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Sommaire

La déchirure a chaud est un défaut commun pendant la coulée DC de lingot de laminage
de quelques alliages d'aluminium commerciaux et peut entrainer une perte de
productivité considérable. Afin d'améliorer la compréhension sur la déchirure a chaud,
une technique originale, le DCSS pour « Direct Chill Surface Simulator » ou le simulateur
de surface de coulée DC, a été développée pour reproduire les conditions de
refroidissement a l'interface du métal liquide et du moule et reproduire la surface unique
ainsi que la microstructure de sous-surface du lingot DC. L'appareil a été aussi congu
pour appliquer et mesurer une force en tension et la déformation de la surface. Ces
quantités mécaniques ont été alors utilisées pour dériver les courbes de contrainte et
déformation qui représentent mieux le comportement du matériau pendant la

solidification et sa capacité pour résister a la déchirure a chaud.

Le travail présent décrit 'approche a utilisé pour déterminer la résistance mécanique de
trois alliages binaire d'aluminium et de silicium (Al-0.5Wt%Si, Al-1.5wt%Si, et Al-
2.5wt%Si). En plus, ce travail couvre le modélisation du transfert de chaleur a l'aide d’'un
logiciel commercial (ProCAST™) pour comprendre les champs de température durant la
solidification et traquer I'évolution de la fraction solide. Des analyses de la microstructure
ont été réalisées afin de déterminer la morphologie des grains et leur taille, les mesures
physiques et linvestigation minutieuse des surfaces déchirées. L'information a éte
utilisée comme entre autres dans divers modeles développés et utilisés dans le présent

travail.

Un modéle théorique a été amélioré en incorporant des quantités métallurgiques plus
réalistes. Cette recherche a mené aussi au développement d'un modéle de probabilité
(automate cellulaire) pour simuler la microstructure des alliages étudiés et déterminer un

coefficient de propagation de la déchirure a chaud (CPC).

Les phénoménes complexes et couplés tels que le fluage et la microségrégation ne sont
pas couverts dans de ce travail. Plutét, des hypothéses sont proposées selon les

observations expérimentales et leurs plus probables contributions.




Ces études ont avancé a un certain degré la compréhension scientifique de la déchirure
a chaud et le comportement mécanique pendant la solidification. En plus, le DCSS a été
utilisé avec succés pour l'ordonnancement des alliages commerciaux selon la

susceptibilité a la déchirure a chaud.

Abstract

Hot tearing is a common defect during DC casting of some commercial aluminum alloys
and can result in considerable productivity loss in the cast-house. In order to better
understand the hot tearing, a novel technique, dubbed DCSS for Direct Chill Surface
Simulator, has been developed to reproduce the cooling conditions at the mould/liquid
metal interface and to generate the unique surface and sub-surface microstructure of the
DC ingot. The apparatus has been designed also to apply and measure a tensile load
and the surface strain. These mechanical quantities were then used to derive the stress-
strain curves that best represent the material behaviour during solidification and its

capacity to resist hot tearing.

The present work describes the approach used to determine the mechanical resistance
of three different aluminum-silicon binary alloys (Al-0.5wWt%Si, Al-1.5wt%Si, and Al-
2.5wt%Si). In addition, the present work covers the modeling of the heat transfer
encountered during the test using commercial software (ProCAST™) to better
understand the temperature field upon solidification and tracking the solid fraction.
Microstructure analyses were made to obtain various metallurgical quantities (e.g., grain
morphology, size), physical measurements and thorough investigation of the torn
surfaces. Information was used as inputs to the various models developed and used in
the present work.

A theoretical model was updated from previous work using more realistic metallurgical
quantities. This research led also to the development of a probalistic model (cellular
automata) to simulate the microstructure of the cast sample. The model has been used
to determine a crack propagation coefficient (CPC) that was used in the theoretical
model to better represent the hot tear propagation.




Work to include even more complex coupled phenomena such as creep phenomena and
microsegregation are not covered in the present scope of this work. Hypotheses are
raised according to experimental work and observations made that suggest their most
probable contributions. These studies have advanced to a certain degree the scientific
understanding of hot tearing such as the inherent mechanical behaviour during
solidification. In addition, the DCSS was used successfully to rank DC cast commercial
wrought alloys in terms of hot tearing susceptibility.

Preface

This thesis is a description of work that | performed for the Department of Mining, Metals
and Materials Engineering at McGill University. The work described on the method to
quantify the hot tearing propensity is original to that of others as it involved the
development of a novel apparatus to reproduce more realistically the conditions
encountered during DC-casting of ingot. No part of this work has been or is being
submitted for any other qualification at this or other academic institution. The work
described is original except where due reference is given to that of others.

Related Publications

Some parts of the work have already been published as author or co-author. The first
publication [102,103] described the original approach (DCSS) to characterize the
mechanical behaviour of Al-Si alloys during solidification. The hot tearing propensity was
presented as the inverse of the maximum tensile force. This work allowed ranking
different commercial alloys in terms of tendency to hot tear during casting. One
publication [104] described the impact of the chill plate surface roughness on the
microstructure development at the interface mould/metal. The last paper on the DCSS
has been co-authored and presents a constitutive model for the tensile deformation of a
binary aluminum alloy at high fractions of solid [114].




Contribution to Research

This work has advanced the scientific understanding of hot tearing mechanisms using a
unique method to apply a displacement and measure a tensile load during solidification.
In addition, a theoretical model has been adapted which allows understanding the impact
of tensile loading, loading rate and metallurgical values on the overall material response.
In so doing, the degree to which the behaviour of aluminum alloys can be explained has
progressed. The DCSS technique has been used industrially to rank different alloys and
to study the impact of alloying addition and grain refinement. This approach has
contributed to improve the DC casting of specific alloys. The hot tearing study using the
DCSS technique is part of the continuing research program at Laval University.
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Nomenclature

A list of symbols is given with a brief description and units used.

Symbol Definition and Units

a
ac
Cot
Cet
Cu
D,
dt
fs

fi
gs
a

>>Q

side dimension of the hexagon in the idealized microstructure (m)
new side dimension of the hexagon in the idealized microstructure (m)
bulk solute content (wt.%; at.%)

eutectic concentration

Cst interfacial solute content in liquid and solid (wt.%; at.%)
diffusivity of solute in the melt (m*s™)

time interval (s)

solid fraction

liquid fraction

solid volume fraction

solid volume fraction

temperature gradient (K m™)

heat-transfer coefficients (W m™2 K™")

liquid film thickness (special case in the idealized microstructure (m)
liquid film thickness in the inclined channel of the idealized microstructure (m)
liquid film thickness in the horizontal channel of the idealized microstructure (m)
solute partition coefficient (Cs / C,)

length of a sample in reference to e=aATL "' (m)

length of a hot spot in reference to e=aATL I”' (m)

CA model network step value representing a numerical cell size (m)
liquidus slope with respect to solute content (K wt.% " Kat%™")
nucleation rate with respect to temperature

initial nucleation site density (m™)

maximum nucleation sites (m™)

a special case representing a material constant (Equation 49)
distribution coefficient (Equation 55)

pressure distribution (idealized microstructure, Appendix 1)

pressure distribution at corner (idealized microstructure, Appendix I)
maximum tensile pressure in the horizontal channel (MPa)
maximum tensile pressure in the inclined channel (MPa)

pressure distribution at corner (idealized microstructure, Appendix 1)
activation energy (kJ mole™)

radius of grain (m)

maximum rate for the surface nucleation law

standard deviation (solutal undercooling) for the surface nucleation law
maximum rate for the bulk nucleation law

standard deviation (solutal undercooling) for the bulk nucleation law
number of numerical cells between surface asperities

temperature (K)

liquidus temperature (K)

solidus temperature (K)

a special case (Equation 18) of temperature at the dendrite tips (K)




S

>

§<<<H’ﬂ-

AT.
AT

a special case (Equation 18) of temperature at the root of the dendrites (K)
a special case (Equation 18) of temperature at the tip of the dendrites (K)
a special case (Equation 35) of temperature of fusion of the alloy (K)
a special case (Equation 35) of temperature given by T,-AT (K)

a special case (Equation 35) of temperature gradient (K)

cooling rate (K s—1)

time (s)

velocity (ms™)

velocity (ms™)

velocity (m s™)

average velocity of the flow in the channel of the idealized microstructure (m s™)
total undercooling (Tlig —T) (K)

temperature difference between liquidus and solidus (K)

maximum undercooling experienced during recalescence (K)
constitutional undercooling available for nucleation events (K)
solutal undercooling termed standard deviation in the CA (K)
thermal diffusivity (m?s™)

a special case representing the material thermal expansion (m K™)

a special case representing a material constant (Equation 49)
solidification contraction

a special case representing a material constant (Equation 49)
deformation or strain

deformation or strain rate (s™)

strain to fracture

strain in material related to g, = cATL$/I

microstructure grain size related to g, = cATL$/I? (m)

interfacial energy between gas and solid (J m?)

interfacial energy between solid and liquid (J m?)

interfacial energy between liquid and gas (J m?)

thermal conductivity (W m™ K™)

primary dendrite arm spacing (m)

secondary dendrite arm spacing (m)

the Greek letter describing the Lambda-curve (hot tearing sensitivity)
coefficient of viscosity (Pa s)

dimensionless supersaturation parameter

shear stress

wetting angle (a special case of the contact or dihedral angle)

stress to fracture (MPa)

maximum tensile stress (MPa)

average tensile stress (MPa)

Solute contents are generally designated by either x or C depending on whether

they are quantified by fractions or percentages respectively.

tt

This is used in the power law proposed by Sellars and Tegart [95]




Constant
Symbol Name Value

R perfect gas constant 8.314 J K™ mole™

Abbreviations

CA Cellular-Automaton

CPC Crack Propagation Coefficient

DC Direct Chill

DCSS Direct Chill Surface Simulator

HTC Heat Transfer Coefficient

HTS Hot Tearing Sensitivity

SEM Scanning Electron Microscopy

2D two dimensions

3D three dimensions

DICTRA Diffusion Controlled Transformation
DGM DICTRA™ variable representing the diffusion driving force

Xi
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Chapter 1: Introduction

Hot tearing is recognized as one of the most common and serious defects encountered
during casting and ingot making and closely related defects occur during fusion welding,
soldering and brazing. This phenomenon (hot tearing) is also referred to as solidification
cracking, hot shortness, super-solidus cracking, and shrinkage brittleness and has been
the subject of numerous studies [1-6].

