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Chapter

Shrinkage Porosity in Steel Sand
Castings: Formation, Classification
and Inspection

Nawaz Mahomed

Abstract

In this Chapter, shrinkage porosity defects in steel castings are analysed, partic-
ularly for low carbon, high alloyed steels, which have applications in critical engi-
neering components. It begins with the mechanisms for porosity formation within
the solidification contraction phase of the casting cycle, highlighting the importance
of feeder design. This is followed by characterisation of the solidification phase of
steel alloys, including the evolution of phases, which is important in distinguishing
between microstructure and porosity in microscopy analysis. A more detailed
discussion of interdendritic feeding and mechanisms for shrinkage micro-porosity
is then provided. This leads to the well-established interdendritic flow model and
commonly-used thermal criteria for shrinkage porosity prediction. The discussions
are then consolidated through the classification of shrinkage porosity in terms of
formation mechanisms and morphology, and its causes relating to composition,
design and process conditions. Finally, engineering standards for classification and
inspection of porosity types and severity levels in steel castings are discussed.
Throughout, basic design and process improvement approaches for improving melt
feeding during solidification contraction is given, with emphasis on providing
practical solutions for prediction and evaluation of shrinkage porosity defects in
castings.

Keywords: Shrinkage porosity, solidification, peritectic steels, digital radiography
inspection

1. Introduction

Steel castings used in high-performance applications, such as cast valve compo-
nents used in power plants and automotive engines, are subject to stringent quality
standards to ensure operational integrity. Such steels may vary from high carbon
low alloy steels to low carbon high alloyed steels, the latter designed to withstand
highly-corrosive environments and have low susceptibility to brittle fracture. Metal
castings of all material and process types are prone to porosity, defined as internal
voids or non-metallic inclusions, and classified as internal defects (similar to other
internal defects, such as the evolution of unwanted material phases or inhomoge-
neities in the distribution of alloying elements due to segregation phenomena). Such
porosity defects can severely impact the performance of castings, through crack
initiation and propagation under fatigue loading, stress corrosion cracking, and
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Casting Processes and Modelling of Metallic Materials

reduced material strength and (hence) fatigue life, among other factors [1-3]. It is
therefore common that allowable limits on porosity severity levels are dictated by
standards or client specifications. At the same time, it is therefore crucial that
foundries develop a clear understanding of porosity defects in (steel) castings and
introduce suitable monitoring and improvement protocols in order to remain
competitive.

Porosity can generally be categorised as gas porosity (entrapped and segregated
gases), inclusions (sand and slag), shrinkage porosity, and hot tears (also known as
hot cracks) [4]. Furthermore, these different types of porosity may present both at
the micro and macro length scales. These porosity types and their length scales,
together with their morphologies, provide clues as to their likely causes, allowing
the introduction of mitigation measures by foundries.

This Chapter focuses on shrinkage porosity in steel sand castings. Sandcasting, in
particular, is a process that depends on gravitationally pressurised flow, which
makes it difficult to feed the solidification contraction of the metal. This makes
sandcast components, which is the case for most steel components, prone to
shrinkage porosity. In some cases, geometric modifications to part geometry can
eliminate shrinkage porosity. However, in other cases, it is unavoidable, but can be
reduced through a combination of geometric and process modifications.

During the casting cycle, the steel undergoes three types of contractions that
need to be considered, as illustrated in Figure 1.

* Firstly, the thermal contraction in the liquid state. In some practices, the liquid
melt pouring temperature T), is kept higher to avoid early formation of skin
freezing, allowing the metal to solidify directionally inward from the surface.
However, it is important to establish whether higher pouring temperatures
lead to higher or lower shrinkage porosity. In any case, liquid melt contraction
is not an issue in foundries, since its low value (< 1%) is easily compensated
through liquid feeding from the feeders. The liquid melt density as a function
of temperature T [K] and carbon content C [%wt] can be determined using the
empirical relationship [5]:

p = (7.10 — 0.0732C) — (8.28 — 0.874C) x 10~*(T — 1823) (1)

and the density of solid steel can be determined using Thermo-Calc or similar
computational thermodynamic systems.
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Figure 1.

Contraction of steel during a casting cycle for a low carbon steel (A216 WCB with C = 0.3%, Tiiguidus = 1495°C,
Tsotidus = 1430°C): liquid contraction = 0.4%; solidification contraction = 3.6%; solid contraction = 6.0%) (Data
from Thermo-Calc and [5]).
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* Secondly, the contraction during solidification in the mushy state, when
the liquid metal transforms to the initial solid state microstructure.
Contractions for some pure metals at their respective freezing temperatures
are given in [4]. In the case of pure Fe, the solidification contraction was
found to be 3.16% at the phase transformation temperature of 1536°C.
However, as the carbon content increases, it increases to up to 5% for low
carbon steels. This is related to the decrease in the solidus temperature as the
carbon content increases (see phase diagram in Figure 2). The importance of
solidification contraction is two-fold: (i) the need for an efficient feeder system
to compensate for solidification contraction, and (ii) the formation of
shrinkage porosity as a result of failure to feed the mushy zone - this is
unavoidable due to coherency of the dendritic structure when the mushy zone
reaches a particular solid fraction, leading to entrapped interdendritic liquid
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Figure 2.
Temperature profile during the solidification stage of a typical low carbon steel.

