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ABSTRACT

The effects of the three factors (modification, grain refinement, and hydrogen

level) on the amount of porosity, impact strength, and performance of the reduced

pressure test in A356 alloy have been studied. Il was found that grain refinement, acting

singly and in combination with modification, reduces the porosity by inducing mass

feeding. However, this beneficial effect may not be found at all cooling rates and casting

sizes. There is less total shrinkage in Sr-alloyed samples than in those which are non Sr­

alloyed. The reason for this is supposed to be a difference in the liquid density which

may be higher in Sr-alloyed samples. Modification has the strongest effect on improving

the impact strength of A356 alloy. Hydrogen reduces it sligiltly. On the other hand, grain

refinement, acting singly or in combination with modification, was not found to improve

the impact strength of the alloy. To obtain optimum impact strength, it is recommended

tha! a combination of modification and degassing to about 0.1 mI.Hz/100 g. Al. be used.

An excellent linear relationship between density and hydrogen level exists for all

combinations of melt treatment processes when the reduced pressure test is used. Three

methods of predicting the true hydrogen level are proposed, and calculated hydrogen

levels agree. reasonably weil with measured melt hydrogen within the error range of

±0.05-0.1 m1./100 g. Al.
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RÉSUMÉ

Les effects de trois facteurs (modification, affinage du grain et le niveau

d'hydrogène) sur la quantité de porosité, la résilience et la performance de l'essai sous

vide, pour l'alliage A356 ont été étudiés. Il a été trouvé que l'affinage du grain, agissant

seul ou en combinaison avec la modification, réduit la porosité en améliorant

l'alimentation en métal. Cependant, cet effet bénéfique peut ne pas être obtenu pour

toutes les vitesses de refroidissement et toutes les tailles de moulage. Il y a moins de

contraction totale dans les échantillons avec du strontium que dans ceux sans Sr. On

suppose que ceci est dû à la différence en densité liquide, qui peut être plus élevée dans

les échantillons contenant du strontium. C'est la modification qui a le plu3 d'effet sur la

résilience de l'alliage: en améliorant cette dernière. L'hydrogène la réduit légérement.

Par contre, l'affinage du grain seul, ou en combinaison avec la modification, n'a pas

d'effet sur la résilience de l'alliage. Pour obtenir une résilience optimale, il est

recommandé de combiner la modification et un dégazage à un niveau approximatif de 0.1

ml.H2/ 100 g. Al. utilisé. Pour l'essai sous vide, une relation linéaire excellente, entre

la densité et le niveau d'hydrogène, existe pour toutes les combinaisons utilisées pour

traiter les coulées. Trois méthodes pour prédire le niveau d'hydrogène réel sont

proposées, et les valeurs calculées correspondent raisonnablement à celles mesurées dans

la coulée avec une marge d'erreur de ±0.05-0.1 ml./loo g. Al.
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INTRODUCTION

Chapter 1

Introduction

1

Since this work deals with hypoeutectic Al-Si casting alloys, the importance of

thcse materials will be discussed first. This will be followed by a discussion of the

problems conceming these alloys, and finally the aims of this work will be outlined.

1.1 Hypoeutectic Al-Si Alloys.

Aluminum casting alloys are used extensively in many applications because of

theu excellent strength to weight ratio and corrosion resistance. Among these, aluminum­

silicon alloys are found to be the most important, primarily because of their excellent

casting characteristics. The silicon constituent greatly improves fluidity, volumetrie

shrinkage, and hot crac!.:ing resistance [1-3]. The binary system of Al-Si exhibits a simple

eutectic phase diagram, as shown in Fig. 1.1, which makes these alloys suited for high

volume production.

A wide range of commercial compositions has been developed in the Al-Si family,

but the most preferred group are the hypoeutectic alloys sorne of which are listed in

Table 1.1.

The popularity of these alloys cornes from the various combinations of physical

and mechanical properties which are mostly affected by silicon and sorne alloying

elements. Al-Si alloys can be considered as composite materials cOl1sisting of hard

particles of silicon embedded in ductile matrix of aluminum. The tensile strength of the

Si and Al are of the order of 1520 and 546 MPa., respectively. The amount of silicon,

as weIl as its shape and distribution, are therefore the important factors that determine
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Figure 1.1 Phase diagram of a binary Al-Si alloy,

the mechanical properties of these aIIoys. Moreover, the aIIoys are heat-treatable, with

the strength in the heat-treated condition controlled by !wo elements, Mg and Cu.

