solid feedine because of the occurrance

of the central dip in the porosity distribution (Fics. 29. and 30).
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This clearly reveals the easy collapse of the centre of the flat
specimen under the rcduced internal pressure (exterior pressurc
was close to zero since P.K.24 alloy was cast in vacuum), leaving
regions of hisher porosity on either side of the centreline which
are partially supported by the cooler outer edpes of the casting.

L comparison of the effects of mould temperature on carbon
steels and P.K.24 alloy reveals firstly the absence of a peak in
the porosity versus Tm craphs for steels (Finm. 20.), whereas
P.K.24 alloy shows a prominent maximum. This may be ascribed
to the fact that hish temperature alloys gain strength more
rapidly as temperaturc falls, so that solid feedins rapidly
becomes inoperative, whereas for steels, which are comparatively
weak, solid fecedins continues to be an efficient feeding process
even at low Tm values. Secondly, at high temperaturcs porosity
decrcases more rapidly for P.X.24 than for steels. This may
be due to the P.K.24 alloy bteing much nearer to its solidus
temperature (about 1280; 1liquidus 1310°0) .

The effects of mould and pouringz temperatures cen be scen
to be cooperative; for increasc of cither will favour solid
feedine and worsen temperature gradients. This may be expressed
quantitativcly in terms of the total heat content of the metal-
mould system:

= il % . ve
Qporqy = My5,8T, + LMy +M,8,T (71)

where M Mé are the masses of metal and mould; Sl’ S? are the

13
specific heats of the metal and mould respectively: H is the
latent hcat of fusion of the mctal. In order to obtain the
same thermal conditions for a civen castint and mould, therefore,

an increase in mould temperature AT must be accompanied by a

corresponding decrease in pouring temperature AT where
&

AL, = M™% - o (72)
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where Z is a constant. For the 0.5 cm. szction castine, the
ceramic mould had a thermal capacity about twice that of the
stezl or hirh temperaturc alloy, so that Z works out to

2 + 1 for this system.

The relatively small affect of superheat is emphasised
by applyin> equation ( 71) to a typical ferrous alloy, with
mould tomperature at 1000°C and superheat ZOOOC, the relative
contributions to the total heat of the system from the mould,
latent hecat, and superheat are respectively about 21, 7 and
2 K calories; the latter representing less than 77 of the
total heat available. fhcse consicerations help to understand
the small effect of superhceat, particularly in the experiments
on carbon ateels.

The noticeably larzer effect of supcrheat on P.K.24
alloy could be due to other effects which are difficult to
evaluate, particularly the possibility of certain efficient

L3 . » 3 L] 6
pore nuclei heinpy taken into solution at higher temperatures(2 4).

8.3. Effect of Saction Taickness.

o cemmn

The results for all materials studied clearly show that
thinner sections are less sound than thicker ones. The
causes for this can be sourht in terms of (a) the rate’of
solidification, and (b) the origin of the porosity:

(a) Thicker sections will freezec at slower rates than
thicker sections. Ruddle's equation (63) in fact predicts
a parabolic relation between the solidification time and the
mass of a castine, and this is confirmed recasonably well by
the measurcnents of dendrite arm spacing (Tatle 3.).

As in Section 8.2., the solidification interval At,
the ¢rain size and the dendrite arm spacing should all
lead to a recduction in §orosity as the section thickness
decreases. This is contrary to obsérvations so these

factors either are not operative, or are outweirhed b
P » o y
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other factors. Similarly, solid feedins ought to increase

in effectiveness as scction thickness decreases because
solidification will be completed while the exterior of the
casting will still be relatively hot, and therefore sufficiently
weak to allow solid feedinz, and because of the earlier
impinging of the plastic zones on the free surface of the
castins. both of which would tend to kecp the hydrostatic
tension in the trapped liquid regzion below that required for
the nucleation of a pore. These qualitative arguments are
considercd quantitatively in Section 3.5. Thus solid feceding
cannot cxplain the cxpefimental data; furthermore, in very

thin scctions of only a fow prain diameters or less in width,

i 4
03

the concept of imprisened 1liquid recions becomes less plausible.
(b) The rate at which feeding liquid can he deliverced
to regions of a casting at a late stage in solidification
is in proportion to the number of available flow channels per
unit arca, and therefore must be in approximate proportion
to the zcction thickness.  However, the requirements for the
rate of feeding do not decrease in this lincar fashion as
section thickness decreascs, but arc expected to incrcase
rapidly because solidification occurs (i) simultancously
throushout the volume of the casting becausé of low
temperature pgradients, and (ii) very rapidly because of the
small emount of heat to be extracted (equation 63).

