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ABSTRACT

A study of the effects of pressure on microstructure and mechanical properties of die cast
aluminum alloys A1350 and A380 was carried out and subsequent analysis made. Pressure
was regulated at various levels in the die cast machine. Both alloys were cast into samples
each under different applied pressures. The mechanical properties of both alloys were
tested and microstructure analysis was done and the results for both tests were compared
for both alloys. The results obtained show hardness, tensile strength, yield strength and
impact strength of both alloys varied with applied pressure in the casting process. The
hardness values increased with applied pressure but not too significantly from 76 to 85
HRN for A380 alloy and 77 to 86 HRN for A1350 alloy as pressure rose from 350 to
1400kg/cm®. The yield strength of both alloys also increased with applied pressure. The
impact strength and elongation both decreased with applied pressure in both alloys. Also
the microstructure analysis carried out on both alloys showed structural changes in the
morphologies of both alloys as some appeared granullar, lamellar, coarse e.t.c from
pressure 350 to 1400kg/cm’. Also as the pressure increased, the grains became finer and
porosity decreased.

Models were developed and for all the models developed, a close relationship with the
experimental results were underlying in view of the small errors generated by them and

can be used to predict the experimental values of this research.
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CHAPTER ONE

INTRODUCTION

1.1 BACKGROUND

According to Richard et al, (1967), metal casting may be defined as a metal object
produced by pouring molten metal into a mould containing a cavity which has the desired
shape of the end product, and allowing the molten metal to solidify in the cavity. Historical
data indicates that casting began around 4000 B.C. According to Taylor et al, (1959), copper
was the first metal to be cast and it was used to produce bells for large cathedrals at the
beginning of the 13th century. In the 14th through 16th centuries, metal casting evolved from
what was an art form to the casting of engineering shaped components (Mikelonis, 1986).
However, the first authenticated casting in aluminium was produced in 1876 according to
Anon (1978). In the present context, die casting involves all processes that are based on use
of metallic moulds (Dahle, 2002). Casting or foundry is a process of forming objects through
pouring of molten metals into prepared moulds.

Casting processes are among the oldest methods for manufacturing metal goods. In most
early casting processes (many of which are still used today), the mold after use is commonly
collapsed in order to remove the product after solidification. The need for a permanent mold,
which can be used to produce components in large quantities which are of high quality, is the
obvious alternative. In the middle ages, craftsmen perfected the use of iron in the
manufacture of moulds (Doehler, 1951). Moreover, the first information revolution occurred
when Johannes Gutenberg developed a method to manufacture components in large
quantities using a permanent metal mold. Over the centuries, the permanent metal mold
processes continued to evolve. In the late 18th century, processes were developed in which
metal was injected into metal dies under pressure to manufacture print type . These
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developments culminated in the creation of the linotype machine for printing by Ottmar
Mergenthaler in 1885 (www.en.wikipedia.org/wiki/die casting), an automated type casting
device which became the prominent type of equipment in the publishing industry.

Dochler, (1910) is credited with developing die casting for the production of metal

components in large volumes. Initially, only zinc alloys were used in die casting. Demands
for other metals drove the development of new die materials and process variants.
By 1915, aluminum was being die cast in large quantities. Much progress had been made in
the development of die casting technologies over the last century. Developments continue to
be made driving the capabilities of the process to new levels and increasing the integrity of
die cast components. Cast aluminum products are in great use in various industrial sectors
and more so in the aerospace industry where precision and high quality products are of
utmost importance.

Most recently, pressure die cast (PDC) aluminum products have played a significant role
in the renovation of historic buildings (www.webcitaion.org). The characteristics and
properties of PDC aluminum as a material have led to revolutionary and innovative changes
in building techniques, architectural and engineering projects. Re-melting used aluminum
requires only 5 per cent of the energy needed to produce the primary metal. Thus, rather than
contributing to society’s growing waste problem, aluminum can be re-melted and reformed to
produce a new generation of parts. Aluminum in general has always been recycled at a
higher rate than most other raw materials. Given the necessary infrastructure, it is possible to
recycle all aluminum in construction industry applications, for several reasons. First, there is
a relatively high level of scrap aluminum available. Second, aluminum has a high scrap
value, which can contribute significantly towards covering demolition costs. Finally, the

infrastructure required for the collection of scrap metals is already well established and will

-15-



continue to grow on its own economic merit as it has done in the past to provide an

increasingly efficient recycling system.

Nearly 40 per cent of all aluminum used today is recycled, (www.webcitaion.org), In
addition all the standards that have been set for using of metal components, die cast
aluminum alloys satisfy the need to the utmost. Hence, they are certified safe for use (ISO
9001). Today there is an increasing trend in the industry towards alloys that provide increased
strength over traditional alloys. In order to determine whether the casting process produces a
part with proper as-cast mechanical properties, microstructure prediction is required.
Microstructure of metals is a useful tool in the sense that it indicates casting defects

(http://business.ezinemark.com/die-casting).

1.2 ADVANTAGES OF DIE CASTING

Die casting is an efficient, economical process offering a wide range of shapes and
components than any other manufacturing technique. Parts have long service life and may be
designed to compliment visual appeal of the surrounding parts. The designer can gain a
number of advantages and benefits by specifying die casting parts. The other advantages of

die casting include:-

1.2.1 High Speed Production
Die casting provides complex shapes with close tolerances more than any other mass
production process. Little or no machining is required and thousands of identical parts can be

produced before additional tooling is required.
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1.2.2 Dimensional Accuracy and Stability
Die casting produces parts that are durable and dimensionally stable, while maintaining close

tolerances. They are also heat resistant.

1.2.3 Strength and Weight

Die cast parts are stronger than plastic injection molded parts having the same dimensions
.Thin walled castings are stronger and lighter than those possible with other casting methods.
Die cast products do not require separate parts to be welded or fastened together and the

strength is that of the alloy which is greater than that of the joint in a joining process.

1.2.4 Multiple Finishing Techniques
Die cast parts can be produced with smooth or textured surfaces and they are easily plated or

finished with a minimum of surface preparation.

1.2.5 Simplified Assembly
Die casting provides integrated fastening elements such as bosses and studs. Holes can be

cored and made to tap drill size or external threads can be cast. (www.webcitaion.org).

1.3 ALUMINUM A380 AND A1350 ALLOYS
Certain general importance related to the use of aluminum A1350, as distinct from other

aluminum alloys, is their application as electrical conductors which principally are:
1.3.1 Conductivity: More than twice that of copper

1.3.2 Light weight: Ease of handling, low installation costs, longer spans, and more

distance between pull-ins.
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1.3.3 Strength: A range of strengths from dead soft to that of mild steel, depending on the

electrical conductor.

1.3.4 Workability: Permitting a wide range of processing from wire drawing to extrusion

or rolling and excellent bend quality.

1.3.5 Corrosion resistance: A tough, protective oxide coating quickly forms on freshly
exposed aluminum A1350 and it does not thicken significantly from continued
exposure to air. The inherent corrosion resistance of aluminum A1350 is due to the
thin, tough oxide coating that forms directly after a fresh surface is exposed to air
and is well suited for ocean shore applications as well as for usual industrial and

chemical atmospheres.

1.3.6 Creep: Like all metals under sustained stress, there is a gradual deformation over a
term of years but the extent of creep is determined by the properties of the metal
involved, applied stress, temperature and time under load. For example, hard-drawn
1350-H19 aluminum wire in stranded cables under a steadily applied load of about
70 percent of its minimum yield strength will creep approximately 0.4 to 0.6

percent of initial length in 10 years.

1.3.7 Compatibility with insulation.: Does not adhere to or combine with usual insulating

materials. No tin-coating required and clean stripping.

Also typically using an aluminum A380 casting to replace an iron casting will result in
cutting the component and overall weight by half which means that automobile
manufacturers are investigating potential applications in areas including engine, drive train
and suspension components which made most applications make use of the A 300 series,

aluminum - silicon series alloys, particularly the hypoeutectic alloys.
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The silicon gives good fluidity when casting, enabling thin sections to be successfully cast.
The magnesium provides strength (through heat treatment) while maintaining reasonable
ductility. Also the lowest cost general purpose alloy is A380 and is frequently used in the
aerospace industry and the ductility is better than that of many wrought alloys. The cast
alloys incorporating copper generally have the highest strengths at elevated temperatures.

An important feature of aluminum and its alloys (and other non - ferrous alloys) is that unlike
ferrous alloys that exhibit finite fatigue endurance strength, the fatigue strength of aluminum
alloys continues to fall with increasing stress cycles and this must be accounted for in the
design process. Experience may however permit the requirements to be more accurately
defined. Porosity of cast components can have a significantly deleterious effect on the fatigue
strength of aluminum castings and care must be taken to minimize the entrapment of gas
during casting hence a need to evolve other procedures that can limit or minimize this defect

in the die casting process. (www.tech/info/al-alloys/imptce.com). uploaded dec- 6- 2012

1.4 STATEMENT OF PROBLEM

Die casting is utilized to produce many products in the current global market. Unfortunately,
conventional die casting has a major limitation that is preventing its use on a broader scale. A
potential defect, commonly found in die cast components, is porosity.