Hot tearing is associated with both ferrous and non-ferrous systems. In general, the
phenomenon of hot tearing is defined by the formation of a macroscopic fissure in a
casting as a result of stresses (and the consequential strains) generated during cooling,
at a temperature above the non-equilibrium solidus. The hot tear nucleates and grows
interdendritically within the solidifying material.

During the liquid-to-solid transition most metals undergo a certain amount of volume
contraction, B, which generates strain (usually B ~ 5 to 6 percent). The latter can be
reinforced by thermal contractions in the solid. If this contraction is hindered or cannot be
freely accommodated by mechanisms such as plastic deformation and movement of
solid or liquid, then regions of the solidifying mass may be subjected to strains being
imposed upon a material having very poor mechanical properties in the solidification

interval.

1.1  The Direct Chill (DC) Casting Process

DC casting process is used for the production of aluminum sheet ingots and extrusion
billets. A diagram of the DC casting process and the cooling zones is shown in Figure 1.
The process [7] is essentially an open mould used to confine the molten metal and
distribute the cooling water around its periphery via a water chamber. The mould
opening is closed during the start-up with a bottom block mounted on a vertical lowering
table. The molten metal is transferred (trough/tube arrangement) into the cavity on the
bottom block (starting block) where solidification begins. The metal level in the mould is

kept constant as the bottom block is lowered at a specific rate.
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The liquid metal is subjected to primary cooling by conduction of heat through the water
cooled mould wall. The secondary cooling is obtained through direct impingement of
water onto the solidified shell exiting the mould cavity.

L.

LiQUID
METAL

MOULD

PRIMARY COOLING
(Mould Contact)

SECONDARY COOLING
(Water Impingement)

BOTTOM
BLOCK

Figure 1: DC casting process

The secondary cooling achieved by the cooling water is approximately 95 to 98% while
the primary cooling represents 2 to 5% of the total heat extraction. The DC casting
process is divided into three distinct phases: the start-up phase, the transition phase,
and the steady-state phase. During these phases, the ingot is subjected to many
distortions [8,9] which are the result of coupled thermal and mechanical effects.

The most critical phases (start-up and transition phase) typically represent a small
percent of the overall ingot casting length. The direct contact between melt and mould
(primary cooling) results in a rapidly growing shell zone while the secondary heat
extraction (cooling water) produces an advanced solidification front. Figure 2 shows a
diagram of the typical heat extraction paths and solidification fronts observed during DC
casting of a sheet ingot.

During solidification, the shell starts to shrink and pull away from the mould wall to form
an air gap. The heat extraction is greatly reduced in the air gap causing reheating and
sometimes local remelting. This results in a cyclical movement of the solidified shell.
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WATER
CHAMBER

SHELL ZONE
AIR GAP

LIQUID METAL

COOLING 'SOLID METAL
WATER

SECONDARY HEAT
EXTRACTION

AND "ADVANCED
COOLING EFFECT"

Figure 2: Diagram of the Solidification Fronts during DC Casting
The action of both primary and secondary cooling generates stresses in the thin
solidified shell which could induce surface hot tearing. The presence of such a defect
causes, in most cases, the rejection of the entire cast ingot. In fact, hot tears will
propagate over the full ingot length if they reach the steady-state phase of the cast.

1.2 Hot Tearing of DC Cast Ingot

Hot tearing is a recurrent defect during DC casting of commercial aluminum alloys such
as 3XXX and 6XXX series. The phenomenon occurs as a result of distortions due to
differential contractions of the ingot during solidification and resuits in considerable
defect levels and metal loss in the cast-house. Grain refining or trace elements that alter
growth kinetics and prevent early grain coherency may be effective in reducing
susceptibility to hot tearing.

Hot tearing that occurs during the DC casting of certain alloys has been the subject of
studies for some years [10,18]. Information exists on the theories of hot tearing and on
the importance of various process parameters related to it. Most of these studies have
been conducted on hot-tearing problems that occur in the bulk of the cast. What needs
more study is the hot tearing problem that occurs at the surface of a solidifying DC ingot,
i.e. in the shell region. Figure 3 shows a hot tear generated at the surface (shell region)
of a DC cast ingot. The morphology of the surface hot tear shows a typical interdendritic
separation.
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Figure 3: Surface Hot Tearing on DC Cast Ingot (a) and interdentritic details (b)

The hot tearing phenomenon in the shell region of a DC-cast ingot is a complex
interaction (Figure 4) between, inverse segregation, properties of the interdendritic liquid,
second phases and intermetallics that precipitate in the interdendritic liquid and surface

strains and stresses.

Solidification
Conditions

> Mechanical
(Critical Condition)

Figure 4: Diagram of the complex interactions related to the hot tearing phenomenon
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2.1 Introduction

Hot tearing is recognized as one of the most common and serious defects encountered
during casting and ingot making and closely related defects occur during fusion welding,
soldering and brazing.

This phenomenon (hot tearing) is also variously referred to as solidification cracking, hot
shortness, super-solidus cracking, and shrinkage brittleness and has been the subject of
numerous studies [1-6]. This phenomenon is associated with both ferrous and non-

ferrous systems.

In general, the phenomenon of hot tearing is essentially defined by the formation of a
macroscopic fissure in a casting as a result of strains (and the consequential stresses)
generated during cooling, at a temperature above the non-equilibrium solidus. The

fissure nucleates and grows interdendritically within the solidifying material.

During the liquid-to-solid transition most metals undergo a certain amount of volume
contraction, which generates strain (usually 8 ~ 5 percent). The latter can be reinforced
by thermal contractions in the solid. If this contraction is hindered or cannot be freely
accommodated by mechanisms such as plastic deformation and movement of solid or
liquid, then regions of the solidifying mass may be subjected to strains being imposed
upon a material having very poor mechanical properties in the solidification interval.

It should be noted that most of the figures presented in this chapter were adapted from

the original for better clarity.

2.2 Basic Theories of Hot Tearing Mechanisms

Based upon experimental investigations, many theories have been proposed to explain
the occurrence of hot tears in casting. However, it is unanimously agreed that the
mechanisms involved in the intercrystalline separation of the material are a combination
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of metallurgical and mechanical effects. In fact, hot tearing requires both a sufficient

amount of mechanical restraint (strain) and a susceptible microstructure [48].

2.21 Shrinkage-brittleness theory

The shrinkage-brittleness theory [1,7-9,14] results from numerous studies of hot tearing
susceptibility of aluminum alloys. A theory accounting for the hot tearing observed in
specific aluminum alloy systems (i.e., Al-Si) was first advanced by Veré [7]. During the
liquid-solid stage, the primary crystals growing at the expense of the decreasing volume
of liquid come into contact (coherency temperature) and form a coherent network. The
theory postulated was that tearing was caused by the contraction strains of the primary
dendrites during subsequent cooling between the liquidus and solidus. It also mentioned
that in the presence of more than a certain critical proportion of liquid any incipient
fissures between the primaries were healed by liquid feeding as they were formed.

Figure 5 summarizes Vero’s results according to the Al-Si phase diagram.
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Figure 5: Relationship between hot tearing and alloy constitution for the Al-Si binary
system [7]
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However, Verd [7] stipulated that the healing process was prevented by the narrowness
of the interdendritic channels when the remaining liquid was less than the critical
proportion. In addition, he assumed that the formation of a fissure could occur only
during contraction of the dendrites and that no tearing was possible when the amount of
liquid freezing at constant temperature (eutectic temperature) was greater than the

critical value.

The experimental results indicated that in aluminum-silicon alloys, the hot tearing
increased from zero at low silicon content to a maximum at approximately 1.6 percent
silicon and then decreased abruptly to zero at 1.88 percent silicon. Alloys with higher
silicon content were not prone to hot tearing. The critical amount of liquid (necessary to
heal cracks) was calculated to be between 12 and 13 percent for the Al-Si binary system
using the effective solid solubility at the eutectic temperature of approximately 0.4

percent.

However, it was indicated [1,14] that the sudden decrease in hot tearing cannot be
explained by Verd'’s theory as it stands. In fact, based on a simple binary system, the
modified theory, which included, in a modified form, the concept of freezing range [8] and
the volume proportion of eutectic (eutectic index [9]), specified that the severity of tearing
will depend on the amount of contraction while the hottest zone of the casting passes
through the critical hot tearing range. It appeared that tearing was possible even though
the residual liquid solidifies at constant temperature. Consequently, the hot tearing of
castings was accounted for theoretically by a single factor, the extent of the hot tearing
temperature range. The tears are unlikely to be formed when the alloy has passed below
the solidus. Hot tearing is only likely to occur in the “brittle range” or the so-called
effective interval of solidification which is the range of temperature between the
coherency temperature and the solidus (Figure 6).