Other advantages of these aIIoys are their weIdability, machinability, and pressure

tightness. The aIloys are, therefore, attractive for many applications including severa! in

the transport industries. Sand, die, and permanent mold castings of these aIloys are

critically important in engine construction;engine blocks, intake manifolds, crankcases,

carburators, transmission housings etc. In the shipbuilding industry, they are commonly

used for a large variety of applications such as hatch covers, windows, air ports,

ventilation equipment and fuel tanks.

There are, however, !wo major disadvantages ofhypoeutectic aIloys. The fust one
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Table 1.1 Chemical compositions of typical hypoeutectic Al-Si Casting Alloys [1].

Alloy Chemical Composition--, wt. % Type
AA

1 1 1 Mg 1 r of
No.- Si Fe eu Zn Other Casting---

355 5.0 <0.6 1.25 <0.5 <0.35 S,P
A355 5.0 <0.2 1.25 <0.5 <0.10 S,P

443 5.25 <0.8 <0.6 <0.05 <0.5 S,P
A443 5.25 <0.8 <0.3 <0.05 <0.5 S

356 7.0 <0.6 <0.25 <0.35 <0.35 S,P
A356 7.0 <0.2 <0.20 <0.35 <0.10 S,P

357 7.0 <0.15 <0.05 0.55 <0.05 S,P
A357 7.0 <0.20 <0.20 0.55 <0.10 0.05 Be S,P

444 7.0 <0.6 <0.25 <1.0 <0.35 S,P
A444 7.0 <0.6 <0.10 <0.05 <0.10 S,P

332 9.5 <1.2 3.0 1.0 1.0 0.4 Mn P

* AA : Aluminum Association.
** Remainder : Aluminum and unlisted impurities.
*** S : Sand car!ing; P : Permanent mold casting.

3

is the sharp edges of the coarse acicular silicon phase which occurs in the microstruclure.

These cause crack initiation and propagation resulting in poor mechanical properties.

Another disadvantage is their notably long freezing range which Jeads to feéding

ciiificulties in the interdendritic region resulting in increased porosity. These

disadvantages can, however, be overcome by applying proper melt treatment processes.

1.2 Origin of the Problems.

In the aluminum casting industry, there are three melt treatment processes

commonly employed to control the porosity and mechanical propcrties; namely,

modification, grain refinement, and degassing. Bach process has its own advantages and

disadvantages. Tv obtain optimum casting quality, these processes are normally used in
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combination: however, the interaction between these processes and their effects are not

c1early understood.

Through the modification process, the acicular silicon can be transformed to a

fibrous shape resulting in noticeable improvement in elongation and strength. The

convenient way to modify the silicon phase is by adding a small amount of certain

alloying elements to the alloy. Na and Sr are among those elements that are commercially

used. In recent years, Sr has been preferred because of its permanent effect. Il has,

however, one serious disadvantage in that it increases the porosity level of the cast alloy.

Il has been reported that Sr-modified alloys are more prone to porosity than untreated

alloys [4-7]. Consequently, it has been suggested that this porosity problem could be

minimized by the combination of modification with the two other melt treatment

processes, grain refinement and degassing.

Porosity caused by dissolved gas cao undoubtedly be minimized by degassing.

Hydrogen, the only gas that causes porosity in alumiilum, cao be purged out by bubbling

inert gas into the mel!. The inert gas is introduced through a lance into the molten metal

in such a manner that a uniform dispersion of tiny gas bubbles is produced. When agas

is bubbled through a melt, dissolved hydrogen in the melt diffuses into the stream of

bubbles and rises up to the melt surface.

Unlike degassing, there are sorne doubts as to the effectiveness ofgrain refinement

in casting alloys. The purpose of this technique is to reduce the grain sire. This cao be

accomplished by severa! methods. Among these methods, the addition of grain refining

elements is most favoured because of its simplicity. Grain refmers such as Al-Ti and Al­

Ti-B are added to a melt to enhance nucleation and control grain sire iu castings.