Porosity often limits the use of the conventional die casting process in favor of products
fabricated by other means because it results in leakages of fluids.

Leakages tend to occur in die cast products like pumps, valves, gaskets, e.t.c over some time,
compromising the integrity of the product.

Durability of die cast products is reduced as porosity affects the mechanical properties of die
cast components. In structural applications, porosity can act as a stress concentrator creating

initiation sites for cracks.
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1.5 PRESENT RESEARCH

Although much work has been done on various casting processes including die casting,
especially on regulation of certain variables like speed, pressure, temperature e.t.c, no work
has been reported in the literature which explains effects of pressure on the microstructure
and mechanical properties of die cast aluminum alloys A380 and A1350. Moreover, no work
has been reported in the literature which optimizes a cold chamber die casting process
parameter using A380 and A1350 aluminum alloy. These alloys have a very wide number of
applications in aeronautic, automotive, electrical industries and domestic use but still not

much work has been done on their properties with different input process parameters.

1.6 RESEARCH JUSTIFICATION

The effects of casting pressure on the properties of aluminum die castings would hopefully
reduce porosity and improve the microstructure and mechanical properties. These improved
properties of products should meet the requirements needed for many applications.
Furthermore industries could easily relate the parameters used and further improve on their

product qualities and standards.

The results of this research can be applied to practical foundry problems for manufacturing
castings of better properties, and also contribute in many ways to further improving the

quality standards for aluminum die casting by:

1. Provision of good quality and durable castings by reduction of defects such as

porosity and shrinkage.
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2. Provisions of a cleaner atmosphere since most aluminum die casting processes are

environmentally friendly.

3. Enhance more usage of die castings.

4. Increase optimization in die casting production lines.

5. Ensure that castings are less prone to rejection and functions maximally in its

operation.

1.7 AIM AND OBJECTIVES
The aim of this research is to study the effects of pressure on the microstructure and
mechanical properties of aluminum die castings which will be of better qualities and free

from defects. The specific objectives are to:

1. Evaluate the influence of different applied pressures on the mechanical properties and

microstructures of die cast aluminum A380 and A1350.

2. Compare the mechanical properties of both alloys.

3. Study the grain size and numbers of both alloys.

4. Establish the level of porosity in both alloys.

CHAPTER TWO

LITERATURE REVIEW
2.1 INTRODUCTION
Die casting is a manufacturing process that can produce geometrically complex metal parts

through the use of reusable molds, called dies. The die casting process involves the use of a
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furnace, metal, die casting machine, and die. The metal, typically a non-ferrous alloy such as
aluminum or zinc, is melted in the furnace and then injected into the dies in the die casting
machine. There are two main types of die casting machines mainly hot chamber machines
(used for alloys with low melting temperatures, such as zinc) and cold chamber machines
(used for alloys with high melting temperatures, such as aluminum). However, in both
machines, after the molten metal is injected into the dies, it rapidly cools and solidifies into
the final part, called the casting. The castings that are created in this process can vary greatly
in size and weight. Metal housings for a variety of appliances and equipment are often die
cast. Several automobile components are also manufactured using die casting, including
pistons, cylinder heads, and engine blocks. Other common die cast parts include propellers,

gears, bushings and valves. (www.webcitaion.org)

In the aluminum die casting process, solid ingots of aluminum are melted in furnaces
at approximately 650 — 720 °C. Once liquefied, the aluminum metal is picked up using a ladle
and poured by hand or robotically into a steel shot sleeve. The molten aluminum is then
injected with hydraulic pressure into the two halves of the die. The molten aluminum metal is
then held under high pressure until the metal solidifies, usually within a matter of 2-15
seconds depending on the size of the parts. The die halves are then opened and the part

ejected and removed by hand or robotically (www.webcitaion.org).

2.1.1 Hot Chamber Die Casting Process:

Hot chamber machines are used primarily for zinc, lead and other low melting point alloys
that do not readily attack and erode metal pots, cylinders and plungers. The injection
mechanism of a hot chamber machine is immersed in the molten metal bath of a metal
holding furnace. The furnace is attached to the machine by a metal feed system called a

gooseneck. As the injection cylinder plunger rises, a port in the injection cylinder opens,
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allowing molten metal to fill the cylinder. As the plunger moves downward it seals the port
and forces molten metal through the gooseneck and nozzle into the die cavity. After the metal
has solidified in the die cavity, the plunger is withdrawn, the die opens and the casting is
ejected.

A complete die casting cycle can vary from one second for small component to three minutes
for the casting of lager components. This makes the die casting process the faster technique
for producing precise non ferrous metal parts. (www.webcitaion.org).

The schematic arrangement of the process is shown in Figure 2.1.

Stationary Platen
l Ejector Platen

Die Cavity

Hydraulic
Cylinder,

\ Got}srenecic

_ || Ejector Box
Cover Die |

Nozzle Ejector Die

Figure 2.1 Hot Chamber Die Casting Machine (Doehler, 1951)

The Hot-chamber die casting cycle process is as follows:
(a) With die closed and plunger withdrawn, molten metal flows into the chamber.
(b) Plunger forces metal in chamber to flow into the die, maintaining pressure during
cooling and solidification.

(c) The plunger is withdrawn, die is opened, and solidified part is ejected.
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2.1.2 Cold Chamber Die Casting Process

The cold chamber die casting process is used with higher-melting-point alloys, such as
aluminum. Since the cold chamber is located outside of the furnace, as compared to hot
chamber, it requires a means of moving the molten metal from the holding furnace to the cold
chamber. The cold chamber is attached between the die casting machine front platen and the
die. The transport of the molten metal is typically done with a ladle mechanism, either
manually or automatically, when casting aluminum alloys. Casting cycle times can range
from 10 s for a small machine to 2 min for a large machine (ASM handbook (2008)). In the
cold chamber process, the molten metal is ladled into the cold chamber for each shot, as
shown in Figure 2.2, There is less time exposure of the melt to the plunger walls or the
plunger. This is particularly useful for metals such as aluminum, copper and its alloys. Die
casting molds tend to be expensive as they are made from hardened steel and also the cycle
time for building these is long. The stronger and harder metals such as iron and steel cannot

be die cast.

Stationary Platen
l Ejector Platen

Die Cavity

!

i

Hydraulic Cylinder Shot Sleeve

Ejector Box

Plunger ; :
Ejector Die

Cover Die

Figure 2.2 : Cold Chamber Die Casting Machine (Doehler, 1951)
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The Cold-chamber die casting process cycle is as follows:
(a) With die closed and plunger withdrawn, molten metal is poured into the chamber;
(b) The plunger forces metal to flow into the die, maintaining pressure during the cooling
and the solidification; and
(c) The plunger is withdrawn, the die is opened, and the part is ejected. It is used for higher
melting temperature metals e.g. aluminum, copper and their alloys.
Discontinuities are a common problem in die castings. Discontinuities are irregularities,
breaks, or gaps in the material structure. Some types of casting discontinuities are visible to
the naked eye and are caused by variation in the casting process. However, most of them are
not detectable by visual inspection because they occur below the surface of the material. The
sub-surface is the most highly loaded region of the material. Therefore, sub-surface
discontinuities such as porosity greatly influence the ability of a component to withstand load
(Duckett, 1988).

The aluminium die casting industry is one of the foremost suppliers of castings to the
automotive industry. The role of the die casting manufacturer is to deliver high quality
castings to this industry. The manufacturer is usually required to replace the castings if found
defective during the customer’s machining process. This places a financial burden on the
manufacturer. The avoidance of discontinuities prior to the transfer of products to the client
not only saves money and time, but also enhances the manufacturer’s reputation in relation to
quality. Therefore, it is essential to evolve ways that will assist the die casting industry to
achieve quality assurance and to remain competitive in the international market (Rickards et
al, 1994).

With the emergence of modern design techniques and aluminium alloys, the mechanical

strength of die castings is usually of concern because automotive die castings are often in
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contact with fluids under pressure, including transmission fluid, engine oil and coolant.
Hence, a more likely problem is that, the castings with defects are subjected to leakage under
pressure. Therefore, die casting manufacturers must make sure defects are avoided that may
cause leakage under pressure prior to supplying them to their customers. These defects
primarily relate to porosity and cracks.