Hot tearing is prevented during the “brittle range” by “accommodation [31]". The latter
designates the degree to which an alloy is able to withstand shrinkage strains by
movement of the grains within the semi-solid mass. It has been mentioned [31] also that
the hot tearing tendency is proportional to the extent of the “brittle range”. Other factors
affecting the incidence of hot tearing were given by Lees [9,13]. These factors included
the effect of mould variables (i.e., moulding materials, cores in hindering contraction),
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constitution of the alloy (especially the proportion of eutectic), grain size, and gas
content.

b )-S5 <
/I & Brittle range = effective
|
|
|
|
|
|
|
|
|

interval of solidification
a-d Liquidus
a-¢ Coherent temperature
a-b Solidus

>

HOT CRACKING
SUSCEPTIBILITY

Figure 6: Hot Tearing Susceptibility of Eutectiferous Alloy
(Shrinkage-Brittleness Theory) [7]

The basic relationship between these factors is related to the extent of mechanical
restraint, the promotion of grain boundary film, coherent temperature modification, and
their impact on the mobility of the grains and the liquid feeding behaviour.

2.2.2 Strain theory

The first new theory to explain the mechanisms of hot tearing is undoubtedly that
attributed to Pellini [2] and his co-workers [3]. They published a new idea about the strain
theory based on the film stage concept. This theory suggests that hot tearing is caused
by the localized strains, generated by thermal gradients that tend to pull apart solid
masses of material separated by essentially continuous films of liquid. This liquid film
results from the segregated residual melt. Because of its fundamental nature, the
strength and ductility of a mass of solid grains separated by liquid films is of an extremely

low order. The strain theory provides a generalized explanation of the mechanism of hot
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tearing in terms of the strain rate imposed on the liquid film regions. Figure 7 illustrates

the theory schematically.

STRAIN THEORY OF HOT TEARING
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Figure 7: Diagram illustrating basic concepts of the theory [2]

The strain rate of the film regions may vary widely due to various factors that contribute
to the development of hot tearing. These factors include; a) large regions undergoing
contraction, b) fast cooling of regions undergoing contraction, and c) small regions

undergoing extension.

In slight contrast to the previous theory (Shrinkage-Brittleness), it has been suggested
that hot tearing cannot take place during the mushy-stage of solidification since the
shrinkage strains are uniformly distributed. In fact, the interdendritic liquid zones are
relatively large and general feeding of the mushy mass could resuit. Hot tearing occurs
only when the film stage is reached and the strain within the hot spot is concentrated into
narrow liquid films of low strength. Low melting point segregates which exist, in the
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molten state, below the equilibrium solidus of the material are the most detrimental in this

respect.

Figure 8 shows schematically the strain distributions within a hot spot (extension and

contraction) during various stages of solidification.
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Figure 8: Diagram showing the strain distribution within a hot spot [2]

The length of the hot spot must be considered as an important factor determining the
occurrence of hot tears. A small hot spot that contains few liquid films must
accommodate a great amount of strain on each film. Conversely, a longer hot spot will
contain many liquid films and the strain per film will be less important.

If separation (fissure) does not occur during the film stage of solidification, then, hot
tearing is no longer possible below the true solidus temperature. Actually, the strains in
the hot spot are distributed relatively uniformly across the coherent and ductile solid
metal. Further cooling of the casting will cause the stresses to continue to build-up.
Creep flow will occur after the low yield point of the hot metal is exceeded.

10
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The dependence of the hot tearing mechanism on the microstructure was mentioned by
Dodd [13]. The latter considered that during the solidification of solid solution alloys,
deep channels of liquid metal are formed between the growing dendrites. These deep
channels could act as “stress-raisers” in the final stage of solidification if they are isolated
from the liquid feeding metal. However, this approach implies that tearing occurs through
solid metal which is a fundamentally different assumption from that of Pellini [2]. Apblett
and Pellini [10] showed clearly (Figure 9) the relationship between the force absorption
capacity and the elongation-to-fracture during the various stages of the solidification.

- I
Elqwdus ine Start of
crystallization

Melt +
crystals

Early
film stage

/ Temperature

Solidus line Late film

stage bridging

Everything
solid

)
6,
Crystal growth 2:::“ st‘/a&e\, Solidus
A temperature

<+— Temperature

—

Force absorption capacity

Early
film
stage

Late
film

stage | golidus
] temperature

Elongation to fracture
—_

<+— Temperature

Figure 9: Diagram showing the tensile strength and elongation versus
the microstructure [10]

Figure 9 shows the decrease in the elongation during the transition from the early liquid
film stage to the late film stage. It has been shown schematically that the development of
the microstructure decreases the overall mobility of the grains. It has been mentioned
[11,12] that during the solidification interval of almost every casting material, the tensile
strength and elongation-to-fracture were very low compared with the values in the solid
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state. The eventual occurrence of hot tearing during the critical temperature range
depends mainly on the strain rate, the increase of the liquid film stage as a function of
time and the amount of segregated material, and grain size.

2.2.3 Generalized Theory

Various attempts to explain hot tearing formation lead to various theories that are
supported by experimental evidence. Among them is the generalized theory by Borland
[5,16,17] (supported by others [9,14,26]). It is intended to explain the mechanisms of hot
tearing as a combination of the “Shrinkage-Brittleness Theory” (brittle temperature
range), and the “Strain Theory” (liquid film stage). The main objective was to modify and
extend both theories and explain how the liquid quantity and distribution during
solidification affects the hot tearing tendency.

The theory on the liquid film stage is limited to the temperature range around the solidus.
On the other hand, the shrinkage-brittleness theory commences at the so-called
coherency temperature. The coherency temperature is defined [18,19,20] as the
temperature at which the fraction of solid (fs) at which the growing equiaxed dendrites
begin to interact mechanically and grow to form a coherent network. Figure 10 also
shows the subdivision of the solidification process into four different stages and the
associated risk for hot tearing.

The generalized theory suggested, in particular, that the distribution of liquid is largely
influenced by the ratio of the interphase (solid-liquid) and intercrystalline boundary
energies. The development of a liquid film covering the entire surface of a grain (faces
and edges) is associated with a low ratio while a high ratio will restrict the remaining
liquid to edges and corners. The latter arrangement appears to be beneficial because a
relatively larger area of the grain can interconnect and create a more coherent network
to accommodate the thermal stresses created during cooling. In general, fissures are

less likely to be formed with this liquid film distribution.

The hot tearing tendency will be affected by various considerations during the cooling
between the liquidus and solidus. These include; a) the effect of solidification mode, b)
effect of interphase and grain boundary energies (dihedral angle), and c) effect of solute

elements.
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I | a-c Coherent temperature

a-e Critical temperature

HOT CRACKING
SUSCEPTIBILITY

Stage 1 — Dendrites freely dispersed in liquid. No Cracking

Stage 2 - Interlocking of grains. "Liquid healing” possible
if cracks form. "Accommodation” not important

Stage 3 - Critical solidification range. No "healing" of cracks
possible if "accommodation” strain exceeded

Stage 4 — Solidification. No Cracking

Figure 10: Effect of constitutional features on tearing
susceptibility in binary systems [16]

2.2.3.1 Effect of the Solidification Process

The solidification process may be described in four stages [16].

Stage 1: (Primary dendrite formation) - The solid phase is dispersed while the
liquid is continuous; both liquid and solid phases are capable of relative

movement.

Stage 2: (Dendrite interlocking) - Both liquid and solid phases are continuous, but
only the liquid is capable of relative movement and is able to circulate

freely between the interlocking dendrites.
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Stage 3: (Grain boundary development) - The solid crystals are in an advanced
stage of development and the semi-continuous network restricts the free

passage of liquid. Relative movement of the two phases is impossible.
Stage 4: (Solidification) - The remaining liquid has solidified

It has been postulated that materials are susceptible to hot tearing once the coherency
temperature is reached; this is Stage 2 in the solidification process. During this stage the
healing process by liquid feeding of tears is possible whereas further development of the
microstructure prevents the free movement of liquid. The accommodation of strains by
movement of the grains within the mushy mass becomes important in Stage 3 where
tears that have been initiated cannot be healed by the remaining liquid.

Stage 3 is termed [16] the “Critical Solidification Range” (CSR) and the temperature at
the beginning of this stage is the critical temperature (T;). However, the liquid melt does
not solidify according to equilibrium conditions and, consequently it is possible that the
liquidus and solidus are depressed by undercooling. In addition, the solidus may be
further depressed by the lack of diffusion and will increase the CSR (hot tearing).

2.2.3.2 Effect of Interphase and Grain Boundary Energies (Dihedral
Angle)

The occurrence of hot tearing is not related only to the condition where a large freezing
range exists. The condition requires that the liquid should also be present over a
relatively wide temperature interval (liquid film life [2,27]) in a form that will permit high
stresses to build up between grains. High stresses will be developed, during
solidification, on the narrow bridges joining adjacent grains in the case where the liquid is
covering almost all of the grain face. On the other hand, even higher stresses will be

required to cause hot tearing when the liquid is restricted to the grain edges and corners.