Figure 3.
Mushy zone coherency during solidification shrinkage.
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melt, which results in either pore nucleation (due to volumetric shrinkage) or
solid collapse (due to negative pressure), as shown in Figure 3. As will be
shown later, the freezing range (difference between the liquidus and solidus
temperatures) is an important factor in determining the morphology of
shrinkage pores.

¢ Thirdly, the solid state contraction of the metal. Even though solid-state
solidification values may be used in foundries (especially for pattern design),
metals are rarely free to contract due to various microstructural constraints —
this leads to internal stresses, and where these stresses overcome resistance, the
material can undergo plastic or viscoplastic strain to adapt to the thermal and
transformational density changes. Hence, the part may be larger than
predicted. These constraints can lead to localised cold cracking (initiated from
hot tears during solidification contraction).

2. Feeder System Design for Solidification Contraction

Attention is focused on the second stage, i.e. solidification contraction in the
mushy zone, which is the root cause of shrinkage porosity. Initially, as stated above,
a feeder system is required to compensate for solidification contraction, but also to
ensure that shrinkage porosity formation is minimised. This requires that the
feeder/s (a) must contain sufficient melt volume to compensate for the volume
contraction of the part, and, more importantly, (b) solidify later than the casting
(see Figure 4). The latter effectively implies that the thermal centre of the total
casting should eventually migrate to the feeder/s, where high porosity formation
due to hotspots or in the form of pipe shrinkage will be experienced.

Applying the two requirements for feeder design, firstly, the volume of the
feeder/s is given by:

ViraV,

where a = shrinkage fraction, V¢ = feeder/s volume and V, = cavity volume.
Taking account of shrinkage within the feeder itself:

Vf - (lVf == aVC

However, feeders in sandcasting moulds have low levels of feeding efficiency
due to gravitational feeding and low design heads, giving:
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Figure 4.
Solid fraction predictions for a valve body casting at two different times, showing the feeders (with exothermic

sleeves) solidifying later than the casting.
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eVi=a(Ve+Vy) (2)

where the feeder efficiency e is generally taken to be in the range of 15-30%. It is
necessary to balance the feeder efficiency with feeder size to avoid high waste and
energy consumption. Secondly, the solidification time of the feeder/s must be
greater than that of the casting, typically by a “safety factor” of 1.2, giving:

s |m5ting <t |feeder = I ‘feeder =12 ’msting (3 )

The well-known Chvorinov’s equation allows the above relation to be expressed
in terms of the mould geometry, and can be expressed as:

V n
t, =B (Z) (4)

where V is the casting volume, A is the surface area of the casting through which
heat is conducted, 7 is an empirical exponent (equal to 2 for simply shaped castings
in silica sand moulds), and B is the moulding constant which is dependent on (a)
process parameters (the equilibrium solidification temperature T,, the initial tem-
perature T of the mould, and the superheat AT, = Tpour — T}, all in °K), (b) mould
material properties (thermal conductivity k in W-m 'K, density p in kg-m >,
and specific heat capacity ¢ in J-kg” K™ '), and (c) casting metal properties (latent
heat of fusion L in J-kg™ ", density p,, in kg-m >, and specific heat capacity c,, in
]-kg_l-K_l), given by:

2 2
- me Y/ CmATS
2= [g22) Laia] [ (1)

Although Eq. (4) may appear complex, it is relatively straightforward to evalu-
ate given the casting process parameters deployed and the materials used for the
sandmould and the casting, the latter being readily available in metal casting data-
bases. It is therefore relatively easy to estimate the solidification time for a specific
cast geometry. However, in the design of the feeder system, this is not necessary,
since substituting Eq. (3) into Eq. (2) simply requires that:

(5)

Vf V.,
— =12 =1.2m,
A A = my m (6)

where the modulus 7 has been introduced. Solving Egs. (1) and (5) simulta-
neously for a given mould cavity allows the dimensioning of the system of feeders.