L4

As solidificetion nears completion, therefore, feeding

[e:]

conditicns become very difficult in thin sections, and
hydrostatic tension begins to incrcasc. At this stage
interdendritic or burst feedinﬁ from the direction of the
fecder becomes less feasible, but the transverse pressurc
gradient may suck interdendritic‘liquid away from the
surface »f the casting, or if a sound outer skin exists,
may cause this to rupture at a weak point, allowing the

ingress of air.
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Thus it seems likely that the mechanism of formation of
porosity changes with section size: as very narrow sections
are approached the mechanism changes from nucleation-and-
growth in the interior of a liquid-solid mass, to the non-
nucleeticn process of liquid drainace awzy from a free surface.
This mechanism will probably operate under ratiwer small pressure
gradients betwcen the exterior and interior of the casting, so
that pores will form and grow before the pressure differential
has rcached the larger values neccssary for efficient feeding
by other methods: interdendritic (from the feeder), burst or
solid feeding. This mode of pore formation would be predictad
to yield, therefore, higher levels of porosity than theat
producced by the nucleation proce;s, in agrecment with
observations.

The operation of such a process is evident frem the
appearance of cast specimens of: 0,25 and 0.125 cm. thickness
(particularly the incompletely filled castines, Figs. 25-27)
where surface pores are scen to disappear into a labyrinth of
internal passanes.  Also, when the castings are submerged during

density determinations their weirht is observed to increasc

continuously as the pores gradually fill with liquid.

~

3.4, Effect of Composition,

It has often becen assumed that increasing the equilibrium
freezing rance ATf of an alloy increases its tendency towards
greater porosity bacause of the increased difficulties of feeding
through the more extensive pasty zone. The results for
. Fe-C alloys in Fig. 23. are therefore surprising, since instead
of the expected continuous increase of porosity with carbon
contentgya defiﬁite mexinum occurs at about 0,72 C.

These cbservations may genuinely represent the influence
of differences in carbton content, although there is the

possibility that the results may be heavily influenced by
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differences in gas content. An attempt ﬁas made to agsess

this possibility employing the relations listed in Table 3.

The equilibrium partial pressures of the gases within a bubble
werc calculated for the solidus temperatures of each of the
steels. The total oxygzen analyses were used in these
calculations, so that rather hipgher pressures were deduced since
most of this oxygen was chemically bound in inclusions; only the
oxygen remaining in solution was available for pore formation.

In the absencc of analyses for Hz and Hz their effect was
estimated by assuming the reasonably high concentrations of

0.0l wt.2 N2 and 10 033/100 g I
The total gas pressures for the 0.25, 0.80 and 1.307 C stecls

(using conventional units).
work out to be 1.3, 1.8 and 2.9 éimospheres (neglecting the
enhancement of these figures by segregation effects, which would
increase them&ll by about the same factor). Taking these
results a3 they stand, the maximum in the porosity*composition)
curve cannot be explained by differcnces in gas content.

The few results available in Table S. indicate that
the porosity maximum at 0.7%Z C caz neither be explained by
changes in dendrite arm spacing nor grain size. Similarly,
no substantial effeet can be attributod to the decrease of
surface tensiocn with carbon content since most investigators find
this to be negligible(73’75’84’343’344).

Values are quoted(zgs) for the contraction during
solidification, a, which indicates a maximum at 0.77 C.
Unfortunately these results are based upon very early data which
do not appear to be reliable, particularly in the light of more

fa )
recent refined experiments by Vertman et.al.(z’é)

which show
an approximately linear decrease in a from 11,52 to 2.0Z as the
carbon content increases from C.15% to 2.977.

A more plausible theory to explain the existence of the

maximum is based upon considerations of the non-equilibrium

conditions during freezing.
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Conditions intermediate between true equilibrium and
non-equilibrium as defined in Section 4.4. could give rise to
a maximum in freezing range ATf of zbout 300°C at 0.7% C as
indicated in Fig. 13. This would correspond, of course, to
equivalent maxima in difficulty of feceding, and in the amount
of final porosity.