In the 21st century, die casting manufacturers need to maintain standards and keep
abreast of the latest technologies to be competitive in the international market.
George Johnson expressed a similar view in his keynote address on “The People /
Technology Partnership”. “To survive and prosper in the coming years, successful foundries
will have to be leaders in quality, cost, technology and response to customer needs”
(Duckett, 1988). Even though this statement was made in the early 1990°s, it remains valid
for casting industries.
Though tremendous technological advancements in the metal casting industry have taken
place in recent years, the foundry industry faces increasing demands to achieve higher
productivity at minimum cost, even while producing high quality cast components of intricate
shapes. By proper selection of a casting technique with careful foundry and metallurgical
controls, castings of high quality can be commercially manufactured. Under the present
scenario of industrial development, metal casting has moved from an art and craft industry to
the industry based on science and technology. The pressure die casting manufacturing
processes have been systematically developed so that structure may be controlled and quality
may be assured. Die casting provides the foundry man with one of the fastest means of
producing castings with a much higher degree of accuracy than that normally obtained by
conventional sand casting.
Pressure die casting of aluminum alloys offers means for very rapid production of

engineering and other related components of even or intricate design. The technique has
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obvious advantages when a component is required in large quantities. However, for
engineering components such as those required for aeronautic, space, defense and automotive
applications, mechanical properties and durability are of primary importance. It is therefore
essential that the best features of design should be employed and optimum casting techniques
with minimum costs be adopted. Essentially, die casting uses steel molds called dies into
which molten metal is forced using extremely high pressure. Die casting is a versatile
technique that allows for various levels of complexity in production, while still maintaining

absolute precision to create a flawless end product (www.tech/info/die-cast.com).

2.2 MATHEMATICAL MODELLING

A model is a description of a system, theory, or phenomenon that accounts for its known or
inferred properties and may be used for further study of its characteristics. By these
simplifications, good models allow us to obtain an easily understandable, mathematically
calculable image of the real world. If a model is formulated with the aid of mathematical
relations, we speak of mathematical models (Rutherford et al, 1994).

By extension, a mathematical model is a mathematical structure that can be used to describe
and study a real situation. Models are used to express the characteristics of reality which are
considered important and to neglect those which seem secondary. Since prehistorical times,
simple models such as maps and pre-designed diagrams have been used. A mathematical
model usually describes a system by a set of variables and a set of equations that establish

relationships between the variables. Variables may be of many types; real or integer numbers,
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values or strings, for example. The variables represent some properties of the system, for
example, measured system outputs often in the form of signals, timing data, counters, and
event occurrence (yes/no). The actual model is the set of functions that describe the relations

between the different variables (Korotayev et al 2006).

A mathematical model is a description of a system using mathematical concepts and
language. The process of developing a mathematical model is termed mathematical
modeling. Mathematical models are used not only in the natural sciences (such as physics,
biology, earth science, meteorology) and engineering disciplines (e.g. computer science,
artificial intelligence), but also in the social sciences (such as economics, psychology,
sociology and political science); physicists, engineers, statisticians, operations research
analysts and economists use mathematical models most extensively to help explain a system
and to study the effects of different components, and to make predictions about their behavior
on the system. Mathematical modeling is the process of using various mathematical
structures - graphs, equations, diagrams, scatter plots, tree diagrams, and so forth - to
represent real world situations. The model provides an abstraction that reduces a problem to
its essential characteristics. Mathematical models can take many forms, including but not
limited to dynamical systems, statistical models, differential equations, or game theoretic

models (Alaxander et al, 2002).

Mathematical models are useful for a variety of reasons. Foremost, models represent the
mathematical core of a situation without extraneous information. The equation a=Db + 6, for
instance, removes all of the unnecessary words from the original statement "Alison is 6 years
older than Brenda." In addition, people can use models to explore various scenarios cost-
effectively. A jet engine manufacturer would prefer to design a mathematical model and

conduct simulations on a computer, rather than incur the costs of building engines for testing
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purposes and also when engineers analyze a system to be controlled or optimized, they use a
mathematical model. In analysis, engineers can build a descriptive model of the system as a
hypothesis of how the system could work, or try to estimate how an unforeseeable event
could affect the system. Similarly, in control of a system, engineers can try out different

control approaches in simulations (Cha et al, 2000).

In general, mathematical models may include logical models, as far as logic is taken as a part
of mathematics. In many cases, the quality of a scientific field depends on how well the
mathematical models developed on the theoretical side agree with results of repeatable
experiments. Lack of agreement between theoretical mathematical models and experimental

measurements often leads to important advances as better theories are developed.

2.3 REVIEW OF PAST WORK

Adler et al (1989) investigated porosity defects in aluminium cast materials, and used
volumetric analysis to identify gas porosity defects. They studied the effect of backscatter in

their work on the ultrasonic inspection of aluminium cast materials.

Ambardar et al (1996) investigated the effects of surface roughness and grain structure
variations on ultrasonic signals obtained from sample aluminium die casting blocks using the
backscattering of ultrasonic sound method. In these investigations, the arithmetic mean
surface roughness (Ra) values were in the region of 50 um. The results of their investigation
led to the conclusion that an increase in surface roughness decreased the back wall echo

component of the ultrasonic signal.
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Aweda, (2006) investigated on temperature distribution and properties in squeeze casting of
aluminum and concluded that applied pressure and die temperatures are found to have
significant effects on the heat transfer coefficients of aluminum. Heat transfer coefficients
decrease sharply when the casting temperature of the metal is near liquidus. Therefore the
effect of pressure application on the solidifying aluminum is more pronounced within the first

40 seconds of pouring molten aluminum metal into the mould cavity.

Chiang et al (2008) proposed mathematical models for the modeling and analysis of the
effects of machining parameters on the performance characteristics in the high pressure die
casting (HPDC) process of AI-SI alloys which were developed using the response surface
methodology (RSM) to explain the influences of three processing parameters (die
temperature, injection pressure and cooling time) on the performance characteristics of the
mean particle size (MPS) of primary silicon and material hardness (HBN) value and found
that two main significant factors involved in the mean particle size of primary silicon were
the die temperature and the cooling time and that the injection pressure and die temperature

also have statistically significant effect on microstructure and hardness.

Dahle et al (2002) investigated the effects of pressure on density and porosity in an
aluminum cast by applying pressure to the riser in a permanent mold (die) and found that a
flat distribution, this time of density rather than porosity was observed with the pressurized

riser.

Dargusch et al (2006) determined the effects of process variables on the quality of high
pressure die cast components with the aid of in-cavity pressure sensors. In particular, the

effects of set intensification pressure, delay time, and casting velocity were investigated and
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in turn the effect of variations in these parameters on the integrity of the final part. Porosity
was found to decrease with increasing intensification pressure and increase with increasing

casting velocity.

Li et al (2003) investigated the effect of pressure on microstructure and mechanical
properties of Al-Cu-based alloy prepared by squeeze casting and concluded that hardness,
tensile strength and ductility of ZA27 squeezed castings are greatly affected by applied
pressure. Also the results of DTA and SEM show that at high specific pressure, the eutectic
reaction of squeeze cast ZA27 alloy is restrained, and the final solidified structure is (#+¢)
phases instead of eutectic phase (f+#+¢) and the primary reaction is promoted in squeeze cast
ZA27 alloy solidified at high pressure and the fine microstructure is obtained with the

increase in pressure.

Sabau and Viswanathan (2002) developed a comprehensive methodology that takes into
account solidification, shrinkage-driven inter-dendritic fluid flow, hydrogen precipitation,
and porosity evolution for the prediction of the micro porosity fraction and distribution in
aluminum alloy castings. The approach may be used to determine the extent of gas and
shrinkage porosity, i.e., the resultant micro porosity which occurs due to gas precipitation and
that which occurs when solidification shrinkage cannot be compensated for by the inter-
dendritic fluid flow. The results showed that the effect of micro porosity on the inter-

dendritic fluid flow cannot be neglected.

Suresh, (2006) investigated die-cast sub surface flaws and defects by an ultrasonic inspection

of gas porosity defects in aluminium die-castings.
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Watmough, (1960) suggested a radically different series of experiments, whereby end-fed
two-inch and four-inch square sectioned sand-cast bars were poured into three aluminum base
alloys and plaster sleeved risers pressurized. The work compared the effects of 0, 10, 20 psi
(0, 0.069, and 0.138MPa) pressure levels on the X-ray soundness of vertical slices taken
along lengths of the bars concerned, In addition to the above examination of casting slices,
sectioning of the risers of the 5% silicon alloy bars revealed an interesting effect, the contrast
between the non-pressurized and the pressurized risers was striking; that associated with the
pressurization piped in the fashion of a short freezing range alloy, the non-pressurized riser

did not as would be expected.

Ying-hui et al (2009) investigated microstructures and properties of die casting components
with various thicknesses made of AZ91D alloy by means of a scanning electron microscope
(SEM), transmission electron microscope (TEM), high-resolution transmission electron
microscope (HRTEM), etc. It was concluded that mechanical properties of the die casting

components mainly depend on grain size of -Mg phase.

Yoshihiko and Soichiro (2009) identified the cause of porosity and took corrective action in
the die-casting process accurately and rapidly, a quantitative estimation of the morphology of
pores can be an effective technique. In this study, fractal analysis was used to characterize
porosity quantitatively in terms of the spatial distribution of a number of pores appearing in a
target region. The purpose of the investigation was to evaluate the proposed fractal analysis
by comparing the porosity in two types of aluminum alloy die castings manufactured by
different die-casting processes, and to confirm that fractal analysis of the spatial distribution

of pores can quantitatively characterize the porosity.