Soliification Time 147 e430 (5¢)
i 0170

A AnyCasting Ay AnyCasting

Figure 5.
Hotspot formation in the feeder junction regions and the gate avea of a steel disc casting for a modulus
ratiomys/m. = 1.2.
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The effect of the modulus ratio 7 /m. on shrinkage porosity is quite significant —
with no feeding (i.e. modulus ratio = 0), shrinkage porosity as high as 7% can result.
However, whilst modulus ratios higher than 1.2 can significantly reduce shrinkage
porosity, it will not be entirely eliminated due to interdendritic phenomena. That is,
the inclusion of oversized feeders does not guarantee sufficient pressure differen-
tials to feed the solidifying dendritic network. This will be the subject of further
investigation in the next section.

Furthermore, the modulus ratio of 1.2 does not guarantee the formation of
hotspots in the junction region between the part and the feeder, as shown in
Figure 5. This can be resolved through increasing the modulus ratio, albeit at the
cost of production. However, a better approach would be to use exothermic sleeves
around the feeders, as can be seen in Figure 4.

3. Interdendritic feeding
3.1 Solidification Characterisation of Steels

Before analysing interdendritic feeding, it is important to establish some impor-
tant casting-related parameters of the steel during the solidification stage. These
include the liquidus and solidus temperatures for the particular steel grade, so as to
ascertain the superheat during pouring (i.e. the temperature difference between the
pouring temperature (T,) and the onset of solidification at the liquidus temperature
(T})), and the freezing range (difference between the liquidus temperature (T})
and solidus temperature (T;)). In addition, the partition coefficient (k) and liquidus
slope (m) are related to the evaluation of shrinkage porosity, as will be seen later.

Steels are generally alloyed, as well as post-cast heat-treated, to produce a
desired microstructure (and hence specifically desired properties). Although the
alloying levels (of chromium, nickel, etc.) may range from low (plain carbon steels)
to high (stainless steels), the carbon composition plays a dominant role in deter-
mining dendrite size (and hence shrinkage porosity) of the solidifying melt [6, 7].
Of particular interest are low carbon steels, with carbon content in the range up to
0.3% wt. Such steels undergo a peritectic transformation during solidification at the
peritectic temperature (T.,), at which 8-ferrite and liquid transforms into austen-
ite. A number of empirical models can simply be used for determining the afore-
mentioned temperatures for multi-component steels [8]. In this analysis, the binary
(Fe-C) phase diagram of steel with C = 0.3%, as shown in Table 1, will be used to
demonstrate these temperatures and their effect on shrinkage porosity”.

The Fe-C phase diagram shown in Figure 7 was generated using Thermo-Calc.
For a steel with C = 0.3%wt, solidification starts at the liquidus temperature T; =
1515°C with the nucleation of BCC 3-ferrite, and proceeds until the peritectic
temperature, T,,, = 1495°C is reached. This is referred to as the L + & zone.

At this point, for the hyperperitectic (above C = 0.17%) steel, the phase
fractions of value of §-ferrite (of 0.10%C) can be calculated using the lever rule as
follows:

0.53 -0.30

&= ferrite 185 = 3010

=0.53 and liquid : g =1—g5" = 0.47

! For an actual steel grade, the phase diagram will be slightly different due to the influence of the
alloying elements. See Figure 6 for the case of A216 WCB steel, showing an additional L + 6 + y.
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Figure 6.

Phase transformation of A216 WCB steel in the peritectic region (solidification zones), showing nucleation and
growth of 6-ferrite and austenite at the vespective transition zones across the freezing range from T = 1495°Cto
Ts = 1430°C (freezing range = 65°C), as well as solute rejection.

C Mn P S Si Cu Ni Cr Mo A%

As per ASTM A216 Material Standard

0.30 1.00 0.035 0.035 0.6 0.30 0.50 0.50 0.20 0.03

Table 1.
Chemical composition (% wt) of A216 WCB cast steel.
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Figure 7.
Phase diagram of Fe-C cast steel, showing the peritectic region enlarged (generated using Thermo-Calc).

Now, for peritectic transformation to occur, using the lever rule at C = 0.17%
(peritectic composition), the fractions of -ferrite (of 0.10% C) and liquid (of
0.53% C) are given as:

er . -01 . . er er
5 — ferrite : g = % =0.84 and liquid :g]" =1—gi" =0.16
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Hence, in our case of a hyperperitectic steel (C = 0.3%), there is a shortage of &-
ferrite to react with the amount of liquid fraction for a full peritectic transformation
to austenite. The amount of liquid fraction that is transformed with the §-ferrite
fraction of 0.53 into austenite at the peritectic temperature is only 0.53/0.84 x
0.16 = 0.10. The resulting fractions of liquid and austenite just below the peritectic
temperature are therefore given as:

liquid : g, = 0.47 — 0.10 = 0.37 and austenite : g, =1 —g, = 0.63

The remaining liquid now transforms fully into austenite as the solid-liquid
mixture cools down to the solidus temperature T, = 1470°C. This is referred to as
the L + y zone. (See [9] for an in-situ account of the solidification phase transfor-
mation of a peritectic steel). The freezing range AT is given as:

reezing range AT = T; — T, = 1515°C — 1470°C = 45°C
g rang f

It can be seen that hyperperitectic steels have longer freezing ranges compared
to hypoperitectic steels, and high carbon steels (C > 0.53%) have even longer
freezing ranges. In the latter, however, solidification starts with nucleation of FCC
austenite instead of BCC §-ferrite.