There remains the possibility that the presence of
eutectic liquid under conditions of non-equilibrium freezing may
be causing the fall in porosity above 0.7% C according to
Scheuer's theory outlined in Section 4.4. Evidence of some
eutectic liquid was observed metallographically in the
1.307% C steel, but the compositions of tha stecls were too
widely spaced to draw firm conciusions.

Thus a closely spaced series of Al-Cu alloys ﬁp to
177 Cu was cast, and the peak in porosity determined to be at
0.3% Cu. Alfhough the equilibrium limit of solid solubility

is 5.6% Cu, the second phasc CuAl, existed as a practically

2
continuous interdendritic film at 47 Cu, and decreased to
trace quantities only at about 1% Cu. At 0.3%7 Cu no CuAl2
could be cdetected although clear cvidence of non—-equilibrium
solidification was provided by the heavily cored dendrites.

It seems reasonable to conclude, thercfore, that the
porosity maxima observed in the Fe-C and Al-Cu systems (and
noted by other investigators for other systems - Section 4.4.)

are the direct result of a maximum in the freezing range -~

composition relation as a consequence of non-equilibrium frecezing,

8.5. Effect of Taper.

Brinson and Duma(316)

observed that the critical taper
(assuming that such exists) required to reduce porosity to

o v . .
low levels was below 5 (the smallest angle imvestigated).

The present series of investigatious lowers the estimate of

the critical taper to below 2°, which corroborates well with
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(233) prediction of 1.7° calculated for a skin freezing

Walters
metal in a cylindrical sand mould, and implies that despite
the undoubted greater complexity of the mode of solidification
of the 0.25% C steel, the exterior taper imposes a similar
taper on the aggregate of the flow paths for the residual
liquid.

A further implication is that the formulae based upon

the viscous flow of feeding liquid through the dendrite mesh

_are fundamentally correct.

8.6. Effect of Pressure.

The comparatively large reduction in porosity observed
experimentally (Fig. 31.) due .to the rather small (absolute)
incre;se in pressure, which wés less than only 1 atmosphere,
infers that pore formation is easy, and must therefore occur
either by a non-nucleation or a non-classical nucleation
mechanism. For instance to suppress classical pore
nucleation by gas in the interior of a complex inclusion, which
is the least stringent classical oondition (Section 2.3.3.),
~an applied pressure of at lcast 200 atmospheraes would be
required.

Since nucleation is easy, then the quantity of porosity
ig, therefore, governed by growth. Clearly, a gas bubble will
expand to 105 times its volume as the pressure is decreascd
from 1 atmosphere to 10u pressurc. This is also predicted
épproximately by equation 60, Yeverthcless, the quantity of
porosity in successive castings only decreases by a factor of
about 10 as the Ar pressure inside the vacuum chamber is
raised. This means that the growth of porosity must be
coﬁtrolled by other effects in addition to the applied
pressure, and which are not alloved for in equation 6O,

These mzy include:



~103~

(a) Equation 60 neglects the effects of shrinkage,
This is likely to be important, particularly since the
contribution of gas to pore growth is probably small as a result
of remelting vacuum-melted stock under vacuum. The applied
prassure will add dircctly to the gas pressure znd shrinkage
pressure, as indicated in equatiom 1. In the furthest regions
of the pasty zone of the casting Ps may greatly outweigh other
pressures so that P and Pg become negligible and equation €0
irrelcvent.

(b) The already advanced growth of the solid may
Vmechanically limit the expansion of a gas bubble.

(¢) There may be porosity present in the casting which
is.saparate from the cesily forﬁéd variety, and which is
nucleated only with difficulty, so that its formation is

comparatively unaffacted by the small increase in absolute pressure.

[2]

3.7, Cn the Origin of Layer Porosity.
(339-341)

Early authors assumed that pores resulted from

thermal contraction and were formed ijn the solid state in &

(310,342)

manner analogous to hot tearing.  Baker effectively

proves that pores form at a late stage in freezing; his theory

(312)

is rather better stated by Cibula who arpues that after

mass feeding is arrested, further shrinkage imposes tensile
gtresses on thie continuous solid network which tears |
perpendicularly to the stress, i.e. parallel to the isotherms.
If these tears are not‘healed by the inflow of residual liquid
then layers of porosity result.