The distribution of liquid during the solidification process is related to the liquid/solid
interfacial energies. However, it has been mentioned [16] that the process of adjustment

to equilibrium conditions is not instantaneous and depends strongly on the cooling rate.

The shape of the liquid phase at the grain boundaries is determined to a large extent by

the ratio between the solid/liquid interfacial energies (y.s) and grain boundary energies
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(vss). The distribution and quantity of liquid is influenced by the grain size and shape, and
the effect of temperature (and cooling rate) on the slope of liquidus and solidus lines.
The slopes determine the composition of the liquid (largely determines the value of the
ratio ys; /yss) in contact with the growing crystals. Smith [21] was the first to establish the
concept of the wettability of grain boundaries by the presence of a liquid phase. He
determined the ratio ys; /yss (the relative interface energy) in terms of the dihedral angle

(0) of the solid/liquid interface as given by Equation 1,

Vst _ 1
Vss 2-cos(0)

Equation 1

where: y:  solid/liquid interfacial energy,
¥%s.  grain boundary energy,

G dihedral angle.

The dihedral angle can be determined by quantitative measurements of the shapes of
the liquid films from metallographic sections [5,16,22,43]. Rogerson and Borland [5]
determined the dihedral angles of the solid/liquid interfaces of some binary systems.
They concluded that the shape (type and distribution) of intergranular liquid regions is
one of the metallurgical factors determining the tendency to hot tearing during
solidification. In fact, liquid in the form of globules should be less harmful than liquid
having continuous films because of the possibility of having more intergranular cohesion.
Figure 11 shows the effect of dihedral angle on shapes of liquid regions [3].

The most suitable shape of the interdendritic regions in the solidifying metal may be
obtained by compositional changes in the liquid phases in order to reduce the hot tearing

propensity.

The ratio ys; /yss is designated t for convenience and the dihedral angle is zero for t =
0.5. Figure 12 shows the effect of the ratio between the solid/liquid interfacial energies
(t) as a function of the dihedral angle for T > 0.5. It has been suggested [21] that almost
complete wetting of the grain faces and edges will take place when the liquid and the
previously solidified material is of similar chemical composition. The value for © must be
slightly greater than 0.5 to have this nearly complete wetting state. Hot tearing could

develop under adverse strain conditions if this situation exists over a relatively wide
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temperature interval during solidification because high stresses build up on adjacent
grains joined by only small regions.

20=0°

Figure 11: Effect of dihedral angles on shapes of liquid regions {5]
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Figure 12: Ratio of the solid/liquid interfacial energies as a function of dihedral angle [5]

On the other hand, the hot tearing susceptibility will be lower in systems where the liquid
is mainly restricted to grain edges and corners since higher stresses are required to
separate the large interconnected areas of the grains. Figure 13 shows a diagram of the

effect of dihedral angle on distribution of liquid phase (on grain corners, edges, and
faces).
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= Liquid

Figure 13: Diagram of the effect of dihedral angle on distribution of liquid phase [21]

The relationship between the area of the boundary which is occupied by the liquid, the

dihedral angle, and the volume fraction of liquid involves complicated geometrical

calculations which were addressed by subsequent researches [23,24,25].
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Figure 14: Models [15] showing the mechanisms of pre-tear extension
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Figure 14 shows [15] hexagonal and square models of grains, size “a”, surrounded by a

liquid film having a thickness “b” to illustrate the mechanisms of pre-tear extension.

The geometrical models show that the pre-tear extension (g), for a grain size of average
diameter “a”, and a liquid film thickness “b”, is approximately equal to b/a. The
relationship is given by b/a = /3 and b/a = /2 (f is the volume fraction of liquid) for a

three and a two-dimensional model, respectively.

The model shows that the pre-tear extension is proportional to the amount of liquid
present and the extension is inversely proportional to the grain size. Consequently, more
strain can be accommodated without hot tearing by easy slipping along the lubricated
boundaries in the case of more residual liquid and finer grain size. It has been mentioned
also by other researchers [15] that even the smallest strain values (typically less than 1
to 2 percent strain) in the brittleness temperature interval are of significance in the

reduction of stresses to avoid material separation (pre-tear extension).

Therefore the grain size, shape and distribution as well as the wettability of the residual
liquid are important parameters for the reduction of stresses during the solidification of

material.

Figure 15 shows [30] three possible strain curves as a function of the temperature. The
curves are the difference between good wetting of the grain structure by residual liquid
brittleness at the grain boundaries (1), good wetting without brittleness (2), and poor

wetting (3), respectively.
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Figure 15: Elongation properties as a function of temperature [30]
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Typical behaviour for industrial alloys is characterized by a drop in elongation with
decreasing temperature followed by a steep increase immediately after the solidus
temperature T, (Figure 15, curve 2). The film stage is generally present until the end of
solidification due to the good wettability.

It has been mentioned [12,27] that only the interdendritic liquid films which are
perpendicular to the stress axis will be decisive for the tensile strength. Figure 16 shows
hot tearing mechanisms based on this assumption.

This theory could be used for both columnar and equiaxed grain structures. The

measured elongations are attributed to the plastic deformation of the solid matrix.

© th @ ta © 14

Solid metallic
matrix

D it

Hot cracking

\-Liquid film

s

lB

Figure 16: Hot tearing mechanisms based on liquid film perpendicular
to the stress axis [30]

The tensile strength corresponds only to the stress required to separate two grains

(assuming plane surfaces) between which exist a liquid film of thickness “b” with a known

surface tension y,¢. The required tensile stress “o” can be determined by Equation 2.

0_22'7LG

Equation 2
b

A similar description was given by Pellini [2] but without mention of a specific orientation
of the stress axis in relation to the liquid films. It should be noted here that the present
approach will be used in the theoretical model to determine the Al-Si binary alloy fracture

stress.
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2.2.4 Effect of Solute Additions

The shape of the equilibrium diagram (Figure 10) showing the hot tearing propensity in a
binary system [16] is accounted for by the increasing amounts of solute. The critical
temperature (T.) will be depressed because of the greater amount of liquid persisting to
lower temperatures. Simultaneously, the solidus is lowered because of changes in solid
solubility. Consequently, the critical solidification range (CSR) increases concurrently.
Similarly the hot tearing tendency increases due to the greater amount of non-equilibrium
solidification.

It has been mentioned [16] that one fundamental reason for hot tearing formation during
the early stage of solidification can be the nearly similar chemical composition of the
liquid (at the grain faces and edges) and the solid being frozen. Based on the latter
statement, it has been stipulated [16,28,29] that hot tearing may be prevented by
modifying the liquid phase composition in order to that this composition is very different
from that of the solid.

2.3 Methods of Assessing Susceptibility to Hot Tearing

Various methods have been used to assess the relative susceptibility of different alloys
to hot tearing. The important reasons for determining the alloy susceptibility to hot
tearing are to allow theories to be assessed, and then to enable predictions to be made
about the alloy behaviour in industrial casting and welding situations. Basically, the
simplest methods were designed to mechanically restrain the casting or welding during

freezing in order to produce contraction conditions varying from mild to severe.

The Al-Si and Al-Cu binary alloys are among the few which have been selected in order
to study the mechanisms of hot tearing and its dependence on various parameters such
as the alloy, trace elements, grain size, melt superheat, and gas content. These
particular binary alloys were selected due to their relative simplicity but also because
some experiments have already been carried out by other investigators.

Different hot tearing tendencies result from variations in mechanical factors (stress,
strain). In general, the test methods are designed to induce stresses by external factors
[35]. The factors which produce hot tearing are; a) restraint of metal contraction caused
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by mould or cores, b) restraint of contraction caused by the casting itseif or the gating
system, c) temperature gradients or “hot spots” operating in conjunction with restraint of

contraction.

2.3.1 Methods of Testing and Quantification of Hot Tearing Susceptibility

In order to produce stress conditions in a solidifying material, a sufficient level of
mechanical constraints is required to prevent the shrinkage of the test piece in order to
induce material separation eventually. An early attempt [34] to evaluate hot tear
susceptibility was in conformity with the belief that low mechanical properties at elevated
temperatures were conducive to hot tearing. The test involved a solidifying casting which
raised a weight which was being increased gradually until a fracture occurred. However,
one of the earliest investigations of hot tearing in aluminum alloys was by Archbutt [33]
who prepared die castings in several alloys in common use. Two types of casting were
used, a complicated branched tubular casting and a shouldered tensile test piece. The
alloys were classified in terms of mechanical properties and their tendency to fissure.
However, the choice of alloys was such as to be of little value in forming a theory of hot

tearing.

Verd [7] made a more valuable contribution by casting U-shaped test pieces consisting
of one horizontal and two vertical bars each 10 mm in diameter. Both vertical parts
formed by the pouring and the rising gate resist the contraction of the horizontal bar in
which a tear would arise in castings of alloys prone to hot tearing. The mould was made
of mild steel and used without coatings. The degree of hot tearing was determined by the
relative quantity of cracked castings (expressed as a percentage of all castings) in the
horizontal section caused by the mechanical restraint imposed by the vertical arms. The
evaluation of different alloys was made with 12 to 14 castings. Castings without tears
were valued as 0, castings with a flaw as 0.5 and those showing deep tears as 1.

