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PREFACE

Significant progress has been made in the quality and reliability of shape castings
in the past several decades through a better understanding of the nature of structural
defects, how they form, and how to avoid them. Light-alloy castings are now replacing
complex assemblies by offering weight savings and significant reduction in tooling,
assembly, and quality costs. These advances have been made possible by research on
the physics behind simulation codes, the quality of molten metal, the hydraulics of
mold filling, and the nature of bifilms and their effect on mechanical properties.

The first Shape Casting symposium held at the TMS 2005 Annual Meeting &
Exhibition initiated a forum where researchers and foundry engineers could exchange
their latest findings to improve the quality and reliability of shape castings. Since then,
three other Shape Casting symposia followed this trend. Leading-edge technologies
and the latest innovations in casting process design and quality improvements relative
to shape casting were explored through presentations by researchers from around the
world and are documented in the articles in this book.

We would like to give special thanks to Dr. Paul N. Crepeau, who served as the co-
editor of the first four volumes in this series. We also welcome Dr. Glenn Byczynski as
the third co-editor of this volume.

Murat Tiryakiogiu
John Campbell
Glenn Byczynski
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A Draft Melting Procedure for Al Alloys

J. Campbell
Emeritus Professor of Casting Technology
Department of Metallurgy and Materials
University of Birmingham, UK

Keywords: Melting Procedure; liquid metal quality; bifilm; degassing.
Abstract

Current melting practices for Al alloys are in general unsatisfactory because it is clear that
properties of Al alloy castings are not under control. In particular the variability of tensile
ductility appears to indicate the great variability of oxide bifilm contents. A melting and
casting procedure is outlined in which (i) the primary oxide skins from the surface of charge
materials are first separated from the melt, followed by (ii) procedures for reducing the
population of oxide bifilms in suspension from the interiors of charge materials. (iii)
Hydrogen gas is reduced passively, avoiding potentially damaging bubbling techniques. (iv)
Finally, techniques for the transfer of good quality metal into molds without re-introduction
of damage are briefly mentioned.

Introduction

The Al alloy casting industry spends significant time and money on each of their melts in an
attempt to ‘clean up’ the melt, or sometimes merely to “degass’ the melt. The extent to which
these current procedures are unreliable, and sometimes completely fail, is clear from the
survey by Tiryakioglu [1] revealing the scatter in tensile elongation results sourced mainly
from US aerospace foundries who would, of course, be expected to use the best procedures
available to the Al alloy casting industry (Figure 1).

It sobering to reflect that most other Al foundries will perform even less well. Figure 2 shows
results from an Al alloy foundry who wishes to remain anonymous. They had been rigorous
in attempting to increase the quality of their melts and the properties of their castings. When,
on recommendation, they introduced the comparative Quality Index test [2] they were
amazed to discover that they had achieved, on average, only 25 % of the possible level of
tensile elongation. This prompted them to reconsider their melting and melt treatment
procedures, which was an incentive to write this paper.

E
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Fig 1. Scattered tensile elongation results Fig 2. A typical Al foundry obtaining, on
mainly from US Aerospace foundries [1]. average, only 25 % of potential properties.



The foundry discovering its 25 % achievement is to be congratulated on their use of the new
Quality Index which revealed to them the precise extent to which their melt quality fell short
of what should have been attainable. It is to be noted with regret that most founders have no
idea what their quality is really like, and no idea what they can achieve with good practice.
The problem arises from oxides in the melt; these are all in the form of bifilms — folded over
oxide films which act as cracks to reduce mechanical properties. Traditionally oxides have
not been monitored nor treatments devised for their reduction, although their action as cracks
in the liquid, inherited by the solid, means that the oxides effectively control the attainment of
good properties.

My initial suggestions to this foundry included the avoidance of the addition of flux on the
melt which may raise hydrogen levels unnecessarily (flux may have benefits such as the
reduction of suspended oxides by a mopping up type of mechanism, but this has never been
proven, and in the absence of convincing data to indicate useful benefits, the current decision
was to discard it. This decision could be reversed at some future time if evidence to support
its usefulness can be demonstrated.) In addition their argon degassing for lengthy periods
measured in hours would almost certainly be damaging because of increased oxide bifilm
content of the melt. Rotary degassing was also not necessarily recommended because of its
operational uncertainties as discussed below, and in any case the hydrogen is easily reduced
later without such threats to quality as is explained in due course.

The Rotary Degassing Technique

Most of the current efforts to increase quality involve rotary degassing; the dispersing of a
cloud of fine bubbles of inert gas from a spinner submerged in, and vigorously stirring the
melt. The technique is named a degassing technique, and researchers have been preoccupied
by measurements and predictions of degassing efficiency, but it seems likely to this author
that its degassing effect is of secondary importance to its effect in reducing the population of
large oxide bifilms. So far this important and critical aspect of the process appears to have
been overlooked.

In its role as a treatment for the reduction in oxide films, however, the rotary process may not
be completely satisfactory. This is partly because the rising bubbles can, in general, only float
out films larger than themselves as illustrated in Figure 3. For this reason the process appears
to be highly effective in removing the large oxide skins, often the size of newspapers, which
were the original skins on the surface of the charge materials such as ingots and foundry
returns such as running and feeding systems and scrap castings. These large, floppy, planar
defects are easily impacted by the bubbles and transported to the surface of the melt from
where they can be skimmed off. The removal of these massive defects is an important
feature of the rotary technique, and explains the generally much improved quality of melts
following treatment.

It is noteworthy that these large oxide skins are always spinels (Al,03.MgO) [2] as would be
expected from the relatively long cooling times for cast products when originally cast,
especially in sand molds, and the long reheating and melting time in air when remelted,
giving plenty of time for Mg to diffuse into the surface oxide converting the originally pure
alumina to a spinel.



Turning now to the case of those films in the liquid metal which are smaller than the bubbles
provided by the spinner, as the bubbles rise the films will tend to move around the flow lines
of the bubble, never touching the bubble, despite being apparently directly in the flow path of
the bubble as seen in Figure 3. It is clear therefore that on average the bubble technique can
only eliminate oxides larger than the average bubble size. Since the bubbles are
approximately several millimeters in diameter, typically 5 mm, this leaves relatively
untouched a large population of oxide bifilms in the melt of significant size.

Fig 3. Bifilms in the paths of rising bubbles (a) the bifilm larger than the bubble
is impacted and floated out; (b) the bifilm smaller than the bubble tends to follow the
flow lines around the bubble, not contacting the bubble, and is therefore not floated out.

Furthermore, as the bubbles break at the surface of the melt their freshly opened surfaces are
oxidized by exposure to air. As the opened and oxidized surface closes again it naturally
creates an oxide bifilm. Interestingly this will be a pure alumina bifilm, as corroborated by
experiment which finds, as rotary degassing progresses, that the oxides in suspension change
from being 100 % spinels to 100 % pure alumina [2].

Finally, at the high shaft speeds to achieve fine bubbles, a common technique is the
introduction of a baffle plate in the melt to inhibit the general rotation of the liquid and avoid
the development of a central vortex. This feature may take air down into the melt and
thereby introduce oxides,. However, in the conditions when the baftle is working hard to hold
back the general rotation of the melt, water modelling clearly reveals the consequential
development of severe air entrainment in the wake of the baffle, probably countering its
usefulness.

It is clear therefore that although the rotary degassing technique is valuable, it is also seems
likely to be limited if very high metal quality is required; although the technique appears to
remove the very damaging large spinel sheet bifilms, it simultaneously appears to create
millions of confetti sized pure alumina bifilms.

Clearly therefore, if very high quality is required, some alternative technique to eliminate
oxide bifilms is desirable.

The Cosworth Casting Process

To the author’s knowledge, the Cosworth Casting Process was the first melting and casting
process to be set up to counter porosity in castings by reducing the population of suspended
oxides in the liquid metal. It was first set up in 1980 specifically to produce cylinder block
and head castings for racing engines. The Al alloy melts were cleaned from oxide bifilm by a



sink and float separation technique. The Process enjoyed significant success, demonstrating
the ability to cast a pair of blocks, each weighing over 30 kg in a single sand mold every 45
seconds, putting its productivity well above any other block producing process. In addition
the properties of the castings were unexcelled. However, despite its high achievements, it is
now known never to have achieved its full potential because the fundamental requirements of
the process were never fully met [4], hampering properties of products because of inadequate
cleanness of the melt. This less than optimum performance resulted because the contribution
of the massive oxide films which formed the skins of the charge materials had been
overlooked. In addition, the design of the holding furnace was not optimum for effective
sedimentation. These shortcomings are the subject of current developments by the author.

The specification for the Process is simple. Avoid any turbulence or other disturbance of the
metal. This was designed to be achieved simply by melting the interior of charge materials
but separating and discarding the outer oxide skin, ensuring that the liquid alloy from that
point on in the process never poured downhill, but travelled only horizontally. The interior
bifilms in the alloy were allowed to sink, possibly aided by precipitation of heavy
intermetallics. Finally the alloy was transferred into the mold via an uphill process in which
the velocity of the melt was always controlled to be below the critical velocity 0.5 m/s to
ensure that any surface oxide was not entrained by surface turbulence.

This logic of this specification is most effectively translated into hardware using a
commercially available dry hearth melter in tandem with an electrically heated reverbatory
holding furnace. Preferably a casting station is provided separate from the holder (the use of a
pump in a pump well of a holder is at risk from the holder developing a leak, reducing
temperature in the pump well to the point that casting production cannot be continued. A
separate casting furnace, most conveniently a crucible furnace, can have independent heating
for casting temperature control, and is easily swapped for a spare furnace in the rare case of
total failure of the furnace). A counter-current of dry nitrogen flowing through the holder is a
long understood technique for passively degassing the melt without the trauma of turbulence
caused by bubbles. Effectively everything works by itself in this system; there are practically
no moving parts, and very little operator involvement.

In general, however, most foundries do not currently enjoy the luxury of such a high volume
continuous melting and treatment system, if only because of the number of different alloys
their customers demand. Batch melting in crucible furnaces is therefore appropriate, but is, of
course, significantly more difficult to achieve a consistently good level of quality control.
The following procedure is designed to attain the best results possible from this less favorable
starting point.

A suggested draft General Procedure
A melt treatment to take advantage of the most recent thinking and experience in Al
foundries using crucible furnaces is outlined below. At this time it is proposed as a draft,

which can be revised and added to as the technology is developed.

1. After the melting of the charge, add alloying elements, perhaps stirring for half a
minute to ensure that all alloys are in solution and to ensure homogeneity.

2. Eliminate the primary oxide skins resulting from the surface of the original charge
materials the surfaces of the alloying additions. These are large oxide skins, some



probably approaching the size of newspapers. Flushing the melt with fine bubbles of
argon from a stationary lance with a porous refractory tip, or from a rotary ‘degasser’,
is generally helpful to lift out these large skins. After 5 minutes the fine bubbles
should have raised all these oxides to the surface and should be skimmed off. If there
is any sign of additional skins coming to the surface after the termination of the
flushing action, additional treatment with the fine bubbles for a further 5 minutes and
skimming off again may be helpful. It is possible that these times are excessive, but
shorter times, for instance 1 minute, may be insufficient for the shaft and rotor to
degass its contained hydrogen, so there may be some danger of raised gas levels. This
danger is worth exploring, since short times would definitely reduce the dangers of
the creation of large populations of pure alumina bifilms.

. Eliminate the dispersion of finer oxide bifilms in the centres of the charge materials
and alloying additions, and those introduced by rotary degassing, as far as possible. At
this stage the melt is probably choked with a snow-storm of fine oxide bifilms which
will degrade properties. Furthermore, the bifilms are nearly neutral buoyancy and,
with the assistance of the thermal convection present in all conventional furnaces, will
stay in suspension for hours or days. The rate of sedimentation can be encouraged by
the addition of a heavy solute such as the grain refiner Ti+B. An addition of Ti-rich
material needs to be gently stirred in to the melt to homogenize it. However, after that,
the melt should not be stirred or disturbed in any way again. This is because Ti-rich
compounds precipitate out on the favoured substrates provided by the oxide bifilms.
This causes them to sink to the bottom like stones leaving the main body of the melt
clean. The melt can remain clean while the bottom sediment is not disturbed.

(It is a widespread fallacy among metallurgists and foundry engineers that the melt
must be stirred vigorously immediately prior to pouring so as to obtain as much of the
Ti-rich compounds transferred into the casting as possible, maximizing grain
refinement. This treatment has almost no effect on grain refinement, but because the
bifilms are now also carried over into the casting, also reduces properties and
increases the susceptibility to hot tearing, cracking and porosity.)

. Reduce hydrogen by passive degassing. This means, instead of active degassing by
bubbling, doing nothing for a further 30 minutes (or perhaps more with a fuel-fired
furnace — this needs to be checked by RPT or other device capable of quantifying
hydrogen content as a function of time). After this 30 minute period in which the
melt should be left alone, not stirred or disturbed in any way, the hydrogen should
have evaporated from the melt, equilibrating with its environment. This assumes that
the environment is fairly free from moisture. The environment may be a slight
problem with a fuel-fired furnace. It might also be a problem with an induction
furnace in which the water-cooled induction coils are dripping with condensed water.
Dryness of all furnace systems is achieved by maintaining the furnaces hot 365 days
of the year. Provided the furnace casing and refractories, and the melt crucible, are all
fairly free from moisture, the level of equilibration achievable should sufficiently low
for practically all casting purposes. Also during this 30 minute quiescent dwell time
most of any remaining fine oxide bifilms from the original population will have
settled out.

. The metal should be delivered into the lowest point of the casting without turbulence.
The velocity of metal delivery into the mold cavity should be controlled to be less



than 1 m/s and preferably less than 0.5 m/s. If it is faster the melt will fountain, and so
fold in new bifilms which will impair the casting, effectively undoing the good of the
metal/bifilm separation techniques employed so far.

6. Provide feed metal from feeders on top of the casting to continue to pressurise and
feed the casting during freezing.

7. 1f uphill filling against gravity is employed, a slide gate or other device to cut off the
metal supply from the furnace is necessary to allow the mould to be lifted clear from
the furnace as soon as possible. (If the mold is retained on the casting station, with
continued furnace pressurisation to feed the casting during freezing, the grave danger
is introduced from the development of convection problems. These lead to what
appears to be shrinkage porosity which, frankly, cannot usually be cured. Although it
is good to fill uphill, it is dangerous to feed uphill. The fundamentally correct practice
is to fill uphill against gravity, but feed downhill with the help of gravity. Removing
the filled mold from the casting station prior to the freezing of the casting greatly
increases productivity, of course, compared to the operation of most low pressure
casting units.)

Assessment of Cleaning Effectiveness

The RPT technique is now sufficiently well developed to quantify the presence of relatively
large oxide bifilms in Al alloy melts [5].

However, it is becoming clear that the test is not sensitive to very small bifilms, of size
probably of the order of 10 pm or less. Such fine crack-like defects are revealed at the much
higher stresses involved in tensile fracture, and so are clear on a tensile fracture surface. For
instance in an Al-Si alloy, each fractured Si particle can be assumed to have fractured
because of the presence of a bifilm. (Si is strong and would not normally be expected for
fracture since solidification would have produced it free from cracks, and therefore enjoying
its maximum crack resistance). Thus every ductile dimple on a fracture surface denotes the
presence of a bifilm which has caused the inclusion or Si particle to ‘fracture’ i.e. simply
come apart at the bifilm in its center or appear to decohere from the matrix as a result of a
bifilm along one of its sides.

Conclusions
1. An optimum continuous melting and casting system based on a development of the
original Cosworth Casting Process uses three separate specialized furnaces working in

series.

2. A melting and casting procedure for general use in existing foundries with crucible
furnaces is outlined in draft form.

3. Hydrogen reduction is recommended to be carried out passively to avoid damage to
the melt.
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Abstract

Semi-solid process is expected as near net shape method with high quality. In this study, the
semi-solid aluminum slurry was injected into a metallic mold with spiral shape cavity via some
gates of several thicknesses. The effects of injection speed and gate thickness on the distribution
of casting defects and density were investigated. Most of the casting defects appeared at the
center of the specimen. The casting defects were generated most frequently on the tip of the
spiral specimen. The amount of casting defects was decreased by semi-solid injection process
than general high pressure die casting. The density of specimen made by the semi-solid injection
process was approximately the same as high pressure die cast at near the gate, and increased in
the other area.

Introduction

The development and diffusion of energy and environment technologies has become
increasingly important in recent years. Particularly, CO, emission from transportation sector is
accounting for 23% of the world total, hence the improvement of fuel efficiency is urgent issues
for the automobile industry. For the solution, reduction of vehicle weight by the use of light
metals is one highly effective means. Additionally, the range of application of in-vehicle
electronics and electro actuation is extending in recent years; also amounts of heat generation of
them are increasing with an enhanced performance. Aluminum alloys have low density and high
heat conductivity, hence increasing the use of the aluminum alloys is expected to increase a
radiation performance and to decrease vehicle weight.

The production of light metal parts using aluminum is mainly performed by high pressure die
casting (HDPC), which directly fabricate the required shape of the liquid state. However in this
process, liquid metal which has low viscosity is injected into the mold with high velocity, hence
components molded by die-casting exhibit low engineering performance due to the existence of
inherent defect such as porosity, hot cracks and oxide inclusions, and heat treatment is
impossible.

Semi-solid processing is the fabrication in solid-liquid co-existing state, and semi-solid
material has a greater viscosity than that of the liquid. Hence the semi-solid products have the
potential of decreasing gas defects than HPDC because of reducing air entrainment. Additionally,
solidification shrinkage would be reduced in the semi-solid alloy, which is expected to reduce
shrinkage porosity and improve dimensional accuracy. This process has been studied since 1970s



[1,2], and recently it has been developed to fabricate high-quality aluminum alloy [3-5] and
magnesium alloy [6-9] products.

On the other hand, semi-solid metal has a lower fluidity than the liquid metal. For the solution
to this problem, we have developed the method of increasing fluidity by applying shear
stress[ 10- 12]. However, the slurry is applied not only high shear stress but also high gate
velocity and piston speed in this process, then these factors have the risk for increase of air
entrainments. Whereat, the effects of gate velocity and shear velocity on casting defects and
density of products were investigated in this study.

Experimental procedure

The alloy used for the experiments was an Al-7wt%Si-0.3wt%Mg alloy (AC4CH in the JIS,
equivalent to A356 in the ASTM standard). The semi-solid slurry was prepared by a nano-cast
method [13]. In this method, molten AC4CH alloy was poured into a stainless steel cup with the
room temperature. In this method, molten AC4CH alloy was poured into a stainless steel cup
with the room temperature, therefore the molten AC4CH alloy was drawn the heat by the cup.
By this means, the temperature of the molten AC4CH alloy was decreased to the semi-solid
temperature, moreover the electromagnetic stirring was applied during cooling. For this reason,
the slurry with dispersed small and fine solid particles can be obtained. In this study, the poured
temperature of AC4CH alloy was 700°C, and the pouring weight was about 220g. The
dimension of the stainless steel cup is 90 mm in height, 38.7 mm in inner diameter and 2.0 mm
in thickness. The electromagnetic stirring was applied to the vertical direction for 5 sec, then to
the rotational direction for 10 sec.

In this study, a 135t HPDC machine was used. The specimens were cast by injection into a
permanent mold with spiral cavity, shown in Figure 1. The permanent mold had spiral cavities of
5.7 mm in width, 1350 mm in length and 4.0 mm in thickness, also it had a gate of 5 mm in
width and gate velocity was controlled by changing thickness 1.0 mm, 2.2 mm, 3.1 mm and 4.0
mm, respectively. The piston speed (injection velocity) was set to 0.1 or 0.35 m/s.