Baker(zzs)

attempted to test whether microporosity was
the result of thermal contraction by casting test pieces in a
mould which was designed to accentuate hot tearing tendencics.
Eowever, no significant increase in porosity was observed.

The negative result of Baker's critical experiment is

(312)

substantiated by Cibula's observations that grain
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refinement promotes layer porosity but decreases the tendency

(278

towards hot tearing, and later ) that Al-4.5% Cu alloy heas

little tendency towards microporosity but commonly hot tears.

Experiments by Lagowski and Meier(283)

on Mg-Zn alloys

covering the range of Zn contents from O to 307 Zn show clearly
that the maxima for the incidence of hot tearing and micro-
porosity are wall scparated, occurring at 17 and about 67 Zn
respectively. Furthermore, the thermal contraction curve has
its maximum at 17 Zn indicatiang that hot tearing is associated
with contraction in the solid state, and not with microporosity.

All these observations are substantiated by the
clementary consideration that the thermal contraction of the
whole casting is likely to produce (if anything) a compressive
stress on the internal dendrite mesh because of the lérger fall
in temperature of the exterior skin compared to the interior.
In materials of high thermal conductivity, howvever, suych as
Cu and light alloys, the temperature differential between the
interior and exterior is in any case likely to be negligible,
producing no stress differential,

A new cxplanation of the origin of layer porosity is
therefore required, and a tentative model is proposed and
outlined belowv. It is bascd not upon thermal contraction as
the fundamental driving force, but upon the contraction on
solidification.

If we assume Flemings forrmula (equation 27) for the
pressure differential across the mushy zone, and substituting
their relation(ZBO) for the radius of the flow channels as a

function of time

a2 = (® -4\ 2 /r b b (73)

then we obtain the pressure diffcrential as a function of time
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A - ) (B - 4 t1)2

= ZLZ/(b == Z&Xti)z vnn{. 74)

where Z is a constant for given solidification conditions.
Thus the pressure falls parabolically with the distance through
the mushy zone, and as time increases, the pressure difference
increases, until the pressure in the rushy zone ét the
greatest distance from the feeder falls to a critical level at
which a pore will be formed. This critical level (denoted
Pf in Fig. 33.) may correspond to the inward rupture of the
skin, i.e¢. a surface burst, rather than a true nucleation
threshold.

: .

As soon as a pore is formed by some means, it will
spread along an isobaric (i.c. constant prcésﬁre) surface
forming a layer, dissipating the local hydrostatic tension.

The elastic energy of the liquid-solid mass which is available
for this initial rapid growth stage of the pore is proportional
to the difference in areas under the pressure distance curves
bafore and after this growtll phasc. This arca is clearly
proporticnal to L x Pf. |

As solidification proceeds, the solidification
contraction in the centre of the nushy zone is fed both from
the feeder, and by fluid (whether residual iiquid, gas or
vapour) from the dircetion of the newly created’pore. This
corresponds to the slower growth phase of the first poie,
and will take place along the limited paths which still
rernain available close to the solidus isotherm.  The
présence of the outpushings of this pore provides a free
liquid surface, adjacent to which no large stresses cah‘occur
in the liquiad. |

Further nucleation and growth events produce further
layers until the whole caéting is solidified. The final

statc consists of layers of porosity showing considerable

interlinking.
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CONCLUSIOLS.
Nucleation
1. When the solidus isotherm intersects the surface of the

casting at a late stage in solidification, then porosity
may occur by the non-nucleation process of growth of pores

from surface pinholes.

2. (flucleation of pores in castings is subject to the following
‘condition being satisfied

" o = P
rg PS Pe

where P is the shrinkage pressure (negative), P_ is the
total gas pressurc in equilibrium with the melt at the

point of nucleation, and the fracture pressure, Pf, iz a
constant depending upon many factors, and in particular,

the nucleation mechanism.)

3. (The conclusions of this wyrk must remain tentative while
P can be only roughly cstimated. Furthermore, the
maximum value of Ps is not well known becausc of lack of
data on mechanical properties of matals at the melting

(39)

point , and PP is completely unknown for most low

unelting point coustituents in metals and alloys.