In addition, Verd [7] determined the strength of a number of aluminum alloys, including
aluminum-silicon series, at temperatures both below and above the solidus. The castings
from his U-shaped mould gave suitable test pieces for the later strength tests (bending
and tensile tests). Figure 17 shows both pieces of apparatus [7] used to evaluate the
mechanical properties of the castings. The resuits (Figure 18) show essentially that the

bending strength of all alloys decreased (more or less) rapidly with increasing
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temperature. However, the attempt to correlate mechanical properties with hot tearing
was abandoned because of contradiction between the strength measurements and the

casting experiments.
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Figure 18: Bending strength of aluminium alloys in the melting range [7]
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An investigation was carried out by Lees [9] to determine the hot tearing tendencies of
aluminum alloys. Two tests were developed, one in sand moulds and the other in copper
dies. Tests were made to determine the stage in freezing at which the alloys show
substantial strength and to relate the resuits to hot tearing behaviour. The test casting in
sand moulds (Figure 19) requires chill inserts connected to the steel moulding boxes to
restrain contraction externally rather than by means of the sand (strength properties of
sands and cores are difficult to standardize). The results of the hot tearing tests were
expressed by a letter ranging from A to C for the sand moulds and from A’ to E’ for the
copper dies. The “A” rating indicates a superior resistance to hot tear. Various
modifications were made to improve this approach. However, experiments failed to
produce a more discriminating test and subsequent work was oriented to tests in metal
moulds. Tatur’s [37] modifications of Lees’ original tests in copper dies (Figure 20) is an
attractive method and appears to work well but apparently it suffers from the
disadvantage that it does not include a hot spot.
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Figure 19: Test casting in sand moulds [9]
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Figure 20: Test casting in copper dies [37]

Singer and Cottrell [14] carried a stage further the work done by Verd [7] on the hot
tearing of aluminum-silicon alloys. The tensile properties were determined at

temperatures in the region of the solidus to explain the mechanisms of hot tearing. Some
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experiments on cast steel bars were carried out by Hall [36] where the tensile strengths
and elongation were determined during and shortly after solidification. The results,
however, were made difficult to interpret by the steep thermal gradient present in the
castings at the time of testing. Hall concluded that it was necessary to go some distance
below the solidus before a significant elongation was observed and hot tearing was no

longer possible.

Singer and Cottrell [14] used a Hounsfield tensometer in combination with a tube furnace
(Figure 21) for testing materials both below and above the solidus.
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Figure 21: Apparatus used for testing the tensile
properties in the region of the solidus [14]

Figure 22 and Figure 23 show the tensile strength of the alloys at temperatures in the
region of and above the solidus, respectively. The main conclusion was that there exists
a range of temperature above the solidus over which some alloys have a finite strength
and coherence, and at the same time a negligible ductility. It was suggested from this
work that the extent of the hot tearing temperature range is one of the most important
factors in determining the hot tearing properties of the alloys.
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The greater the range, the greater would be the bulk thermal contraction in portions at a
more advanced stage of solidification, and, consequently, the greater would be the
propensity to hot tearing. It was stipulated from the results that in simple binary alloy
systems, the degree of hot tearing taking place above the solidus reaches a maximum in
the alloy having the composition corresponding to the maximum solid solubility of the
alloying elements. The more important results are incorporated in Figure 24 which
reveals that the hot tearing range rises to a maximum at 1.8 percent silicon.
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Figure 24: Relationship between hot short temperature range and composition of Al-Si
alloys as determined by high temperature tensile tests [14]

Singer and Jennings [1] conducted work on the hot tearing of aluminum-silicon alloys of
commercial purity by casting alloys into cylindrical metal ring moulds (Figure 25).
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Figure 25: Mould for ring castings [1]
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The test employed consisted of casting an annular ring in an open mould made up of a

plate on which rested concentric ring and core.

The mould material was cast iron. One stipulated advantage is that the whole process of
solidification of an alloy could be observed visually. The tensile stress was given by
contraction around the core which caused fissuring on alloys prone to hot tearing. The
resuits were influenced significantly by altering the pouring temperature which was
maintained 100 °C above the liquidus. The mould was used uncoated to ensure uniform
chiling effect and the mould temperature was kept at approximately 150 °C. The
evaluation required between 4 and 14 ring castings followed by an examination to
determine the extent and the nature of the hot tears. The severity of tearing is expressed
numerically as the total length of the hot tears on all surfaces. It has been mentioned that
the procedure has the disadvantage that it does not take into account the width or depth

of the hot tears.

Figure 26 shows the results from the experiments using the ring casting method to
evaluate the hot tearing propensity of aluminum-silicon alloys. The results [1] indicate
that the severity of hot tearing increases to a maximum with increasing silicon content
from 0 to 0.7% and then decreases to zero at 3% silicon. There was no hot tearing
observed for alloys containing more than 3% percent silicon. The curve behaviour was
described by Feurer [75] as the lambda curve (after the shape of the Greek capital
letter, A).
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Figure 26: Average length of cracking of ring castings in Al-Si alloys [1]

The methods involving casting flat rings around sand or metal cores have been quite
widely used [29,38-40]. According to Dodd [13], it is not easy to visualize a logical basis
for this test, but the method has been used with particular success by Singer and
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Jennings [1] and also in modified forms [37]. This test method is still used by some
researchers, alone or sometimes in combination with other analytical methods, to
evaluate the hot tearing susceptibility of aluminum alloys such as the AI-Cu binary
[41,42] and the Al-Zn-Mg ternary [44] systems.

Other methods to evaluate the hot tearing susceptibility of an alloy involve the
contraction of cylindrical bars of different diameters with flanged ends to restrain their
free contraction (i.e., constrained rod casting). Dodd [13] mentioned that based on the
strain theory [2], the most logical tests are those employing test castings in which the
strain arising from the solid contraction is concentrated in a narrow hot spot. The hot spot
may be at a junction of a runner [39] or riser but more commonly at the junction of
different sections [3,7]. The majority of these tests do not, however, permit easy
alteration of the strain applied to the hot spot. In addition, it is necessary to assess the
severity of tearing by visual estimation of the length, width and extent of the cracks.

Hall [45] conducted the development of what is believed to be the first test method
(before the description of the strain theory [1]) which employs flanged bars of different

lengths containing hot spots of constant dimensions in the middle of the bar (Figure 27).

INCHES

Figure 27: Hot tear test [45] employing flanged bars
and containing a hot spot
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Figure 27 shows the resulting castings (sand mould) with flanged bars and a bigger
section at the middle of the bars to simulate hot spots.

Hall [45] stipulated that if there is a hot spot, the casting length determines the strain
developed in the hot spot and, therefore, whether or not the casting will break. The
reliability of this test, however, is upset if the ramming density or sand composition is not
kept constant. Lees [9] comments adversely on this test for this reason and better
consistency could be achieved by using metallic or ceramic moulds [8,37].

Rosenberg, Flemings and Taylor [4] developed and adapted a test for studying the
relative hot tearing tendencies of non-ferrous alloys. The test pattern consists of a long,
thin cylinder joined to a heavier cylindrical section (Figure 28). The ends of the test
pattern are restrained by flanges. The lengths of the thin cylindrical bars can be altered
to vary the severity of hot tearing. The severity of hot tearing for each alloy was rated as
the maximum length test casting showing no tears. Castings were considered free of hot
tears if no hot tear was visible using micrographic examination of a section

(magnification 10X).
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Figure 28: Plan view of the test pattern [4]

29



Chapter 2: Hot Tearing Theory and Literature Review

Tearing in the Al-Mg, Al-Sn, Al-Cu, Mg-Al, and Mg-Zn binary systems was studied [4]. An
example of the results is shown in Figure 29 where hot tearing characteristics for grain
refined and non-grain refined aluminum-copper alloys are compared. The curve relating
hot tearing resistance is superimposed on the phase diagram.
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Figure 29: Hot tearing characteristics of the Al-Cu binary system [4]

Numerous designs of the constrained rod casting test can be found in the literature
[37,46,47]. Gamber [46] developed a test method (C-shaped bar casting) to impose a
stress to be concentrated at a fillet radius to evaluate the resistance to hot tearing of
commercial alloys (Figure 30). The stress is maximum when the radius is zero and

decreases as the ratio of the fillet radius over the bar thickness tends to one (r/t = 1).

The specific design is associated with a corresponding stress concentration factor (K).
Figure 31 shows the relationship between fillet radius, stress concentration and
castability at the hot spot location (L-junctions). Gamber's method offers several
advantages such as: a direct and simple relative rating system, increased sensitivity
(wider rating range), and a directional solidification, that forces the hot spot to be located
at the fillet radius.
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r=1.0t
%
24 \ . r,=20t
Il r=0.2t Kt: POSSIBLY AS LOW AS

1.1 IN BOTH TENSION
AND TORSION

22

l'1r

2.0

1.8

1.6

vy

STRESS CONCENTRATION FACTOR - K1

1.4 STRESS /
CONCENTRATION f

FACTOR (TENSION
( ) \\
1.2 f =1
STRESS 7
CONCENTRATION
FACITORl(TOIIQSIOI'l) EX‘iRAplo'-ATlED
1.0

4 2 3 4 5 6 .7 8 9 101112 1314
RADIUS OF FILLET / THICKNESS - r/t

Figure 31: Relationship between fillet radius,
stress concentration factor & L-junctions [46]

31



Chapter 2: Hot Tearing Theory and Literature Review

The rating consists of ascribing a severity factor of 1 for alloys that do not hot tear in the
sharp-notched mould. The severity factor increases to 9 for the test bar showing a hot
tear with the largest fillet radius and shortest length. A typical representation of the
results is shown in Figure 32 for the hot tearing resistance of commercial aluminum-

silicon alloy.
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Figure 32: Representation of the hot tearing resistance of commercial Al-Si alloy [46]

Liu’s [47] madification consisted basically in having horizontal rods of various lengths
positioned randomly (Figure 33). The metal is fed to the flanged rods by a common
sprue. The severity of hot tear was designated by a number from 0 (free of crack) to 5

(completely cracked bar) to each casting bar based on visual examination.