Further cooling of the solidified steel down to 800°C results in the transformation
of austenite into a-ferrite (either allotriomorphic ferrite nucleating at the austenite
grain boundaries or idiomorphic ferrite nucleating inside the austenite grains), until
the eutectoid temperature of 740° C is reached. The remaining austenite in this
hypoeutectoid steel then transforms into pearlite, a cooperative growth of a-ferrite
and cementite (Fe3C), hence showing up as a lamellae microstructure.

In the case of the 0.30% C steel, the volume fractions of a-ferrite and pearlite
(a-ferrite + cementite) can similarly be determined using the lever rule:

0.77—-0.30

a—ferrite 18, = 00 0

= 0.63 and pearlite : L peariite = 1-g,=037
These volume fractions would be the case if no micro-porosity was present
during the solidification stage, which is not exactly possible, even under highly
efficient feeding of the mushy zone. Entrapped interdendritic liquid is bound to
occur, even at high levels of solid fraction coherency. Porosity shows up as black
(almost zero density) areas on a micrograph, which may sometimes be confused for
the lower density phase (a-ferrite), as shown on the micrographs in Figure 8.
Hence, it is important to establish the phase fractions as above, and use this data

Figure 8.
Optical Micrograph of an A216 WCB cast steel sample (left) and the contrasted image showing the porosity (vight).
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to distinguish between actual phases formed and porosity on a micrograph, since
Lot Lpeariite T Lpores = 1. This effectively means that the density of the steel will be

lower than its theoretical density, due to the formation of shrinkage pores.

The melt pouring temperature (T},) is often chosen without a clear understand-
ing of its effect on macro and microstructural defects. Knowing the liquidus tem-
perature (T;) allows a better choice of T,. It is known that higher values of T,
increases the amount of porosity in castings [10], and increases hot tear suscepti-
bility (HTS). The former is due to the increased possibility of hotspots, and the
latter due to high thermally-induced stresses in the solidifying melt. Lower pouring
temperatures are therefore preferred. Figure 2 summarises the important tempera-
ture parameters during the solidification stage.

As a final word in this Section, the liquidus slope 7 and partition coefficient k£ can
likewise be determined from the phase diagram of the steel alloy. An in-depth
discussion on these parameters is beyond the scope of this Chapter, except to note
that these parameters affect the spacing between secondary dendrite arms (as will be
shown in Section 3.2), and hence the level of interdendritic shrinkage porosity. In
peritectic steels, the liquidus slopes (temperature versus solute composition gradi-
ents) are given as m° and m” for the L + 5 andL + y zones respectively. Similarly, the
partition coefficients for the solute in §-ferrite and austenite are given by:

kS = =€ and kI = —2C 7)
C’l,C ¢ C’l,C

where C/'; refers to the solute composition of carbon (subscript “C”) in the solid
(subscript s) within the multicomponent steel alloy, and C;'. is similarly defined. The
partition coefficient indicates the extent of solute rejection during the solidification
process. Low values of k implies high levels of solute rejection. This can lead to high
levels of microsegregation and, hence, inhomogeneity in microstructure - this is
beyond the scope of this Chapter. As regards shrinkage porosity, the rejection of solute
from the solidifying phase into the liquid melt contributes to the remelting of smaller
dendrite arms and, subsequently, coarsening of larger dendrite arms. This is related to
the difference in curvatures between the larger and smaller dendrite arms. A more
detailed examination of dendritic coarsening can be found in [11]. The liquidus slopes
and partition coefficients are important parameters for determining the evolution of
solid fraction g, as a function of temperature through the mushy zone, in the solution
of shrinkage porosity formation, as will be shown in the next Section.

3.2 Mushy zone feeding

The nucleation and growth of the solid phase in the mushy zone involves highly
complex phenomena, not all of which can be adequately dealt with in this Chapter. The
aim here will be limited to discussing the mushy zone solidification in the context of
shrinkage porosity formation. Figure 9 depicts a typical equiaxed growth of a solid
dendrite in a liquid melt, depicting the growth of secondary dendrite arms with spacing
A2, and the velocity of the interdendritic feeding flow v;. The velocity of the solidifying
front is shown as 7. The accompanying solidification contracts by a factor of:

B=(ps—pi)/pi (8)

(known as the solidification shrinkage factor), where p, and p; are the solid and
liquid densities respectively. Hence, it can be shown that the (localised) feeding
velocity becomes v; = —fvr.
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Figure 9.
Dendpritic growth in a liquid melt.