4. Homogeneous nuclcation is not a feasible mechanism for

the nucleation of pores in castings.

5. Solid, and perhaps liquid, inclusions do not aid nucleation

sufficiently to cnable heterogencous nucleation to occur.

6. Complex inclusions consisting of solid and liquid phases
(are possible (although perhaps rather difficult) sites for

the heterogeneous nuclecation of porosityy
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11.

12.
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tucleation will occur preferentially at advancing
solidification fronts because of (2) high local gas
content, (b) probably low surface tension because of
(i) concentration of surface active impurities and

(ii) the high internal gas pressure.

Small bubbles introduced by turbulent pouring and held in
suspension in the liquid will not in general survive.
If however a bubble does impinge on a well-established

solidification front before it dissolves then it will form

a very favourable nucleus for porosity.

Air trapped in certain exogenous inclusions appears to be
*

capable of a long stable existence in the melt, and able

to provide many small bubbles as nuclei for pores.

It is possible that cosmic rays may be an important
source of porosity in large castings if other nucleation

factors are not operative.

It is possible that traces of radioactive materials in
a batch of metal may be an important source of porosity

nucleation.

In the absence of suitable nuclei a casting will freeze
nerfectly sound, despite a total lack of feeding liquid,

because of the possibility of solid feeding.

Growth

et et

13.

The driving force for the growth of pores during the
first few milliseconds is the internal gas pressure and
the stored eclastic cnergy in the solid-liquid surroundings,

and subsequently gas and shrinkage.

Epeding

14.

The reduced pressure in castings may be reliesved by as
mony as five separate fecding mechanisms: liquid-;

mass-~; interdendritic-® burst- and solid-feeding.
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Solid feeding is investigated by quantitative theory
using elastic-plastic, Bingham, viscous and crecep flow

models.

Experimental evidence is presented supporting this

effect of mechenical coastraint on porosity.

Effect of the llode of Solidification on Porosity.

17.

18.

19.

Non-equilibrium froezing results in a peak in the
freezing range versus composition relation for allcys
of a eutcctic system, corresponding to a maximum in the
porosity—-composition relation. This was demonstrated

for Fe-C and Al~-Cu alloys.

»
A theory of the origin of layer porosity is proposed

basced on the flow of liquid through the pasty zonc.

A quantitative relation illustrating the cooperative

‘effects of mould temperature and superheat is proposed.



Note on Appendices.

The appeundices 2, to 7. reprisent a literature survey of data
vhich is pertinent to the theoretical investigation of fracture pressures
in liquid metals. A comparison of measurcrments of the same physical
quantity made by different investigators will indicate to the recader how
much faith may be placed in the dzata: a critical assessment of the
reliability of each determination would be a vast undertaking and in
any case not entirely remove doubt about the presence of trace impurities
which may greatly affect all measurements of this kind. Some critical
revicews of data on the surface tension of metals do cxist,(201)
but the general conclugsion seoms to be that an arithmetic mean of all
determinations yields about the best working value. The author does
not entirely suscribe to this view and has tended to favour high values
for surface tensions in view of the fact that the impurities vhich
are most likely to be present, and vhich affect surface tension
appreciably, and which, furtﬁermore, are most likely to remain

(75)

undetected (particularly oxygen), mainly lower surface tension.
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APPENDIX 1

Cavitation at a Liguid-Liquid Interface

Considering the equilibrium of forces on a bubble at the interface (Fig. 9d)

Xlz Cos 612 - Xl Cos 61 + Xz cos © 5 «ee(1)

Yy, Sin 6., = ?fl sin O, + Xz sin 6, ‘ vee(2)

Purther conditions are (C.f. Fig. 9a.)

dl/rl = Dy = Cos 91 .“(3)
d2/r2 = m, = Cos 62 ”.(4)

and the necessity for the pressure to be everywhere equal inside and
immediately outside the bubble

P, ~P =2 Xl/rl = 2 b/z/r2

thus i
no. N :
Ts Y2 eee(5)