-32-



Zhu et al (2006) developed a numerical model for predicting micro porosity formation in
aluminum castings, which describes the redistribution of hydrogen between solid and liquid
phases, the transport of hydrogen in liquid by diffusion, and Darcy flow in the mushy zone.
One of the key features of the model is that it uses a two-stage approach for porosity
prediction. In the first stage, the volume fraction of porosity is calculated based on the
reduced pressure, whereas, in the second stage, at fractions solid greater than the liquid
encapsulation point, the fraction porosity is calculated based on the volume of liquid trapped
within the continuous solid network, which is estimated using a correlation based on the
Niyama parameter. The porosity model was used in conjunction with a thermal model solved
using the commercial finite-element package ABAQUS. The parameters influencing the
formation of micro porosity were discussed including a means to describe the super
saturation of hydrogen necessary for pore nucleation. The model has been applied to examine
the evolution of porosity in a series of experimental samples cast using unmodified A356 in
which the initial hydrogen content was varied from 0.048 to 0.137 (cc/100 g). A comparison
between the model predictions and the experimental measurements indicated good agreement
in terms of the variation in porosity with distance from the chill and the variation resulting

from initial hydrogen content.

Kumar (2010) developed a multi- response optimization model of process parameters in die
cast aluminum LM6 alloy by evaluating temperature of the molten metal, injection pressure
of the molten metal, type of coating and type of cooling on the density, hardness and surface
roughness of aluminum LM6 alloy. An experimental model for encompassing three
responses namely surface roughness, density and hardness was employed to carry out the

experiment and an analysis of variance (ANOVA) was performed for all the responses and
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the effect of the factors were explained and regression analysis was done to correlate the
effect of factors with all the three responses.

The result of ANOVA showed that the main significant factor in multi response signal
(MRSN) calculation was the injection pressure and the MRSN is maximized with increase in
temperature and the cooling time and that the MRSN is not affected by coating and that water
cooling increased the hardness as compared to air and oil cooling. He further concluded that
higher injection pressures were more suitable in casting of aluminum alloys, also the analysis
of microstructure showed structured changes observed in all samples and that porosity

present in a casting generally decreases as the pressure in the die casting increases.

CHAPTER 3
MATERIALS AND METHODS

3.1 MATERIALS

The materials shown in figures 3.1 and 3.2 that were used in this work are aluminum
alloys A380 (used mostly in aeronautics) and A1350 (used mostly for electric distribution
lines) these were procured, cut and melted in an electric furnace of capacity of 500kg

available at the Scientific and Equipment Development Institute (SEDI), Enugu.
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Figure 3.2: Material of A380 before casting

3.1.1 Chemical composition of work piece materials

X- Ray Florescent test

X-ray fluorescence (XRF) is the emission of characteristic "secondary" (or fluorescent) X-
rays from a material that has been excited by bombarding with high-energy X-rays or gamma
rays. The phenomenon is widely used for elemental analysis and chemical analysis,
particularly in the investigation of metals, glass, ceramics and building materials, and for
research in geochemistry, forensic science and archacology. The use of a primary X-ray beam

to excite fluorescent radiation from a metal sample was first proposed by Glocker and
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Schreiber in 1928. Today, the method is used as a non-destructive analytical technique, and as

a process control tool in many extractive and processing industries.

When materials are exposed to short-wavelength X-rays or to gamma rays, ionization of their
component atoms may take place. lonization consists of the ejection of one or more electrons
from the atom, and may occur if the atom is exposed to radiation with energy greater than its
ionization potential. X-rays and gamma rays can be energetic enough to expel tightly held
electrons from the inner orbitals of the atom. The removal of an electron in this way renders
the electronic structure of the atom unstable, and electrons in higher orbitals "fall" into the
lower orbital to fill the hole left behind. In falling, energy is released in the form of a photon,
the energy of which is equal to the energy difference of the two orbitals involved. Thus, the
material emits radiation, which has energy characteristic of the atoms present. The term
fluorescence is applied to phenomena in which the absorption of radiation of a specific
energy results in the re-emission of radiation of a different energy (generally lower)

(Beckhoff et al, 2006).

X-ray is a type of electromagnetic wave such as visible light ray, but the key difference is its
extremely short wavelength, measuring from 100A to 0.1A. And compared to normal
electromagnetic waves, X-ray easily passes through a material and it becomes stronger as the
material's atomic number decreases. X-ray fluorescence analysis is a method that uses the
characteristic X-ray (fluorescent X-ray) that is generated when X-ray is irradiated on a
material. The fluorescent X-ray is the excess energy irradiated as electromagnetic field,
which is generated when the irradiated X-ray forces the constituent atom's inner-shell
electrons to the outer shell and the vacant space (acceptor) falls on the outer-shell electrons.

The generation of fluorescent X-ray is shown in Figure 3.3
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Figure 3.3: X-ray generation schematics (Jenkins et al, 1973).

Since X-ray fluorescence analysis can analyze a sample non-destructively and quickly, it can
be applied to a wide range of uses such as manufacturing and quality control. Recently, as
techniques for high-sensitivity, technologies such as filtering and lamination have been
applied to eliminate the interference of background, which made measurement of trace
amounts possible (Jenkins et al, 1973).

The XRF test was carried out using the XRF machine at the physics laboratory of the Science
and Technology Complex (SHEDA) Abuja. Chemical composition of both alloys as

revealed by the x-ray fluorescence test is summarized in the Table 3.1

Table 3.1: Chemical composition of work piece materials

percentage composition

Al Si Cu Mg |Mn |Zn |Ni Ti Fe

Bal 8.50 3.50 0.05 | 0.27 | 1.80 | 0.08 | 0.05 1.05
A380

percentage composition
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Al Si Fe Cu Mn | Cr Zn others

A1350

Bal 0.10 0.40 | 0.05 0.01 | 0.01 | 0.05 0.15

3.2 EQUIPMENT

The main items of equipment for this work were:

(1) Horizontal cold chamber pressure die machine

(2) Electrical furnace for melting aluminum

(3) Optical and scanning electron microscopes

(4) Measuring instruments and gauges

(5) Rockwell hardness testing machine

3.2.1 EXPERIMENTAL PROCEDURE

The different casting procedures are described thus: Five die casting samples of each
alloy were produced under different pressure ranges as done by Kumar, (2010).

The machine was operated at standard operating conditions except the injection pressure
which was varied at 0, 350, 700, 1050 and 1400 kg/cm? as per experimental design. The
metal was poured into the injection chamber in the injection sleeve with the aid of a

pouring spoon. The experiments were conducted in the foundry section of the central
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workshop at the Scientific and Equipment Development Institute (SEDI) Enugu. An
electric furnace was used for melting the A380 and A1350 alloys and the pressure in the

die casting machine was controlled by the pressure regulating valve on the machine.

3.3 METHODOLOGY

3.3.1 POURING AND MELTING

Aluminum alloys A1350 and A380 were procured and melted in an electric furnace of
capacity 500kg at the Scientific and Equipment Development Institute, Enugu. (SEDI), at a
temperature of 720°C. The dies were prepared by spraying the mold cavity with a lubricant.
The lubricant helped to control the temperature of the die and also assist in the removal of the
casting. The die was then closed and molten metal injected into it at various pressure levels.
Once the mold cavity was filled, the pressure was applied until the casting solidified. The die
was then opened and the solid casting removed. The whole process was done for both alloys

to compare and confirm results.

3.3.2 PRESSURE APPLICATION

The injection pressure was regulated to permit five pressure levels by a pressure regulating
valve on the die casting machine and each phase of the experiment was described separately.
The specimen of both alloys were die cast separately and the effects of the five pressure
levels on the mechanical properties and microstructure of the specimen of both alloys were
investigated. The machine was operated at standard operating conditions except the injection
pressure which was varied at 0, 350, 700, 1050, and 1400kg/cm2 for the experiment to allow

for comparison for both alloys.
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3.4 DESCRIPTION AND SPECIFICATION OF DIE CASTING MACHINE
The experiments were conducted on a horizontal cold chamber pressure die casting machine

at the Scientific and Equipment Development Institute (SEDI), Enugu, specifications of

which are given in table 3.2

Table 3.2 Specifications of Die Casting Machine

SPECIFICATIONS METRIC
Locking force 500 tons

Injection force 49 tons

Ejection force 24 tons

Stationary platen (W x H) 1070 x1070 (mm)
Movable platen (W x H) 1070 x 1070 (mm)
Max. die height 800 mm

Tie bar diameter 140 mm

Die stroke 560 mm

plunger stroke 580 mm

Ejection stroke 110 mm

Shot tip penetration 250 mm

Electric motor capacity 34.5 kw

Low shot speed 600 mm/s
Hydraulic pump (vane type) 400 ltr/min
Machine size (L X W X H) 74x21x25m
Machine weight 26.3 tons

High Shot speed 4500 mm/s
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Figure 3.4 High Pressure Cold Chamber Die Casting Machine at (SEDI Enugu).