The microstructure observation was carried out at the surface perpendicular to the flow

Figure 1. Appearance image of spiral cavity of permanent mold



direction with respect to each 100 mm or 50 mm in length. The specimens were polished by
grinding with SiC water proof paper, followed by polishing with diamond paste, then, the
specimens were etched with 0.5% HF solution. The microstructures of these specimens were
observed by optical microscopy. The density of specimens was measured by the Archimedes
method with respect to each 100 mm in length.

Results and discussion

Microstructure observations

Figure 2 shows typical microstructures of the specimen perpendicular to flow direction. These
micrographs show that the AC4CH aluminum alloys had a microstructure with a dispersion of
the primary a-Al particles in the matrix (eutectic 0-Al and Si). It is considered that the primary
a-Al particles were the solid phase and the matrix was the liquid phase when the slurry was
injected. The black areas in this micrograph were casting defects. Microstructures of the vertical
section of the specimens near the gate are shown in Figure 3 and microstructures of the vertical
section of the specimens at the middle part of the total flow length are shown in Figure 4. Under
the condition of forming at liquid state (HPDC), the casting defects appeared at the center of the
specimen. On the other hand, in specimen formed in the semi-solid state, some casting defects
were detected between alpha particles, but these casting defects became smaller than HPDC.
Also the casting defects were located at the center part of the specimen. Both the distribution and
size of casting defects have the same tendency near the gate and the middle part of the specimen.
Figure 5 shows microstructures of the vertical section of the specimens near the end. The
specimens had an increased number of casting defects than the other part (Figure 3and Figure 4),
and the casting defects were located not only the center of the specimen. Additionally, area of
casting defects was increased in all conditions. However, size and the number of casting defects
were decreased by semi-solid forming.

The slurry or the melt was considered to be solidified from the mold surface in a plane
perpendicular to flow direction. For this reason, the defects caused by shrinkage was thought to
be located at the center of the specimen. In the micrographs of specimen near the gate and
middle of flow length, most of casting defects were located at the center. Then, casting defects
near the gate and middle of flow length were considered to be caused by solidification shrinkage.
On the other hand, the casting defects were dispersed at the end of the specimen. Therefore, the
casting defects in the end of the specimen were thought to be caused by air entrainment.

Matrix : a-Al + i

Particle  a-Al

1om Casting defect| 100w

Figure 2. Typical microstructures of the specimen perpendicular to flow direction.
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Distribution of casting defects and effect of gate velocity

Areal fractions were calculated as below with a distance of 100 mm between each
micrographs. Area of each casting defect 44 and cross-sectional area of the sample A, were
calculated by image analysis. Next, areal fraction f; were calculated as follows.

oo Tha

Ag

Figure 6 shows a comparison of the distribution of the areal fraction of casting defects between
semi-solid forming and HPDC in the same conditions. Until 60% of flow length, the areal
fraction of casting defects were smaller than 0.01 by semi-solid state forming . On the other hand,
the areal fraction was slightly increased in HDPC specimen. Additionally, the areal fractions of
casting defects were increased at the end of the specimen in all conditions. The areal fractions of
the specimens made by HPDC were greater than semi-solid forming at same gate thickness.

The flow length of semi-solid forming is smaller than HPDC at the same conditions. The
comparison of the areal fraction of casting defects between semi-solid forming with piston speed
of 0.35 m/s and HPDC with piston speed of 0.1 m/s is shown in Figure 7. Tendencies of
distribution of the areal fraction of casting defects were same in semi-solid forming between
piston speed 0.1 m/s and 0.35 m/s, and until 60% of flow length, the areal fraction was smaller
than HPDC. However, the areal fraction increased at the end of specimen by increasing piston
speed.



As the discussion in the preceding section, the casting defects near the gate and the middle of
specimen were considered to be caused by solidification shrinkage, and the defects at the end of
the specimen were thought to be caused by air entrainment. The results indicated that both of the
causes, solidification shrinkage and air entrainment were decreased by using semi-solid forming.
However, increasing piston speed has possibilities to increase air entrainment even if it is semi-
solid forming.

Distribution of density

The density of specimen measured by Archimedes method was shown in Figure 8 (gate
thickness 1.0 mm) and Figure 9 (gate thickness 4.0 mm). The density of the specimens was
higher at near the gate and decreased at farther than 60% of flow length. This means the same
tendency of the distribution of casting defects, but the difference between semi-solid casting and
HPDC is greater in the top of the specimen. This result suggested that the porosities which could
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not detect by optical microscopy existed, and they were mostly located at the end of the
specimen. Additionally, they were decreased by the use of semi-solid forming. The densities at
near the gate were little difference between HPDC and semi-solid forming. On the other hand,
the density in semi-solid specimen at middle of flow length is higher than HDPC. Moreover the
density of the specimen at the gate thickness of 4.0 mm was greater than the gate thickness of 1.0
mm. These results indicated that the amount of air entrainment was decreased by the use of semi-
solid forming. Then decreasing the gate thickness leads increasing gate velocity, so this was
considered to be the cause of the increasing air entrainment.

Note that, in this mold which has a spiral cavity, the effect of intensification pressure is
considered to be smaller than the normal HPDC mold. Because the slurry was not fully filled in
the cavity, the top of the slurry while the injection was thought to be free.

Conclusions

The distribution of casting defects on the plane perpendicular to the flow direction in the spiral
shape AC4CH (A356) specimens were investigated. Also, the distribution of the areal fraction of
casting defects in the flow direction was calculated. Additionally, the density distribution of the
spiral specimen in flow direction was measured, and the following conclusions have been
derived.

The most of casting defects were located in center of the specimen from gate to middle on flow
direction. On the other hand, the casting defects were dispersed at the end of specimen and both
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amount and area of casting defects increased. By application of semi-solid casting, areal fraction
of casting defects of specimen increased and density decreased, respectively.
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Abstract

Optimum casting designs are unreliable without consideration of the statistical and physical
uncertainties in the casting process. In the present research, casting simulation is integrated with
a general purpose reliability-based design optimization (RBDO) software tool previously
developed at the University of lowa. The RBDO methodology considers uncertainties in both
the input variables as well as in the model itself. The output consists not only of a reliable
optimum design but also of the knowledge of the confidence level in this design. An example is
presented where the design of a riser is optimized while considering uncertainties in the fill level,
riser diameter, and the riser pipe depth prediction. It is shown that the present reliability-based
method provides a much different optimum design than a traditional deterministic approach.

Introduction

Casting process simulation has become an invaluable tool in the production of economical and
high performance cast components. Its application by experienced and knowledgeable operators
leads to reduced castings defects, casting yield improvement, and reduced trial and error iteration
in development of a casting’s rigging. Increasingly casting simulation is being used as a
collaborative tool between component designers and casting producers to reduce lead times, to
develop casting friendly component designs, and to produce better castings. The majority of
casting simulation is being used in a purely deterministic approach, replacing iterative trial-and-
error process development on the shop floor with iterations on the computer. In this purely
deterministic approach, the experience and knowledge of the engineer operating the software
determines to a great extent that the software is used effectively, and that the casting process
developed is the best it can be.

To maximize the effectiveness of casting simulation and improve the likelihood of an operator
achieving an optimal solution, automatic optimization algorithms for casting process
development are being researched [1-4], and commercial software such as MAGMA frontier [5-
8], OPTICast [9] and AutoCAST-X [3,10,11] have been developed. The most common
application found in all of these automatic process optimization tools is the solution to the
problem of casting feeding system optimization. In optimization of the casting feeding system,
optimal sizes and locations of feeders are determined such that casting yield (ratio of mass of
casting produced to mass of metal poured) is maximized and the desired quality level is met,
which is typically defined as an absence of, or low level of, shrinkage porosity in the casting.
Despite the power and promise of these developments in casting process optimization there are
major shortcomings in these purely deterministic optimization approaches: neither the
reliabilities of the casting production process nor the reliabilities of the casting model are
considered. Uncertainties in the casting process conditions and variables, and in the casting



model parameters and properties must be considered since these will affect the feasibility of the
optimized solution. Casting process optimization where the feasibility of the process solution is
not considered is termed Deterministic Design Optimization (DDO). In DDO, the probability of
success or failure of the solution is not known, and based on the software operators’ experience
they must judge the feasibility of the optimized solution and make adjustments if needed. Here
the authors present an optimization study for a casting feeding system using a general purpose
lowa Reliability-Based Design Optimization (I-RBDO) software [12-15]. By considering
uncertainties in the casting production process and models in the /-RBDO software, not only
does the software tool provide a reliable optimal casting process design, but it also provides a
measure of the design’s confidence level. The resulting reliability-based design optimization
(RBDO) solution for the optimal casting feeding system will be compared with a DDO solution
and a solution as might be developed by a casting simulation operator based on a riser piping
safety margin.

Optimization Methods

Whether by DDO or RBDO methods, casting process design optimization inherently involves
multiple variables, multi-objectives and multi-constraints. Many of the objectives conflict, such
as achieving a porosity-free casting with the smallest size feeders. As such, the most successful
multi-objective optimization algorithms developed for casting process optimization with
conflicting objects have been the multi-objective evolutionary algorithms (MOEA) [1] or multi-
objective genetic algorithms (MOGA) such as modeFRONTIER [16], which has been
implemented in the casting process optimization software MAGMA frontier [5-8]. As has been
demonstrated in [6], given casting process and model variables (i.e. initial rigging, metal and
mold properties, heat transfer coefficients (HTCs), pouring temperature and time, etc.), and
given process constraints (i.e. porosity level, other defects, customer requirements, alloy, etc.),
an optimized process can be determined to meet required objectives (i.e. maximum casting yield,
required mechanical properties, etc.).

For reliability-based casting process optimization, both the multi-objective aspect of the problem
and the uncertainties in casting process and model variables must be defined. In the /-RBDO
software used in the current work, uncertainties and variations in the casting process variables
and the casting modeling software variables and parameters are described via statistical
distributions. Normal, Lognormal, Weibull, Gamma, Gumbel, and Extreme | and Extreme I1
distributions may be used in the /-RBDO software. Assuming the variations in the variables
follow normal distributions, a standard deviation is sufficient to define the variability about a
mean value. The desired confidence level, the probability that the optimized casting process
solution will be successful, is also defined in the /-RBDO software. For example, a 95%
confidence level for the RBDO solution would mean there is a 5% probability of failure.

Description of Example for Casting Process Feeding System Optimization

The example case study application presented here to compare the DDO and RBDO methods for
casting feeding system design is shown in Figure 1. The casting is a 600mm long by 100 mm
wide by 50 mm thick bar. A cylindrical-shaped riser is assumed as shown in green in the figure.
The average porosity within the casting must less than 0.1%; this is the constraint. The riser
volume is to be minimized; this is the objective function. Hence the casting yield is to be
maximized while keeping the average porosity in the casting to a low level. The two design
variables to be optimized are the radius R and height / of the riser. Since a sample-based
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optimization method is used, the sensitivities of the riser volume to the radius and height are not
needed by the software. For the RBDO analysis the uncertainties in R and / must be defined. In
this example problem, it is assumed that there is much less control in the process of filling the
riser to a given height than to form the riser radial dimension during the molding process. The
distributions for R and H to be used in the RBDO analysis are shown schematically in Figure 1.
Here the uncertainty in R is defined by assuming it follows a normal distribution with a standard
deviation of 3 mm, and to define the uncertainty in / a standard deviation of 10 mm is used.
The results from the DDO and RBDO cases will be compared to a case termed here as “typical
practice”, where the riser diameter is set to the plate width and the riser height was determined
using a 10 mm safety margin, defined as the distance between the end of the riser pipe and the
casting cope surface.

+3 mm
Radius, R Riser Radius
Riser ' Standard
. Deviation
Height, H... ;
Riser Radius 410 mm

Distributio

Riser Height
Standard
Deviation

Riser Height
Distribution
Figure 1. Casting (shown in gray) with dimensions and riser (shown in green) used in the

casting feeding system design case study. Distributions for the riser radius and height
assumed for the RBDO analysis are also shown.

The typical practice cases were run first to determine the shortest riser height that satisfies the
margin of safety condition. Once R and H for the “Typical Practice” case were found, those
dimensions were used as the starting point for the DDO analysis. For the DDO and RBDO
analyses, search ranges for R and H were defined in the software as: 30 to 65 mm for R, and 60
to 190 mm for H. The DDO analysis was run first using the /-RBDO software and the
commercial casting simulation package MAGMAsoft in an iterative fashion. Output from the /-
RBDO software are the values of R and H that are to be simulated in the casting model. When
the total casting porosity is determined from the casting simulation, for a given set of values of R
and H, the porosity and riser volume are passed back to /-RBDO. Porosity and riser volume are
the performance measure responses to the requested sets of variables R and H. The sequential
quadratic programming algorithm was used in the optimization analysis for both the DDO and
RBDO methods. The /-RBDO software uses normalized tolerances, and these were set to values
recommended by its developers. In the DDO analyses the tolerances for the objective function
and variables were set to 0.001, and the constraints to 0.05. In the RBDO analysis all tolerances
were 0.05 as will be discussed below. The RBDO analysis used a sampling-based method with a
dynamic kriging surrogate model.
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Casting Process Feeding System Optimization Results

In Figure 2, sections are shown through the mid-width section of the casting and riser to
visualize the feeding “shrinkage pipe” for the three approaches used to design the risers. The
shrinkage pipe is the gray (empty) v-shaped region in the riser that transitions through the blue
(porous) region to the white (sound) region. A low carbon steel with properties from the
MAGMAsoft database was the cast metal used in these studies. This v-shaped shrinkage pipe
forms as metal is drained from the riser to make up for solidification shrinkage in the casting. In
Figure 2(a) the result is shown for the typical practice case with riser diameter equal to the plate
width and using a 10 mm safety margin to determine the riser height. The resulting riser
dimensions, riser volumes, average porosity predicted and casting yield are given for each
feeding system design method in Figure 2.

A summary of results from the casting feeding system design studies for all three design methods
is provided in Figure 3(a) for the riser dimensions and aspect ratios, and in Figure 3(b) for the
casting yield and probability of failure results. The casting yield for the typical process safety-
margin design approach is about 75% and its probability of failure was found to be 5.6%, as seen
in Figure 3(b). This casting yield is relatively high for the steel foundry industry, where typical
yields are in the 50% to 60% range. Because of this, the increase in casting yield for the
optimized casting process is not as dramatic as it would be in applying optimization to most
industrial casting feeding systems. Bearing this in mind, the optimized casting process solution

Feeder Radius, R = 50 mm Casting Yield = 75.3%
Feeder Height, H = 125 mm
Feeder Volume = 982x10° mm?*

Feeding (%)

100.0

385

93.0

Feeder Radius, R = 44.9 mm Casting Yield = 81.2% 985

Feeder Height, H=109.9 mm  Probability of Failure = 60.8% 38.0

Feeder Volume = 695x10° mm?*

Porosity = 0.099% 7.5

37.0

96.5

b 6.0

( ) 95.5

Feeder Radius, R = 51.5 mm Casting Yield = 76.6% 350
Feeder Height, H=109.8 mm Probability of Failure = 4.6%

Feeder Volume = 915x10° mm?® 94.5

Porosity = 0% 34.0

935

Qa0

Figure 2. Mid-width sections showing riser pipes via the MAGMAsoft feeding percentage
result for (a) the case run using a 10 mm safety margin to determine the riser height with riser
diameter equal to plate width, (b) the resulting riser piping and results for the DDO analysis,
and (c) the results and predicted riser piping for the RBDO case.
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Figure 3. Summary results from casting feeding system design studies for the three design
methods (a) riser dimensions and aspect ratio and (b) casting yield and probability of failure
of design to meet the porosity constraint.

from the DDO method is shown in Figure 2(b) and in the summary Figure 3 by the middle bars.
The DDO solution required 115 runs of the casting simulation software to determine the
solution. In the DDO result, both R and H are markedly reduced from the safety margin method;
R is reduced from 50 to 44.9 mm, and H is reduced from 125 to 109.9 mm. The DDO solution
maximizes the casting yield shown in Figure 3(b) while keeping porosity in the casting to just
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less than 0.1%. The DDO solution has an average porosity of 0.099% whereas the safety margin
method had 0%. The casting yield in the DDO solution is 81.2%, about a 6% increase over the
safety margin method as seen in Figure 3(b). Qualitatively speaking, the shrinkage pipe of the
DDO solution feeder in Figure 2(b) appears much flatter at the bottom than the safety margin
one, and it has no margin for error that it might extend down into the casting and violate the
constraint. Therefore it is not surprising that the probability of failure for the DDO solution was
determined to be 60.8% as shown in Figure 3(b). The RBDO solution riser pipe and results
shown in Figure 2(c) required an additional 125 casting simulations. The probability of failure
of the RBDO solution is only 4.6%, which is much lower than that of the DDO solution and
slightly lower than that of the safety margin method. The large probability of failure for the
DDO solution is not surprising. DDO solutions are typically found to have a probability of
failure in the neighborhood of 50% when analyzed using the /-RBDO software, according to its
developers. The small difference in the probability of failure between the RBDO and the safety
margin case is insignificant from a practical point of view. For the RBDO solution the casting
yield decreases to 76.6%, which is 4.6% less than the DDO solution, and is 1.3% higher than the
safety margin solution as seen in Figure 3(b). These results indicate that the 10 mm safety
margin design approach gives a reasonably safe design, but that it is less economical than the
RBDO solution. Clearly from Figure 3(b), the DDO method is offering a dramatic increase in
casting yield (or decrease in riser volume), but it is not feasible.

Note that in Figures 2 and 3(a) for the RBDO solution the H is nearly identical to that in the
DDO solution (109.8 versus 109.9 mm for RBDO and DDO, respectively), and R is increased
from 44.9 mm in the DDO solution to 51.5 mm in the RBDO solution. The uncertainty for H is
much larger than that for R, and to prevent the shrinkage from piping into the casting one might
wrongly think that / should be increased to be sure it is large enough to prevent this. However,
foundries know from experience that the radial dimension should be increased to prevent piping
into the casting. The resulting RBDO solution is seen to agree with foundry practice and
achieves its solution by increasing R to a large enough value that the solution is insensitive to a
large change in H.

The aspect ratio (AR) of a riser is its height divided by its diameter. For top risers used in steel
casting (the type of riser examined here) the AR is recommended to be at least 1, and for side
risers (with contact to the side rather than the top of a casting) as large as 1.5. If the AR exceeds
1.5 there is no benefit to the riser’s feeding effectiveness arising from the additional height and
the additional wasted metal in the riser is uneconomical. In addition, secondary under-riser
shrinkage may form in steel casting with ARs greater than 1.5. The AR results of this study are
shown in Figure 3(a). The safety-margin approach gave an AR of 1.25, the DDO result was only
marginally smaller with an AR of 1.22, while the AR for the RBDO solution was 1.07. As a
result from the RBDO analysis, ARs closer to 1.1 for casting feeding systems with top risers can
be used and appear to be more efficient and reliable.

The sets of R and H values requested by the /-RBDO software in the solution process are
presented in Figure 4. Here, values for R and H selected for casting simulation runs by the /-
RBDO software are plotted for the DDO analysis in Figure 4(a), and for the RBDO analysis in
Figure 4(b). Lines in Figure 4 indicate the optimal solution values for / and R found for each
variable and optimization method. It is evident from the sets of R and H values in Figure 4(a)
that the software performs the DDO analysis searching throughout the allowable ranges of the
variables until it homes in on the solution. Note, there are many simulation runs in the
neighborhood of the DDO solution, indicating the tolerances in /-RBDO could probably have
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Figure 4. Values for R and H selected for casting simulation runs by the /-RBDO software as
part of (a) the DDO analysis, and (b) the RBDO analysis. Lines indicate the optimal solutions
found for each variable and optimization method.

been relaxed. For this reason, the RBDO tolerances for the objective function and variables were
increased to 0.05 from the 0.001 tolerances used in the DDO analyses. This demonstrates the
importance of gaining experience with the /-RBDO software and its parameters for a given
problem in using it efficiently. In Figure 4(b) the RBDO sets of values appear to be more
uniformly distributed in the search window. This is due to the construction of the surrogate
model used in the reliability analysis.