Since the curved area of a spherical cap is 2 TY r2(l - m), and its
plane area is Tr2 (1=~ m2), and its volume _TT o (2 - 3m + ms),
3
then the work required for the creation of this bubble is
W= (Area)x + (Volume) (Pe - Pi)
3

2 [2 (l-mz) XZ + 2 (1-m) ;(12 - (l-m22) X12
2

= ﬁr2

* % (2m, + n,’) (P~ B;) + ;_2_ é_?_zl_% (2-3m) +m°) (B - Pﬁ}

Differentiating with respect to r, and equating to zero gives the

critical radius, r*, of the vapour with the second liquid surface,
3
2 ¥, | 2 (1n) + 20-m) (0 - (1m?) Yo
2 2 - 2 —
P Yo

(P,- P;) [(2-3 m, + mzj) + 1 (2-3 m ¥ mlz)] |
- 2

which corresponds to the peak of the energy-radius relation:

16 T X23 ¢
‘max -] F-r)2
e i
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APPENDIX 2

Recently Measured Surface Fnergies of Some Ligquid Metals

Surface Energy Tgmp. Ref,
(ergs/cmz) ("c) _——
Te 1700 | 1550 78
- 1835 1550 79
1880 1535 80

1860 1550 81,82,83
1754 : 84
1640 1650 85

1730 86,87
1735 88
1670 89
1710 74
Ni 1660 1400 90
1760 1470 91
1720 ‘ 1500 92.

1900 + 100 1500 (92 extrap to zero 02)

1738 1452 78
1780 1452 80
1760 1452 93
1780 1550 94
1845 1500 95
1924 1550 79
1650 1660 85
Co 1825 1550 78
1845 96
1885 1550 97
1880 1492 80
1936 1550 79
1812 " 1600 94
1650 1650 85
1880 1400 90
A 825 660 98
860 100
850 : 700 101
543 700 85
865* 660 102
Cu 1265 1550 96
1298 103
1437 . 1100 104
1301 1100 105
1220 - 1100 85
1355% ' 1083 102
1150 1083 106

1268 1130 107
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APPENDIX 3

Measured Surface Energies of Solid Metals

Surface Lnergy Tgmp. Ref.
2 ("c)
ergs/cm

Fe delta 2090 + 100 1450 108
1950 + 195 1400 -~ 1535 109

gamma, 2130 + 80 1450 108
2150 + 422 1360 - 1400 109

1950 1100 110

Fe - 2,94 8i 1900 + 100 (?) 1500 111
Ni 1725 + 150 1452 112
Cu 1755 + 89 ° 1083 113
1650 + 100 1083 114

1750 + 90 1083 115




APPENDIX 4

Some Values of Interfacial Inergies between Liquid and Solid Pure Metals.

Metal : Interface ILnergy Tgmp. Ref.
(ergs/cmz) ("c)

- Fe 204 1240 115
234 117
(§) 100 + 225 1535 *
(¥) 300+ 450 1535 *
Ni 255 1133 115
289 117
Co 234 1160 115
Cu 117 8417 ' 11‘5
347 + 70 1083 *
Al 93 530 115

*
Calculated from the difference between the
beat values for the surface energies of the
solid and liquid,
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APPENDIX 5

Some measured surface energies of non-metzllic liguids

” Surface‘Energy Tgmp. Ref,

Liquid (composition wt. %) Lv(ergs/rmZ) ("c)
~ 8i (Pure) 712 1440 118
750 1550 87
Si (Saturated with Al) 720 119
510, 307 1800 120
5i0,, 50 g0 400 1750 121
390 122
§10,, 60 Cad 510 1600 123
450 122
480 124
5i0,, 30 Ca0 ‘ 340 122
389 124
455 1600 123
389 1600 125
810,, 10 Ca0, 20 A1,0, 205 1345 127
510,, 30 Ca0, 15 A1203 : 510 1400 121
486 1450 126
§i0,, 48 Ca0, 45 A1,0 748 1450 126
Si02, 33 Ca0, 19 Fel 444 1300 203
8i0,, 42 Ca0, 15 POy 396 124
810,, 37 Ca0, 8 CaS 380 1600 123
'810,, 24 Ca0, 9 CaS, 15 gl 280 1600 123
810,, Ca0, Cr205 (minimum Y) 345 1600 125
810,, Ca0, V,0. (minimum ¥ ) 270 ! 1600 125
$10,, 5 Ca0, 35 g0 460 {1500 121
810, 41 Ca0, 34 A1,0;, 10 HgO 473 I 1600 128