The main parts of the machine shown in figure 3.3 are the control box panel, fixed plate,
moving plate, back plate, accumulator, injection cylinder, injection rod, ejector system, oil
tank, dies regulating valve, pressure regulating valve. The injection pressure can be varied
through the pressure regulating valve. Control is provided on the machine for die opening
time, closing time and the ejector time for the ejection of cast product. The machine can be

operated in manual as well as in automatic modes.

3.4.1 Operating mode
(a) Manual Mode: In this mode the machine is not under the casting program. Direction of

operations depends upon the decision of the operator.
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(b) Automatic Mode: Machine operations can be programmed e.g. die opening time, die
closing time; casting ejection time can be controlled.

(c) Stop Button: The machine stops when the stop button is pushed.

3.4.2 Display indication
Pressure gauge: the pressure gauges are used to display the pressure of injection of molten

metal and to display the pressure of the accumulator.

3.5 DIES FOR EXPERIMENT

Since dies are very expensive to construct and build, dies used for the casting of top
cylinders of a vulcanizing machine available at the Scientific and Equipment Development
Institute (SEDI), Enugu were used to cast the samples of both alloys and specimen were cut
from them for mechanical tests and microstructure analysis. Dies used for the casting of the
samples were made of alloyed steel in two sections, one was the fixed die half and the other
was the ejector die half to permit the removal of casting. A sprue hole was in the fixed die
that allowed the molten metal enter the die and fill the cavity. The temperature in the die,
measured with thermocouples, was in the range of 200 to 300°C. The die had locking pins to

secure the two halves and ejector pins to help remove the cast part.

3.5.1 Samples after Casting

The final cast samples of both alloys that were regulated under different applied pressures in
the casting process are shown below in figures 3.5 and 3.6 and are represented in the table

3.3:
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Figure 3.6: Samples of A380 after casting

Table 3.3 Input factors and their respective levels of samples shown above
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Sample No Sample No | Pouring Injection Coating type Cooling medium
(A380) (A1350) temp °c pressure
(Kg/cm”
1 720 1400 graphite oil Water + oil
2 720 1050 graphite oil Water + oil
3 720 700 graphite oil Water + oil
4 720 350 graphite oil Water + oil
5 720 0 graphite oil Water + oil

3.6 MECHANICAL TEST PROCEDURE

3.6.1 Tensile Test

The tensile test is a fundamental test in which a sample is subjected to uniaxial tension until
failure and also indicates the ability of a metal to withstand forces that stretch the material
prior to failure. The tensile test process involved machining the cast samples to tensile
specimen and placing the test specimen in the testing machine and applying tension to it until
it fractures. During the application of tension, the elongation of the gauge section was
recorded against the applied force. The specimen were subjected to tensile tests in accordance
with the ASTM ES8 standard test method for tension testing of metallic materials using a
Hounsfield tensiometer with maximum load of S00KN available at the workshop of the
Science and Technology Complex (SHEDA) Abuja. The test specimen size was 100.4mm
length and gauge length of 45Smm was marked on the samples. The specimen were mounted

by their ends into the holding grips of the testing machine and locked securely. The machine
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then elongated the specimen at constant rate and at the same time the instantaneous load

applied was measured using an extensometer and recorded. (ASTM, 2008).

3.6.2 Hardness Test

The hardness values of the samples were measured using the Rockwell hardness testing
machine (model AVERY 6402 England), available at the workshop of the Science and
Technology Complex (SHEDA) Abuja. The indents formed were measured on B scale with
a minor load of 10 kg, major load of 100kg but before the hardness test, the surfaces of the
samples were cleaned thoroughly by removing dirt, scratches and oil.

Each sample of both alloys was placed on the anvil that supports the test samples and a minor
load of 10kg was applied to the samples in a controlled manner without vibration and a zero
datum position was established and then a major load of 100kg was applied and reading was
taken as the pointer comes to rest for 20 seconds and the load was removed and the hardness

value read from the digital scale. (ASTM, 2008)

3.6.3 Impact Test

The impact tests of the samples were conducted using the Avery Denison test machine
available at the workshop of the Science and Technology Complex (SHEDA) Abuja. Impact
tests of the samples of both alloys were carried out using the charpy V notch test method. All
specimen were notched at the centre to about 2mm depth with a root radius of 0.25 mm at
angle of 45° according to the standard of the machine used. Impact tests conducted for each
sample were in accordance with ASTM E23 “standard method for notched bar impact testing
of metallic materials”. The expended energy was measured and recorded for each specimen.

This was used to measure their toughness. (ASTM, 2008)
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3.7 MICROSTRUCTURE ANALYSIS

3.7.1. ETCHING AND MICROSCOPY

Metallographies of both alloy samples were investigated by means of a metallurgical
microscope available at the metallurgy laboratory at the Federal University of Technology
Minna.

Preparation of the samples of both alloys for micro examination involved mainly
sampling, polishing and etching. Samples measuring 26mm x15mm x Smm were cut from the
castings with the help of a hacksaw. The samples were filed and ground. Grinding was done
in succession on a bench grinder using silicon carbide abrasive papers of 220- , 320-, 400-,
and 600- grits

The specimen were polished using wet method with final polishing being carried out
by hand, and then they were etched in aqueous solution containing 2.5%HNOs, 1.5 % HCL
and 1% HF acid ( Keller’s reagent) for 20 to 60 seconds. Etching was done to make visible

the grains of the samples under different pressure conditions.

3.7.2 Scanning Electron Microscope Analysis

Microstructures of both alloy samples were investigated by means of a scanning
electron microscope (SEM) available at the physics laboratory at the Science and Technology
Complex (SHEDA) Abuja. Samples were placed on the sample holder with the help of
double sided conductive aluminum tape and mounted unto the sample chamber and an
electron gun switched on which passed an accelerating voltage of 20kV and probe current of
227pA through the samples at a working distance of 6.0mm. SEM was done to make visible
porosity pores across the microstructures of the samples under the different pressure

conditions.
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3.8 REGRESSION MODELS

Regression models are used to predict one variable from one or more other variables.
Regression models provide the scientist with a powerful tool, allowing predictions about past,
present, or future events to be made with information about past or present events. The
scientist employs these models either because it is less expensive in terms of time or money
to collect the information to make the predictions than to collect the information about the
event itself, or, more likely, because the event to be predicted will occur in some future time.
In order to construct a regression model, both the information which is going to be used to
make the prediction and the information which is to be predicted must be obtained from a
sample of objects or individuals (Weisberg, 1985). The relationship between the two pieces
of information is then modeled with a linear transformation equation. Then in the future, only
the first information is necessary, and the regression model is used to transform this
information into the predicted. In other words, it is necessary to have information on both
variables before the model can be constructed. X is the variable used to predict, and is
sometimes called the independent variable, Y is the observed value of the predicted variable,
and is sometimes called the dependent variable. The goal in the regression procedure is to
create a model where the predicted and observed values of the variable to be predicted are as
similar as possible. The more similar these two values, the better the model. Regression

analysis is used to establish relationship between two variables (Cook, 1979).

Multiple regression analysis is a statistical tool for understanding the relationship between
two or more variables. Multiple regressions involves a variable to be explained called the
dependent variable and additional explanatory variables that are thought to produce or be

associated with changes in the dependent variable for example, a multiple regression analysis
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might estimate the effect of the number of years of work on salary. Salary would be the
dependent variable to be explained; years of experience would be the explanatory variable.
Multiple regression analysis is sometimes well suited to the analysis of data about competing
theories in which there are several possible explanations for the relationship among a number
of explanatory variables. Multiple regressions typically use a single dependent variable and
several explanatory variables to assess the statistical data pertinent to these theories. For
example a case alleging sex discrimination in salaries, for example, a multiple regression
analysis would examine not only sex, but also other explanatory variables of interest, such as
education and experience (Rubinfield et al 1983). Multiple regression also may be useful in
determining whether or not a particular effect is present, in measuring the magnitude of a
particular effect, and in forecasting what a particular effect would be, but for an intervening
event.

Regression residuals are the difference between the actual and fitted values of the dependent
variable. In general, the residual e associated with a data point is given by

e=1Yi-"YI where Yi isthe actual values and Y I is the predicted or forecasted values
which is the error made by the least squares regression method for that individual. Mean
Square Error (MSE). The estimated variance of the regression error is calculated as the
average of the sum of the squares of the regression residuals (allen, 1971).

The linear regression was carried out using the regression line equation y = a + bx.

The constants a and b can be calculated from the expressions —

3=V XD = (TXTXY) oo, (1)
(NYX) - (Zx)?
b= NYxy— (FX.TV) e ()

(NYx%) - (3x)°
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And the multiple regression was carried out using the multiple regression equation

y=a+bx;+ cx, where the equations for the constants are

Dy o=na + bYXIFCYXs 3)
YXiy =aYxXi+ bYXIZHCYXIKE e, 4)
Yxoy =aYxo+ bYXiXa FCYXaE e, 5)

3.8.1 Error Analysis

In modeling of real systems, error analysis is concerned with the changes in the output of the
model as the parameters to the model vary about a mean. For instance, in a system modeled
as a function of two variables (f(x,y) . Error analysis deals with the propagation of the model

errors in X and y (around mean values # and #) to error around a mean (James, 1996).