The densities of liquid steel (at T;) and solid steel (at T) across the mushy zone
freezing range depends on alloying composition and phase transformations. The
metal’s density increases as the temperature reduces from T} to T, with further
volumetric shrinkage to room temperature. Additionally, phase transformations
(such as that at the eutectoid temperature from FCC austenite to a-ferrite +
cementite) change the degree of volumetric shrinkage. Refer to [12] for a more
detailed discussion. The densities for different steel grades as a function of temper-
ature can be determined using Thermo-Calc. In the case of A21 WCB steel, the
value of # = 0.033 was established in Figure 1.

As the mushy zone solidifies, the liquid fraction (g;) decreases at the expense of
increasing liquid fraction (g;), assuming that no pore fraction (g,) forms

(¢, +¢, +g, = 1) as shown in Figure 10. This means that, at any time, the average

localised feeding velocity across the mushy zone becomes g;v; . This feeding velocity
is dependent on the existence of a pressure gradient across the mushy zone, scaled
by the permeability K of the mush zone and the dynamic viscosity of the liquid u -
related by the well-known Darcy equation (derived from conservation of momen-
tum in a porous medium):

K
v = T (Vp, — rig) 9)

where p; is the liquid pressure and g is the gravitational acceleration.
The permeability of the porous mushy zone is modelled using the Kozeny-
Carmen relation:

K(g,(t7), 2(t7)) = %gg)‘) ¢ ;(5{ ) (10)

where 1, is the secondary dendrite arm spacing (SDAS), dependent on the local
solidification time ¢ ¢ (the time for a point in the mushy zone to cool from the liquidus
temperature T to the solidus temperature T;). Eq. (10) indicates that coarser grain
structures (larger 4,) will increase the permeability K. Hence, coarser grain structure
is preferred for higher permeability and improved feeding flow” [13]. In addition to

% It is noted that coarser grain structure can compromise the mechanical properties of a material, and it
may be necessary to balance grain size for improved interdendritic flow and lower shrinkage porosity

with mechanical properties, through controlling the solidification rate — see later.

10
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Figure 10.
Two-dimensional view of a typical equiaxed mushy zone: solid fraction, permeability and temperature
variation.

local solidification time, this coarsening process is further compounded by what is
referred to as the remelting of adjacent smaller dendrite arms, due to phenomena
related to curvature differences and solute diffusion. A detailed analysis can be found
in [11], except to mention that the SDAS can be determined anywhere in the mushy
zone using a coarsening law:

SIS

ha(ts) = K, (ty) (11)

where K, is a coarsening parameter derived experimentally. More complex
models, based on solute diffusion, solidification phase transformation and the
Gibbs-Thomson coefficient for the material, can be found [11]. Perhaps a more
practical approach is to write Eq. (11) in terms of cooling rate T' [14]:

2 (T) = KoT3 (12)

11
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Ultimately, the interdendritic feeding velocity deep into the mushy zone drops
rapidly (due to rapidly decreasing permeability), resulting in insufficient feeding
flow and, hence, the onset of shrinkage porosity. Applying the conservation of mass
(dp/ot+V - (pv) = 0) to the liquid domain:

0
5 (P&, +pg) +V - (pigwr) = 0 (13)

and substituting the Darcy Eq. (9), assuming that the gravitational pressure head
in a sandcast is the actual pressure gradient, gives:

ap, %, K
(ps — z)%+ 6t< —gs—gp) e ﬁ— v =V-(pz;(sz))/ (14)

pore 1nformati0n sohdlflcatlon shrinkage

feeding

where g, + ¢, + ¢, = 1 has been used to introduce the pore fraction in place of

the liquid fraction. This form of the conservation equations gives a sense of the
terms responsible for capturing (a) the shrinkage porosity compensated by feeding
flow (positive) and (b) the pore formation due to a lack of feeding flow (negative).
Eq. (14) can be reformulated by introducing the Kozeny-Carmen relation

(Eq. (10)) and assuming that the liquid and solid densities variations (dp;/d¢ and
dp,/ot) are minimal across the freezing temperature range:

.2 3
%_ By 1KGT " (1-g,)

and introducing f from Eq. (8), a concise mathematical form for shrinkage pore
formation in the mushy zone can be established:

25 _2 3
Pt o = u 180 g2

(VPI) (15)

In practice, though, shrinkage porosity prediction is often based on a quantita-
tive criterion, based on the scaling of the pressure gradient given in Eq. (15). By
substituting for solid fraction g, as a function of temperature (see Figure 10), using
a microsegregation model (such as the lever rule or the Gulliver-Scheil model), it is
possible to integrate Eq. (15) to obtain such a scaling parameter, and use this as a
criterion for shrinkage pore formation. The scaling parameter, known as the Niyama
criterion, given by:

N, = — (16)

VT

where G is the temperature gradient at the solid-melt interface and T is the
cooling rate, is currently the most widely used criterion for porosity prediction in
metal casting. Niyama et al. [15] initially used this criterion to study porosity
formation in steel castings, and concluded that (macro) porosity occurs when
N, <1, i.e. low temperature gradient G and/or high cooling rate T'. Carlson and
Beckermann [16] investigated the use of the Niyama criterion for shrinkage poros-
ity in nickel alloy castings by simulating the filling and solidification and correlating
the Niyama criterion with (micro- and macro-) porosity-containing areas in the
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Figure 11.
Distribution of Niyama criterion values for a steel casting, showing macroporosity (N, < 1) and micropovosity
(N, < 1) in critical areas.

actual castings. They found that macroporosity (visible on radiographs) correlated
to values of Niyama criterion N, <1, but also found that microporosity occurs at
higher values of Niyama criterion N, <2 for nickel based alloys. Hence, critical areas
in a steel casting should have values of Niyama criterion of at least N, >2 to be a
sound casting (Figure 11).

Although the Niyama criterion, and other similar thermal criteria, such as that
proposed by Lee et al [17] and Suri et al [18], are only quantitative indicators, it
allows process control interventions to reduce shrinkage porosity formation. From
the Niyama criterion (Eq. 16), it is clear that reducing the cooling rate (T) will
result in higher values of N, and, hence, lower levels of shrinkage porosity - as
mentioned before, this is due to coarser grain structures with higher permeability
(i.e. improved feeding flow). Practically, this may involve preheating the mould,
or/and using silica sand with lower thermal conductivity.

Furthermore, high thermal gradients (G), will also lead to higher values of N,
From Figure 10, it is clear that lower freezing range allows (i.e. narrower mushy
zones) will provide higher values of G, resulting in more columnar dendritic growth
with higher permeability, as opposed to equiaxed growth with lower permeability.

4. Classification of Shrinkage Porosity Types

In the previous sections, the mechanisms for shrinkage porosity formation were
discussed, from a thermal perspective — that is, during solidification contraction of
the mushy zone. In this section, the various types of shrinkage porosity, based on
morphology, will be classified. In doing so,, it is important to understand their likely
causes, at least from a foundry perspective. A useful approach is to look at these
causes in terms of design (both part and mould design), process and material
factors.

At the outset, it is important to distinguish between micro and macro shrinkage
porosity. A common misconception is to make this distinction purely based on
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length scale, for which there are different interpretations of what constitutes a
micro or macro pore. A more substantive approach is to base this distinction on the
microstructural and macrostructural phenomena involved.

Shrinkage Macro-Porosity. Part and mould geometry are largely responsible for
shrinkage macro-porosity formation. Sudden increases in geometric volume can lead to
the formation of hotspots, or entrapped liquid melt that solidifies inward (as was
demonstrated in Figure 5). In such cases, the morphology can range from large spher-
ical pores to large linear cracks (Figure 12), the latter also referred to as cold cracks.

Hotspots are large (macro) regions of entrapped liquid, surrounded by a frozen
skin layer. Such regions initially lead to surface sinks until the frozen skin layer
develops sufficient resistance to deformation, giving rise to large internal shrinkage
pores. In cases where the hotspot is partially exposed to low-pressure liquid feeding,
such as close to a gate, the porosity takes on either a layered morphology, referred
to as layered shrinkage porosity (see Figure 13), or a pipe morphology, referred to
as pipe shrinkage porosity.

Hot tears, as opposed to hotspot-induced shrinkage porosity, occur as a result of
deformation caused by thermally-induced stresses. The volume fraction at which
the mushy zone develops resistance to deformation, due to the coalescence of
dendrite arms (see Figure 10), is referred to as the coherency point. The solid

Figure 12.
Formation of macro shrinkage pores due to hotspot (left) and hot tearing / cold cracking (centre) located using
computed tomography (CT) scanning (right).

Figure 13.
Formation of layered macro shrinkage porosity due to a hotspot partially exposed liquid feeding.

14



Shrinkage Povosity in Steel Sand Castings: Formation, Classification and Inspection
DOI: http://dx.doi.org/10.5772/intechopen.94392

fraction at which this occurs depends on factors such as solidification rate T, the
alloy freezing range and the diffusion of solute, and is typically in the region of

g, = 0.8tog = 0.95[11, 19]. At this point in the evolution of solid fraction, resisting
stresses develop. Coupled with low permeability (i.e. lack of feeding), especially in
low-freezing range alloys in which coarser dendritic structures evolve, solidification
contraction of intergranular liquid can result in hot tearing. Although hot tearing is
a microstructural phenomenon [20], it shows up as large intergranular cracks at the
macrostructural scale.