i

S10,, 47 Ca0, 14 Aly0,, 4 ligO 591 | 1450 196
810,, 9 Ca0, 27 ln0,” 10 CeS 290 129
§i0,, 68 Fe0 409 {1410 130
430 122
810,, 65 Fe0, 5 Fe,0 403 1370 131
810,, 24 Fe0, 31 Mn0 400 1400 131
§10,, 30 A1203, 25 MnO 280 1510 132
[~ FeO 590 1420 131
585 1410 130
619 1420 136
FeO, 8 Fe, )y 500 1370 131
Pe0, 16 Fe203, 7.4 Cal 470 1375 131
Fe0, 7 Al,0% 604 1410 130
Fe0, 22 Cal 573 1410 130
FeO, 3 Cr o3 588 1410 130
FeO, 10 Mn 555 1410 130
Fe0, 18 TiO, 510 1410 130




Some measured surface energies of non-metallic liquids (Cont'd.)

Liquid (composition wt. %) Surface Eneggy %Sgg' Ref.
. : Y LV( ergs/cm )
FeS 585 1500 133
380 1193 134
(390) 1300 135
1 479 11193 136
N1332 510,570 1300 135
CuS 467 1130 136
210 1130 137
P205 ' 60 100 136
I Mo 653 1750 138
[ 613 {1750 136
Co0 555 1600 138
| 621 1800 136
Nb205 220 I 1500 139
Alzo3 ! 700 2050 138
i £90 2050 120
. | 917 2050 136
A1,05, 50 Ca0 700 1550 1 121
Na, 0 .2810, (Sodium silicate glass) 292 1300 140
Cal, 274 1550 141
AgCl (109) 600 142
BaCl, 171 960 142
CaCl, _ 152 782 142
CsCl 87 700 142
CuCl ‘ 92 450 137
KC1 95,8 £00 142
LiCl _ 131 700 14
NaCl 114 l 800 14
PbCL, i 127 600 142
RbC1 95.7 750 - 142
SnCl, (78.8) 500 142

Literature survey of surface tensiens of liquid
glasses: (140) and (143).
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APPENDIX 6

measured surface energies of non-metallic solids.

Solid Surface nergy Temp. Ref.
(ergs/cmz) ("e)
A1203 905 (940) 1850 (1500) 144
1112 (962) -273  (1500) 145
20, 590 (625) 1850 (1500) 144
797 (647) -273  (1500) 145
Tho2 470 =273 145
1ig0 1000 146
1200 €1030) -196 (1soo§ 147
1090 (900) =273 (1500 145
510, 290 + 10 1100-1300 148
Zn0 610 =273 145
Cdo 530 -273 145
CaF, 450 ~196 147
Si 1240 -196 147
51N 1100 1200 78
34
MoSi, 1165 1100 78
Graphite
(Basal Plane) 1590 (minimum) 149
' 1200 150
TiC 1930 (minimum) 149
Ve 1675 + 500 1100 145
TaC 1290 + 390 1100 145
ZrC 800 + 250 1100 145
5iC 840 1200 78

" Figures in brackets signify values
corrected to 1500°C assuming OV /d7T =
0.1 ergs/cmz/oc approximately.




Contact Angles between various solids and liquids.
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APPENDIX 7

0

Liquid Solid 5 Temp. (°C) | Ref.