Root mean square error (RMSE)

The Root Mean Square Error (RMSE) (also called the root mean square deviation, RMSD) is
a frequently used measure of the difference between values predicted by a model and the
values actually observed from the environment that is being modeled. These individual
differences are also called residuals, and the RMSE serves to aggregate them into a single

measure of predictive power.

The RMSE of a model prediction with respect to the estimated variable X4 is defined as

the square root of the mean squared error:
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RMSE =

" 2
Zizl (Xobs,i - Xmo del,i)
n

Where X, is observed values and X,,,4.; s modeled values at time/place i.
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CHAPTER FOUR
RESULTS AND DISCUSSIONS
4.1 RESULTS
The results of the various tests carried out are shown below in figures 4.1 to 4.14 and tables

Al to A16 in the appendix.
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Figure 4.1: Experimental and Predicted Plots of Hardness against pressure of A380
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Figure 4.2: Experimental and Predicted Plots of Hardness against pressure of A1350
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Figure 4.3: Experimental and Predicted Plots of tensile strength vs pressure of A380
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Figure 4.4: Experimental and Predicted Plots of tensile strength vs Pressure of A1350
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Figure 4.6: Experimental and Predicted Plots of Yield strength vs pressure of A380
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Figure 4.7: Experimental and Predicted Plots of Yield strength vs pressure of A1350
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Figure 4.8: Experimental and Predicted Plots of Impact Strength vs Pressure of A380
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Figure 4.10: Experimental and Predicted Plots of Number of grains vs Pressure of A380
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Figure 4.11: Experimental and Predicted Plots of Number of grains vs Pressure of
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Figure 4.12: Experimental and predicted Plots of Grain Size vs Pressure of A380
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-57 -



4.2 Discussions

4.2.1 HARDNESS

The results for the experiments were used to plot hardness - pressure graphs for both alloys
(figures 4.1 and 4.2). The results obtained show that as hardness increased (even if not
significantly), percentage elongation decreased (figure 4.5) with applied pressure in both
alloys about 10 percent increase as pressure was raised from 350 to 1400kg/cm® similar to
earlier work carried out by Chiang et al (2008) and Li et al (2003). Also the model that was
fitted to the experimental data showed linear relationship with the actual data in view of the

small error generated by them.

4.2.1.1 REGRESSION MODEL FOR HARDNESS

In the regression model, P represents pressure (0, 350, 700, 1050 and 1400 kg/ cm?), where
76.2 and 76.8 were the constant terms present in the equations for A380 and A1350 alloys
respectively. The regression model is:

Hardness (a3s0) = 76.2+0.006P (7)

The root mean square error was found to be RMSE = 0.46

Hardness (a13s0)= 76.8+0.062P 8

The root mean square error was found to be RMSE = 0.28

4.2.2 TENSILE TEST

The results of the tensile tests obtained for both alloys at various applied pressures were used
to plot Tensile strength - Pressure graphs for both alloys as presented in figures 4.3 and 4.4.
The results showed that for both alloys, tensile strength increased with applied pressure
similar to works by Li et al (2003). Also the model that was fitted to the experimental data

showed linear relationship with the actual data in view of the small error generated by them.
-58-



4.2.2.1 REGRESSION MODEL FOR TENSILE STRENGTH

In the regression model, P represents pressure (0, 350, 700, 1050 and 1400 kg/ cm?), where
300.2 and 282.4 were the constant terms present in the equations for A380 and A1350 alloys
respectively.

The regression model is:

Tensile strength a3s0) = 3002+0.026 P )
The root mean square error was found to be RMSE =2.67

Tensile strength (a1350) = 282.4+0.014P (10)

The root mean square error was found to be RMSE = 1.41

4.2.3 YIELD STRENGTH

The yield strength obtained from the tensile tests of the samples of both alloys was used to
plot graphs of yield strength — pressure as seen in figures 4.6 and 4.7. The results also show
that casting pressure had a similar effect on the yield stress as it did to the tensile strength for
both alloys similar to those obtained by Li et al (2003). Also the model that was fitted to the
experimental data showed linear relationship with the actual data in view of the small error

generated by them.
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4.2.3.1 REGRESSION MODEL FOR YIELD STRENGTH

In the regression model, P represents pressure (0, 350, 700, 1050 and 1400 kg/ cm?), where
161.2 and 125 were the constant terms present in the equations for A380 and A1350 alloys
respectively.

The regression model is:

Yield strength (asg0) = 161.2+0.010P (11)
The root mean square error was found to be RMSE = 0.06

Yield strength (a1350)= 125 +0.020P (12)

The root mean square error was found to be RMSE = 0.50

4.2.4 IMPACT STRENGTH

The impact energy absorbed before the material breaks are obtained from the scale on the
testing machine and the results obtained were used to plot impact strength — pressure graphs
of both alloys as seen in figures 4.8 and 4.9. The results also show that impact strength
decreased with applied pressure in both alloys similar to works by Chiang et al [2008] and Li
et al [2003]. Also the model that was fitted to the experimental data showed linear

relationship with the actual data in view of the small error generated by them.

4.2.4.1 REGRESSION MODEL FOR IMPACT STRENGTH

In the regression model, P represents pressure (0, 350, 700, 1050 and 1400 kg/ cm?), where
4.37 and 4.42 were the constant terms present in the equations for A380 and A1350 alloys
respectively.

The regression model is:

Impact strength (a3s0) = 4.37—0.0003P (13)
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The root mean square error was found to be MSE = 0.0006
Impact strength (a1350)= 4.42—0.00032P (14)

The root mean square error was found to be MSE = 0.00024

4.3 MICROSTRUCTURE

Specimen of 20 x 10 x 4mm were cut from each sample of both alloys and the number of
grains and grain sizes were determined using the fully automated metallurgical microscope
available at metallurgy laboratory at the Federal University of Technology, Minna which

does automatic image analysis and measures grain size and number of grains of the specimen.

4.3.1 NUMBER OF GRAINS

The number of grains were determined and used to plot number of grains — pressure graphs
as presented in figures 4.10 and 4.11. The results show an increase in the number of grains
with applied pressure for both alloys in a similar manner. These results are similar with works
by Ying-hui et al (2009). Also the model that was fitted to the experimental data showed

linear relationship with the actual data in view of the small error generated by them also.

4.3.1.1 REGRESSION MODEL FOR NUMBER OF GRAINS

In the regression model, P represents pressure (0, 350, 700, 1050 and 1400 kg/cm?2), where
28.726 and 28.078 were the constant terms present in the equations for A380 and A1350
alloys respectively.

The regression model is:

Number of grains (a3s0) = 28.726 +0.048P (15)
The root mean square error was found to be MSE = 7.35

Number of grains (a1350)= 28.018 +0.049P (16)
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The root mean square error was found to be MSE = 6.86

4.3.2 GRAIN SIZE

The average grain size of the samples of both alloys per square area were recorded and was
used to plot grain size-pressure graphs of both alloys as presented in figures 4.12 and 4.13.
The result shows finer grain sizes with increase in applied pressure for both alloys as bigger
grain sizes were obtained as pressure decreased in the casting process similar to works by
Ying-hui et al (2009). Also the model that was fitted to the experimental data showed linear

relationship with the actual data in view of the small error generated by them.

4.3.2.1 REGRESSION MODEL FOR GRAIN SIZE

In the regression model, P represents pressure (0, 350, 700, 1050 and 1400 kg/cm2), where
10.6 and 10.8 were the constant terms present in the equations for A380 and A1350 alloys
respectively.

The regression model is:

Grain Size (a330) = 10.6—0.00343P L (17)
The root mean square error was found to be MSE = 0.28

Grain Size (a1350) = 10.8—0.004P L (18)

The root mean square error was found to be MSE = 0.28

4.3.3 POROSITY MEASUREMENT (Regression Model)

From the results obtained for the grain size and number of grains from the samples of both
alloys, simple analogy was deduced and porosity levels predicted in relation to the grain size
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and number of grains of the samples at the various pressures of the cast samples as seen in

tables 4.1 and 4.2 and the results obtained were used to plot porosity — pressure graphs of

both alloys as shown in figure 4.14. The relation shows low porosity levels obtained with

applied pressure and higher porosity levels in the low pressure samples. The multiple

regression equation was used. In the regression model, Y represents porosity level, X;

represents grain size (6,7,8,9,11) for A380 and (5,7,8,9,11) for A1350 and X, represents

number of grains (20.31,51.56,66.63,86.36,87.05) for A380 and

(20.19,50.48,67.08,88.02,88.52) for A1350, where —2.80957 and —0.69451 were the

constant terms present in the equations for A380 and A1350 alloys.

