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Abstract

The possibility for shrinkage-related fault simulation in form castings to aid in the enhancement of cast product quality
has prompted much research into the topic. It is currently challenging to measure the magnitude of macroshrinkage,
even if its position may be calculated quite readily using contemporary solidification models. There have been many
attempts and assertions of accomplishment, but microporosity prediction remains an unsolved mystery. Following a
brief introduction to the underlying physics, this paper goes on to discuss the different methods used to model the
evolution of macro- and micro-porosity. These methods range from basic thermal models and criterion functions to
more advanced models based on oxide entrapment, channel and porous medium, and hydrogen diffusion, respectively.
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INTRODUCTION

Shrinkage porosities and shrinkage cavities are two
types of flaws caused by the solidification of the casting,
which occurs when the liquid metal interacts with the
moulding aggregate. As a result of high rework costs or
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1 The term "shrinkage defect" and its categorization

In order to fill the mass deficit caused by solidification
shrinkage, the uninterrupted flow of liquid metal to the
solidifying zone is crucial to the casting's soundness.
Defects in shrinkage will occur if the mass deficit is not
fed. Due to the vagueness of the nomenclature, this
research will make use of the categorization and
definitions given in Figure 1. Metal contracts both as it
cools from a liquid condition and when it solidifies,
leaving behind imperfections that are exposed to the
environment; these are known as shrinkage voids. A
procedure that does not rely on the metal's gas content
and does not need the nucleation and expansion of gas
pores is the use of atmospheric gases to make up for the
mass deficit caused by shrinking. Closed shrinkage
flaws, in contrast, appear to be concentration- and gas-
dependent, since they are correlated with mushy zone

casting rejection, these flaws have a detrimental
economic effect on casting production. All these
problems' occurrences may be explained ininside the
mushy zone in relation to metal flow

pore nucleation and growth. So, although metal
contraction (shrinkage flow) is the primary driver of
shrinkage cavities, pore nucleation and growth are the
primary drivers of shrinkage porosity. Another possible
consideration is mold deformation.Nearly always, when
macroshrinkage is unrestrictedthe riser rejects the
casting. While porosity isn't always cause to throw out
the casting, it does affect mechanical qualities including
ductility, dynamic properties, fatigue life, and dynamic
properties adversely. The influence of porosity on
fracture initiation causes fatigue life to decrease as the
maximum pore size increases (Fig. 2), as shown by
Boileau and Allison5, who corroborated previous
studies. Pore size is inversely proportional to both the
local solidification time and the SDAS. Hot isostatic
pressing (HIP) significantly increases fatigue life by
eliminating porosity.
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The physics of defect formation
Open shrinkage defects

1 Pipe formation is the direct result of the mass
deficit produced by metal contraction. The
solidification front must be continuously fed with
liquid metal to avoid macroshrinkage formation.
The feeding ability of the liquid decreases
continuously as the metalsolidifies. Before the
beginning of solidification, liquidfeeding occurs
unimpeded. When_ solidification starts, solid
ﬁrams form in the liquid. As long as these grains

clationship between pore size and fatigue Iifefor
Al alloy W319-T7 (alternating stress of

96-5 MPa)’

are not in contact with one another, i.e. when the
fraction solid is smaller than the fraction solid
corresponding to coherency, it may be assumed
that the solid moves with the liquid and the alloy
behaves like a slurry. Its relative viscosity is
increased, causing the flow velocity to decrease
during semisolid feeding. As solidification
proceeds, dendrite coherency occurs and a fixed
solid network forms. A further decrease infeeding
occurs. Only interdendritic feeding is possible at
this point.®

It has been suggested that the dendritic network
collapses during solidification, causing a
redistribu- tion of liquid and solid, which has been
termed burst feeding.” Recent research by Dahle et
al 3 seems to confirm this hypothesis. Indeed, their
measurementssuggest that interdendritic fluid flow
can develop stresses in the mushy region that are of
the same orderof magnitude as the shear strength of
the interden- dritic network.

Once solidification is complete, only limited
solid feeding through elastic and plastic
deformation of the alloy is possible. This is
responsible in part for the formation of caved
surfaces.