Conclusions

Application of optimization methods to casting process design provides more than just optimal
solutions. It provides an overview of possible solutions, some of which might be novel and
innovative. It gives foundry engineers insight into the sensitivity and stability in both the actual
process, and process models, to variables and parameters. Here reliability-based design
optimization and casting simulation are integrated to go a step further in the development of
optimization methods by including uncertainties in process and model variables, and determining
an optimal solution with a known probability of success. For a typical approach to riser design
using a safety margin of 10 mm, the probability of failure was 5.6% based on assumed
uncertainties in riser height and radius. This probability of failure was found to be slightly
greater than that from the RBDO method, which was 4.6%. The safety margin design approach
gives a reasonably safe design, but is less economical than the RBDO solution, which had a 3%
casting yield improvement over the safety margin approach. It has been demonstrated that a
purely deterministic optimal solution offers a remarkable 6% increase in casting yield over
typical design practice, but had an unacceptable 61% probability of failure. The advantages of
the RBDO method are that its output consists not only of a reliable optimum design but also of
the knowledge of the confidence level in this design. An additional insight from this study is that
the RBDO solution determines, on its own, the practice followed by most foundries that
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increasing the radial dimension of risers, rather than the height, is the most reliable way to resize
a riser that is not feeding a casting adequately.
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Abstract

High pressures applied to the castings during solidification mean that semi-solid castings tend to
be prone to surface blistering during subsequent T6 heat treatment. It is believed that the
blistering originates from subsurface defects present in the semi-solid castings, which expand
when exposed to high temperatures during the solution heat treatment. Despite the significance
of blistering to the commercial development of the semi-solid casting process, there have only
been limited quantitative studies of the impact of process parameters on blistering. This paper,
therefore, will report on a study to examine the impact of a number of process parameters
including intensification pressure, plunger velocity and solid fraction of the feed material on the
blistering of semi-solid castings during T6 heat treatment. The location and average size of
blisters formed at each condition have been measured and related to the casting conditions.

Introduction

Unlike all other casting processes, semi-solid casting utilizes a feed material that is about 50%
solid and 50% liquid. This highly viscous feed material provides a greater level of control during
die filling, which, together with the extremely high intensification (feeding) pressures applied as
the casting solidifies, provide many benefits compared with fully liquid casting processes such as
sand, permanent mold and die casting. These benefits include lower residual porosity levels,
improved surface appearance, improved net-shape capability, faster cycle rates, and the ability to
generate improved mechanical properties.

To maximize mechanical properties, however, it is necessary to T6 heat treat the semi-solid
castings, but surface blistering can be a problem when the castings are exposed to high
temperatures during solution heat treatment. So, semi-solid castings are often used in the TS
temper rather than T6 temper in order to avoid significant blistering on the surfaces of the
castings, which limits one of the major advantages of the semi-solid casting process - the ability
to generate better mechanical properties than competing casting processes.

It is believed that there are several possible causes for the formation of the blisters, including
excessive die and plunger lubricants, and turbulent die filling. Midson [1] proposed a mechanism
for blister formation in semi-solid castings. He noted that surface blistering is generally not a
problem for components produced by gravity casting processes such as sand or permanent mold
casting, as these castings are poured and solidify close to atmospheric pressure. Semi-solid
castings, however, are produced using pressures close to 1000 bar. Midson suggested that during
casting it is possible to trap defects (entrapped air or lubricants) below the casting’s surface, and
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any gas entrapped in the casting will also be pressurized close to 1000 bar. During subsequent
solution heat treatment, these gases will expand (while the strength of the aluminum weakens),
and blisters can form at the surface of the castings. According to the combined gas law (see
Equationl), p; is the pressure of the gas or air trapped in a defect, V, is its volume and T, is its
temperature. Semi-solid castings are typically produced in a die preheated to a temperature of
about 250°C at an intensification pressure of 1000 bar. During subsequent solution heat treatment,
the casting is heated to a higher temperature, resulted in the increasing pressure of gas or air
trapped within the defect. At high temperature, the gas or air pressure within a defect close to the
surface of the casting will exceed the strength of the aluminum and the defect will expand,
forming a blister.

Pa¥y _ P2Vz Equation 1
Ty T,
Despite the importance of minimizing blistering for the commercial development of semi-solid
castings, there have only been a few published reports discussing the impact of process
conditions on blistering. Kopper [2] reviewed the impact of different types of plunger lubricants
on the blistering of semi-solid castings during T6 heat treatment, while He et al. [3] evaluated the
impact of both plunger lubricants and die lubricants on blister formation, and also provided
quantitative measurements of the size of the blisters.

The goal of this project was to examine the influence of several semi-solid process parameters on
the propensity for blistering, including intensification pressure, plunger velocity and solid
fraction of the feed material. Both the size and position of blisters formed on the surfaces of
semi-solid castings after solution heat treatment were analyzed using quantitative measurements.
In addition, a more detailed examination of the inside surfaces of the blisters was performed
using SEM and EDS, with the objective of identifying the source of the blisters.

Experimental Procedures

The trials described in this study were performed on the step casting shown in Figure.la. The
step castings were produced using the thixocasting semi-solid (billet) process, and were cast
using the 340-ton Buhler horizontal cold chamber die casting machine with a large-diameter shot
cylinder modified for semi-solid casting described in previous papers [4,5]. The 319S alloy (Al-
6%Si-3%Cu-0.35%Mg) feed material was produced using a commercial continuous casting
process, with electromagnetic stirring used to generate the globular semi-solid structure. Slugs
cut from this pre-cast feed material were reheated to the semi-solid temperature range using a 10-
coil carousel-style induction heater (operating at about 1,000 Hz). The configuration of the
runner and gating system used to produce the step castings is shown schematically in Figurelb.

The process parameters evaluated in this study included intensification pressure, plunger velocity
and solid fraction of the feed material and the detailed testing parameters are listed in Table 1.

Table 1 Detailed testing parameters

Intensification pressure (bar) 415,900, 1120
Plunger velocity (m/s) 0.12, 0.25, 0.50
Slug temperature (°C) 580, 590
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Figure 1 Semi-solid step casting using thixo casting process
a) The dimension of step casting; b) Schematic drawing of runner and gating system

All the castings were solution heat treated at 500°C for two hours and water quenched. Note
that all the blisters generated in this study were produced during the solution heat treatment — no
blisters were observed on the castings in the as-cast condition.

To provide a quantitative estimate of the impact of process parameters on the level of blistering,
the size of the largest blister in each of five separate areas of the step casting was measured as
shown in Figure 2, and the scoring system shown in Table 2 was used. The score from each of
the five separate areas was averaged, providing an overall score for each processing condition
evaluated. The morphology and chemical composition of the inner surfaces of blisters were
analyzed by SEM and EDS.

Figure 2 Five separate areas of step casting used to measure the blisters

Table 2 Method used to characterize the size of blisters

Blister Size Score
<0.1 mm 0
0.1t0 0.5 mm 1
0.5to 1.0 mm 2
>1.0 mm 3
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Results and Discussion

The first item to mention is that there was a large variation in the level of observed blistering,
even for a series of castings produced under the same condition. For example, for castings
produced using the same processing parameters, some castings had large (>1 mm) blisters after
heat treatment, while other castings had only small blisters (<0.5 mm). Therefore, the results
discussed in this paper are the average values for a number of castings produced under the same
conditions (generally the results for between 5 and 10 separate castings have been averaged).

Table 3 summarizes the impact upon blistering of changing the intensification pressure for
castings produced using a slug temperature of 580°C and plunger velocity of 0.50 m/s. The
observation that the average size of the blisters became larger with increasing intensification
pressure suggests that high intensification pressure is indeed causing the blisters. However, high
intensification pressure maximizes the quality of the castings by helping to minimize shrinkage
porosity, and it is normal to use an intensification pressure of close to 1000 bar for the
production of high integrity semi-solid castings.

Table 3 Impact of the intensification pressure on the average blister size

Intensification Plunger velocity | Slug temperature .
Pressure (m/s) °C) Blister score
(bar)
413 0.50 580 0.20
900 0.50 580 1.13
1120 0.50 580 1.15

As the high intensification pressure of 1120 bar can improve the quality of the semi-solid
castings, this pressure was used for the remainder of castings produced in this study. Table 4
shows the impact of plunger velocity on the average size of blisters for castings produced using a
slug temperature of 580°C (which corresponds to a liquid fraction of about 46% [6]). The data in
Table 4 indicates that the average blister size increased considerably with higher plunger
velocities. Comparable data is shown in Table 5 for castings produced with a higher slug
temperature of 590°C (about 58% liquid [6]), and in this case the blisters are smaller and show
no relation to plunger velocity. This result is surprising, as it was expected that the die filling
behavior would be more turbulent with the lower viscosity semi-solid metal produced at the
higher slug temperature, resulting in a higher level of entrapped air and larger blisters. The
reason for the larger blisters formed on the castings with the lower slug temperature is not fully
understood at this stage.

Table 4 Impact of the plunger velocity on the average blister size at slug temperature of 580°C

Intensification Plunger velocity | Slug temperature .
Pressure (m/s) °C) Blister score
(bar)
1120 0.12 580 0.67
1120 0.25 580 0.83
1120 0.50 580 1.15
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Table 5 Impact of the plunger velocity on the average blister size at slug temperature of 590°C

Intensification Plunger velocity | Slug temperature .
Pressure (m/s) °C) Blister score
(bar)
1120 0.12 590 0.30
1120 0.25 590 0.28
1120 0.50 590 0.36

Figure 4 shows SEM photographs of the inner surfaces of blisters from castings produced in this
study. Visually the inner surfaces of the blisters appeared clean and shiny, and there were local
smooth surfaces and dimple fracture morphology, caused by the expansion of air or gas
entrapped in the defect during the solution heat treatment.

Figure 3 SEM photomicrographs of the inner surfaces of blisters produced using different
plunger velocities (slug temperature 580°C and intensification pressure 1120 bar)
a) 0.12m/s; b) 0.25m/s
In comparison, Figure 5 shows an optical photomicrograph of the inner surface of a blister
reported in Reference [3], from a casting produced using high levels of plunger lubricant. The
inner surface of this blister was very rough and contained a dark-colored material, most likely
produced from the plunger lubricant.

P

-

Figure 4 Inner surface of a blister produced using hgh levels of an ol-based plunger lubricant

Figure 5 shows an EDS analysis of the two types of blisters shown in Figure 3 and Figure 4. The
blister produced using the high level of plunger lubricant contained relatively high levels of
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carbon and oxygen, while the blister produced in this study had essentially no carbon and only a
low level of oxygen. This suggests that the blisters in this study were produced by entrapment of
air, and not from lubricants applied to the die.
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Figure 5 Chmical analysis of inner blister surface by EDS
a) Blister produced by heavy lubricant; b) Blister produced in this study

Conclusion

The results presented here confirm that blistering in semi-solid castings can originate from the

entrapment of air, as well as from lubricants applied to the faces of the dies. The results from

this study indicated:

1) With increasing of intensification pressure, the average size of the blisters became larger.

2) Plunger velocity has great influence on blister when the slug temperature was 580°C,
however, there was little change of blister size when the slug temperature was 590°C
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Abstract

This paper focuses on developing an innovative process route for Austempered Ductile Iron
(ADI) casting production. The innovative process route introduces an integrated approach
towards casting and heat treatment practices for the production of near-net shape light-weight
ADI casting in a permanent mould. It is based on the fundamental correlation between the
production parameters and its combined influences on the microstructure to get the desired
mechanical properties and performance in ADI castings. Casting and heat treatment practices are
implemented efficiently in a control manner using thermal analysis adaptive system (melt
quality) and fluidized bed heat treatment facility (controlled and uniform heat treatment)
respectively to optimize the foundry practices for ADI production. The influence of
austempering time on the microstructural characteristics, mechanical properties, and strain
hardening behaviour of ADI was studied. Optical microscopy, scanning electron microscopy
(SEM), and X-ray diffraction (XRD) analyses were performed to correlate the mechanical
properties with microstructural characteristics. It was observed that the mechanical properties of
resulting ADI samples were influenced by the microstructural transformations and varied
retained austenite volume fractions obtained due to different austempering time. The results
indicate that the strain-hardening behaviour of the ADI material is influenced by the carbon
content of retained austenite.

Introduction

Austempered Ductile Iron (ADI) is an alloyed, and heat treated ductile iron. The attractive
properties offered by ADI are accredited to a unique “ausferrite” microstructure that is induced
by austempering heat treatment process [1-2]. During the heat treatment of ADI, either the
ferritic or pearlitic ductile iron is first austenitized and then austempered [2]. Depending upon the
austempering time two important stage reactions occurred during austempering process [3-5]. At
the initial stage, the primary austenite decomposes into ferrite () and high-carbon austenite (). If
the austempering time is too long, then second stage reaction sets in, where high-carbon austenite
further decomposes into ferrite and carbide. The stage 11 reaction is undesirable since it causes
the embrittlement of structure and degrades the mechanical properties of ADI due to presence of
carbides. During the stage 1 reaction, individual plates of ferrite separated from each other by
thin layers of carbon saturated austenite nucleate at austenite grain boundaries and grow. As the
reaction proceeds, the carbon diffusion ahead of the ferritic needle becomes more difficult and
the growth of the ferrite plate ceases, resulting in an ausferrite matrix [6-7]. At this stage, the
matrix is likely to have optimized ausferrite microstructure with no carbides.
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During the last few years, industrial applications of ADI have grown enormously. This fact can
be accredited to the improvement achieved in casting technology as well as in the heat treatment
technology. Many researchers [8-11] in the past try to optimize the ausferrite microstructure by
applying various processing technologies. While the unique ausferrite microstructure developed
by the heat treatment of ductile iron provides many remarkable engineering properties to ADI,
certain characteristics impose limitations on its widespread use. These include (a) requirement of
defects free ductile iron casting with a good dimensional accuracy and surface finish for ADI
production, (b) optimization of heat treatment parameters, (c) saving energy and time during its
large-scale industrial production, and (d) achieve better combinations of strength and ductility
properties. To solve these problems a new processing technology was developed for the direct
manufacturing of ADI using the continuous casting-heat treatment process using a permanent
mould. In this technology, the ductile iron samples obtained using the permanent moulds are first
austenized during the post solidification stage followed by austempering heat treatment in the
fluidized bed and then air cooled at room temperature to get ADI material. The influence of
austempering time on the microstructural characteristics, mechanical properties and strain
hardening behavior of ADI samples was studied. Optical microscopy, scanning electron
microscopy (SEM) and X-ray diffraction (XRD) were performed to correlate the mechanical
properties with microstructural characteristics.

Experimental procedure
Material

The melting was conducted in an induction furnace with a holding capacity of 100 kg, power of
120 kW and a frequency of 50 Hz. The charge materials were steel scraps, iron, carbon additive,
and ferrosilicon. The melt was initially superheated up to 1773 K (1500 °C) and alloying
elements are added to the charge materials. At 1723 K (1450 °C) the melt was treated with FeSi-
Mg (Ferro Silicon Magnesium) alloy using tundish cover treatment ladle for the spherodization
of the melt followed by inoculation process using the ferrosilicon based alloyed to increase the
nodule count [12-13]. The melt then followed into the permanent mould, and the casting process
started. The permanent mould used in the present study was made up of gray cast iron (high
thermal fatigue resistance) [12]. The permanent mold was used to meet the challenges presented
by the modern manufacturing industry: higher production rate of near net shape ADI castings
and the in-situ heat treatment for austempering [12]. Each specimen is in the shape of rectangular
block with size of 182mm x29mm x16mm. The mould was pre-heated in the temperature range
of 448-498 K (175-225 °C) before the melt was poured into the cavity. The permanent mould
was preheated to avoid the gas absorption through dislocations of steams and contact surface
[14]. The mould cavity was coated with thick silica coating to provide an insulating barrier
between the liquid metal and permanent mould and to avoid sticking of the molten metal to
mould [15]. The production process was performed by maintaining a regular time interval of
150-240 s for each production cycle (one cycle produce two specimens) including casting and
ejection processes. The temperature of the mould and ejected casting was measured by using K-
type thermocouples located at selected locations. The chemical composition of the obtained
samples for each austempering time is determined by using the X-Ray Fluorescence (XRF)
method. The mould temperature was maintained by using flame heaters, and the temperature is
controlled by using forced-air cooling.
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Heat treatment

Specimens were produced by using a continuous casting-heat treatment process [12-13, 16-17].
In this process, the ductile iron samples obtained by using a permanent mould are first
austenitized during the post solidification stage followed by austempering heat treatment in
fluidized bed and then air cooled at room temperature to get ADI material. The ductile iron
samples were then taken out of casting in the temperature range of 1273-1373 K (1000-1100 °C)
and put in a muffle furnace for austenitization. The austenitization treatment was then carried out
at 1203 K (930 °C) for 90 min [12]. After austenitization, the specimens were quenched down to
the temperature range of 673-773 K (400-500 °C) in the first fluidized bed furnace (at room
temperature) to get a controlled and average quenching rate of 7 °C/s. The quenching was done
in a fluidized bed at room temperature to avoid the pearlite region [17]. The specimens were then
austempered in second fluidized bed for different austempering time of 60, 90, 120 and 150 min
at 653 K (380 °C) and then air cooled. For each austempering time four specimens were
produced. Fluidized bed technology is being increasingly used in the heat treatment industry, due
to the increased energy efficiency, more uniform temperature distribution and reduced treatment
time [18]. The average quenching rate (7 °C/s) was obtained by performing quenching rate
experiments on the cylindrical ductile iron sample (diameter: 32 mm) under the same
experimental conditions using the K-type thermocouple.

Characterization methods

The microstructural characterization of the samples was carried out at three different sections
(bottom, middle and top) of the samples. The obtained samples were sectioned using wet
abrasive cutting method at different sections and mounted in resin for wet grinding and polishing
to prepare the samples for metallographic analysis. Grit reductions of 180, 400, 600, 800, and
1200 silicon carbide are used. A final surface polish of 3 pm and 1 pm grain size was also
performed. The polished surfaces are then etched with 4% Nital (96-98 mL ethanol and 2-4 mL
nitric acid (HNO3)) for 2-5 seconds at room temperature. Microstructures were observed by
optical microscope (OM) and scanning electron microscope (SEM). The graphite nodule counts
at different zones were determined on the un-etched sample surface by taking the average of
three different regions (100X) at each section (bottom, middle and top) of the samples using an
optical microscope. The retained austenite volume fractions and its carbon content was measured
by X-ray diffractometry method. XRD analysis was done using a monochromatic Co Ka
radiation at 30 kV and 30 mA. An Inel CPS-120 X-ray diffractometer was used for the analysis.

Results and discussion
Microstructure

Based on average graphite nodule counts and average graphite nodule size, two different zones
exhibiting slightly different microstructures were observed. First is the outer zone at the outer
surface which is approximately 0.5-1 mm thick and second is the centre zone which is at the
interior of the samples. Image analysis of optical micrographs of un-etched samples at different
sections (bottom, middle and top) gave an average graphite nodule density in the range of 900 +
150 nodules/mm? at centre zone with a mean graphite nodule size in the range of 13-17 um
whereas average graphite nodule density at the outer zone is in the range of 1300 + 160
nodules/mm? with a mean graphite nodule size in the range of 5-10 pm. The variations in the
average graphite nodule counts and its average size in the resultant microstructure can be
explained due to the distinctly different cooling rates during solidification at the centre and outer
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zones. The outer zone is in contact with the metallic mould, solidified rapidly resulting in higher
nodule counts with smaller size compared with those in the interior zone of the casting.