Improving the pressurisation of the mould, through a combination of part
geometry modifications and feeder design, can reduce or even eliminate the occur-
rence of hotspots, hot tears and layered porosity. In many cases, part design is often
overlooked - this includes reducing sudden expansions in part volume, and intro-
ducing tapered flow regions in the part [21, 22] to improve feeding flow.

Shrinkage Micro-Porosity. As opposed to shrinkage macro-porosity, which is
due to macrostructural effects such as hot spots and skin-freezing, micro-porosity is
due to interdendritic shrinkage of entrapped liquid melt, nucleating mostly between
secondary dendrite arms. As discussed in Section 3, the SDAS depends on the
cooling rate during solidification, as well as the freezing range [14], the latter
influenced by the carbon content of the steel [6], or, in general, chemical composi-
tions of the major alloying elements. Depending on these factors, the SDAS can vary
from as low as 50 p m to as high as 700 pm [7], thus influencing the size of
shrinkage micro-pores. For example, for a low carbon steel of 0.19%wt C, the size of
the SDAS was found to be in the range of 67-311 pm, for cooling rates varying from
10 to 0.1°C/s [13].

Hence, the length scales of shrinkage micro-porosity may be as low as a few
microns, increasing to multiple values of the SDAS in the case of interconnected
interdendritic melt. Furthermore, three different pore morphologies can occur:
linear, feathery and sponge, depending largely on the freezing range of the alloy and
the cooling rate, as previously discussed. The different morphologies present dif-
ferent challenges with regards to part quality, with linear micro-porosity being
classified as more severe as compared to sponge micro-porosity (as will be discussed
turther in the next section). Whilst the choice of alloy in many cases is out of the
control of the foundry (and depends on client specifications based), understanding
the mechanisms for shrinkage micro-porosity in terms of alloy freezing range is
important in assessing expected part quality. Foundries can, though, control the
cooling rate of the casting for a desired microstructure.

Importantly, the casting process parameters that prevail during the solidification
phase have a direct impact on mechanical properties, such as strength and ductility
(as a result of grain size), as well as microsegregation, although the latter could be
remedied through solution heat treatment. For example, lower solidification rates
lead to coarser microstructure (i.e. larger grain size), and hence improved
interdendritic feeding. This can also improve material homogeneity (due to back-
diffusion of solute); however, it will result in reduced ductility of the material (due
to the coarser grain structure). Hence, the optimisation of casting and process
parameters for reducing shrinkage porosity may need to be balanced with desired
microstructural qualities, leading to multiple (and often conflicting) objectives
during the optimisation process [10].

Shrinkage micro-porosity may present itself as three different distinct morphol-
ogies: Linear, Feathery and Sponge. The causes of these different morphologies are
noted as follows:

* The morphology of shrinkage micro-porosity depends on the freezing range (a
function of alloy composition), and solidification rate. The latter influences the
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Figure 14.

Morphologies of linear (left) and feathery (right) shrinkage porosity.

permeability of the interdendritic region, in terms of SDAS, solid fraction
distribution and point of coherency.

* In long-freezing-range alloys, due to inefficient liquid feeding of the
interdendritic regions (as a result of pressure drops in the high-solid fraction
region of the mushy zone), the resulting effect is that of a partially drained
sponge, and hence the term “sponge porosity” for this defect (see Figure 8).

* In short freezing range alloys, the smoother solidification fronts lead to linear
shrinkage defects, often of a feathery morphology. With low solidification
rates, due to larger dendrite sizes and ensuing coarsening/remelting of
neighbouring dendrite arms. A linear morphology prevails — Figure 14.

5. Porosity inspection

Procedures for porosity inspection in castings are specified under the relevant
industry standard, depending on the material, thickness of the casting and the
radiographic technique used. These procedures, based on the ASTM standards, are
listed in Table 2 for different part thicknesses.

In this Chapter, reference will be limited to the ASTM E2868 standard (Standard
Digital Reference Radiographs for Steel Castings Up to 2 inches (50.8 mm) in
Thickness). This is the equivalent of ASTM E446 for film radiography, both of
which are similar to their heavy-walled counterparts. The approach developed here
can therefore be applied to any of these standards. The ASTM E2868 standard
provides a set of five digital reference radiographic images (nominal 250 kV X-rays)
for each type of shrinkage porosity (CA - linear, CB - feathery, CC - sponge, CD -
combined) from the lowest severity level 1 to the highest severity level 5 (as shown
in Figure 15 for the case of sponge shrinkage porosity), for comparison with pro-
duction radiographs. The reference radiographs can be generated for a comparable
resolution (pixel size) to that of the production radiographs.

Thin-walled Heavy-walled Heavy-walled
Standard (film) reference radiographs ASTM E446 ASTM E186 ASTM E280
Standard digital reference ASTM E2868 ASTM E3030
radiographs
Table 2.