Warrington and McCartney [49,50] developed a hot cracking test for aluminum alloys.
The main objective was to investigate hot tearing behaviour of aluminum alloys in a way

which is relevant to the shell zone of DC cast ingot.

The test method consisted of an internally tapered steel crucible held in an open-ended
tube furnace together with a separate water-cooled copper chill with a tapered conical
portion. The chill section of the apparatus was inserted at a pre-determined depth into
the molten alloy. Figure 34 shows a diagram of the test method used to assess the
effects of grain structure and alloy composition on the hot tearing susceptibility of Al-Cu

binary alloys.
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Several tests [49] were performed with temperature measurements which allowed
thermal conditions to be characterized. Two conical chills with a 17.5° taper angle were
used during the course of their work. The smaller chill had maximum and minimum
diameters of 38 mm and 15 mm, respectively. The larger chill had maximum and
minimum diameters of 60 mm and 20 mm, respectively. The taper arrangement of the
chill and the crucible provided castings with 10mm wall thickness.

The melt temperature and the insertion depth were important parameters. However, the
surface finish of the chill was a crucial element in reproducibility of the tests.
Consequently, the surface was cleaned and polished prior to each test. An important
feature about this test, is the ability to include a hot spot by simply painting a strip (8mm
wide) of colloidal graphite on the chill surface to reduce the local heat transfer.

The crack length was used to express the hot tearing susceptibility [49,50] of each alloy.
Figure 35 shows the crack length as a function of alloy composition.
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Figure 35: Diagram showing the crack
length as a function of alloy composition [49]
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In general, the compositional dependence of hot tearing was found to be broadly similar
to that determined by others [1,7,9,14]. The hot tears produced with the apparatus were
always intergranular in nature.

The methods described above were also used to determine the weldability of alloys. In
fact, the weldability is often defined as the hot tearing susceptibility of alloys. Generally,
the study of the weldability of alloys lead to the development of various techniques and
approaches [51-55] dealing with both fixed and variable mechanical restraint [74] of the

weld test.

The most popular technique to evaluate the relative hot cracking sensitivity of materials
is attributed to Savage and Lundin [52] who developed the Varistraint. The augmented-
strain concept for synthesizing full-scale restraint has proved useful in the studies of, 1)
hot cracking sensitivity of filler metals, b) the effect of specific alloying elements, and 3)
establishing the basic mechanisms of hot cracking. Briefly, the Varistraint technique

utilizes a small specimen supported as a cantilever beam (Figure 36).
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Figure 36: Diagram showing the
Varistaint testing device [52]
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A load is applied at a certain point to bend the specimen downward (augmented-strain)
as the weld is deposited. Figure 37 shows the total crack length, measured directly from

the as-welded surface, as a function of augmented-strain percentage.
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Figure 37: Total crack length as function of
augmented-strain percentage [52]

Clyne and Davies [57,58] assessed the severity of cracking by monitoring the effect of
the cracking on electric current flow. The method involves measuring resistance across
different locations on the cast specimen. The experimental apparatus (Figure 38)
consists of a dog-bone shaped mould (to create restraint) which is made of steel. Each
end is water-cooled and the central portion of the mould is seated on a firebrick heater.
The mould is positioned beneath a graphite crucible heated by an induction coil. The
crucible has a hole, plugged temporarily with a graphite rod, at its bottom to allow quick
filling of the mould at the appropriate time.

The experimental setup is such that the cracking is restricted to the 20mm wide central

portion of the dog-shaped mould (Figure 39).
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Figure 38: Diagram of the casting apparatus [58]

After pouring the melt and solidification is completed, the test specimen is removed and
the central portion is machined to a uniform section for resistance measurements. The
reduction in cross sectional area from the initial value to the obtained final value due to
cracking of the test piece is related to the resistance measured and expressed as

fractional area of cracking, X,

Consequently, the parameter extracted X.~= O represents a completely uncracked
specimen and X,= 1 a fully cracked section. Figure 40 shows the variation of cracking
fraction X, as a function of alloying element and melt superheat. It has been shown to
represent in a meaningful way the severity of the cracking based on the two assumptions
a) that the values of X, represent an actual reduction of the cross section area or the

crack surface area, and b) that the changes in the resistance are a direct consequence

37



Chapter 2: Hot Tearing Theory and Literature Review

of the presence of cracks only and not the results of changes in composition produced
by macrosegregation or microstructure.
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Figure 39: Machined section for resistance measurements [58]
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Figure 41 shows a typical comparison of theory and experiment for the Al-Si alloys; the
hot cracking susceptibility of Al-Si alloys measured by Clyne and Davies (through
electrical resistance [58] and by Feurer (through direct measurement of the crack length
[75]). The experimental results are from the ring test and the dog-bone test.
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Figure 41: Comparison of theory and experiment for
the Al-Mg system [58]

The observation of hot tears formation allowed a better understanding of this
phenomenon. Fredriksson [59] observed initiation and propagation of hot tears during
tensile testing under a scanning electron microscope (SEM). Two alloys were used (Al-
4wt%Sn and Al-4wt%Cd). The samples were heated between the liquidus and the
solidus temperature before tensile testing. These two alloys showed completely different
behaviours. The alloy Al-4wt%Sn presented a fragile rupture while the alloy Al-4wt%Cd
was ductile. In fact, the eutectic liquid located at the grain boundary wets the grain that
favours hot tearing when a tensile load is applied. On the other hand, the eutectic liquid
did not wet the grain boundaries of the Al-4wt%Cd. In fact, the eutectic liquid remained
under the form of spherical drops. These results showed the important role of the wetting
ability of the grain boundaries by the liquid metal and the formation of the hot tears.
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Grasso [60] used an organic alloy of succinonitrile-acétone and a device (Figure 42) to
perform unidirectional solidification in order to observe in situ the hot tear formation. The
use of this organic alloy avoided the problems related to visual observation at high
temperature with metallic alloys. The device was composed of a small cavity containing
the alloy subjected to a thermal gradient. A lever allowed initiating hot tears while
separating the dendrites of one another. The temperature of the solid liquid front was

measured by thermocouples.
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Figure 42: Device to observe in-situ hot tearing [60]

These two studies showed that the hot tear will be healed by the surrounding liquid if the
dendrites are separated at lower solid fraction (i.e., no coherency between dendrites).
Nevertheless when the permeability becomes too low (i.e., no inflow), pores will form at
the extremity of the healed hot tear. The liquid will spread itself in the perpendicular
direction until separation. These studies show that the phenomenon of hot tearing is not
only interdendritic but also intergranular.

Tensile testing of aluminum alloys during solidification requires that the sample start at
the liquid state. The tensile test concept by Ackerman [60] is certainly a completely
different experimental approach. The experimental set-up (Figure 43) used two water-
cooled movable copper cylinders that were immersed in the molten metal. The
solidification began immediately and a shell zone surrounded the water-cooled device

shortly after. When the formed shell attained a certain thickness, the lower portion of the
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cylinder moved downward to apply a tensile load perpendicular to the direction of the
solidifying sheill.

force
‘[cooling water

//'4/1{5 )::Lg\\

liquid

@ '
@ metal

10 mm ' solidified shell

Figure 43: Experimental to apply tensile force during solidification [60]

This configuration does not allow a direct measurement of the strain in the molten metal.
The strain rate was determined by assuming that the shell is strained over the total
height, L,. The latter can be affected by the friction between the shrinking shell and
internal stresses can develop but are not considered in the tensile strength
determination. In addition, molten metal will penetrate between the incipient hot tear.
This makes the hot tear zone and the load bearing area difficult to evaluate. This
approach gave resuits that were in agreement with previous studies. However, the
approach does not cover the range of interest in the solidification interval and completely
different failure mechanisms might probably take place.

Ohm and Engler [62-65] represents the first and only documented attempts to measure
the stress and strain at the surface of a casting chilled by a metallic mould. The
apparatus included an insulated U-shaped crucible on which a water-cooled copper

41



Chapter 2: Hot Tearing Theory and Literature Review

mould is positioned (Figure 44). The crucible is filled with the molten alloy which makes
contact with the water-cooled copper mould almost simultaneously over the total contact
area. The alloy is therefore solidified directionally from the top and a shell grows
downwardly into the metal pool. The supplementary cooling of the mould ends ensures
that the hot tearing will take place at the centre of the sample. After reaching the target
temperature, the mould is removed and a constant displacement velocity is applied to
the cast sample using the specially designed jaw or cast-in anchors. The force and the

displacement velocity were recorded.
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Figure 44: Diagram of the apparatus designed by Olm and Engler [62-65]

Magnin et al [63] used the apparatus developed by Ohm and Engler [64,65] for the
tensile testing of a solidifying shell cooled by a chill plate. They presented stress-strain
curves for aluminum alloys above their solidus temperature. The measured tensile
strengths were in the range of 0.25 to 2 MPa and elongations at maximum stress were
typically less than 0.5%. The alloys investigated were Al-0.9Mg-0.6Si (6063) [62], Al-4Cu
(A295.2) [62] and Al-4.5Cu (2024) [63].