120 min B — 150 min
Figure 1. Optical micrographs of resultant ADI microstructure austempered for austempering
time.

Due to the in-situ heat treatment of ductile iron samples, the obtained microstructure consists of a
matrix having dark needle-shaped ferrite and bright austenite with graphite nodules embedded in
it. The dark needle-shaped ferrite and bright austenite between the needles in the micrograph
constitute an ausferrite matrix, and the bright bulky region is untransformed austenite volume [2,
19]. Different morphologies of austenite, ferrite and graphite nodule were observed based on the
zones (centre and outer) and austempering time. The austempering time during the heat treatment
process of ductile irons play a critical role in the development of microstructural characteristics
of ADI and its mechanical properties. The combined effect of austempering temperature (653 K
(380 °C)) and times (60, 90, 120, and 150 min) on the obtained ADI microstructures are shown
in Fig. 1. The coarse and feathery characteristic of ferrite was found on increasing the
austempering time.

38



Austempering kinetics

The austempering time have a marked influence on the hardness, retained austenite volume
fraction and its carbon content as shown in Fig.2a. All these microstructural characteristics can
be further used to gain information regarding the kinetics of stage I and stage Il reactions during
austempering process. The change in measured properties (retained austenite volume content,
carbon content of retained austenite, ferrite cell size, etc.) during the initial and later stages of
austempering reflects the progress of stage I and Il reactions [20].

The austempering kinetics was also followed by observing the hardness alteration of the obtained
ADI samples as a function of austempering time. The influence of austempering time on the
hardness values of resulting ADI samples are shown in Fig. 2b.
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Figure 2. Influence of austempering time on the (a) Carbon content of the retained austenite
(wt%) and (b) Hardness (HV20).

It can be observed that the hardness values show decreasing behavior for shorter treated time
(60-120 min) and after that they show increasing behavior with austempering time (120-150
min). It was observed that as the austempering time increases, more of the softer phase of high-
carbon ausferrite formed and the average matrix hardness decreases (Fig. 2b). This continues
until the onset of stage Il of the reaction, after which the hardness is expected to rise slightly due
to the formation of carbides during stage 1l reaction. In the present study, the austempering
kinetics (stage 1) is further accompanied by an increase in the retained austenite volume fraction
in the range of 60-90 min. The stage II reaction of the austempering kinetics is explained by a
decrease in the retained austenite volume fraction in the range of 120-150 min.
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Conclusions

A new processing technology was investigated for the direct manufacturing of light weight ADI
casting using a continuous casting-heat treatment process. The microstructural alterations and its
correlation with mechanical properties and strain hardening behavior of the obtained ADI
samples with respect to different austempering time were studied. Based on the results obtained,
the following conclusions can be drawn:

e The continuous casting-heat treatment process leads to the formation of ausferrite matrix
(needle-shaped ferrite and high-carbon austenite with graphite nodules embedded in it) in
the obtained ADI samples.

e The variations in measured properties (retained austenite volume content, carbon content
of retained austenite, and ferrite cell size) along with hardness alteration indicate the
occurrence of stage I reaction in the austempering time range of 60-90 min whereas stage
11 reaction occur in the austempering time range of 120-150 min.

e Higher retained austenite volume fractions at lower austempering time leads to the lower
strength values but higher elongation %. On the other hand, lower retained austenite
volume fractions at higher austempering time leads to the higher strength values and
lower elongations %.
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Abstract

Swage casting, a new semisolid metal processing technology, has been developed in Balkan
Center for Advanced Casting Technologies (BCACT) for manufacturing near-net shape
components from leightweight metals. Components with one rotating axis such as a cylinder can
be produced on a swage casting machine from molten metal in a one-step operation. The present
study was undertaken to investigate the effect of intensive shearing action on the morphological
evolution of as swage-cast A356 (AlSi7Mg0.3) alloy. Compared with conventional squeeze
casting, the experimental results show that intensive melt stirring during swage casting, promotes
the formation of net-globular and rosette-shaped grains.

Introduction

Cast Aluminum alloys and especially Aluminum-Silicon alloys are widely used in engineering
stuructures and components for many decades. Today large percentage of Al castings part are
produced using High-pressure Die-casting Process (HPDC) due to low production costs, near-net
shape production and good surface finish [1]. However, there are some casting defects such as
gas porosity and micro-voids in HPDC parts which prevents from the application of high-safety
applications [2]. To compensate these drawbacks, new casting techniques have been developed
such as semi-solid casting, squeeze casting, etc. Swage casting is a general term to specify a
fabrication technique which combines advantages of squeeze, centrifugal and semi-solid casting
Methods. In this new casting method, at the beginning liquid alloy is poured into rotational
already heated lower die. As a result of the high-speed centrifugal action, the melt rises and
covers the inner surface of lower die. Due to chill effect the melt starts to solidify partly on the
surface of lower die. Then, immediately the upper die is lowered and partly solidified alloy is
squeezed. During both squeezing and centrifugal actions partly solidified alloy is sheared and
also the static upper die acts as chill. As a result of this, dendrites in the middle of the thin
section between upper and lower dies break into small particles [3]. This work presents results of
the study on microstructures of a A356 (A1Si7Mg0.3) alloy fabricated by squeeze and swage
casting

Experimental Procedures
A356 alloy family is the most popular alloy used in squeeze casting and semi solid metal

processing and used in automative components such as cast wheels, pump bodies, cylinder
blocks, etc [4]. The raw material used in this study, was a commercially purchased A356 alloy
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and had the composition shown in Table 1. Because of relatively broad freezing range, this alloy
exhibits some degree of porosity which affects ductility and fatigue resistance of cast parts.

Table 1. Chemical Composition of A356 Alloy used in this study and nominal solidification

range.

Element Si Fe Cu Mg Zn Al
Content (wt%) 7.35 0.413 0.22 0.32 0.06 Rest.
Solidification 555-615°C

Range [5]

The mould used in swage casting is a bomb body like shape and is shown in the figure 1. The
inner and outer diameters at the middle of this mould are 48 mm and 67 mm respectively
whereas the height of it is 200 mm. In both cases, first of all, the lower and upper dies were
heated up to 180 °C to increase the fluidity of alloy and for swage casting while the lower die
was rotating around the central axis of the casting machine with 500 rpm, the molten aluminum
was poured into the die cavity. Then immediately liquid alloy was squeezed under 10 MPa
approximately for 10 s.

fa i

Figure 1. (a) Swage casting machine and die assembly (b) Schematic illustration of swage
casting process and solid shape of cast piece.
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Same amount of liquid metal was cast with under 10 MPa pressure without rotating lower die.
Casting conditions used for each method are given in the Table 2.

Table 2. Process parameters

Casting Squeezing | Squeezing Mould Pouring Lower
Method Pressure Time (s) | Temperature | Temperature Mould
(MPa) 0 °0) Speed
(rpm)
squeeze 10 10 180 735 -
swage 10 10 180 745 500

The specimens for optical microscope were prepared mainly sampling, grinding, polishing and
etching with Keller’s reagent.

The microstructure investigation and Shape factor measurements were carried out using LEICA
image analyzer. The shape factor used in this study was the inverse of sphericity and calculated
as;

pa

Shape Factor=———
474,1.064

M

Where Aa and Pa represent the area and perimeter of the primary phase of the microstructure
and 1.064 is the correction factor. The value of shape factor is 1.0 in the case of a perfect
spheroid while the higher the shape factor, the higher the dendritic morphology [6]. The
measured globule was the size of the primary phase in the microstructure.

Results

For comparison, corresponding microstructure of the squeeze-cast (a) and swage-cast (b)
samples can be seen in Figure 2. In the squeeze casting case, the structure presents homogeneous
grain size and very refined dendrite morphology surrounded by the eutectic. This is attributed to
higher heat transfer coefficient as a result of the better contact between the metal and the die
surface during solidification improved heat transfer across the metal/die interface [7]. It is also
worth mentioning that the effect of pressure reduced the shrinkage and gas porosity as can be
seen in this figure. The average secondary dendrite arm spacing in squeeze casting is 17um at the
center of cast piece. The similar results were reported by Lima ef al [8] and Lynch ez al [9].
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Figure 2. Optical micrographs of the middle section of cast pieces taken from bottom and upper
region, (a) squeeze cast and (b) swage cast samples.

On the other hand, in the swage casting, final microstructure is fine dendritic only at both
surfaces but spherical and rosette shapes between them (Figure 3). It is observed that the a-Al
phases have spheroidized and coarsened to some extent, as compared with squeeze-cast alloy.
This can be explained with shear action occurred during rotation. Firstly liquid metal solidifies as
dendritic at the both surfaces due to chill effect. Then growing dendrites from both surfaces
break into small particles in the middle of thin section because of high rotational speed of lower
mould. Some of them remain as spherical particles whereas some of them transform to rosette
shapes depending on the shear rate and solidification time [10]. The shearing occurs in the semi-
solid region affects the efficiency of the globularisation, It may be said that the higher the shear
rate occured at the center, the more spherical the grain became.
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Figure 3. Typical microstructure variation across the thickness of the swage cast specimen from
the (a) outer surface to the (b) center and to the (c) inner surface.

Figure 4 shows the calculated average diameter of a-Al particles and shape factors. Swage cast
part reveals that the shape factor of the samples was decreased with the increase of distance from
outer surface toward the center of cast part. The minimal shape factor value presented in this
work is 1.8 at along with the center of swage-cast piece. It is also worth to note that solidification
is a function of the solid/liquid interfacial energy, the system tries to reduce excess surface area
to the minimum possible [11,12]. This phenomenon may helped the coarsening and the
globularisation mechanisms to some extent.
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Summary
In this study, A356 die casting alloy is cast both squeeze and swage casting techniques. The
satisfying non-dendrite microstructure can be obtained by swage casting method and
globularisation mechanism appears to produce spherical grains with 1.8 average values of shape
factor at the center of cast piece. In the swage-casting process, the shearing effect is the most

probable cause of the promotion of the formation of spherical a-Al phases throughout center of
cast piece.
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Abstract

Additive manufacturing is being used in a variety of ways to support the production of complex
castings. Some of the common additive manufacturing processes include fused filament
fabrication, vat photopolymerization, powder bed fusion, binder jetting, and material jetting. In
this paper, the authors discuss the use of (i) binder jetting technology to fabricate sand molds for
casting complex, cellular structures and (ii) fused filament fabrication & vat photopolymerization
to produce complex investment casting patterns. Binder jetting of foundry sand molds allows the
realization of cast structures that are impossible to mold using conventional methods. The
structures are lightweight, multi-functional and may provide exceptional blast protection. With
regards to investment casting, wax is currently the primary material used for producing
expendable patterns due to a desirable combination of thermal expansion, thermal conductivity
and melting point. However, wax is not a typical printed material. A variety of polymers are
available for additive manufacturing and, as would be expected, only a few are suitable for use as
expendable patterns for investment casting. The best polymers for use as expendable patterns for
investment castings are PMMA, epoxy resin containing a reactive diluent and ABS.

Introduction

In today’s fast paced, rapidly changing, economically sensitive market place, the ability to
reduce product development time, and thus, rapidly introduce new products, at low cost is
critical. Additive manufacturing is meeting this challenge. Additive manufacturing has been
used in the casting industry for many years to quickly produce full-size models that engineers
can examine and determine if their math models are correct and accurate. The casting industry
quickly realized that these models could also be used as patterns to rapidly produce prototype
castings, thus the phrase “rapid prototyping” was used in the foundry industry rather than
“additive manufacturing”. To produce a “rapid prototype”, a computer-aided design (CAD)
model is required, which was not the norm in pre-1990’s manufacturing. But, times have
changed, and most everything is designed (modeled) on computers today. With the change in
the availability of CAD packages, the use of rapid prototyping has grown quickly and a wide
variety of additive manufacturing techniques have been developed. The purpose of this paper is
to describe how the shaped casting industry can use this “disruptive” technology.

Castings are used in 90% of all manufactured goods [1]. Castings can be produced from most

any metal and may have simple or complex shapes. The molds that molten metals are poured
into to produce a casting may be reusable, such as the metal molds used for gravity or high
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pressure die casting, or expendable, such as sand molds or ceramic investment casting molds.
This paper focusses on expendable mold casting processes. Specifically, this paper describes
how additive manufacture of sand molds and polymers can be used as “disruptive processes” to
rapidly produce new, revolutionary casting concepts and complex shapes, which, here-to-fore
were impossible or impractical to produce.

Molds for sand casting are typically produced by forming a combination of sand plus binder over
a pattern. Since the sand mold must be removed from the pattern, the pattern must have draft
and no undercuts; this greatly limits the shapes that can be produced. The molds also must have
a parting line, i.e., the interface between the top and bottom molds. Dimensional tolerances are
very good within a mold but the tolerance is much larger across a parting line since how well the
two halves fit together is somewhat variable. To form internal passageways, bonded sand cores
can be added. Sand molding is a versatile process and castings made using sand molding
processes may weigh a few ounces to tens of tons.

Investment casting or the “lost wax™ process has been used for the production of castings for
centuries. In this casting process, an expendable pattern is coated with a ceramic, the expendable
pattern is melted or burned out, the ceramic fired to attain sufficient strength, molten metal is
poured into the ceramic mold and, after cooling, the ceramic is removed from the casting.
Advantages of this process are high dimensional accuracy, excellent surface finish, ability to fill
very thin sections (<1 mm is easily obtainable) and nearly unlimited shape capability. For high
volume production, wax is typically injected into a metal die, which somewhat limits the shape
capability. However, for the artist, any shape that can be formed from wax can be cast. An
alternative to wax is polymers.

The characteristics of a desirable material for expendable patterns for investment casting are 1)
low coefficient of thermal expansion, 2) low thermal conductivity, 3) low compressive strength,
4) low melting or softening point and 5) complete combustion to gaseous products during burn-
out. Some of these characteristics minimize the stresses that cause cracking in the ceramic
coating during pattern burn-out. During pattern burn-out, the ceramic shell has very low tensile
strength and is easily deformed and/or cracked. One printing technique that helps meet these
requirements is printing “sparse”, which means that the printed object has a solid surface skin but
is hollow inside. Various honeycomb type internal structures can be printed to provide sufficient
strength for handling but maximize the collapsibility of the structure during burn-out, thus
allowing the structure to collapse onto itself rather than creating tensile stresses in the ceramic
shell.

The additive manufacturing processes described in this paper are 1) binder jetting technology to
fabricate (i) sand molds and (ii) expendable patterns for investment casting and 2) fused filament
fabrication and vat photopolymerization to produce expendable patterns for investment casting.
All of these processes allow the economical manufacture of cast structures that are impossible to
mold using conventional methods.

Production of Sand Molds and Expendable Patterns for Investment Casting Using Binder
Jetting Technology

One form of 3D printing spreads a layer of uniform thickness of particulate material on a

moveable platen, binder is jetted where desired to cause bonding of the particulate material
within the layer and to the underlying layer, a new layer is then spread, and the process repeated
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until the desired shape is complete [2-5]. The particulate material can be a polymer coated
refractory material, such as gypsum or silica sand, or a polymer, such as PMMA
(polymethylmethacrylate). When the “binder” polymerizes, the particles are bonded together.
Examples of this method for producing molds for casting are the ZCast™ direct metal casting
process [6] and the ExOne™ process [7]. An example for producing expendable patterns for
investment casting is the Voxeljet process [8]. In these processes, molds, cores or expendable
patterns are produced on a 3D printer from CAD models. For the ZCast process, the molds and
cores require a subsequent curing cycle [9]. ExOne molds and cores do not require subsequent
processing.

These technologies allow the casting engineer the flexibility to produce castings that were
previously impossible to produce using conventional molding processes that require patterns
with draft and parting lines. With 3D printing, neither draft nor parting lines are required. As a
matter of fact, backdraft is permissible and features that previously required separate cores can
be integrated into the molds. Simply put, almost anything that can be designed mathematically
can now be produced as a casting. The primary limitation on these processes is the removal of
unbonded sand from the molds and cores. Also, the number of binder/sand systems is limited,
but this limitation is being addressed.

Producing a Turner’s cube was often a test for new machinists. The machinist had to 1)
determine how to produce the desired shape and 2) operate the equipment at the level of
expertise necessary to produce the desired shape. A Turner’s cube casting was created in CAD
and a sand mold was produced by binder jetting. There was an issue with removal of unbonded
sand as evidenced by the incomplete fill in several sections. This was a very challenging casting
for a group of new casting engineers. The cast Turner’s cube is shown in Figure 1.

Figure 1. Turner’s cube produced from a 3D binder jetted sand mold.

Complex, cellular structure castings cannot be produced by any process other than 3D mold
printing. These casting are currently being produced at Virginia Tech using a combination of
ordinary chemically bond sand and 3D printed cores. The 3D printed core forms the complex,
cellular structure and the ordinary chemically bond sand forms the remainder of the mold (at low
cost). The details of producing the complex, cellular structure castings has been discussed in
detail elsewhere [9-11]. These castings have been produced in ferrous (iron & steel) and non-
ferrous alloys. Complex, cellular structure castings are shown in Figure 2.
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Figure 2. Complex, cellular structure castings produced from 3D binder jetted sand molds.

The mechanical properties of the complex, cellular structure castings shown in Figure 2 are
currently under investigation. Modeling has indicated that the energy absorbing/dissipating
properties of these structures under blast conditions should be exceptional. These castings are
multi-functional structures and their use is only limited by the imagination of the designer.
Examples of potential uses for cellular structure castings are 1) blast resistant panels for armored
vehicles, 2) blast & fire resistant doors, bulkheads or walls on ships, 3) lightweight elevator
floors for high load applications, 4) heat resistant surfaces for vertical take-off and landing
aircraft if combined with water or air cooling or 5) a network structure to enhance the structural
integrity of protective or ablative coatings.

PMMA is an excellent material for producing expendable patterns for investment casting.
Bonded PPMA has very low pattern expansion and produces very low residual ash during burn-
out [8]. The only negative for PMMA is that it is somewhat brittle so the expendable patterns
need to be handled carefully. Due to the desirable physical properties of PMMA, normal
investment casting shell thicknesses can be used successfully. An example of a binder jetted
PMMA expendable pattern and the resulting investment casting is shown in Figure 3.

Figure 3. PMMA polymer, 3D binder jetted, expendable pattern and casting; note the fine details
(scales) on the casting.
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Fused Filament Fabrication and Vat Photopolymerization for Expendable Patterns

A variety of polymers (nylon, ABS, epoxy resin, etc.) are used in additive manufacturing and
some are better than others if the end use is an expendable pattern for investment casting. Fused
filament fabrication machines heat a polymer to slightly above their melting point and then force
the polymer through a die (extrude the polymer) onto a moveable platen. The extruded polymer
is deposited layer by layer until the complete part has been built. An alternative to polymer
extrusion is vat polymerization. In this process, a vat of liquid polymer is locally polymerized
(turned to solid) using UV light or laser energy. A digital file with surface geometry is sent to
the printer which directs the polymerizing energy to the desired locations and layer upon layer of
polymer is built on a moveable platen. Scaffolding is built alongside the part to provide support
for overhanging structures and internal voids, therefore permitting the ability to produce most
any shape. These support structures need to be removed along with any entrapped liquid
polymer before use. When printing polymers for expendable patterns, there is also an advantage
to making the pattern with the least amount of polymer possible since 1) this reduces cost (less
polymer consumed) and 2) this reduces the amount of polymer that must be removed from the
mold during burn-out. Printing a shape with a solid skin and a honeycomb internal structure is
termed “‘sparse” printing and is very effective in improving the performance of printed polymer
expendable patterns [12].