Pipe shrinkage is common in all alloys. Wide
mushy zone alloys can allow deformation of the
mushy zone because of shrinkage, resulting in
caved surfaces. In narrow mushy zone alloys that
form a solid shell next to the mould early during
solidification, the mass deficitcan be accounted for
in three ways: formation of closedshrinkage (macro-
or micro-porosity) in the last region to solidify,
plastic deformation of the solid shell resulting in
caved surfaces, or formation of a large number of
vacancies. Based on experimental evidence itis safe to
assume that all three mechanisms are activeduring
solidification.

The driving forces for feeding are the
metallostatic pressure and the negative shrinkage
pressure devel- oped during mushy zone
solidification. However, since the defect is
typically located in the proximity ofthe last region to
solidify, early models were limited to finding this
region. Nevertheless, from this analysis it is
apparent that the accurate prediction of shrinkage
cavity formation must be based on three phase
(liquid, solid and gas) mass conservation, coupled

ISSN 2347-3657
Volume 3, Issue 3, July 2015




ISSN 2347-3657

International Journal of Volume 3, Issue 3, July 2015
Infarmation Technology & Computer Engineering

with energy conservation. To include casting



}r International Journal of

Information Technology & Computer Engineening

3.

Three real-time radiographs of the pure aluminum
pore: one taken before the contact with the S/L,
and two more taken after the interface with the
S/L, showing the ellipsoidal evolution that occurs
throughout the interaction.lt is necessary to
simulate deformation and stress as well. Stress
analysis is often omitted from shrinkage
models.Level of porosityWhile the liquid is cooling
and solidifying, a considerablequantity of gas that
has been dissolved is turned away by thethe
formation of gas bubbles, which initiates porosity,
when a certain pressure is exceeded in a liquid.
When gas bubbles are created in a liquid, they
float about until they encounter the solid/liquid
(S/L) interface, where they finally create gas
porosity. You can't call this a shrinking flaw. Gas
trapped in dendrite network and microporosity or
other localized shrinkage holes may occur if gas
formation occurs in the mushy zone during late
solidification, following dendrite coherency.little
water loss. Porosity of gasA gaseous inclusion has
a complicated interaction with the S/L interface. A
planar S/L interface may encompass the gas pore
at a specific interface velocity, according to recent
work10 on Al and Al-25Au. Even as it becomes
engulfed, the pore keeps becoming bigger. When
the pore is located distant from the S/L contact,
the expansion of the pore is caused by hydrogen
diffusion via the liquid phase, according to real-
time observations of pore growth in pure Al. The
rate of growth rises as the S/L contact gets closer
to the pore. As seen in Figure 3, the pore now has
a circular cross-section. When the solutal field,
which is hydrogen, starts to interact with the pore
before the S/L contact, the pore development rate
increases dramatically. As the contact slowly
surrounds the pore, its form changes to that of an
ellipsoid.The solid will trap the pore if the contact
is not flat. The form of the pore might be either
elliptical (Fig. 4a,b) or spherical. Its dimensions
could be on the micrometer to millimeter scale.
This study will not address this flaw in any greater
detail.Porous cracksThe pore's form often mimics
that of a dendritic rather than a sphere (Figs. 4c, d
and 5). Microporosity is the name given to this
flaw.

1 Microshrinkage in ductile iron (bottom image
isenlargement of top one)'3
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or microshrinkage and can range in size from
micrometres to hundreds of micrometres.
Not only the size but also the shape of the

microshrinkage is important. In well degassed
melts, microshrinkage takes the shape of the inter-
dendritic liquid that remains just before eutectic
solidification (Fig. 4e) and the stress concentration
factors resulting from these shapes are much
higher than for spherical pores.!
The present understanding of microporosity
formation is that metal flows toward the region
where shrinkage is occurring until flow is blocked,
either by solid metal or by a solid or gaseous 6.
The mushy zone of ductile iron and its pressure and
gas contentforce acting on the pore Pc due to
surface tensioninclusion. Walther et al.15
established the initial hypothesis.was under the
impression that food stops coming in only when the
wherecross-sectional area of the feeding channel
continu- ously decreases during solidification. When
thesection of the channel has decreased too much
the pressure drop ruptures the liquid in the channel
forming a pore. However, pure liquids have high
tensile strengths, capable of collapsing the surround-
ing solid and preventing fracture of the liquid.*® It is
implied that in the absence of gas pressure the tensile
stress in the liquid will prevent any discontinuity
formation.
More recent models assume that when a gas
pore appears in the mushy zone in the later
stages of solidification, after dendrite
coherency, it is entrapped in the dendritic
network. When the metal flow toward the
solidification front is blocked, the pore
becomes the starting point of
microshrinkage. Thus, micro- shrinkage
formation depends on the nucleation and
growth of micropores. This concept can be
under- stood from the analysis of the local
pressure summarised in Fig. 6 for the case
of ductile iron. PmushNPappIZPstZPexp{Pshr