Where Y = porosity,

Xj = grain size and X2 = number of grains

The regression model is:

Yazgo)= —2.80957 + 0.74067 X; —0.0042308 X5 oottt (19)
Yaizs0)= —0.69451 + 0.55546 X; —0.011919X, oo (20)
Table 4.1: A380 Predictor Coefficient Table for Porosity level
Pressure 0 350 700 1050 1400

(x1) 11 9 8 7 6

(x2) 20.31 51.56 66.63 86.36 87.05
Constant —2.80957 | —2.80957 | —2.80957 —2.80957 —2.80957
X1 (0.74067) 8.14737 | 6.6603 5.92536 5.18469 4.44402
X5 (—0.0042308) | —0.085928 | —0.21814 —0.281898 | —0.36537 —0.36829
Porosity 5.10450 2.90853 2.833892 2.00975 1.26616
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Table 4.2: A1350 Predictor Coefficient Table for Porosity level

Pressure 0 350 700 1050 1400

(x1) 11 9 8 7 5

(x2) 20.19 50.48 67.08 88.02 88.52
Constant —0.69451 | —0.69451 —0.69451 —0.69451 —0.69451
X1 (0.55546) 6.11006 4.99914 4.44368 3.88822 27773
X, (—0.011919) | —0.24065 | —0.60167 —0.79953 —1.04911 — 1.05507
Porosity 5.1749 3.70296 2.94964 2.1446 1.02772
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4.4 MICROSTRUCTURE ANALYSIS

4.4.1 Microstructural Chacterization

The microstructures of the samples of both alloys at different pressures consisted of a
primary a phase, peritectic £ phase and hypoeutectic (f+#+e), where a phases solidified as
coarse grains (Figures.4.17 and 4.22) The primary a phases became finer in higher pressure
(seen in Figures 4.16 and 4.21) and with the increase of pressure, the microstructure of both
alloys became finer, and even primary a phases appeared as nodular when the pressure

reached 1400 kg/cm? (seen in Figures 4.15 and 4.20).

In the lower pressure samples, scanty grains were seen and they were not homogeneously
distributed (Figures 4.19 and 4.24), also the eutectic structure (f+#+¢) was not found in the
samples at 1400 kg/cm® , while the (7+¢) phases appeared between grains (Figures 4.15 and
4.20). In the solidification process of both alloys, the primary phase a precipitates first from
liquid phase and then the hypoeutectic reaction follows. However, at high pressure, the
degree of these two reactions becomes greater due to the fact that the eutectic point in both
alloys moves to the direction of rich Al, thus the quantity of remaining liquid phase is
reduced greatly. On the other hand, because the melting points of both alloys are elevated at
high pressure, the degree of super-cooling increases, thus the nucleate rate of primary
reaction increases largely during solidifying. This is also the reason for microstructure
refining, In addition, the remaining phase is in deep super-cooling state when temperature is
dropped to the eutectic point.

Therefore, the improvement of mechanical properties is attributed to eliminating of micro-
pores in the alloys caused by higher pressure. On the other hand, it is because of the
microstructure refining as the applied pressure is increased as seen below (figures 4.15, 4.16,
4.20 and 4.21) that increased tensile strength and hardness are attributed to. From the above
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results, it can be deduced that the eutectic reaction was restrained while the primary reaction
was promoted in both alloys at higher pressure similar to works by Ming et al (2007), Li et al

(1997) and Ying-hui et al (2009)

4.4.2 MICROSTRUCTURE AND MICROGRAPH OF A380 SAMPLES

10pt EHT = 0.00KY Sl ARVPSEGS  Date 15 Dec 2011
WO 85 Mag= 500X Tine 1330112

Figure 4.15 : Microstructure and Micrograph of sample 1 of A380 with Injection

pressure of 1400 Kg/cm2
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From figure 4.15 of the microstructure and micrograph of the above sample, the grains were
clearly seen, also the spherical dimples characteristics of grain type were clearly seen and
almost 95 percent of grains occupy the micrograph showing fine grain sizes. The much
concentrated grains were cohesively arranged and evenly distributed due to good
compatibility of the grain structure which is absolutely, evenly distributed in an attractive
manner and perfectly embedded with one another. The improvement of mechanical properties
is attributed to eliminating of micro-pores in the alloy caused by applied pressure and this is
because of the microstructure refining as the applied pressure is increased as mentioned

above.

10pm EHT = 20.00kV SoralAnYPSEGS Dt 15 Dec 2001
WO = 85mm Weg= 100KX Tio 130428

Figure 4.16 : microstructure and Micrograph of sample 2 of A380 with Injection

pressure of 1050 Kg/cm2
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In figure 4.16, the micrograph shows spherical dimples characteristics of grain types which
are still shown occupying almost 85 percent the micrograph showing also fine grain sizes and
also the much concentrated grains were cohesively arranged and evenly distributed also due
to good compatibility of the grain structures. The improvement of mechanical properties is

attributed to eliminating of micro-pores in the alloy caused by applied pressure.

EHT = 20 00 kY Sy Ae YPSEGY Date 15 Dec 2011
Hibe §5mm Mag= 3H0KX Tamp 113 12,69

A 4

Figure 4.17 : Microstructure and Micrograph sample 3 of A380 with Injection pressure

of 700 Kg/cm2
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In figure 4.17, the microstructure shows the much concentrated grains cohesively arranged
and evenly distributed, also the spherical dimples characteristics of grain type are still shown

and almost 75 percent of grains occupy the micrograph showing not very fine grains.

EHT = 20001V SlpnlAnVPSEGS  Dete 15 Dac 2011
WO 85 mm Mag= 1.00KX T 1140463

i -5 9 :
Figure 4.18 : Microstructure and Micrograph of sample 4 of A380 with Injection

pressure of 350 Kg/cm2

In figure 4.18, the micrograph shows spherical dimples characteristic of grain type and
almost 70 percent of grains occupy the micrograph showing big grain sizes. It was also
clearly shown that the grains were scanty because of bigger grain sizes that depict porosity

susceptibility over time.
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EWT = 20.00 Ky Sl 4w PSE G3 Dete :15 Dec 2011
Whu 80mm Meg= 100K X Tame 1133330

Figure 4.19: Microstructure and Micrograph of sample 5 of A380 with Injection

pressure of 0 Kg/cm2

From the microstructure and micrograph of figure 4.19, it is seen that the grains are very
scanty, also the region occupied by grains was less than 40 per cent and shows big grain
sizes. The micrograph also shows deformation that is worsened and the degree of
deformation so great. The microstructure clearly shows obvious porosity in the sample that

solidified at low pressure.
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4.4.3 MICROSTRUCTURE AND MICROGRAPH OF A1350 SAMPLES

EMT o 30 00Ky Ayt AeYPSEGY  Dote 15 Dec 2001
#ile §5mm Mag= 500X Tumg 113 10:43

Figure 4.20: Microstructure and Micrograph of sample 1 of A1350 with Injection

pressure of 1400 Kg/cm2

The microstructure of figure 4.20 shows fine grain structures that produced elongated pattern
and the grains were finely and cohesively arranged and 95 percent or more of grains occupy
the micrograph showing finer grain sizes, also the micrograph shows ductile aluminum of
transgranular surface due to good compatibility of the grain structures which is absolutely,
evenly distributed in an attractive manner and perfectly embedded with one another. Also the
improvement of mechanical properties is attributed to eliminating of micro-pores in the alloy
caused by applied pressure and this is because of the microstructure refining as the applied

pressure is increased as mentioned above.
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Wpm EHT=2000W  SignalA=VPSEGS  Date:15 Dec 2011
WD= 80mm Mag= 500X Time :13:21:53

Figure 4.21: Microstructure and Micrograph of sample 2 of A1350 with Injection

pressure of 1050 Kg/cm2

In figure 4.21, the micrograph shows that the grains are cohesively arranged and spherical
dimples characteristics of grain type were seen and almost 85 percent of grains occupy the
micrograph showing fine grain sizes also. The much seen grains were evenly distributed
across the microstructure, due to good compatibility of the grain structures which is
embedded with one another. The improvement of mechanical properties is attributed to

eliminating of micro-pores in the alloy caused by applied pressure.
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Oym EHT = 20004V Hopel ATVPSEG)  Dae 15 Dac 2001
WO 85 mm iag= 500X Tia 1342102

Figure 4.22: Microstructure and Micrograph of sample 3 of A1350 with Injection
pressure of 700 Kg/cm2
In fig 4.22, the microstructure shows that the grains are cohesively arranged and appear in a
parabolic-shaped dimple characteristic appearance of the grains. The micrograph shows a
ductile aluminum of a transgranular fracture surface. It also shows that almost 70 percent of

grains occupy the micrograph, but leaving spaces which obviously show not very fine grains.
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W e 4.0mm Meg= 500X To 113264

Figure 4.23: Microstructure and Micrograph of sample 4 of A1350 with Injection

pressure of 350 Kg/cm2

In fig 4.23, the microstructure and micrograph shows that grains are cohesively arranged and
appear in parabolic—shaped dimple characteristics. Fine grains were seen. Not many grains
appeared across the micrograph and almost 60 percent or fewer grains occupy the
microstructure leaving visible spaces that show big grain sizes that indicate porosity

susceptibility over time.
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EHT=20006Y SignalA=VPSEGE  Date 15 Dec 2011
WD= 85mm Mag= 500X Tirme :13:48:00

Figure 4.24: Microstructure and Micrograph of sampleS of A1350 with Injection

pressure of 0 Kg/cm2

From the microstructure and micrograph of fig 4.24, it is seen that the grains are very scanty
and the regions at which they occupy are about 30 percent of the micrograph. The
microstructure and micrograph also show deformation that is worsened and the degree of
deformation so great. The grains clearly show no morphology that is obvious, probably due to
low pressure. The microstructure clearly shows obvious porosity in the sample that solidified

at low pressure.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

5.1 CONCLUSIONS

1.

ii.

iii.