A truss structure and a turbine wheel with airfoil shaped vanes were investment cast using
expendable patterns produced from ABS polymer via fused filament fabrication [13, 14]. These
structures cannot be easily or economically produced using conventional molding techniques.
These castings could be produced using a two-piece mold plus complex core assemblies, but this
would produce parting line flash that would need to be removed and the dimensional accuracy
would not be nearly as good due to the fit-up tolerances that would be needed for the molds and
cores. Printed ABS polymer expendable patterns were successfully used for these castings but
the investment casting shell had to be made 50% thicker to prevent cracking during polymer
burnout. A truss structure investment casting and a turbine wheel investment casting produced
using polymer extrusion printed expendable patterns are shown in Figures 4 and 5.

Figure 4. Truss structure produced by investment casting using an ABS polymer, 3D extrusion
printed, expendable pattern.
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pattern casting

Figure 5. Turbine Wheel: ABS polymer, 3D extrusion printed, expendable pattern and
investment casting.

Vat polymerization and sparse printing was used to produce expendable patterns for testing from
an epoxy resin containing reactive diluents [15]. Expendable patterns for investment casting
have been produced using this process since 1998 [11]. A sphere was investment cast using an
expendable pattern produced from vat polymerization. The pattern was “sparse” printed. The
internal honeycomb structure was visible in the pattern but only the external steps were apparent
on the casting. The pattern and casting are shown in Figure 6.

Figure 6. An expendable pattern for a sphere with a “sparse” internal structure produced using
vat polymerization. The internal structure was visible in the pattern but only the external steps
were apparent on the casting.

Concluding Remarks
Additive manufacturing has demonstrated the ability to transform the casting industry.
Numerous additive manufacturing techniques and materials are currently available to make

shaped castings available by the next day or within a few days; giving new meaning to fast-to-
market.
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Abstract

The results of a student project to produce two housing halves for an engine dynamometer are
presented in this paper. The filling systems were designed to minimize turbulence and damage to
the metal. The results of small changes in the filling system design are discussed. A new method
of using different parts of the filling system (rigging) to evaluate the results of quality
improvement efforts is introduced.

Introduction

The Osprey Racing team at the University of North Florida designed a water brake engine
dynamometer. The design involves two identical housings, as presented in Figure 1. A decision
was made to produce the housings by the sand casting process. A356 cast aluminum alloy was
chosen based on its castability and mechanical properties. Patterns for the housing were
prepared by the fused deposition modeling rapid prototyping process. Although the initial intent
was to produce a pair of housings, the project scope was later expanded to examine how changes
in the filling and feeding system would affect the quality of the casting. There were three trials
with slightly different filling system designs. This paper summarizes the methods used in the
project to assess the quality of the casting nondestructively and final results and
recommendations.

Figure 1. Exploded view of the engine dynamometer assembly.

Experimental Details

The dimensions for the filling system of the castings were calculated based on the practice
recommended by Campbell [1]. The dimensions of the filling system, presented in Figure 2,
were calculated based on a flow rate of 0.5 kg/s and a velocity of the melt entering the casting of
0.25 m/s. This velocity is well below the critical velocity of 0.5 m/s for aluminum [2]. The
dimensions of the feeder were calculated based on (i) expected volumetric shrinkage of the
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casting, (ii) feeder (riser) efficiency (~14% [1]) and (iii) an expected solidification time that is
20% longer than that of the casting. Due to the shape of the part, the feeder was located below
the casting during filling. After the completion of filling, a lid was placed over the mold which
was then rotated 180° to relocate the feeder above the casting. The dimensions of the sprue and
the feeder were not changed between the three filling system iterations. The runner design
incorporated a flow-off volume by extending the runner past the feeder. The end of this
extension was tapered to a point to help prevent a back wave. A no-bake binder (Lino-CureTM)
was used for all sand molds. In all three trials, virgin A356 ingots were used and castings were
poured at 720°C (100°C superheat). In Trials 1 and 2, a powder flux was added to the melt for
degassing and the melt was subsequently stirred. No flux was used in Trial 3.

A~ —11 mmx 38 mm

Part only (not including feeder, sprue & runner)
Volume: 1245 em’

{ ] Surface Area: 1999 om”

A
343 mm
205 mm 16
mm
39 mm
- 6 mm
B2m g 32 o %38 mm
> < 6 mm
/ \ %38 mm

Figure 2. Details of the filling system used in this study.

Trial 1:

The pouring basin in Trial 1 was approximately 38 mm deep and included a radiused weir to
control the flow into the sprue, Figure 3.a. The filling system did not include a vent and there
was no mechanism to determine whether the mold was completely filled. The runner was
arranged to pass under the center of the feeder.

Trial 2:

In Trial 2, the pouring basin kept the same basic dimensions and radiused weir — only the depth
was increased to 89 mm, as shown in Figure 3.b. In addition, a vent was added to the mold, both
to eliminate any possible back pressure and to allow a visual indication of when filling is
completed.

Trial 3:

The only change between Trials 2 and 3 was the runner design; the runner joined the feeder
tangentially (vortex gate), Figure 3.c. Moreover the runner was not extended past the feeder.
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Figure 3. The pouring basins in Trial 1 (a) and Trial 2 (b) and the vortex gate in Trial 3 (c).

The sprues and feeders from the three trials were heat treated to T6 condition along with the
castings for improved machinability. Parts of the sprues, approximately 20 mm downstream
from the pouring basin and the cross section of the feeders were machined by using a 76.2 mm (3
in.) face mill tool with six inserts. The machined surfaces were ground and finally polished to
expose all internal pores. Subsequently, all surfaces were scanned with 600 dpi resolution and
images were analyzed by using the Imagel software [3] from the National Institutes of Health.

Results and Discussion

Initial Observations:

The castings after they were taken out of the sand mold are shown in Figure 4. In Trial 1, it was
determined that the shallow depth of the pouring basin did not allow sufficient flow into the
sprue to keep it completely full. Subsequently, a minor misrun was detected in Trial 1, as
indicated by the arrow in Figure 4.a. In Trials 2 and 3, the deeper pouring basin allowed for a
much faster filling rate and the sprue was completely full during the pour. Initial observation of
surface finish indicated that the casting in Trial 1 had the roughest surface of the three and
castings in the other two trials had almost the same surface roughness.



Figure 4. Castings with filling systems attached: (a) Trial 1 (b) Trial 2, and (c) Trial 3.

Nondestructive Evaluation of Internal Defects

The sections of the sprues are presented in Figure 5. Note that sprues for Trials 1 and 2 contain
many pores, whereas that for Trial 3 has only a few pores compared to the first two. The same
observation can be made for feeders, presented in Figure 6. Note that there is significant external
shrinkage in the feeder

(a) (b) (©
Figure 5. Sections of the sprues: (a) Trial 1, (b) Trial 2, and (c) Trial 3.

i

Figure 6. Feeders sectiod for the three trials: (a) Trial 1, (b) Trial 2, and (c) Trial 3.
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Areas of pores shown in Figures 5 and 6 were measured by the Imagel software. Equivalent
diameters, d.q, were calculated (=\/4A/71:) after excluding any pore with an area of less than 0.1
mm?, as recommended by Dispinar and Campbell [4]. Analysis of dcq results showed that three-
parameter lognormal distribution provided the best fit to all datasets, consistent with results on
pore sizes in Mg die castings [5]. The probability density functions, f, for pore sizes in sprues
and feeders in all trials are presented in Figure 7.

14
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Trial 2

0.25 0.50 0.75 1.00
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“— ,A.'} Trial 2
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(b)

Figure 7. Lognormal distributions for equivalent diameters of pores in (a) sprues and (b) feeders.
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It is noteworthy that the size distribution of pores in the sprues of three trials is very similar with
those for Trials 2 and 3 being almost identical. Because the depth of the pouring basin was the
same in Trials 2 and 3, it can be expected that sprues from Trials 2 and 3 have similar pore size
distributions. The main difference between the results from these two trials is the number of
defects per unit area, as can be seen in Table 1, in which numbers of pores per 100mm? area are
presented. Although the size distribution of pores in sprues in Trials 2 and 3 are similar, there
are almost 30 times more pores in Trial 2 than in Trial 3. This result is a clear indication that the
powder flux added for degassing severely degraded the melt quality in Trials 1 and 2. The
powder particles entrained surface oxides which led to the unintended consequence of higher
number of defects than what would be possible without the flux addition as in Trial 3.

Table 1. The number of defects per 100 mm? in sprues and feeders for all trials.

Sprue | Feeder
Trial 1 |10.39 | 19.08
Trial2 | 11.38 | 18.76
Trial 3 | 0.35 4.53

The number of pores in feeders given in Table 1 is consistent with the results for pores in sprues.
The size distribution of pores in Figure 7.b., however, clearly shows that the tangential runner
design in Trail 3 has resulted in smaller pores, as evidenced by the pronounced peak at lower deq
values. In contrast, Trials 1 and 2 produce almost identical pore size distributions.

It is noteworthy that Trials 1 and 2 gave similar results in which the numbers of defects arriving
in the feeder were approximately doubled when compared to those at the sprue. It can be
expected that the melt suffered a modest amount of damage during its passage through these
filling systems because all gravity filling systems are ultimately merely damage limitation
systems [6]. For Trial 3, Table 3 indicates that the number of defects was increased by over 10
times between the sprue and the feeder. However taking the ratios of the number of defects at
the sprue and the feeder may be misleading. The damage given to the metal while flowing
through a gravity filling system is expected to be additive. Therefore the three trials need to be
evaluated based on the increase in the number of defects between the sprue and the feeder, which
was 8.69, 7.38 and 4.18 for Trials 1, 2 and 3, respectively. These numbers indicate the beneficial
effects of the deeper pouring basin (Trial 2) and the vortex gate (Trial 3).

The method of sectioning parts of the filling and feeding system presented in this study is of
potential value to foundries. The ‘rigging’, which would be normally be discarded and remelted,
should be heat treated and the macrostructure should be analyzed. The results of any quality
improvement effort, such as changes in the filling system and/or melt treatments, can be easily
quantified and documented. Although the effects of filling system design can be isolated to some
extent from the erratic and large variability of melt quality from melt to melt, there seems no
substitute for the accuracy in comparison which can be made by pouring all three castings at the
same time from the same melt.
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Conclusions

1. Using powder flux for degassing degraded the melt quality significantly by entraining surface
oxides. The melt quality was significantly better when no flux was used.

2. The increase in the number of defects between the sprue and feeder was smallest when a
vortex gate was incorporated.

3. A new method of analyzing the defects in different parts of the ‘rigging’, which is normally
discarded and remelted, is introduced. The new method can be used to quantify and
document the results of any improvement effort, such as changes in the filling system and/or
melt treatments.
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Abstract

This paper investigates the solidification of highly viscous energetic materials cast into a
projectile.  Active cooling and heating (ACH) control solidification technology as well as
mechanical vibration (MV) are applied to achieve unidirectional solidification and to reduce
cracks, gas pores, and shrinkage defects and to decrease the detrimental gap size between the
projectile and the solidified energetic material. A comprehensive numerical model was
developed to simulate the solidification processes during casting of energetic materials, as well
as the resulting induced thermal stresses. The optimized design parameters of the proposed
technologies are developed based on numerical modeling and experiment work.

A detailed comparison between the latest experiments performed at the University of
Alabama, Solidification Laboratory, obtained with electrical heating and water cooling and with
and without mechanical vibration is provided in this paper. In these experiments, a special wax
material (e.g., Chlorez 700S) that has similar thermo-physical properties with the IMX-104
explosive material was used. Experiments performed at the USARMY ARDEC using the IMX-
104 explosive material with steam heating and water cooling are also presented in this paper.
These experiments are being used to further validate the numerical model.

Introduction

Solidification and Casting processes are widely employed in the manufacture of energetic
materials. The cooling conditions applied in the casting process can affect the quality of the final
cast in terms of void formation, residual stress distributions, and mold separation. Substantial
shrinkage is also observed due to the density change upon solidification [1-3]. Residual stresses
are known to be closely related to the formation of cold cracks and hot tears during casting. The
formation of a gap between the mold and the cast material is of critical importance due to its
deleterious effect on heat removal and on crack formation. In the casting of energetic materials
all these defects can significantly impair the detonation velocity, Gurney energy, and insensitive
munitions characteristics of the formulation, and lead to catastrophic accidents in explosives
handling [4-5]. Imposition of carefully controlled cooling condition is thus critical in optimizing
the cast quality that could help avoid such destructive effects.

Figure 1 presents the typical mold filling and solidification defects in a 120 mm IMX-104
mortar. The air bubble (entrapped during the mold filling) and the separation and shrinkage
formed during solidification are severe. These defects are detrimental to the quality of the 120
mm mortar. Optimization of the process design as well as the design of improved rigging
systems is required to minimize/eliminate these defects.
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(a) () (c) (d)
Figure 1. Casting position (a) and pouring and solidification defects (air bubble and shrinkage
cavities ((b) and (c)) and separation (gap) (d)) in the 120 mm mortar.

In the current work, a comprehensive numerical model was developed using ANSYS
FLUENT and ANSYS MECHANICAL [6] software to accurately simulate the transport
phenomena as well as induced thermal stresses encountered in the casting process of recently
developed explosive, consisting of RDX-binder mixtures. An enthalpy method, successfully
exploited by many authors [7-8], was used to simulate the solid/liquid phase change process.
Instead of working entirely in terms of the temperature of explosive material, an enthalpy
function is defined which represents the total heat content per unit mass of the material. The
advantage of such a reformation of the problem is that the necessity to track the position of the
solid/liquid interface is eliminated. Shrinkage effects and the resulting velocities induced in the
melt have been largely neglected in the literature due to the difficulties involved in multiphase
pressure-velocity coupling, and the interaction between free surface dynamics and solidification
volume change [9]. In order to track the shrinkage shape that is critical in simulation of explosive
casting process, NOVAFLOW&SOLID software [10] was used. Effective shrinkage was
calculated at each time step and the volume of the solidified material was then subtracted from
the liquid phase in the control volumes that contain the interface.

Experimental measurements of physical properties such as thermal conductivity, specific
heat, thermal expansion coefficient, and liquid viscosity were conducted using Diamond TMA
(www.tmadiamond.com), Hot Disk Instrument, and Brookfield viscometer. The stress-strain
relationship was measured using simple compression technique developed in-house [11].

A new technology named “Active cooling and heating” (ACH) that can be used for melt
cast process of energetic materials in order to improve product quality is described in this paper.
The purpose of the ACH is to use controlled (active) heating and cooling of the mold to try to
achieve unidirectional solidification with minimum solidification related defects including gap
separation and solidification shrinkage. Figure 3 illustrates the experimental mold setup and cast
wax material that shows no shrinkage and gap separation. Optimal cooling parameters predicted
by numerical simulations can be easier controlled using the ACH technology. Maintaining
higher temperature along a riser and gradually decreasing temperature at the bottom part will
keep solid front flat propagating upward. This helps to reduce the excessive thermal stress
formed due to large temperature gradient and provides control of shrinkage shape. New design of
the riser geometry with electrical or steam heating was proposed after calculation of the thermal
modulus distribution inside the projectile.
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Numerical Model

The studied energetic material IMX-104 is assumed to be isotropic, incompressible and
Newtonian fluid with a very high viscosity due to the high volume fraction of solid particles. The
constituents of IMX-104 are DNAN (2, 4-dinitroanisole), NTO (3-Nitro-1, 2, 4-triazol-5-one)
and RDX. Of these three constituents only DNAN undergoes solid/liquid phase change while
NTO and RDX remain in solid, crystalline form during the entire process. The solidifying melt
was modeled as a single material with temperature-dependent density, thermal expansion
coefficient and Young’s modulus, with all other properties remaining the same in both solid and
liquid phases. The variation of density with temperature was described by Boussinesq
approximation. The numerical model was based on solving the system of governing equations
for conservation of mass, momentum, and energy:

—+V-(pii)=0 1

~ V(o) (1
opii __ I , -7 , -

— + Vi) ==Vp+ V- [ulvii + Vi )|+ p.2p,(T-T.)+ (/,13—+’8)Am;,u &)
%+V-(pﬁh):V~(kVT) 3)
where 4,,, is the mushy zone constant, f, the liquid fraction, & =0.001 is used to prevent

division by zero, and h=c,T + f,AH , the specific enthalpy of the melt.

In the absence of detailed visco-elastic-plastic material properties, the material was
treated as an isotropic thermo-elastic material:
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where 4= p are Lame’s coeftficients, H is the plastic modulus, G is the shear

vE
(1+o)1-2v)
modulus and b is the body force.

In order to analyze the shrinkage and void formation caused by the density change during
solidification, the algorithm employed must be capable of tracking a moving free surface. The
volume of fluid (VOF) method is employed in this work since it can handle free surface
movement and has been previously applied to study solidification shrinkage. For the casting
problem considered, only two phases, i.e., IMX-104 and air is present in the system. When the
density change upon solidification is taken into consideration, the governing equations for
conservation of mass, momentum, and energy will have the additional source terms due to the
density difference between the solid and liquid phases of IMX-104. The resulting system of
equations is solved by NOVAFLOW&SOLID software.
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Experimental Results

The experimental setup with ACH at the University of Alabama (UA) is shown in Figure
2. Figure 3 illustrates the experimental mold setup and the cast wax material that shows no
shrinkage and gap separation. A special wax material (e.g., Chlorez 700S) was used in these cast
experiments. The wax material has similar thermo-physical properties with the IMX-104
explosive material and it can be safely used in the UA lab for process optimization. Electrical
heating (60 W and 150 W heaters) and water cooling systems were applied in the experiments to
control the solidification process in such a way to minimize both the gap separation and the
shrinkage defects in the top portion of the mortar.

(a) (b) (©
Figure 2. Experimental setup for the active cooling and heating (ACH) of the 120 mm mortar:
(a) top view of the solidified mortar in the water tank and (b) 60W electrical heating system and
(c) 150W electrical heating system.

@ W)
Figure 3. Experimental mold setup (a) and (b) Cast wax (Chlorez 700S) material without
shrinkage and gap separation (preheated mold, 60W electrical heating, without water cooling).

Figure 4 show the experimental setup of the mortars with MV and with and without water
cooling. The process conditions are explained in the following paragraph. The wax material
was melt in a furnace at 423K for 9 hours. The mold (mortar case) was preheated to 423K. The
heating cable was set at 373K for 2 hours after pouring the wax material. Water cooling was
done in three steps (similar heights) (i) water flow rate at 1.26 1/min for 20 min (ii) 0.95 1/min for
30 min; (iii) 0.63 I/min for 40 min.

Figures 5 and 6 present the temperature experiments for the setup with MV system as
illustrated in Fig. 4, without and with water cooling, respectively. In Figures 5 and 6, T1 (or
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channel 1) is the thermocouple located inside of the cast material (neck area), T2 (or channel 2)
is the thermocouple inside the thermal isolation (neck area), and T3 (or channel 3) is the
thermocouple located in the middle height of the mortar case beneath the thermal isolation area.
It can be seen from Figs. 5 and 6 that the addition of both heating and vibration had positive
effects on the temperature evolution profiles of the 120 mm mortar. Fluidity of the wax material
(that helps feeding the solidification shrinkage) was significantly increased due to the use of
mechanical vibration.

@ (b) ©
Figure 4. Experimental setup with MV: (a) mortar assembled on the MV system (without water
cooling) (b) water cooling tank connected to the MV system and (c) mortar assembled (with
150W electrical heating) inside the water cooling tank.
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Figure 5. Temperature measurements in the wax experiments (without water cooling).
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Figure 6. Temperature measurements in the wax experiments (with water cooling).

Controlled directional solidification was achieved in the 120 mm mortar (Figs. 5 and 6)
by using the electrical heating and water cooling technology (ACH). The solidification shrinkage
in the top portion of the mortar was completely eliminated. Also, no gap separation was
observed in these mortars.

Figure 7 showed some of the experiments performed at USARMY ARDEC facility using
IMX-104 material cast into 120 mm mortars. The experiments were performed under different
solidification conditions. Improved process conditions (Figs. 7 ¢ and 7d) eliminated the major
solidification related defects shown in Figs. 7a and 7d.