(
1)

where Pappi is the applied pressure on the mould
(e.g.atmospheric pressure), Pstis the metallostatic
pres- sure, Pexp is the expansion pressure because
of phasetransformation and Psh is the negative
pressure fromresistance to shrinkage induced flow
through the fixed dendrite network. The equation
can be rearranged tohighlight the driving force on
the left hand side

Pc ZPshr > Pappl ZPstZPexpzPc @+ .\ . (2)

This equation shows that the driving forces for pore
occurrence are the gas and shrinkage pressures. If
the metal is completely degassed the shrinkage
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pressure must reach the level of the shear stress of
liquid metal for a vacuum pore to occur.Pore
nucleation can occur when the gas dissolved in the
liguid CL exceeds the maximum solubility in the
liquid C™ (Fig. 6). The stability of such a pore is
controlled by the surface energy pressure on the
gas pore. Its mathematical expression is given

byMathematically this is expressed through a
pressurebalance equation stating that the pressure
exerted by

%&_ﬂw"..
o o o>

Hydrogen content, mi/10 bg

2 Effect of gas content on dendrite arm
spacingand on number of pores per square cm
(Ref. 20)

nucleation of a pore in the liquid is unlikely since Pcis
immense at the very small initial radius of the pore.
Experimental evidence suggests that gas pores
nucleate heterogeneously on inclusions that are
present in the melt."* This could explain why
filtering molten aluminium alloys reduces porosity in
castings.

In the case of ductile iron, eutectic graphite
produces a positive expansion pressure Pexp Which
counteracts the shrinkage and gas pressure. If the
expansion pressure equals or exceeds the
shrinkage pressure, porosity is completely avoided.
However, this requires a completely rigid mould
which is rarelythe case in practice. Note that since
Psrr is a direct function of the solidification
shrinkage, the expansionpressure could be treated
mathematically as anegative shrinkage pressure.

Microshrinkage is a major defect in Al-Si alloys
because of the hydrogen dissolved in the liquid. It
is generally accepted that the amount of
microshrinkage decreases with the amount of
hydrogen dissolved in themelt. Yet, this is not always
the case. As shown in Fig. 7,
work on small tapered plates and end chilled plates
ofAl-7Si—0-4Mg found that at short solidification
times the pore density rose with increasing hydrogen
content.

However, at long solidification times the pore
densityfell as hydrogen content increased.?°

According to Campbell,?® this apparently
confusingeffect can be explained if it is accepted
that pore nucleation occurs inside oxide films as
thin as 20 nm formed in liquid aluminium during
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mould filling. Oxide films may fold and produce
bifilms (Fig. 8). If the liquidis assumed to be full of
bifilms (i.e. cracks) the liquid hasthe potential to
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initiate pores with negligible difficulty. The bifilms
simply open by the separation of their unbonded
halves. Surface tension is not involved as

assumed
when nucleating a pore in a liquid.

Such a pore initiation mechanism can explain the
data in Fig. 7 as follows. At low gas contents and
short solidification times the bifilms remain
folded

and porosity is minimal. As the solidification time
(dendrite arm spacing) increases, at the same gas
level, the bifilms start opening and gas
porosity

vacuum degassed aas enrichea

Amouatofsrinkage, 109 o k!

licon content, -

increases. This is also true for high gas contents and
low solidification times. At high gas contents and
solidification times, large gas pores are formed,
which decreases the area density of pores.