1v.

From the results of this research, the following conclusions can be drawn:
The hardness of both alloys increased and percentage elongation decreased with
applied pressure. Also the model that was fitted to the experimental data showed

linear relationship with the actual data in view of the small error generated by them.

Tensile and yield strengths of both alloys also increased with applied pressure. Also
the model that was fitted to the experimental data showed linear relationship with the

actual data in view of the small error generated by them.

The impact strengths of both alloys were observed to vary in similar manner across
the different applied pressures in the casting process as the impact strengths of both
alloys decreased as hardness increased with applied pressure. Also the model that
was fitted to the experimental data showed linear relationship with the actual data in

view of the small error generated by them

The number of grains increased with applied pressure for both alloys. Also the grains
became finer with applied pressure for both alloys. Also the model that was fitted to
the experimental data showed linear relationship with the actual data in view of the
small error generated by them.

The microstructures obtained of the samples of both alloys at different pressures also

showed that at applied pressure of 1400kg/cm’, the eutectic reactions were restrained,
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Vi.

and the final solidified structure was (n+¢) phases instead of eutectic phase (f+7+¢)
signifying the effect of applied pressure, also the primary aluminum reaction (o) was
promoted in the samples that solidified at 1400kg/cm” and fine microstructures were

obtained .

The micrographs showed the different morphologies that were distributed across the
samples of both alloys under the different applied pressures. The fine grains which
were homogenously distributed on micrographs of both alloys at 1400 kg/cm® can
effectively block the movement of dislocations, thus increase the strength and

plasticity of both alloys.

vii. Microstructures of the samples of both alloys showed structural changes (granular,

lamellar, coarse e.t.c ) due to pressure variation.

viii. Porosity susceptibility in the samples of both alloys decreased with applied

IX.

pressures due to fine grains and more numbers of grains as no pore was seen on the
micrographs and microstructures of samples that solidified at pressures of

1400kg/cm” in both alloys.

For all the models developed, a close relationship with the experimental results were

underlying in view of the small errors generated by them and can be used to predict

the experimental values of this research.
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5.2 RECOMMENDATIONS FOR FURTHER WORK

In the research work, A380 alloy and A1350 alloy have been studied. Other alloys should

also be investigated for different reasons:

i. Effect of pouring temperature on grain refinement and mechanical properties of die
cast A360 and aluminum magnesium alloy.

ii. Effects of various cooling media should also be carried out on mechanical
properties of die cast aluminum alloys.

iii. Pressure effects should be carried out on porosity and grain refinement of die cast
alloys.

iv. Effects of other input parameters on the microstructure of die castings.

v. The influence of pressure on the cost of energy consumed in the process

5.3 Contributions of the research work to knowledge
The results of this research can contribute to improving the quality of aluminum die castings

by:

i. Using the model equations to predict variable responses to experimental values of the
mechanical properties and other properties and can be used to predict future
variable responses in future work.

ii. Decrease in porosity

iii. Increase in strength evidenced by mechanical properties

iv. Higher quality due to reduced grain size and more number of grains

v. Expected assurance that die castings are less prone to rejection and are of higher

standard of soundness through microstructure refining.
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APPENDIXES

Table A1: Hardness Number for A380 Samples

Injection pressure | A380 Sample no Hardness Predicted hardness
(Kg/em®” (HRN)

0 1 76 76.2

350 2 79 78.3

700 3 80 80.4

1050 4 82 82.5

1400 5 85 84.6

Table A2: Hardness Number for A1350 Samples

Injection pressure | A1350 Sample no Hardness Predicted hardness
(Kg/cm?” (HRN)

0 1 77 76.8

350 2 79 79.0

700 3 81 81.20

1050 4 83 83.40

1400 5 86 85.60
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Table A3: Tensile strength of A380 samples

Area Ag=7.5x 10° m?

Gauge length 1y = 45Smm

Injection Maximum Load | Tensile Extension Elongation
strength (%)
pressure (KN) (MPa) (mm)
(Kg/cmz)
0 25.2 298 4.46 10.01
350 24.7 313 4.30 9.56
700 23.8 317 4.09 9.09
1050 23.5 329 3.94 8.75
1400 22.4 336 3.82 8.49
Table A4: A380 Predictor Coefficient Table for Tensile Strength
Pressure 0 350 700 1050 1400
Constant 300.2 300.2 300.2 300.2 300.2
(0.0262)P 0 9.20 18.40 27.60 36.80
Tensile 300.2 309.4 318.6 327.8 337
Strength
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Table AS: Tensile Strength of A1350 Samples

Area Ay=7.5x 10° m?

Gauge length ly=45mm

Injection Maximum Load | Tensile Extension % elongation
strength

pressure (KN) (MPa) (mm)

(Kg/cmz)

0 22.7 281 4.39 9.76

350 223 289 4.18 9.30

700 22.0 293 4.02 8.93

1050 21.7 297 4.86 8.58

1400 21.1 302 3.68 8.17

Table A6: A1350 Predictor Coefficient Table for Tensile Strength

Predictor 0 350 700 1050 1400

Constant 282.4 282.4 282.4 282.4 282.4

P(0.0142857143) 0 5.0 10.0 15.0 20.0

Tensile Strength 282.4 287.4 292.4 297.4 3024
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Table A7: Yield Strength of the A380 and A1350 Samples

Injection A380 Sample no | Yield strength | A1350  Sample | Yield strength
(MPa) (MPa)

pressure no

(Kg/cm”

0 1 161 1 126

350 2 165 2 131

700 3 169 3 139

1050 4 172 4 146

1400 5 176 5 154

Table A8: A380 Predictor Coefficient Table for Yield Strength

Pressure 0 350 700 1050 1400
Constant 161.2 161.2 161.2 161.2 161.2
P(0.0105714286) 0 3.70 7.40 11.10 14.80
Yield Strength 161.2 164.9 168.6 172.3 176

Table A9: A1350 Predictor Coefficient Table for Yield Strength

Pressure 0 350 700 1050 1400
Constant 125 125 125 125 125
P(0.0202857143) 0 7.10 14.20 21.30 28.40
Yield Strength 125 132.1 139.2 146.3 153.4
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Table A10: Impact Strength of A380 Samples

Injection pressure | A380 Sample no Impact strength Predicted value
)

(Kg/em?

0 1 4.39 437

350 2 4.24 4.27

700 3 4.13 4.16

1050 4 4.08 4.06

1400 5 3.93 3.95

Table Al11: Impact Strength of A1350 Samples

Injection pressure | A1350 Sample no Impact strength Predicted value
)

(Kg/em?

0 1 4.44 4.42

350 2 4.29 431

700 3 4.18 4.20

1050 4 4.09 4.08

1400 5 3.98 3.97

-90-




Table A12: Number of Grains for A380 samples

Injection pressure | A380 Sample no Numbers of | Predicted value
(Kg/em? Grains
2

(g/ mm”)
0 1 20.31 28.73
350 2 51.56 45.55
700 3 66.63 62.38
1050 4 86.36 79.21
1400 5 87.05 96.04

Table A13: Number of Grains for A1350 samples

Injection pressure | A380 Sample no Numbers of | Predicted value
(Kg/cm” Grains
2

(g/ mm”)
0 1 20.19 28.02
350 2 50.48 45.44
700 3 67.08 62.86
1050 4 88.02 80.28
1400 5 88.52 97.70
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Table A14: Grain sizes for A380 and A1350 samples

Injection A380 Sample | Grain size A1350 Sample | Grain size
pressute " (diam/mm) e (diam/mm)
(Kg/em?

0 1 11 1 11

350 2 9 2 9

700 3 8 3 8

1050 4 7 4 7

1400 5 6 5 5

Table A15: A380 Predictor Coefficient Table for Grain Size

Pressure 0 350 700 1050 1400
Constant 10.6 10.6 10.6 10.6 10.6

(- 0.00343)P 0 —1.20 —2.40 —3.60 —4.38
Grain Size 10.6 94 8.2 7.0 5.8
Table A16: A1350 Predictor Coefficient Table for Grain Size

Pressure 0 350 700 1050 1400
Constant 10.8 10.8 10.8 10.8 10.8

(- 0.004)P 0 —1.40 —2.80 —4.20 —5.6
Grain Size 10.8 94 8.0 6.6 52
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