Fe A1205 141 1550 88

141 (14

128 1550 78

120 1650 99

100-148 73

141 1550 151

Mg0 (Polycryst.g 123,130 1550 151

gingle crystal 117 152

Zr0,. 92,111,102 1550 151

BeO 120 1650 99

7xC 140 1500 153

45 1490 154

TiC 132 1500 153

23 1490 154

Ve 20 1490 154

Nbe 25 1490 154

TaC 23 1490 154

Cr203 0 1490 154

30,0 ‘ 0 1490 154

We 0 1490 154

Graphi te 60 1540 149

Ni A10 120 1400 156

(Polycrystal) 128,133,141 1500 151
148 1500 92

(at zero 02)
138 1475 78
121,140,136 1520 99
A1203

(single orvstal) 108 1500 95

2r0, 118,131,120 1500 151

Ti0, 105,146,121 1500 151

ThO, 132,134 1500 151

Mg0 132,152,132 1500 151

127 1470 929

BeO 110 1470 99

TaB 50 1480 155

CrB,, 20 1480 155

ZrC 24 1380 154

NbC; TaC 17 1380 154

CrZCB; }0,C 0 1380 154

Ve 17 1380 154
13 1400 157 -

TiC 4 149

48 1300 158

23 1380 154

20 1400 157

37 1500 156

0 1500 (161

17.,30,%2 1450 151

Graphite 90, 68,686 151

59,62 149

Cr.C 0 1500 161

273 0 1380 154

ToC 21,2 1450 157
BeC 90,75,92 1500 151 -

B 4c 90 1780 176
W0 0 156,154

TiB 100-38 1480 161

lio,°Be 8 1480 161




APPTNDIX 7 (Cont'd)

Liquid Solid Contact_Angle Temp. (°C) | Ref.
(") |
Co 41,05 138,141,142 1520 99
130 1550 159
120 1500 156
Mg0 123 1500 99
Bed 110,117 1470 99
T1iC 25 1420 154,151
Zre 36 " 154
HfC 40 " n
ve 13 " "
NbC 14 " "
TaC 13 " "
Cr203; MOZC; We 0 " " |
Graphite 35,60 1495 149 -
cu 41,0, 170 1100 78
Al203; }igO0 100 1150 77
ufc 134 1100 154
%112 : 1100 154
. 148 1500 153
Tic ) 2108 1100 145
17 1300 158
MoC 148 1500 153
Mo,C 18 1100 154
NbC 148 1500 153
MoCy o 70 1500 153
CxC 148 1500 153
oCr3Co ' AT 1100 154
Ve 148 1500 153
54 1090 145
V0o, 88 50 1100 154
(148 1500 153
ZrC (140 1100 145
(127 1100 | 154
Tac 75 1100 T 145
78 1100 154
we 30 1100 145
20 1100 154,178
Diamond 1 1150 160
YT 138217 1536 | 175
TiB, 156 1080 155
zrB, 130 1060 155
'V':B2 150 1] 1
Nb B2 135 n "
TaB, 80 " "
CrB, 50 1300 "
MoB,, 10 1300 "
Al AJ.20 170 940 145
3 148 970 145
85 1255 145
Diamond 150 800 160
75 1000 160
| 518 1.5 oo | 1%
A1,C, 104 1000 180
Zn TiC 120 550 155
B,C 120 540-620 179
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APPENDIX 7 (Cont'd).

Liquid Solid ContactOAngle Tgmp. Ref.,
a’) (¢C
WC T20-30 SO0=-1300 145
Sn A1,0, 162 800 78
D1 amond 125 1150 160
Graphite 150 1150 160
sic 162 800 78
51,11, 68 800 78
o S5 170 800 78
ig A12o3 144 1000 161
Diamond 120 1000 160
Mgo0 136 975 145
ThO,, 90 1000 145
Zno 101 980 145
a0 113 70 | 145
TiC 108 980 145
TaB, 118 1300 161
A1203 Graphite ‘ 128 2100 164
TaC; ZrC; T1N;; 10 2100 164
ZrB2 ‘
50 A1,.0,, 50 Cal MoC; NbC; CrC;) N
23 VC; zrC; TiC ) 4l 1500 153
$10,; 40 Ca0,
20 41,0, MoC; NbC; TiC ~31 1500 153
5105, 16 Va0, Graphite 158 1000 163
10 B,O, etec.
273
§10,, 17 Na,0,
5 Ca0 4 MgO, A1,.0 7 1200 165
273
2 41,0,
50 $10,,50 A1203 30 1200 165
510, 0 (?) 1200 165
Mullite 7 1200 165
Fe0 Mg0 21 152
: (single crystal)
¥a,0. 2 Si0 F350, 2 +1 1000 162
ésaturated with Graphi te 166 1020 163
®3%
Bi TiC 138-122 300-600 145
We 140-52 700-1100 145
Ue 140-93 200-700 145
Pb TiC 152-90 400-1000 145
B.C 121-113 225-295 - 179

4
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