(@) (b) (c)
Figure 7. USARMY ARDEC Experiments: (a) macro-shrinkage (top portion)
(b) longitudinal macro-cracks (c) and (d) no macro-defects.

(d
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Numerical Simulation Results: Design Improvements

NOVAFLOW&SOLID [10] and ANSYS’S FLUENT [6] were used in this study to
perform all casting simulations needed to improve the mold design. The results of the original
design are shown in Refs. [12-14]. The new design consists of several improvements including
the geometry modification of the top riser, mold preheating and application of mechanical
vibration as well as application of electrical or steam heating techniques in the neck area between
the top riser and the mortar. The results of the ACH with electrical heating are shown in Figures
6-8 in Ref. [14]. It was demonstrated in Ref. [14] that the active heating can be applied to
improve feeding and therefore can eliminate the macro-shrinkage in the neck area.

Figures 8 and 9 present the results with the without steam heating. The steam heating
technology needs to be used for safety reasons. Based on the results in Figure 9, it can be
concluded that steam heating can successfully replace the electrical heating.

(d)
Figure 8. Predicted micro-shrinkage (a), macroshrinkage (b), temperature (c) and solidification
time (d) in the 120 mm mortar cooled in water (no steam heating, Al riser preheated at 110 C).

(@ (b
Figure 9. Predicted micro-shrinkage (a), macroshrinkage (b), temperature (c) and solidification
time (d) in the 120 mm mortar cooled in water (steam heating, Al riser preheated at 110 C).
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Concluding Remarks and Future Work

Experimental and modeling studies have been performed to improve the design and
process conditions of energetic materials cast into a projectile. The proposed improvements led
to significant decrease in casting and solidification shrinkage defects in the cast projectiles. The
improved process design consists of using ACH technologies with proper modifications in the
top riser geometry, pouring rates, mold preheat temperature, and water cooling conditions. MV
was also studied. It was shown that: (i) ACH with MV can improve the directional solidification
conditions of the mortar that can further decrease the solidification shrinkage, cracking tendency
and gap separation and (ii) steam heating can replace successfully the electrical heating.

Future work will include a detailed study regarding the mechanical vibration (MV) and
steam heating effects on the solidification of energetic materials cast into projectiles.
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Abstract

To describe the solute effect on grain refinement, the growth restriction factor (Q) in
multicomponent multiphase Al alloys has been often evaluated using a simple summation of the
QO values of the individual constituents taken from the binary alloy diagram. Such kind of
evaluation can lead to mistakes, or completely fail when an intermetallic phase, even in a trace
amount, solidifies prior to the primary a-Al. A more accurate method to evaluate growth
restriction factor (O, ) from thermodynamic descriptions is to calculate the initial slope in the

development of constitutional supercooling (A7") with the phase fraction of the growing solid
phase ( f;). In this contribution, ThermoCalc software (with TTAIS database) was used to

evaluate the Q,,.in a series of Al-Cu based alloys with Ti, Zr and Sc additions. This

Zflrue
investigation demonstrates that thermodynamic-based alloy design can provide a significant tool
to develop novel Al alloys.

Introduction

Al-Cu based alloys have been widely used in the automotive and aerospace industry due to their
high yield strength and good fatigue resistance. However, their large freezing ranges lead to a
high hot tearing tendency when compared to Al-Si based alloys. Grain refinement of Al-Cu
based alloys can improve their castability, in particular improving hot tearing. However, there is
still a debate on the nucleation and subsequent mechanisms for grain refinement.

Grain refinement of Al alloy has been extensively investigated for several decades both in
industry and in academic, not only for developing efficient grain refiners, but also for achieving
a better understanding of the grain refinement mechanism!"'?. During grain refining of Al
alloys, Al-Ti-B grain refiners have been widely investigated, due to their higher nucleation
potency and wider industrial application. Various theories regarding the grain refinement
mechanisms of Al-Ti-B refiners, such as the particle theory, the phase diagram theory, the duplet
nucleation theory, the Fe_ritectic bulk theory, have been proposed and reviewed in [1]. Recently,
the free growth theory!"”!, and modified free growth theory! have also been proposed. Despite
of the difference between these theories, it is generally accepted that Ti has a multiple role within
the melt. Firstly, Ti provides a substrate in the form of TiB,. Secondly, excess Ti provides an
enriched Ti region leading to the formation of an Al;Ti monolayer necessary for the nucleation
of Al on the stable boride substrates (TiB,)""'?\. Thirdly, excess Ti provides an effective growth

77



restriction factor (Q)™ * & 7 In other words, the presence of excess Ti affects both the
heterogeneous nucleation and growth of Al alloys. The combined effects of enhanced copious
potent nuclei and growth restriction result in the formation of desirable, small, uniform, equiaxed
Al grains.

The growth restriction factor (Q) is proportional to the constitutional undercooling at the
dendrite tip and can directly be used as a criterion for the grain refinement in Al alloys with
strong potential nucleation particles. To describe the solute effect on grain refinement, the
growth restriction factor (Q) in multicomponent multiphase alloys has often been evaluated
using a simple summation of the Q values of the individual constituents taken from the binary
alloy diagram. The evaluated Q is denoted as Q,,, . Such kind of evaluation can lead to
mistakes, or completely fail when an intermetallic phase (e.g. Al;Zr, Al3Ti), even in trace
amounts, solidify prior to the primary Al matrix"*'"*. Another method to evaluate growth
restriction factor (Q) is a quasi-binary equivalent method!"!. The evaluated Q is denoted as

Op, - Although both methods have been validated, a more accurate method to evaluate growth
restriction factor (Q) is to calculate the initial slope in the development of constitutional
supercooling ( A7) with the phase fraction of the growing solid phase ( f; ) from thermodynamic
descriptions™* !, The evaluated Q is denoted as Q-

In this contribution, ThermoCalc software (with TTAIS database) was used to evaluate the O,

in a series of Al-Cu based alloys with Ti, Zr and Sc additions. The evaluated Q,,, was
compared with the evaluated Qy,, and O, using other two different methods. This investigation

demonstrates that thermodynamic-based alloy design can provide a significant tool to develop
novel Al alloys.

Experimental material and procedures

A series of Al-4.0Cu based alloys (wt. %, used throughout the paper, in case not specified
otherwise) with Ti, Zr and Sc additions were prepared using commercial purity Al ingots (99.7),
an Al-25 Cu master alloy pre-prepared in induction melting using high purity Al (99.998) and
high purity Cu (99.999), and Al-10Ti, Al-10Zr, Al-2.2Sc master alloys, respectively. The
nominal compositions are listed in Table 1. It should be noted here that some trace elements (i.e.
Fe, Mn and Si) are also present in Al-4.0Cu based alloys. However, these elements are not
included for ThermoCalc calculations. ThermoCalc calculations (non-equilibrium (Scheil)) were

performed to evaluate O,

Each batch, weighting about 6 kg, was melted in a resistance furnace at 720 °C. A reference
sample was taken from the melt in order to identify the grain size before inoculation. The
nucleant particles (TiB;) were added using commercial grain refiner rod (Al-5.0Ti-1.0B). The
concentration of the nucleant particles (TiB,) is about 0.01 wt % (100 ppm).

The melt was stirred with a graphite rod for 20 s after inoculation. The samples were taken from
the melt at 5 min after the grain refiner addition and tested using a standard TP-1 method. The
samples were sectioned 38 mm from the bottom surface. Standard metallographic procedures
were performed to prepare these sections for grain size measurements. The samples were etched
using a mixture of 13 g boric acid, 35 g HF, 800 ml H,O at a voltage of 20 V for 45 seconds. All
images used for grain size measurement were taken from the centre of the samples using optical
microscopy in a polarized mode at the same magnification. The reported grain sizes were
measured from at least 20 images using line-intersect method.
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Table I: The nominal composition of a series of Al-4.0Cu based alloys with Ti, Zr, and Sc
additions. (*: free Ti; #: total Zr)

Alloy Cu Si Fe Mn Ti* Zf* Sc Al
No.

1 40 - - - - - - Bal.
2 40 - - - 01 - - Bal.
3 40 - - - 02 - - Bal.
4 40 - - - - 025 - Bal.
5 40 - - - - 05 - Bal.
6 40 - - - - - 0.25 Bal.
7 40 - - - - - 0.5 Bal
8 40 - - - - 025 025 Bal
9 40 - - - 01 - 0.25 Bal.
10 40 - - - 01 025 - Bal.

Results

ThermoCalc calculation Al-4.0Cu based alloys with Ti, Zr and Sc additions

Growth restriction factor (Q ) can be evaluated using a simple summation of the O values of the

individual constituents taken from the binary alloy diagram, as listed in equation 1.

partition coefficient. The relative data for determining Q is listed in Table I

Table 1I: Phase diagram data for determining Q in binary Al alloys

Ogum = Zi mic(i)(ki -

where, for each element i, m is the liquidus gradient, ¢, is the composition, and & is the binary

[15]

Element k m Max. m(k-1)

conc.

(Wt.%)
Cu 0.17 -3.4 332 2.8
Ti 7-8 333 0.15 ~220
Zr 2.5 4.5 0.11 6.8
Si 0.11 -6.6 ~12.6 59
Cr 2.0 35 ~0.4 35
Ni 0.007 -33 ~6 33
Mg 0.51 -6.2 ~3.4 3.0
Fe 0.02 -3.0 ~1.8 29
Mn 0.94 -1.6 1.9 0.1
Sc 0.64 9.1 0.55 3.3

M

Growth restriction factor (Q ) can be also evaluated using a quasi-binary equivalent method sl
as listed in equation 2, for Al-Si based alloys.

Sigg = Si+ X Siy, [w%]
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where, equivalent is calculated as the sum of the contribution of the individual elements. For
additional element (X, , e.g. Cu, Ti), Si“br-"q can be determined using a mathematical model
(equation 3).

Xpy=ay' + by X; +cg X} 3)
where, aé(" R b(;Y' S cé( " are the polynomial coefficients, respectively, as listed in Table III, X; is

the concentration of the elements (wt.%). However, it should be noted that the coefficients listed
in Table III were validated in Al-Si based alloys. For Al-Cu based alloys investigated here, the
coefficients may not be valid, and should be determined in an Al-Cu system, thus questioning the
validation of this approach.

Inserting values calculated from equation 2 into equation 1, the O, values for Alloys 1-3 are
determined. Due to a lack of the polynomial coefficients of Zr and Sc, no attempt was taken here

to evaluate the Oy, values for Alloys 4-10.

Table III: Polynomial coefficients for various binary Al-X; alloys representing the most

common major and minor element of the Al-Si based alloys. a, = 0 for the elements presented in
this table!"*).

Element bo Co

Ti -0.8159 0.009927
Zr - -

Ni 0.5644 -0.0285
Mg 0.0258 -0.0088
Fe 0.6495 0.0003
Cu 0.529 -0.027
Mn 0.8221 -0.0349

A more accurate method to evaluate growth restriction factor (Q) is to calculate the initial slope
in the development of constitutional supercooling ( A7) with the phase fraction of the growing
solid phase ( f; ) using equation 4.

dAT,
erue = TC |f: —0 “
s

where, AT, is the rate of development of constitutional supercooling, and f; is the fraction solid.
For clarity, Figure 1 shows the evaluation of O, in Alloy 1 (Al-4Cu based alloy).

The determined Q values for Alloys 1-10 are listed in Table IV. When comparing the evaluated
O values using three different methods, it was found that (i) the O value evaluated using
equation 1 is very close to that evaluated using equation 4, if the primary phase is a-Al matrix,
rather than Al;Ti (Alloy 3) or AlsZr (Alloy 5). This indicates that equation 1 is valid, and can be
used to evaluate the Q value in dilute Al alloys. (ii) equation 2 is not valid when Ti is present,
indicating that a re-evaluation of the coefficients is required in Al-Cu based alloys. (iii) In the
case of Ti and Zr addition, the O value evaluated using equation 4 (24.2) is much less than that
evaluated using equation 1 (32.9). (iv) In the case of the addition of Sc (Alloys 6, 7) and Zr
(Alloys 4, 5), the evaluated O, value is very close despite of higher concentrations of each
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element, indicating that an asymmetric Q values is obtained once an primary intermetallic is
formed. This is not the case for Q,,,,, .

< - \; s AT

1. Liquid ; s

i Af&

wi @ FCD_AY Lisid ‘ :: Qwe = %‘{_
R R
Figure 1 ThermoCalc calculation (a), and the evaluation of Q,,,. (b) in Alloy 1 (Al-4Cu based
alloy). The primary phase is FCC_Al (a-Al) solidified from liquid. Eutectic Al,Cu forms
subsequently.
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Table IV: Comparison of Q values determined using equation 1, equation 2 and equation 4.

Equation 1 Equation 2 Equation 4

( qum ) ( QEq ) ( erue )
Alloy 1 11.2 9.9356 10
Alloy 2 332 17.93 34
Alloy 3 44.2%* 7.09 35
Alloy 4 12.9 - 113
Alloy 5 14.6 - 11.8
Alloy 6 12.03 - 11
Alloy 7 12.85 - 11.1
Alloy 8 13.73 - 11.6
Alloy 9 34.03 - 32.6
Alloy 10 329 - 242

*Note: For Alloy 3, Q,,, value (44.2) was evaluated using 0.15 Ti, although 0.2 Ti was added.

Experimental investigation on Al-4.0Cu based alloys with Ti, Zr and Sc additions

Figure 2 shows a typical as-cast microstructure of Alloy 1 (Al-4Cu based alloy). The grain size is
very large, about 705 + 68 pum. The addition of TiB, (100 ppm) and excess Ti (0.1, Alloy 2)
greatly decreases the grain size to 70 £ 5 um, as shown in Figure 3. However, further increasing
excess Ti (0.2, Alloy 3) results in a slight increase of grain size (80 + 4 um) due to the formation
of primary Al;Ti phase prior to a-Al phase (not shown here).

The addition of Zr (0.25, Alloy 4) does not greatly decrease the grain size. The grain size is
about 142 + 13 pm (Figure 4). Further increasing the Zr content (0.5, Alloy 5) does not result in
a decrease in grain size. The grain size is about 131 + 10 um (Figure 5).

The addition of hypoeutectic Sc (0.25, Alloy 6) does not greatly decrease the grain size. The
grain size is about 282 + 44 pm (Figure 6), much higher than that (142 £ 13 pm) with 0.25 Zr
addition (Figure 5). This can be attributed to the higher solute solubility of Sc compared with Zr
in Al (Table II). At the same addition level (e.g. 0.25), no significant fraction of primary Al;Sc
phase form as nucleation sites for a-Al. Further increasing Sc (0.5, Alloy 7) decrease the grain
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size by additional Q but remains hypoeutectic (less than 0.55, Table 1I). The grain size is about
140 + 8 um. However, the combined addition of Zr and Sc (Alloy 8) greatly decrease the grain
size. The grain size is about 110 £ 10 um (Figure 7).

Figure 2 As-cast microstructure of Alloy 1 (Al-4Cu based alloy). The grain size is about 705 +
68 pm.

500 ym

Figure 3 As-cast microstructure of Alloy 2 (with 0.1 Ti addition). The grain size is about 70 +
Spum.

Figure 4 As-cast microstructure of Alloy 4 (with 025 Zr). The grain size is about 142 + 13 pm.
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Figure 5 As-cast microstructure y 5 (with 0.5 Zr addtion). The grain size is about 131 +

10 pm.

Figure 6 As-cast microstructure of Alloy 6with 0.25 Sc addition). The grain size is about 282 +
44 pm.

Figure 7 As-cast microstructure of Alloy 8 (with 0.25 Zr and 0.25 Sc). The grain size is about
110+ 10 pm.
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Discussions

The Q values (Table 1V) evaluated using equation 1 and equation 4 can be used to interpret the
change of grain size (Figures 2-7) observed using TP-1 test. For example, in the case of Ti
addition, the presence of excess Ti (0.1, Alloy 2) increases growth restriction factor (Q ) sharply
(Table 1V) from 10 (Alloy 1) to 34 (Alloy 2). A higher growth restriction factor (Q) leads to a
significant decrease of the grain size from 705 + 68 pm (Figure 1) to 70 + 5 um (Figure 3, as
shown in Figure 8, which is similar to cases of TiB, addition in Al alloys. This strongly indicates
that the evaluation of growth restriction factor using equation 1 (Q,,,, ) and equation 4 (Q,,,,.) is
reliable.

Comparing the Q,,, and Oy, values for Alloy 2 and Alloy 3, it is apparent that only O,
predicts for the identical cooling condition. Similar grain size is obtained for Alloy 2 (70 £ 5 pm)
and Alloy 3 (80 + 4 um). Similarly, Q,,,. also predicts similar grain size for Alloy 4 (142 = 13
um) and Alloy 5 (131 = 10 pm). Overall, O, gives a better evaluation of growth restriction
factor.
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Figure 8 Grain size decreases with growth restriction factor increasing.

In the case of Zr and / or Sc addition, the evaluated growth restriction factor (Q,,, and O, ) is

nearly the same (about 11, Table 1V, Alloys 6-8). However, the grain size changes greatly,
especially for a combined addition of Zr and Sc (Figure 7). One important question arises, why
the grain size changes greatly even with the same growth restriction factor. Is growth restriction
factor a dominant factor affecting the grain refinement, or should any other mechanisms (i.e.
heterogeneous nucleation and interactions between solutes) also be taken into consideration ?

A strong interaction between solutes, i.e. forming the t phase during solidification, has been
reported that Al-Si-Ti ternary alloysm]. This interaction affects the evaluation of growth
restriction factor. However, unlike Al-Si-Ti systems, Al-4.0Cu based alloys do not exhibit a
strong interaction between solutes (i.e. Cu, Ti), because no Cu-rich phase forms during
solidification.

The reported Zr-poisoning between TiB, and Zr' " suggests that an interaction between TiB, and
Zr to forming ZrB,, which does not act as a good nucleation site. However, here no TiB; is
present, and above the composition for the onset of the peritectic reaction (0.11, Table II), Al;Zr
is formed acting as nucleation site and the remaining Zr as a poor growth restrictor. This
hypothesis can be further supported by the lower evaluated growth restriction factor (Q) (Table
1V, Alloy 10).

The interaction between solutes definitely affects the heterogeneous nucleation of a-Al, i.e.
enhancing or deactivating the nucleation potency. In the case of Ti addition, the presence of
excess Ti and thus the possible formation of Ti-rich layers will reduce the growth velocity of the
nucleated crystals and increase the maximum undercooling achievable before recalescence!”..
This allows more particles to be active in nucleation and, consequently, increases the number

[17]
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density of the active particles, giving rise to a finer grain size. In the case of combined addition
of Zr and Sc, three aspects should be taken into consideration. Firstly, the formation of Als(Zr,
Sc) reduces the lattice parameter of both the stable DO,; and metastable L1, AlsZr, thus
decreases the mismatch between the nucleation sites particles and a-Al matrix (Table V), and
finally promotes the nucleation of a-Al'"'"") Secondly. the combined addition of Zr and Sc
reduces the solute solubility of each other!'®!. More nucleating sites are available for the
nucleation of a-Al. Thirdly, in the case of single Sc addition, most Al;Sc (if any, once Sc content
is above 0.55) formed through an eutectic reaction will be pushed to the grain boundaries, while
in the case of the combined Zr and Sc addition, a so-called shell-core Alz(Zr, Sc) formed through
a eutectic reaction, will be surrounded by a-Al, as a good nucleation site. For clarity, a schematic
diagram is shown in Figure 9. Some typical SEM images taken from Alloy 5 (0.5 Zr) and Alloy
8 (0.25 Zr and 0.25 Sc) are shown in Figure 10. Clearly, in the case of a single Zr addition (0.5),
an AlsZr particle was located at the center of the grain, and acted as a nucleation site (Figure
10a). In the case of combined additions of Sc and Zr, Als(Zr, Sc) forms during solidification.
AlsZr solidified as a core and was covered by an Al;Sc shell (Figure 10c).