Colley et al [67] measured the tensile properties of as-cast aluminum alloy AA5182 in the
500-580 °C interval using the reheated bar technique equipped with a digital video
camera to evaluate the instantaneous true strain from diameter measurements. They

observed a sharp decrease in strength as the temperature raised above 570 °C giving
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mass fraction liquid greater than 5% according to Arnberg et al [68]. The cause of such a
decrease in strength was not associated to a visible change in the microstructure in the
570-575 °C interval, but an increase in the proportion of liquid was evident above 575°C.
The maximum stress measured at 575 °C was around 2.5 MPa. The loading portion of
the stress-strain curve was unfortunately too steep to evaluate the strain at maximum

stress. Applied strain rates were between ~10% and ~10*s™.

2.3.2 Prediction of Hot Tearing Susceptibility

Over the years, there have been many attempts to define an effective working theory of
hot tearing. The most useful work has been the attempt to predict the hot tearing
susceptibility as a function of composition for binary alloys. This is considered [32] as a
severe and discriminating test because the theory has to contend with a pure metal,
having low solute content (only solid solution dendrites), and eutectic concentrations
increasing with solute levels. Consequently, the ability to deal with all of these aspects in
a single alloy system represents a test of the theory which covers the majority of

solidification structures in real castings.
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Figure 45: Diagram showing the relative hot tearing tendency
(A-curve) for the Al-Si system [75]
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However, there are relatively few usefully predictive models and it is difficult to derive a
satisfactory theoretical description from decades of research on hot tearing. One
particular example is the typical experimental result (Figure 45) which reveals a steeply
peaked curve (relative hot tearing tendency) which Feurer [75] called a lambda curve
(after the shape of the Greek capital letter,A). The problem is to find a theoretical

description which will allow the lambda curves to be simulated for different alloy systems.

Generally, the tendency to hot tearing is based on balancing parameters having a
positive or negative effect on one another. Quantitative characterization using computer
simulation of solidification and the prediction of hot tearing cannot be built on experience
or estimates of influencing variables. In this case, it is necessary to deal with parameters
which can be described mathematically and be determined from measurable quantities.
The theoretical approaches and the known concepts to explain the experimental results
are presented in this section.

According to Fortina [66,70] the curve for the solid fraction curve as a function of
temperature, f;, deviates greatly from a hypothetical linear curve. The positive or
negative deviation, AT, should describe the hot tearing tendency according to

Equation 3,

FC:(ATpos )max 'S+—(ATneg )max S
R

mc

Equation 3

where: (AT o9max: largest positive temperature deviation (°C),
5" fsvalue of AT,
(ATweg)max:  largest negative temperature deviation (°C),
s fsvalue of ATeq,
R... hot tensile strength of the solidified alloy (MPa),

(1-s7): liquid fraction (1-fs).

The value of the hot tearing coefficient FC should be as low as possible. This coefficient
was used by Fortina [66,70] to make a relative estimate of the hot tearing tendency of

wrought aluminum alloys.
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Flender and Hansen [71] sees the hot tear development as a competition between the
solidification rate, v, and the contraction rate, u. The solidification front requires a certain
time to pass through a critical zone of length a, at a rate, v. During this time, the
considered zone contracts with the rate component (u; - cos ¢). The strain forced in this
direction should be less than the critical strain (&* - AL) where &£* represents a material

property. The condition for the occurrence of a hot tear is, therefore, given by Equation 4,

v
Kw: ; 1 _ K;,m Equation 4
u,cosp &*AL
where: v solidification rate (°C/s),
a. length of the critical temperature range (m),
U free contraction rate,
g*: critical strain,
AL: length of the critical zone (m),
@. angle between u; and the perpendicular to v.

Feurer [75,94] derived a mathematical model for the hot tearing tendency of hypoeutectic
alloys based on solidification shrinkage and its feeding by the residual interdendritic
liquid. The hot tearing criteria is given by Equation 5,

( dinV j
<0 Equation 5
dt total

(danj é‘anj 51an
with; = +
dt total 5t Jeeding 5t shrinkage

where “P” represent the positively acting part (feeding) or the negatively acting part

(shrinkage) of the volume deficiency. However, this description does not take into

account any small elastic or plastic deformation [12].

Clyne and Davies [58] define a cracking susceptibility coefficient (CSC) assuming that the

local liquid fraction, f,, in any volume element decreases monotonically until the
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solidification is complete. It is indicated that in the vicinity of the hot spot (the most

vulnerable region) the following processes can occur:

i) Strain accommodation by solid movement (mass feeding)
i) Strain accommodation by liquid movement (interdendritic feeding)
iii) Interdendritic separation (interdendritic film stage)

iv) Interdendritic bridging

The cracking susceptibility coefficient was defined according to Equation 6 where ¢ is

the vulnerable time period and ¢ is the time available for stress relief processes.

t
CSC = t_V Equation 6
R

It is necessary, however, to obtain the fi/time curves corresponding to a range of initial
compositions to predict the variation of CSC with composition. In order to calculate these
times, it is necessary to have a f (t) or f(t) relationship. This can be achieved using a
microsegregation model (Scheil or with some back diffusion) and knowing the local
thermal history. The first approximation to the f_ limits can be taken from previous work

concerned with liquid-solid rheology and interdendritic mobility [72] which suggested the

following:

i) mass and liquid feeding: 01<f <0.6
ii) interdendritic separation: 0.01<f <0.1
iii) interdendritic bridging: fL <0.01.

Figure 46 shows the model for the regimes during which either stress relaxation or
vulnerability to hot tearing occur. The model is used to determine the ¢z and ¢, values.
During the time ¢z (0.40 < fs < 0.90) liquid and mass feeding will prevent or heal any
incipient hot tear. On the other hand, in the period ¢, (0.90 < f; < 0.99) structural

separations are possible.

Consequently, to avoid the occurrence of hot tears, it is necessary to have the lowest
values for the CSC coefficient. The agreement was improved later by Katgerman® for the

Al-Mg system.
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Figure 46: Model for the determination of tg and t, [58]

In addition, Campbell [15], has suggested a modified criterion for the susceptibility to hot
tearing as shown by Equation 7.

alATLa t,

CSC, = Equation 7
R

where “AT” is the interval of solidification, “L” is the overall length of the casting, “a” the

grain size, and “ the coefficient of thermal expansion. The first term on the right hand
side refers to the thermal strain accumulated in the hot spot with grains of size “a”, and

“I" the length of the hot spot measured in the direction of the strain.

Feurer [75] has proposed a theory to explain hot tearing tendency from a concept which
is in fact more relevant to microporosity formation. First, he considered the suction of
liquid that is needed to compensate for the shrinkage of the metal without formation of
pores. On the other hand, he calculated the pressure drop associated with a given flow
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of liquid through a mushy region (Darcy’s law) and estimated that hot tears will form

when the feeding cannot compensate for the shrinkage.

This approach [75] assumes a pressure drop in the mushy zone (i.e., which normally
leads to microporosity formation) and not uniaxial tensile stresses. However, Guven and
Hunt [93] have shown that hot tears form in the aluminum-copper system only if the
casting is restrained from opposite solidifying zones; this situation generates a hot spot
under tensile stress. Consequently, the approach by Feurer [75] to explain the form of
the lambda curves can be discounted because it is based on the modeling of liquid flow
and hence the development of hydrostatic stress, not uniaxial tension as presented by
Campbell and Clyne [32]. Figure 47 shows the hot tearing response of Al-Cu alloys with
a peak at approximately 0.7% Cu from the conical ring test by Warrington and

McCartney [49] compared with various theoretical models.
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During their studies on the computer simulation and modeling of the hot tearing

behaviour, Flender, Hensen, and Sahm [71] show the most advanced formulation of a

hot tearing criterion as being given by Equation 8.

v:i . Gy .L
_ Gs \/; Equation 8
W o\ o172
(u{: a-Ay- Tj -(C-T)
where v solidification rate,
u: contraction rate in y-direction,
7.’ : cooling rate,
Gs: temperature gradient at the solidification front,
L length of the stress relief,
o. coefficient of thermal expansion,
Ay: shrinkage length of an element,
C: constant,
K, parameter for the hot tearing criterion,
n,m,l. weighting constants.

However, the use of the above calculation methods can be made significantly more
difficult by taking into account factors such as, phase transformation, segregation of
alloying and trace elements, grain size and distribution, wetting behaviour of the residual
liquid as well as the mobility of the grain and melt system under stress.

2.3.3 Mathematical Model

Mathematical models that predict the evolution of temperature, stress, and strain fields in
metals during industrial processing have become an important tool in obtaining a better

understanding of the processes and in optimizing them.
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An important problem in casting is the formation of thermally induced strains and
stresses, which can lead to defects such as hot tearing, hot cracking, and cold cracking
during or at the end of the process.

Approaches to modeling the magnitude of thermal stresses and strains during
solidification for the prediction of hot tears have been covered by several researchers
[77-83]. A specific objective is to establish a mathematical model to predict the hot

tearing susceptibility of aluminum alloys.

Chandra [77,78] described the development and application of a new approach for the
prediction of hot tears in castings. The proposed methodology is based upon Pellini's
theory and is divided into two main parts: 1) prediction of grain size and thickness of
liquid film around solid grains at various stages of solidification, and 2) development of a
strain based hot tear or fracture criterion.