3 Recent research has demonstrated that
the shrink- age defects at different length
scale (macro and micro) Schematic view of
surface turbulence, acting to fold in oxide
film and bubbles21

interact with one another and must be
understood together. A certain correlation seems
to exist between the total amount of porosity,
open shrinkage cavity and caved surface. Awano
and Morimoto?? who investigated the shrinkage
behaviour of Al-Si alloys with various silicon and
gas (vacuum degassed, non- treated, and gas
enriched) contents, concluded that the total
amount of shrinkage is constant at the samesilicon
level, but varies with the amount of gas in the
melt. As summarised in Fig. 9, the total
shrinkage depends little on the amount of gas,
but decreases with higher silicon content.
Microporosity, on the other hand, is a direct
function of the gas content, asis further evident
from Fig. 10.

Awano and Morimoto?? further found that for
alloys with a large solidification interval (mushy
solidification), the amount of pipe is constant in
the low porosity region (low to moderate gas
content), but decreases with increasing porosity in
the high porosity region (high gas content). For
alloys that solidify with a small solidification
interval (skinsolidification), the amount of caved
surface is constant in all porosity regions, while
the amount of pipe decreases with increased
porosity as the poregeneration during the early
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stage of solidification compensates for shrinkage.
Effect of Si content on amount of
shrinkage defects in Al-Si alloys (Vpipe is
volume of pipe, Vedsurf is volume o



}" International Journal of

Information Technology & Computer Engineering

caved surface and Vapor is volume of
microporosity)
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4  Correlation  between microporosity
andhydrogen content in two Al-Si alloys?22

Quenching experiments on an Al-4Si alloy??
demonstrated that most of the pores are formed
immediately after the start of primary solidification
(Fig. 11).

This analysis reveals the complexity of the
problem. Computational modelling of
microshrinkage forma- tion must describe
phenomena such as porosity nucleation and
growth, elastic and plastic deforma- tion of the
solidification shell and interdendritic flow.

Approaches to modelling of shrinkage
defects From the previous analysis it becomes
clear that theprediction of the location and size
of shrinkagerelated defects is a difficult task.
There have beennumerous attempts at answering
the problem throughcomplex numerical 3D models
that solve the trans-port equations. However, the
mathematical complex-ity of these models and the
lack of reliable databases have led a number of
investigators to develop simpler analytical
equations termed ‘criterion functions’ topredict
when and where there is a high probability ofdefect
formation in a casting. Criterion functions are
simple rules that relate the local conditions (e.g.
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cooling rate, solidification velocity, thermal
gradient, etc.) to the shrinkage defect
susceptibility. These models will be reviewed in
some detail below.

Depending on the assumptions on the physics of
the problem and the mathematical apparatus used
the different approaches to shrinkage defect
prediction can be summarised as follows (see also
reviews in Refs. 6, 12, 23):

(i) thermal models: solve energy transport
equa- tions to identify the last region to
solidify or regions where feeding becomes
restricted

(i) thermal/volume calculation models: solve
energy transport equations and mass con-
servation to predict the position of the free
surface and of the last region to solidify

(iii) thermal/fluid flow models: solve mass and
energy transport equations to predict the
position of the free surface and of the last
region to solidify

(iv) transport/stress analysis models

nucleation and growth of gas pores models:
compute pore nucleation and growth when
introducing a shrinkage ratio that is a function of
temperature (see for example Ref. 30), Suri and
Paul®?
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Thermal / volume calculation

models These models solve the heat

transport problem andattempt to predict defect
locations through simple change in volume
calculations based on mass conserva- tion, thus
avoiding rigorous flow analysis of the moltenmetal
during solidification. Imafuku and Chijiiwa3!
were the first to propose such a model for
prediction ofthe shape of macroshrinkage in steel
sand castings. Themain assumptions of the model
are:

(i) gravity feeding occurs instantly (liquid
metal moves only under the effect of
gravity, solidification velocity is much
smaller thanflow velocity)

(ii) liquid metal free surface is flat and normal
to the gravity vector

(iii) the volume of shrinkage cavity is equal to
thevolume contraction of the metal
(iv) macroscopic fluid flow exists as long as
the fraction solid fs is less than a critical
fraction of 0.67.
The net change in volume because of shrinkage is
calculated with

Note on dimensionality of criterion

functions Most of the criteria presented in this
paper are size(scale) and shape dependent. Very
few are scale andshape independent. For example,
Pellini’s criterion is size dependent. Niyama’'s
criterion is scale indepen- dent but shape
dependent. However, the Hansen-Sahm criterion
is scale and shape independent.

Hansen et al.”® have demonstrated that scaling
relationships should satisfy the condition
C~CoN™
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