Table V: Lattice parameters and mismatch between the particles and Al matrix!'*!.

Particles Lattice Mismatch Orientation
parameters ship
(nm)

AlTi D022 0.23 (221)a /!
a=0.3851 (Ol 1)A13T1,
¢=0.8608 [110]a /

[210] AT

AlZr DO23, 0.8 Any plane
L1, and directions
a=0.4048

AlsSc L1, <15(1.2) Any plane
a=0.4105 and directions

The diffusion of solute elements (i.e. Ti, Sc, Zr and Cu) should also be taken into consideration
when discussing the grain refinement of Al alloys. The partition behaviour of Ti (k= 7-8 in pure
Al) is much stronger than that of Cu (k= 0.17), Zr (k= 2.5) and Sc (k= 0.64). It can be
expected that Ti partitions more easily into the nucleants than Cu, thus forming a Ti-rich region.
The possible formation of a Ti-rich region will affect the interface structure (i.e. ordering or
disorderin%)[zoj, reducing the interface energy, and thus reducing the required undercooling for
nucleation''!. Then, smaller nucleants can be activated. This suggestion is fully consistent with a
modified free growth model!®, which suggests that the nucleation potency of inoculation
particles is reduced by the solute field (Ti-rich region) that develops close to existing, growing
equiaxed grains under near isothermal conditions. Solute suppressed nucleation leads to much
lower nucleated grain densities, higher nucleation undercooling and longer times to recalescence
when further nucleation events are halted. Thus, it can be concluded that activating more
nucleants, rather than growth restriction factor (Q), is the key factor for grain refinement. In
other words, a high growth restriction factor is necessary for nucleants to be activated, but the
enhanced heterogeneous nucleation is the dominant factor for grain refinement of Al alloys. In
foundry practices, attempts should be made to enhance the heterogeneous nucleation of a-Al, and
thus to achieve a desirable, small, uniform, equiaxed Al grains.
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Figure 9 Schematic diagram showing (a) peritectic reaction for Zr addition (higher than 0.11), (b)

eutectic reaction for Sc addition (higher than 0.55), and (c) eutectic reaction for Zr and Sc
addition.

Figure 10 SEM images taken from Alloy 5 (0.5 Zr) and Alloy 8 (0.25 Zr and 0.25 Sc), showing
an AlsZr particle was located at the center of the grain (a,b) in the case of Zr (0.5) addition, and
another Al;Zr was covered by an Al;Sc shell (c) in the case of Zr (0.25) and Sc (0.25) addition.

Conclusion

1. In Al-Cu based alloy, the evaluated Q,,,,, and O, values are nearly identical due to low
interaction between the alloying constituents.
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2. A more accurate method to evaluate growth restriction factor is to calculate the Q.
using equation 4 at complex alloy systems. Under identical cooling condition in the TP-1 test,
O, Predicts grain size more accurately than Q,,,, .

3. For dilute Al alloy, the evaluated Q values can be used to interpret the change of grain
size observed using TP-1 test.
4. More attention should be paid when the summation of Q values of the individual

constituents taken from the binary alloy diagram is used to evaluate growth restriction factor (Q)
because a mistake or a complete fail may occur when a-Al is not the primary phase.

S. The presence of excess Ti results in an enhanced grain refinement due to increased
growth restriction factor and enhanced heterogeneous nucleation.
6. The combined Zr and Sc additions enhanced the heterogeneous nucleation, and thus

resulting in an enhanced grain refinement, although the growth restriction factor remained
unchanged.
7. Heterogeneous nucleation is a dominant factor for grain refinement of Al alloys.
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Abstract

The Controlled Diffusion Solidification (CDS) is an innovative casting technology that is being successfully
employed in the near net shaped casting of Al based wrought alloys; specifically the 2xxx and 7xxx series.
The novelty of the CDS technology is that it could mitigate the notable casting defect in conventional
solidification of the Al wrought alloys, namely, hot tearing and enables the alloy to be cast into near net
shaped components. This publication presents an overview of the phenomenological mechanism that lead to
the non-dendritic morphology of the primary Al phase in the as-cast microstructure that facilitates a viable
opportunity to cast the wrought alloys into high integrity and structural near net shaped castings. The salient
mechanical properties of the cast component with AA7050 alloy in various heat treatment tempers will be
presented along with microstructural characterization. Additionally, potential application for the technology
to be adapted to various Al shaped casting processes will be explored and presented.

Introduction
Amongst all the families of aluminum alloys, the 7xxx series alloys (Al-Zn-Mg-Cu) and 2xxx series alloys
(Al-Cu-Mg) lend themselves to be used in the structural automotive and aerospace castings due to their high
strength to weight ratio [1] and good ductility. Typically, the 7xxx series Al wrought alloys in their as-cast
condition do not offer their best mechanical properties and that is because of their microstructural
deficiencies such as the intermetallic phases, significant solute segregation in the large primary Al grains,
solid solubility limitations and most importantly, macro-segregation and hot tearing [2, 3, 4]. The hot tearing
could be alleviated or mitigated during solidification by controlling the process parameters to either
significantly refine the Secondary Dendrite Arm Spacing (SDAS) of the primary Al phase [5, 6] or alter the
morphology of this phase to non-dendritic. Presently, the Semi-Solid Metal (SSM) processing techniques in
thixoforming and rheocasting are popular routes to modify the dendritic morphology of the solidifying Al
phase by applying physically or thermally induced convection to enhance the copious nucleation event and
uniform distribution of the Al nuclei [7, 8, 9] within the solidifying alloy melt. However, these SSM
processes are not commercially favored by industry due to the high capital investment and complexity (lack
of reliability) in these processes [10, 11]. Further, recent publications [12, 13] have attributed the further
difficulty in the feeding of the liquid in the inter-dendritic regions during solidification as accentuated by the
non-Newtonian flow behavior of the liquid alloys to further complicate the SSM process methodologies.
Therefore, there is a real and urgent need for the Al casting industry, especially, the automotive and
aerospace sectors, to develop alloys and processes to enable high integrity and structural near net shaped
castings from high performance alloys such as the 7xxx series of wrought alloys.
The Controlled Diffusion Solidification (CDS) is a viable processing technology that enables near net shaped
castings of Al wrought alloys [14, 15, 16, 17] by mitigating the inherent hot tearing defect during
solidification by altering the morphology of the primary Al phase to non-dendritic. The CDS process
involves the mixing of two precursor-melts at specific melt temperatures and solute compositions,
respectively to obtain a slurry of the resultant desired alloy at around its liquidus temperature; subsequently
(almost immediately), this resultant alloy is introduced (pressure or pressure-less) into a mould cavity to
enable near net shaped casting of the component [18].
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Figure 1:

As cast samples with
AATOS0 im tilt pour gravily
casting process, (2} CDS and (b

conventional with hot tears.

Figure 1 (a) and (b) compare the microstructure of the cast part obtained
by conventional solidification of AA7050 alloy (Al-Zn-Mg-Cu) and the
CDS process technology, respectively, wherein, the former presents
significant problems while the latter presents a good cast microstructure
devoid of such defects. In Figure 1 (a) and (b), shows micrographs for
conventionally cast 7050 and that obtained by the CDS process,
respectively; wherein, significant hot cracking is repeatedly observed in
the former part and this was repeatedly absent in the latter presenting a
good casting of the AA7050 alloy.
Background

Prior to addressing the working mechanisms of the CDS technology, it
would benefit to address our knowledge of conventional casting processes
in light of the fundamentals of the solidification involved in the same. It
is common knowledge [19] that the three legs on which solidification
stands on are heat, mass and fluid flow within the various phases. The
cellular/dendritic morphology of the primary solidifying phase is a result
of the instability of the growing solid/liquid interface in a direction
opposite to the heat extraction [19, 20, 21]; it stems from the pile-up of the
solute atoms ahead of the solid/liquid interface resulting in a solute

gradient in the liquid coupled with the temperature gradient in the liquid ahead of the interface as effected by
the solidification process conditions. Figure 1 (a) to (d) presents the schematic images of the solute and
thermal conditions in the liquid ahead of the solidifying interface, that create the criteria of constitutional
undercooling and result in the instability of the growing solid/liquid interface to give rise to cellular/dendritic

primary phase front.

An enabling solidification processing technology for near net shaped casting of single phase Al wrought
alloys will arise from avoiding the instability of the growing solid/liquid (S/L) interface during solidification;

in other words, the conditions that lead to the constitutional

; b PRSI undercooling will have to be mitigated. The high value of the

% AU SR . . § A P e
o & om & wrERRCE velocity of the S/L interface, R, such as in rapid solidification
! g processes, would provide a stable and unperturbed interface
] %c« growth resulting in a planar interface; however, such high
! & values of R is rarely feasible to reproduce in a commercial
- HETHAE & - casting operation for near net shaped manufacturing. The
s alternate route to mitigate constitutional undercooling would
iy st 3 A be to maintain a nearly homogeneous solute concentration in
i ] the liquid ahead of the S/L interface (no solute gradient)

& e CONSHITATIONSAY . . . Lo
7 § SURERCORED which would result in a zero gradient trace of the liquidus
‘*‘ temperature in the liquid, ahead of the S/L interface, therefore
ra—— RSTACE, e maintaining a stable S/L interface growth. This condition
Figure 2: Sehematic oftheimerp?av petween  Would be represented by a horizontal line for the solute

solute redistribution and thermal gradient in  gradient in the liquid at Cj in Figure 2 (b) to obtain a

the Hguid abead of the growing soliddiguid
interface. {a) alloy phase diagram (single
phase solidification), () solute prefile in
liquid, (¢} thermal profile in liquid and (4}
copstitutional undercooling {19,

horizontal (zero gradient) trace of the liquid temperature in
the liquid at 77 in Figure 2 (d). In a commercial casting
process this condition to favor non-dendritic solidification
could be attained by inducing significantly rapid solute
transport in the liquid ahead of the S/L interface by forced

convection in the same liquid. Once, the alloy liquid in the early stages (low fraction solid) of the two
solidification regime is introduced into the mould cavity, the growth of the S/L interface within the mould
would renew the solute pile-up at the interface and the constitutional undercooling condition will begin to
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appear and strengthen; because, the forced convection of the liquid will be removed within the mould.
Hence, to continue maintaining a stable S/L interface with the mould, the favorable condition would be to
enable innumerable and evenly distributed growing nuclei of the primary phase with the alloy so that the
proximity of two growing S/L interface is such that the solute fields in the liquid ahead of each interface
would impinge before a pronounced renewal of the solute pile-up and gradient ahead of them, respectively.
This would result in maintaining a nearly stable S/L interface until the completion of the solidification and
present favourable non-dendritic primary phase morphology.

In summary, a nearly stable S/L interface growth during solidification resulting in a nearly non-dendritic
morphology of the primary Al phase in casting Al alloys would be attained by creating the following
environment during the solidification processing:

* Significantly large nucleation event of the primary Al phase in the alloy melt during controlled
cooling of the liquid from a superheated temperature above liquidus to that of temperature in the two
phase (solid + liquid) slurry with low fraction solid (f; <0.3).

* Simultaneous re-distribution of the Al nuclei in the alloy slurry to achieve a nearly uniform
distribution prior to injecting the semi-solid slurry into the mould cavity (usually pressure assisted).

Presently, the notable rheocasting processing routes that attempt to achieve the above mentioned conditions
in a commercial process are the Semi Solid Rheocasting (SSR), Sub-Liquidus Casting (SLC), New
Rheocasting Process (NRP) and Continuous Rheoconversion Process (CRP) [22, 23] route of the SSM
processing attempts to achieve a stable S/L interface growth during solidification by mechanically induced
forced convection in the liquid coupled with controlled cooling of the liquid to the semi-solid slurry state (f;
< 0.3) prior to casting the component with a pressure assisted process such as low / high pressure die casting
in a meal mould cavity. Each of these rheocasting processing has respective proprietary technologies to
achieve the two required conditions for the nearly non-dendritic solidification. The main drawbacks of these
technologies in enabling such solidification are the high capital cost of infrastructure, introduction of
unwanted artifacts such as oxides from the rapid break down of the Al alloy melt surface and create high
scrap and unpredictable flow of the semi-solid slurry into the mould cavity due to lack of fluid flow
knowledge. The time required to bring a large volume of alloy melt from a superheated liquid state to the
favorable semi-solid state while inducing the desired nucleation and distribution phenomena is significantly
high (in minutes) compared to the desired productivity of the cast component from such alloys (in seconds),
resulting in the requirement of multiple casting stations being set up to append to the high capital investment
in the casting process infrastructure. Hence, none of the rheocasting technologies have found prevalent
acceptance and use in the commercial Al casting industry.

Further, the present day rheocasting processing technologies do not lend themselves to casting Al wrought
alloy into near net shaped casting; in other words, these technologies do not perform well when casting
single phase Al alloys and hence, only used in two-phase casting alloys. Figure 3 (a) and (b) present the
temperature drop below the liquidus temperatures of AA7050 Al wrought alloy and Al-7wt%Si casting alloy
to attain a semi-solid slurry with a solid fraction, fs = 0.3, respectively. Typically, the wrought alloys have a
very narrow range of operating temperature (<7 degrees for AA7050 in Figure 3 (a)) within which the liquid
alloy would have to be brought down to from a superheated state while creating the copious nucleation and
distribution processes in the rheocasting technology. Whereas, in the Al casting alloys, such as Al-7Si in
Figure 3 (b), this operating temperature range is quite significant; thus, presenting a favorable operation
window for the casting process to be successful, repeatable and reproducible. The trace of the fs as a
function of temperature in the wrought alloy makes them a very difficult candidate for rheocasting process.

The CDS casting technology was innovated to circumvent the above-mentioned problems in the present day
rheocasting processing routes:
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*  Mixing of the two precursor alloys such that the alloy with the
higher thermal mass (temperature and mass fraction) is mixed into the
alloy with the lower thermal mass to instantaneously (in seconds)
create the desired copious nucleation event of the primary Al while
being well distributed in the resultant alloy of the desired
composition.

¢ Homogenization of the temperature field in the resultant alloy
(in seconds) as a result of the forced convection from the mixing
process to create a nearly uniform temperature distribution in the
resultant alloy that is around its liquidus temperature (+5 degrees);
thus, creating the favorable liquid slurry with a very low fraction solid
uniformly distributed in the entire volume of the large alloy melt.

¢ Casting of the near liquidus resultant alloy with the copious
nuclei of Al phase into a mould cavity with or without the assistance
of pressure during metal injection. The laminar flow of the liquid
along with the innumerable nuclei of Al in the mould cavity has
shown to fill thin wall sections (~2mm) of sand and metal mould
cavities without a pressure assisted injection process.

e Solidification of the alloy slurry with the well distributed Al
nuclei within, while maintaining the stability of the growing S/L
interface to result in a non-dendritic morphology of the primary Al
phase.

¢ The precision of obtaining the alloy melt innumerable and

well distributed nuclei of Al phase within as dictated by the nature of
mixing the two precursor alloys with a relatively different thermal
mass ensures high degree of repeatability and reproducibility in the
process and further, enables the adaptation of this technology to cast
Al wrought alloys into near net shaped components.

In the 1980s, Apelian et al [24] initially dabbled with the idea of
diffusional solidification to enable the rapid-cycle casting of steel,
and laid the foundation for the isothermal diffusional solidification
principles that purely depended upon the solute redistribution in an
isothermal environment to enable solidification. The CDS technology
ventures a step further into this philosophy by introducing a
combined variance of thermal and solute fields as the initial condition
for solidification. Recently, Symeonidis [18] laid the fundamental
framework of the mechanism of the CDS technology followed by
Khalaf [14], who presented an in-depth analysis of the mechanism of
the same. Figure 4 (a) and (b) presents a schematic of the thermal
data obtained during the solidification with the CDS technology and
the thermal curve obtained during the casting of the AA7050 wrought
alloy, respectively; various significant regions of interests are
demarcated in the schematic by notations A, B, C and D.

The following critical stages of the CDS mechanism are described
with reference to the typical thermal data shown in Figure 4 (a) [14].

Segment AB (Stage I): At this stage of “mechanical mixing”, the Alloyl continuously entering the Alloy2
will break down into small masses (at temperature T1) in the resultant mixture (at a temperature less than T1)
to form the resultant Alloy3 (AA7050). The exposure of hot liquid of Alloy1 to the low temperature liquid
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mixture in this stage of mixing results in the nucleation of broken liquid pockets of Alloy! resulting in a well
distributed and innumerable nucleii of primary Al phase form Alloy 1 with a low solute content.

Segment BCD (Stage II: (a) and (b)): At this stage of “re-distribution of the thermal and solute fields in the
resultant mixture”, convective cells (which are akin to Bernard cells [25]) form in the mixture where the
nucleation and growth of the primary Al phase takes place in a nearly isothermal melt with significant
gradients of solute elements in the micro-scale environment. The significantly slow rate of solute
homogenization in the resultant mixture of Alloy 3 presents a unique solute distribution in the liquid ahead of
the growing S/L interface. Figure 5 (a) presents the unique solute and temperature distribution ahead of the
S/L interface in the CDS process; the solute field has a positive gradient ahead of the interface and triggers
the diffusion of the solute atoms towards the interface which is opposite to that observed in conventional
solidification as shown in Figure 5 (b). Thereby,
the trace of the liquidus temperature ahead of the
growing S/L interface in the CDS process is
negative and opposite to that of conventional
solidification. Hence, any gradient in the liquid
temperature caused by the extraction of heat in
the casting mould will only result in negligible
to no constitutional undercooling ahead of the
S/L interface during growth and hence maintain
the stability of this interface resulting in a non-
dendritic morphology of the primary Al phase in

g

Temperature

Sdace disfonie ‘g . )
Figure X Comp soluts and 3 ¢ vedistribution the solidified microstructure.
regimes abead of the »olidifying solid-liguid interface ave presented for
() the CDS process and (b) conventional solidification [28]. Point D nucleation (stage I111): At this stage the

final nucleation events in CDS process occur. At
this stage, as the temperature field and solute concentration field of the residual liquid (small volume
fraction) have reached a nearly homogenized state, where they can nucleate and grow in a constrained
volume to present a small / negligible pockets of rosette shaped morphology of the primary Al phase [14,15].

Khalaf et al [14] succeeded in obtaining non-dendritic Al morphology of various aluminum wrought alloys
series such as 2024, 6082, 7005 and 7075 using the CDS process in laboratory scale experiments. Moreover,
he proposed a set of conditions for a successful CDS process [14,28,26]: (a) the difference between the
liquidus temperature of the precursor alloys before mixing should be more than 50-80K, (b) the maximum
temperature attained during mixing of the two alloys should preferably be marginally above the liquidus
temperature of the resultant alloy to facilitate complete filling of the casting mould, (c) the mass ratio
between the two precursor alloys should be at least 3.

The CDS technology has been adapted to several casting processes with successful outcomes: sand, gravity
permanent mould, tilt pour gravity and high pressure die casting. It is notable that the mechanism of the
technology prefers a slower casting process in order to obtain a nearly globular morphology of the primary
Al phase. When the resultant alloy slurry is injected into the mould cavity, the heat is extracted by the mould
wall and away from the casting; in Figure 5 (a), there is a competition between the rate of change of the

gradients of the actual temperature (‘IGM«:) affected by the casting process and the trace of the liquidus
di

temperature (‘IG“« s ) affected by the diffusion of the solute atoms towards the growing S/L interface.

dt

Typically the diffusion of the solute atoms towards the S/L interface and hence, (dev«fus\l is predominantly

dt
controlled by the diffusion process. The limiting conditions in the various casting processes incorporating
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the CDS technology to cast Al wrought alloys, along with the resultant effect on the stability of the growing
S/L interface is presented in Table 1

Table 1: Limiting conditions of the re-distribution of both the solute and temperature fields in the
liquid ahead of the growing S/L interface in casting Al wrought alloys in various casting processes
using the CDS technology.