ASTM standards for film and digital radiography of steel castings.
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V1 - 250 kV - Cat. CC - Shrinkage

1

Figure 15.
Original (left) and contrasted (vight) 100 um rvesolution ASTM E2868 digital refevence radiographs for
shrinkage porosity Category CC (sponge), severity levels 1—5.

Production radiographs are commonly obtained using conventional X-ray
techniques. Lately, X-ray Computed Tomography (CT) is gaining popularity for
internal defect identification [23]. Reasons include the ability to determine pore
morphologies in 3D, and resolutions as low as 1 pm (voxel size) suitable for micro-
porosity detection. For comparison with reference radiographs as per the industry
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standards, 3D CT scans can be collapsed into equivalent 2D images, using a “thick
slab” feature of CT scanning image analysis software [24].

The standard digital reference radiographs provide resolutions as low as 20 pm
(pixel or voxel size) — however, it may not be possible to generate such high
resolution production radiographs in practice due to equipment limitations, espe-
cially in the case of high density materials such as steels. Hence, a 100 pm resolution
is seen as adequate for detection within the typical SDAS length scale (for ferrous
metals).

Allowable porosity levels are often based on client specifications, but may also
be part of quality standards associated with particular components. Such acceptance
criteria, as in the case of high-performance valves for example, are shown in
Figure 16.

The inspection process requires the area of the production radiograph to be
prorated to an area of interest of the reference radiograph, as illustrated in
Figure 17, and visually compared to establish the matching severity level.

S oot | cgy | SR
S ASTMEZBEE)
Shrinkage - linear CA Cal
Shrinkoge — feathery CB CB3
Shrinkage —sponge cC CC3
Shrinkage — combined ch ch3

Figure 16.
Acceptance criteria for shrinkage porosity in steel valve castings of wall thickness < 50.8 mm (ASME B16.34),

showing the critical vegions on the right.

1778 pixels

Severity Level
CD1

1270 pixels

Severity Level
CD2 100 um Production
Radiograph

Prorated Area

Severity Level
CcD4

100 pum Reference Radiographs:
Category CD - Combined Shrinkage

Figure 17.

Evaluating the porosity severity level by comparing the production radiograph with the reference radiographs
of comparable resolution (e.g. 100 um = 10 pixels/mm) from ASTM E2868, for a particular category of
shrinkage porosity (e.g. CD - combined shrinkage porosity,).
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This inspection process is considered to be subjective, and other objective
methods based on image processing have been suggested [25, 26], a subject for
further development in the future.

6. Summary

An overview of shrinkage porosity is given, with reference to steel sand castings,
from investigating the causes of shrinkage porosity to possible mitigation
approaches, and finally the importance of understanding the technologies
associated with the inspection and evaluation of shrinkage porosity severity
levels. Further analysis of certain aspects of shrinkage porosity may be undertaken
where an in-depth understanding is required. In summary, the following points
are noted:

1. Shrinkage micro-porosity arises during the solidification contraction of an
alloy. Hence, the steel’s phase transition and density properties in the mushy
zone are important in understanding the likely mechanisms and expected
morphologies of shrinkage porosity.

2.Linked to this, the lack of interdendritic feeding of the mushy zone as its solid
fraction increases beyond a certain point, referred to as the coherency point,
leads to interdendritic pore nucleation. In large freezing range alloys, the result
is a sponge morphology, migrating to feathery linear morphologies as the
freezing range decreases (with decreasing carbon content).

3.However, the cooling rate is a determining factor for secondary dendrite arm
spacing, and hence level of shrinkage porosity in an alloy. This gives the
foundry a degree of control in avoiding the more severe linear porosity.

4. At the intergranular level, entrapped liquid melt can lead to hot tearing, due to
the weak resisting forces of the coherent dendritic structure, succumbing to
inward pressure. Hence, hot tearing may show up as macro-porosity in
castings.

5.Shrinkage macro-porosity, on the other hand, is due to large entrapped liquid
volume that cannot be adequately fed by the feeder system because of skin
freezing. Whilst hotspots can easily be overcome through part and mould
design modifications, narrow long sections may experience layered porosity
due to declining pressurization of the mould as the skin layer thickens.
Special attention should therefore be given to the design of the feeder system
in such castings. This also goes for hotspots in the junction region between the
casting and a feeder, which can lead to pipe shrinkage porosity extending into
the part.

6.1t was shown that certain thermal criteria may be used in practice in
determining or reducing the level of shrinkage porosity, both micro-porosity
and macro-porosity.

7.Finally, assessing the severity level of porosity in a casting is necessary in
determining the acceptability of cast part quality. A range of standards have
been issued, which provide the foundry with a benchmark in terms of
acceptance criteria for the various types of shrinkage porosity.
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