Hannard [84] used a specific finite element program (MARC) to model the butt curl and
stress built up during DC casting of aluminum sheet ingot. The magnitude of the stress is
used to predict the cold cracking tendency. Figure 48 shows the boundary conditions
used to calculate temperature distribution and thermal stresses during both the start-up
and the steady-state regime of the cast.
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Figure 48: Boundary conditions for the DC casting model
(MARC) using finite element [84]
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Drezet [85,86] developed a thermo-mechanical model to describe the stress generation
in the solidifying ingot. The main objectives of the work included the understanding of the
basic mechanisms responsible for the non-uniform lateral face pull-in and to quantify the

shape of the final cold ingot through numerical simulation.

Purvis [87,88] used acoustic emission (AE) to determine the precise moment for the
occurrence of a hot tear during solidification. Larikov [89] used the same method to
determine stress generation during liquid embrittlement of aluminum. The AE signal
generated during solidification provided various pieces of information concerning the
liquid-solid phase change such as primary and eutectic phase formation, and
intermetallic phase precipitation. The approach was also able to detect certain casting
defects such as hot tearing, hot cracking and porosity [88] formation. He conducted
solidification experiments [87, 88] with cast restrained bars of variable length and used
acoustic emission in combination with thermal analysis to investigate hot tearing
mechanisms. It was found that the acoustic emission signal tended to increase abruptly
during the generation of a hot tear. Figure 49 shows an example of the results obtained

during solidification with acoustic emission and thermal analysis.
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Figure 49: Acoustic emission signal during solidification of

Al-Si alloy (A319) and the associated cooling curve [87]
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2.4 Influencing Variables on Hot Tearing

Hot tearing is likely to be found in all material groups. The aluminum-silicon and
aluminum-copper binary systems are prone to hot tear and were intensely investigated
by, among the others, Verd [7], Singer and Jennings [1], and others like Warrington and
McCartney [49] or Chadwick [42].

Numerous studies in the steel industry summarize the latest development in the research
on hot tearing and consistent agreement can be found in the literature for most groups of
influencing variables. The results concerning the impact of specific parameters and
variables are compiled under the following descriptions.

2.4.1 Alloy - Solidification interval - Amount of residual eutectic liquid

The extent of the solidification interval depends on the principal components of the alloy.
Beginning with pure metal (not susceptible to hot tearing), the solidification interval of a
A-B binary alloy usually increases rapidly when the quantities of the B atoms of the
alloying element increase. Further addition of the alloying element will result (in the case
of binary systems with eutectic and a partition coefficient k<1) in a continuous drop in the
solidification interval from the maximum solubility in the a phase to the eutectic
composition. In general, an alloy having a wide solidification interval is considered to be
more prone to hot tearing [9,10] and the susceptibility to hot tearing reaches its
maximum at approximately the maximum solubility. Although the solidification interval
usually decreases almost linearly between the maximum solubility and the eutectic
composition, the hot tearing phenomenon has already started to diminish. Based on this
fact, the increase of the content of residual eutectic liquid proved to be beneficial
[6,9,29].

2.4.2 Trace Elements

The effects of trace elements or impurities are detrimental because during solidification
the strong segregation will cause the remaining liquid to be much below the equilibrium
temperature of the alloy. Indeed, sulfur and phosphorous are known [2] to promote hot
tearing in the steel industry. In addition, below the true solidus temperature, undesired
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trace elements could also form brittle, plate or needle-like phases at grain boundaries.
This could prevent the usually strong increase in elongation immediately below the
solidus temperature [13]. Trace elements could also reduce the surface tension of the
interdendritic residual liquid. Consequently, the hot tearing susceptibility increases
because of the improved wetting [21].

2.4.3 Casting design - Geometry of the hot spot - Strain rate

During solidification, the first solidified material induces, due to shrinkage, stress or
pressure on the hot spot. When the hot spot itself solidifies completely, its own shrinkage
is accommodated by the surrounding thin sections in which tensile stresses develop.
Since the thermal expansion coefficient and the low ductility of a volume element in the
solidification interval are set values, the risk of hot tearing can only be reduced if the thin
contracting zones are as long as possible. The tensile stress can therefore be distributed
over a larger number of liquid films [2,3]. The strain rate is recognized as the determining
factor for hot tearing [2].

2.4.4 Grain size - Residual melt distribution

During solidification, a coarse grain size or a columnar structure shows considerable
segregation at the grain boundaries; this leads to the formation of deep notches [13] or
partial meiting [10]. In addition, the mobility of large grains is limited or restrained within
the solidifying network and reduces the duration of the mass feeding stage. The free
movement (rotation) of the large or elongated grains within the residual eutectic liquid is
limited. Indeed, larger grains cause mechanical interactions (coherency) to take place

earlier in time; this results in a larger solidification interval.

The equalization of the concentration across the microstructure is difficult to achieve
because of the long diffusion paths. Lower hot tearing propensity associated with the
extent of grain refining was determined by many different techniques and approaches
[6,9, 10,14,29]. It has been mentioned [9] as an explanation that the improved strain
properties could be associated with crystal rotation, displacement or slippage.
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Hot tearing resistance could only be improved by a reduction in grain size in the case
where good wetting conditions exist between the residual eutectic liquid and the solid
grain. On the other hand, bridging can take place between the grains in the early stage
of solidification if the residual liquid is restricted to the grain corners and edges
[16,17,21]. During this particular condition, the matrix can accommodate a considerable

amount of strain.

2.4.5 Gas content

Gas content has been the subject of an investigation by Lees [9], who studied many
aluminum alloys and found that the effect of dissolved gas was to reduce hot tearing in
specific alloys which have a relatively high eutectic content. In fact, gas rejected from
solution during solidification reduces the linear shrinkage or contraction [6]. In addition,
the gas rejection sets up an internal pressure sufficient to force liquid eutectic into
incipient tears. The effect of gas rejection during solidification is stronger on alloys with
larger solidification intervals. However, a reversed effect could be that the generated gas
pressure forces the replenishing eutectic liquid away from the tip of the tear.

2.4.6 Healing of incipient tear

Hot tearing can be healed if the quantity of eutectic liquid is sufficient during the last
stage of solidification. The flow resistance in the interdendritic channels, which are
growing with increasing solid fraction, can hinder the healing process of incipient tears
[7]. The interdendritic melt transport and the feeding mechanisms during solidification are
described by others [15,91]. The dendrite coherency defines the transformation from
mass feeding to interdendritic feeding. Flow resistance through the dendrite network is
described by the filtration laws [91] (i.e., Kozeny-Carman equation: permeability, Darcy’s

law: flow through porous media).

2.5 Development of Stresses and Strains

The stresses and strains which might develop when a metal is cooled down from the

solidus (or eutectic) temperature, Ts, are briefly described in this section. However, the
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complex phenomena occurring in the mushy zone during the solidification process will be
neglected. It is assumed that the newly formed solid is free of stress and strain, i.e., the
solidification shrinkage was accommodated properly by the proper feeding mechanisms.

Consider first the simple thermo-elastic situation (Figure 50) to illustrate the change
taking place during cooling. It is assumed that the solid previously formed is already at
room temperature, T,. Cooling of the newly formed solid layer from T, to T,, would
normally generate a thermal contraction AL given by a(T, -Ts), (AL < 0), where L is the
length of the plate and o the linear coefficient of thermal expansion. Without the base
material, this contraction would correspond to a thermal strain (Figure 50b) given by el =
-o(Ts - To). If the already cold material cannot deform, then the overail deformation of the

! must

newly formed layer must be zero. In other words, the elastic deformation g®
compensate for the thermal deformation estimated before (se' = -a"‘) and residual
stresses will build up (Figure 50c). In this ideal elastic case, the residual stress will be

given by o = Ec® = Eo(Ts - T,), where E is Young’s modulus.

v

A

|

Figure 50: One-dimensional thermo-mechanical situation

Consequently, the surface layer is in tension whereas the base material is in
compression. In the case where the plate and the new surface layer are allowed to
deform, both deformation and residual stresses will be observed (Figure 50d). This non-
symmetric temperature situation induces a bending of the test specimen as a result of

the equilibrium of both forces and momentum.
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.e >

Figure 51: Ideal visco-elastic behaviour of a material

Creep mechanisms (nearly-instantaneous plasticity is included in this definition) will tend
to relax stresses. For example, if the new layer has the ideal elastic-viscous behaviour

(Figure 51) while the base plate cannot deform, it will have a final residual stress given
by the yield stress limit, oy (providing this limit was reached during cooling). The

remaining deformation given by o(Ts - T,) - oy/E will be accommodated by plastic strains

(i.e., slight change in the thickness of the newly formed layer).

In a general situation, the strain tensor [g] or the strain rate tensor [g] of the material

can be decomposed into four components [92] given by Equation 9.
[g]: [g]th + [g]el + [g]pl + [8]tr or [é]:[g]m +[g]el + [ 8]p1 +[g]tr Equation 9

where the suffix th, el, pl, and tr are the thermal, elastic, plastic and transformation
contributions to strain or strain rate, respectively. The first three components of the strain
tensor are associated with the simple one-dimensional situation (Figure 50). The last
component is the contribution associated with the volume change during solid state

transformation (e.g., austenite-ferrite transformation).

The thermal strain is a diagonal tensor given by Equation 10.
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[]=a T[] Equation 10

where [I] is the identity tensor and T the cooling rate. The elastic strain can be related to

the stresses using the elastic tensor [E] (Hook’s law) given by

[0'] = [E ] [S]el Equation 11

The strain rate component related to phase transformation has the sa