Casting Process with Solute and Thermal

CDS Technology Condition Interface Stability
Sand Mould (dcm;,,m, ) - (dGI_,qmm) Stable interface and nearly equiaxed primary
dt dt phase morphology
Stable interface and non-dendritic
dG G, morphology. The interface may perturb
Metal Mould Gravity (T’) = (Ti) slightly depending on the difference between

the two rates of change of temperature
gradients.

Tends to cause instability in the S/L interface
due to imposed constitutional undercooling,
however, stable interface prevails because of
the high velocity of the S/L interface imposed
by the process.

Chilled Metal Mould (dG‘,(,,,‘,, ) N (dGq )
(pressure assisted) dt dt

Table 1 shows that in a range of casting processes incorporating CDS technology, the resultant morphology
of the primary Al phase is predominantly non-dendritic and thereby mitigates the incidence of hot tearing to
present a viable route to near net shape cast with Al wrought alloys. Notably, the CDS technology is easily
incorporated with any conventional casting process (Table 1) with an additional furnace to hold the two
required precursor alloys (minimal capital investment).

In the subsequent sections of his publication, an example of shaped casting AA7050 in a tilt pour gravity
casting process is presented along with microstructure and mechanical property characterization. The
nomenclature used in the experiments are: alloy] and alloy2 are the two precursor alloys with higher and
lower thermal masses, respectively; alloy3 is the final desired AA7050 alloy; Tpr;, Ti» and Tp; are the
liquidus temperatures of alloyl, alloy2 and alloy3, respectively; T, T, and Ts are the melt superheated
temperatures for alloy1, alloy2 and alloy3, respectively; and m; and m, are the masses of alloyl and alloy2,
respectively with mr being the ratio m;:m;.
Materials and Experiments

Several isopleth of multi-component phase diagrams of Al-Zn-Mg-Cu are critically investigated to choose
the appropriate compositions and initial temperatures of Alloyl and Alloy2, respectively, such that the
difference between Ty and Ty, is greater than 55 °C [14,18] and the mixing of Alloy1 into Alloy2 yields the
desired composition of Alloy3 at a temperature T3 around the value of Tr;. The initial temperatures of
Alloy1 and Alloy2 are typically about 5~10 °C above the respective liquidus temperatures of Ty, and Ty,. To
obtain the nominal composition, two precursor alloys, Alloyl and Alloy2, were developed from review of
three multi-component thermodynamic phase diagrams isopleth for precursor alloys of Alloyl and Alloy2
with a predetermined mass ratio of 3 (mr = 3) to obtain the resultant casting of Al 7050 alloy.

Based on the design of Alloyl and Alloy2 from thermodynamic phase diagrams, the process parameters for
all the AA7050 alloy was defined: Tr; = 650 °C, Tr2 = 589 °C, TL3, experiment = 636 °C and Tp3 simutation= 632.7
°C. The Alloyl and Alloy2 were freshly made from commercial purity raw/master alloy materials and held
in individual electric resistance holding furnaces. For industrial scale CDS experiments with Tilt Pour
Gravity Casting (TPGC) machine, the melts of Alloyl and Alloy2 were degassed using a rotary degasser
with high purity Ar gas purged at 6 L.min-1 and 120 RPM for 30 min. The tilt pour casting equipment along
with the mould for casting tensile test bars and the laboratory scale CDS test stet ups which were specially
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designed and built for the CDS process [27]. The tensile bar was designed in accordance to the design
specified in the ASTM B557-06 standard document [28]. The die mold was preheated to 375°C and the
pouring cup in the tilt machine was preheated with about ten shots of some scrap Al alloy melt. The specific
required amount of Alloy2 was poured into the pouring cup and subsequently, Alloyl, in the specific
amount, was poured into the Alloy2 to form the mixture in the pouring cup. Without much delay (~2s) after
completion of pouring the required amount of Alloy1, the tilt machine was activated to enable the filling of
the mould and subsequent solidification of the cast part. The temperature of the die mould was continuously
monitored by a K type thermocouple to enable consistent die opening and closing to maintain a standard and
repeatable casting cycle.

The castings from the TPGC machine were subjected to the uniaxial tensile test using an Instron 8800
machine with an MTS Frame equipped with a 250 kN Model 312 MTS Load cell coupled with an on-line
Extensometer of 50mm gauge and connected to an on-line data acquisition system; all uniaxial tensile tests
. progee were carried out a load speed of Imm/min. Microstructure
evaluation of the sample sections were carried out using Nikon
light optical microscope and Scanning Electron Microscope
Model JEOL 7000. The samples for microstructural evaluation
were sectioned from the gauge length of the tensile test bar
castings. The heat treatment of the cast components was carried
out as: F (as-cast) and T4 with solution treatment at 750 K for
24 h followed by quenching in room temperature water bath and
subsequently underwent natural ageing at room temperature for
more than 96 h.
Results

Figure 6 presents typical microstructure of the AA7050 alloy
casting in a TPGC process coupled with the CDS technology.
- . : The photograph of the casting was shown in Figure 1 where in
Figure 6: Typical mdcrestructure in  no discernable evidence of any hot tearing was observed in any
optical microscope of AATOSO with CDS  casting. In Figure 6, the morphology of the primary Al phase
and TPGC process. {a) and (b) as-tast  was repeatable and non-dendritic in all castings. The inter-
structure, apd (¢} and (d) T4 heat freated  dendritic secondary phases obtained during solidification in the
structure. as-cast condition are shown in the SEM image of Figure 7 (a)

L and (b); wherein, large bulky and complex multi-component
phases evolve in the final stages of solidification. Figure 7 (¢)
and (d) present the SEM images of the T4 heat treated samples
showing significant alteration in the type and morphology of
the secondary phases leading to a more uniform phase
composition across the sample microstructure.

Table 2 presents the typical uniaxial properties of the AA7050
alloy cast with the TPGC coupled with CDS technology; these
properties represent the feasibility and proof-co-concept of the
technology in producing sound near net shaped components
with the CDS technology.

Table 2; Tensile properties of AATOHS0 cast

Figure 7 ’l‘yii microstructure M scan g
electren microscope of AATOS0 cast using the it

samples by UDS.

pour gravity casting process coupled with CDS Temper UTs XS (0.2%) %Kl

techuology. (a) and (b) as-cast structure, and (¢} A“‘i{“, }i;{a o

and {d} T4 heat treated structure T4 447.3 ‘?33\9 o .
{143} (#98 {=1.73




Further research is currently underway to significantly improve the mechanical properties to high structural
application by re-defining the heat treatment cycles for the AA7050 alloy produced by net shaped casting
process. This is a new area of research as these alloys have seldom been cast as such in the past.

Summary

This study has demonstrated the feasibility of casting the AA7050 Al wrought alloy into near-net shaped
casting parts using the novel technology of control diffusion solidification (CDS) coupled with the tilt pour
gravity casting machine process. Typical non-dendritic morphology of the primary Al phase in the cast
microstructure and the uniaxial mechanical properties both show that the castings of the AA7050 alloy are
sound and lend themselves to structural applications. The heat treatment development is currently underway
and preliminary studies have shown yield strengths in excess of 550 MPa after suitable T6 temper in these
castings. This publication merely intends to present a valid and economically viable option to enable Al
shaped castings with a significantly improved (>200 %) yield strength without compromising on the ductility
of the castings. Significant light weighting measures could now be designed and adapted in automotive
components by exploring the use of this technology in manufacturing both Al and Mg parts using the
respective wrought alloys.
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Abstract

Aluminium and its alloys are prefer choice of automotive parts due to their low density and high
strength ratios. These critical applications requires high quality castings to be produced. Melt
quality can be measured by bifilm index using reduced pressure test. This index is a numerical
indication of bifilm quantity of the melt. It has been shown that these bifilms affect many of the
properties significantly. One of the limiting factor of casting methods is the fluidity of the liquid
metal. The aim of the study is to investigate the effect of bifilms (i.e. melt quality) over the fluidity
of A356 by using spiral test mould. Different mould temperatures were studied and it was found
that as the bifilm index was increased, the scatter of the test results was increased.

Introduction

Aluminium alloys are used in the automotive and aerospace industry in critical places. Due to such
critical applications, it is necessary to prepare high quality aluminium alloys. The first most
important factor when casting aluminium alloys is to check the quality of the liquid. This is then
followed by the optimised runner design and pouring the melt in a controlled way and fill the
mould cavity with extreme caution not to generate any turbulence.

Turbulence generates bubbles which is should be avoided during casting processes. Turbulence
has another effect on casting, particularly when the alloy is easily oxidized. In liquid form many
metals have an oxide skin on its surface. The oxide formed on top of the aluminium works as a
protection and prevents the liquid from further oxidization. As long as the oxide film remains on
the surface, it does not generate a problem however when it enters into the liquid due to turbulence,
the double oxide film or bifilm [1] is formed and after solidification is complete it will act as a
stress generator leading to deteriorated properties.

These bifilms may seem harmless when they are folded and crumpled and their sizes are small.
However, when solidifying these bifilms may open up (i.ie unravel) they became more dangerous
for the mechanical properties. The decrease in the mechanical properties of the aluminium alloy
have been attributed to hydrogen in the form of porosity. This is because the presence of bifilms
were neglected.

It has been shown [2-8] that there is a good correlation between bifilms and mechanical properties
(tensile and fatigue). Dispinar [9] proposed an index called bifilm index and shown that an
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increase in bifilm index results in decrease of tensile properties [10-13].

As metals quality effects the mechanical properties, it also has influence on the fluidity of the melt
as well. The definition of fluidity used in the foundry is: "the distance covered by the flow of a
metal within a certain form before it is solid". The factors that affect fluidity of aluminium alloys
are temperature of melt and mould, inclusion content, alloying elements and porosity. In literature,
it can be found that as the casting temperature is increased, fluidity increases [14-21]. Sabatino
[17] has shown that the increase in inclusion content has resulted in the decrease of fluidity (Fig 1).

B ASe @ I0% D1 N%

Figure 1: Fluidity change with scrap ratio [17]

In this work, A356 alloy was used and melt quality was measured by bifilm index and the
correlation between melt quality and fluidity was investigated.

Experimental Study
The composition of A356 which is commercially provided is shown in Table 1.

Table 1: A356 composition used in the experiments

Fe Si Ti Zn Cu Mn Sn Mg Pb Al
0,15 6,7 0,10 [ 0,004 | 0,02 0,35 0,05 0,35 0,02 rem

Figure 2: Dimension of the spiral fluidity mould

Alloys which are cut from ingots are melted in graphite crucibles at 750°C. They are poured into
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the moulds seen in Figure 2. The fluidity measurements are made both in room temperature and
200°C mould temperatures. After the fluidity experiments, metallographic examination is made on
the samples' cross sectional areas and the image analysis was carried out to calculate dendrite arm
spacing and the eutectic phase's ratio.

To calculate the bifilm index, reduced pressure test was used under a vacuum of 100 mbar.
Results

In this work the effect on the fluidity of bifilms A356 have been tested by using a spiral test
method. The results of the fluidity of metals poured into a form after heating to 20°C and 200°C is
shown in Figure 3 and 4.

15¢
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mould temperature {°(}

Figure 3: Fluidity lengths at different mould temperatures

Figure 4: Fluidity test samples after solidification

The microstructure of the testing samples has been given in Figure 5 and 6 for 20°C and 200°C
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mould temperatures respectively. The same samples were subjected to image analysis for
measuring eutectic percentage and dendrite arm spacing. It can be seen that there is no difference
in the eutectic phase ratios. The metallographic work show that the dendrite arm spacing was 20

um and 8 mm for mould temperature was 20°C and 200°C respectively.

Figure 6: Microstructural images of the cross sections of fluidity test carried out in mould at
200°C

The bifilms index measurements have shown that the average index was to be at 96 mm. This is
considered to be a bad quality melt with regard to Dispinar scaling of the index [13].

Discussion

One of the factors that affect the fluidity is the composition of the alloy. The fluidity is high when
the metal is pure, free from alloying elements. As the content of the alloying elements increase, the
fluidity is reduced. However, when the composition reaches a eutectic point, fluidity increases
significantly. For example in Al-Si alloys, silicon levels at 17-18% result in increased fluidity. In
the experiments done on Al-Si alloys with Mg, Fe, Ti and Sr, has resulted in that Mg's solution
fluidity having an important effect and as the Mg increases the fluidity decreases [20].

Aside from this, with the addition of Ti, i.e. grain refinement, fluidity increases again. Especially
with Al-Si alloys the modification with Sr you can increase fluidity [20].

As seen in the fluidity tests, as the mould's temperature rises, the fluidity also rises (Fig 3). The
metal solidifies late and the grain size is smaller, that leads to increased flow of metal.
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Other parameters that effect the flow of the metal are the eutectic phase and the length of the
dendrite arms [15, 22]. Short dendrite arms create a particle thinning effect therefore increases
fluidity.

The reason why the fluidity value scatters can be based on the bifilms in the metal which is one of
the factors that affect the fluidity is the metal's quality. Bifilms that decrease the metal's quality
also decrease the metal's fluidity.

Conclusion

As the mould's temperature increases, the fluidity of A356 increases.
Shorter the dendrite arms, higher the fluidity of A356.
Scatter of fluidity length is related with the presence of bifilms, confirmed by the bifilm index.

References

1. Campbell, J., Castings. 2003: Elsevier Science.

2 Green, N.R. and J. Campbell, Influence of oxide film filling defects on the strength of Al-7Si-Mg
alloy castings. AFS Transactions, 1994. 102: p. 341-347.

3. Mi, J., R.A. Harding, and J. Campbell, Effects of the entrained surface film on the reliability of
castings. Metallurgical and Materials Transactions A, 2004. 35(9): p. 2893-2902.

4. Nyahumwa, C., N.R. Green, and J. Campbell, Effect of mold filling turbulence on fatigue
properties of cast aluminum alloys. AFS Transactions, 1998. 106: p. 215-224.

5. Nyahumwa, C., N.R. Green, and J. Campbell, The concept of the fatigue potential of cast alloys.
Journal of Mechanical Behaviour of Metals, 1998. 9(2): p. 227-235.

6. Rezvani, M., X. Yang, and J. Campbell, Effect of ingate design on strength and reliability of Al
castings. Transactions of the American Foundrymen's Society, Vol 107, 1999. 107: p. 181-188

7. Runyoro, J.J., SM.A. Boutarabi, and J. Campbell, Critical gate velocities for film-forming casting
alloys: a basis for process specification. AFS Transactions, 1992. 100: p. 225-234.

8. Yang, X. and J. Campbell, Pouring basin desgin. International Journal of Cast Metals Research,
1998. 10(5): p. 239-299.

9. Dispinar, D. and J. Campbell, Critical assessment of reduced pressure test. Part 1: Porosity

phenomena. International Journal of Cast Metals Research, 2004. 17(5): p. 280-286.
10. Dispinar, D., et al., Degassing, hydrogen and porosity phenomena in A356. Materials Science and
Engineering: A, 2010. 527(16-17): p. 3719-3725.

11. Dispinar, D. and J. Campbell, Metal quality improvement in recycling of aluminium. Journal of
Institute of Cast Metals Engineers, 2006. 180(3640): p. 328-331.
12. Dispinar, D. and J. Campbell, Effect of casting conditions on aluminium metal quality. Journal of

Materials Processing Technology, 2007. 182(1-3): p. 405-410.

13. Dispinar, D. and J. Campbell, Porosity, hydrogen and bifilm content in Al alloy castings. Materials
Science and Engineering: A, 2011. 528(10-11): p. 3860-3865.

14. Dahle, A K., et al., Effect of grain refinement on the fluidity of two commercial Al-Si foundry
alloys. Metallurgical and Materials Transactions A, 1996. 27(8): p. 2305-2313.

15. Di Sabatino, M. and L. Arnberg, Effect of grain refinement and dissolved hydrogen on the fluidity
0f A356 alloy. International Journal of Cast Metals Research, 2005. 18(3): p. 181-186.

16. Di Sabatino, M., et al., Fluidity evaluation methods for AlI&#8211; Mg&#8211;Si alloys.
International Journal of Cast Metals Research, 2006. 19(2): p. 94-97.

17. Di Sabatino, M., et al., The influence of oxide inclusions on the fluidity of Al-7&#xa0;wt.%Si alloy.
Materials Science and Engineering: A, 2005. 413—414(0): p. 272-276.

18. Di Sabatino, M., et al., An improved method for fluidity measurement by gravity casting of spirals
in sand moulds. International Journal of Cast Metals Research, 2005. 18(1): p. 59-62.

103



20.

21.

22.

Kwon, Y.-D. and Z.-H. Lee, The effect of grain refining and oxide inclusion on the fluidity of Al-
4.5Cu—0.6Mn and A356 alloys. Materials Science and Engineering: A, 2003. 360(1-2): p. 372-376.
Ravi, K.R., et al., Fluidity of aluminum alloys and composites: A review. Journal of Alloys and
Compounds, 2008. 456(1-2): p. 201-210.

Samuel, AM., A. Gotmare, and F.H. Samuel, Effect of solidification rate and metal feedability on
porosity and SiCAI203 particle distribution in an Al-Si-Mg (359) alloy. Composites Science and
Technology, 1995. 53(3): p. 301-315.

Sabatino, M.D. and L. Amberg, A REVIEW ON THE FLUIDITY OF AL BASED ALLOYS.
Metallurgical Science and Technology, 2013: p. 9-15.

104



Shape Casting: Sth International Symposium 2014
Edited by: Murat Tiryakioglu, John Campbell, and Glenn Byczynski
TMS (The Minerals, Metals & Materials Society), 2014

FLUIDITY CHARACTERISTICS OF A356 ALLOY WITH VARIOUS THICKNESS
SECTIONED NEW TEST MOULD

Murat Colak*, Ramazan Kayikci**, Derya Dispinar***

*Sakarya University, Faculty of Technical Education, Metal Education
mcolak@sakarya.edu.tr
**Sakarya University, Faculty of Technology, Metallurgical and Materials Engineering
rkayikci@sakarya.edu.tr
##*[stanbul University, Faculty of Engineering, Metallurgical and Materials Engineering
deryad@jistanbul.edu.tr

Keywords: Fluidity, A356, modification, simulation
Abstract

Fluidity of alloys are typically carried out in a spiral test mould. Due to the variation of the
results, several attempts have been made to optimise the test procedure. Pouring basin has
been updated by addition of a stopper and using a defined quantity of melt to be poured.
However, one of the discussed issues of the spiral test mould is its fixed size cavity where the
liquid is transferred. Therefore, a mould was introduced by Campbell in which a single
runner bar was used to feed different thickness sections. In this study, this mould design was
used to investigate the effect of temperature (7000C, 7250C and 7500C) and modification (Ti
grain refinement and Sr) on the fluidity of A356 alloy. The results were compared with the
simulation (SolidCast) to optimise the characteristics of the alloy.

Introduction

Aluminium-Silicon alloys are mainly preferred in several applications due to their high
strength/low density ratios. The simplest and economical way of producing parts from this
alloy group is casting. One of the limiting factor of casting methods is the fluidity of the
liquid metal. The metallurgical factors include composition, microstructure, modification,
super heat, melt cleanliness and surface tension. Ravi [1] has reviewed many of these factors.
Many of the researches [2-9] have focused on the microstructure where castability was
considered as a function of feedability parameters such as eutectic ratio, dendrite arm spacing
etc. Campbell [10] has defined five feeding mechanisms which depended upon solidification
conditions. Typically, pure metals and eutectic alloys have the highest fluidity in a binary
alloy systems as shown in Figure 1.
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