However, this process aoes not reduce hydrogen in the melt, but only aims to disperse

and reduce the porosity sire. Il is possible that the total amount of porosity might be the

same as in the un-grain refined case. The first aim of this thesis is therefore to study the

effect of grain refinement, acting singly and in combination with modification, on the

amount of porosity in a hypoeutectic alloy.

The mechanical properties of cast Al-Si alloys are strongly influenced by two
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parameters; silicon morphology and porosity. Modified silicon is generally known to

improve the mechanical properties, but porosity accompanying this process can cause the

properties to deteriorate. Degassing is commonly used to combat porosity and it is

generally accepted that grain refinement can also reduce porosity effects.

The beneficial effect of grain refinement is to reduce the porosity size which in

tum improves mechanical propeities. This may be true in the case of a large amount of

porosity, but under normal casting conditions, the pores caused by modification are

relatively small. Grain refinement may not have a significant effect on reducing the pore

size and in tum may not necessarily improve mechanical properties. Moreover, grain size

reduction in hypoeutectic AI-Si alloys does not have significant effects on mechanical

properties [8-9], but rather is found to reduce the ductility of the alloy [10]. Nevertheless,

published work on the effects on mechanical properties of grain refinement when IJsed

in combination with modification is quite scarce, particularly at different levels of

hydrogen.

Many investigators [9-13] have studied the effects of melt treatment on mechanical

properties. Most of these investigations employed the tensile test, and their results are

rather scattered resulting in interpretation difficulties. The impact test is used in this work

since il was found that this test is extremely sensitive to silicon morphology [14]. In

addition, published experimental data using this test are scarce. The second aim of this

work is therefore to study the effects of grain refinement, acting singly and in

combination wilh modification, on the impact properties of the alloy.

Another area of research dea1t with in this thesis is the possibility of quantifying

the amount of hydrogen in the melt by the Reduced Pressure Test. This technique has an

advantage over other hydrogen measuring methods because of its simplicity and low cos!.

The basic concept of this technique is to solidify a sample of the melt in a reduced

pressure chamber. The volume occupied by the gas porosity is magnified by the reduced

pressure, resulting in a visibly porous sample if the hydrogen lever is sufficiently high

as shown in Fig. 1.2. The samples 50 solidified are evaluated either by observation for

bubble emission during solidification, by sectioning the solidified sample and examining
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Figure 1.2 Effeet of solidification pressure on the degree of porosity, sample on
the right solidified at 76 mm. Hg.; on the left at atmospheric pressure.

6

for porosity, or by determining the density of the solidified sample. This makes the test

quite popular and widely used by hundreds of foundries worIdwide. However, the test

is only semiquantitative. Developmeilt of this technique to a fuIIy quantitative level would

be a major breakthrough in simple and inexpensive control of melt quality.

Severa! investigators [15-20] have considered the problem of a quantitative

reduced pressured test. The principle involved is to measure the density of the reduced

pressure sample, and from this to caIculate the volume of pores in the sample. It is then

assumed that these pore are filled with hydrogen gas. Thus the volume of hydrogen

equals the pore volume of the sample, and the amount of hydrogen can then be caIculated

by applying Gas Laws.

Prior to the caIculation step, it is necessary to have a good relationship between

the density of the sample and the amount of hydrogen dissolved in the meIt. Severa!

attempts to do this have been reported [15-21], but good correlations were not fourid in

every system.
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A simple Gas Law ca1culation yields hydrogen values much less than the actual

hydrogen in the melt. This has led to the idea of a correction factor as proposed by

Rosenthal and Lipson [15].

This factor is obtained by solidifying simila; samples from the same melt with the

same hydrogen concentration at atmospheric pressure and under rl'duced pressure. The

hydrogen concentrations are then calculated from the density, and the correction factor

is determined as:

C.F. -

where

(1.1)

C.F. = correction factor

[HelA = calculated hydrogen level from atmospheric pressure sample

[FIdR = calculated hydrogen level from reduced pressure sample.

There do not appear to have been many studies in which the calculated hydrogen

level from the test is compared to the actual melt hydrogen measured by sorne

independent means. Recently, Mulazimoglu, Handiak, and Gruzleski [21] have found a

good relationship between density and hydrogen content in untreated and Sr-modified

A356 a1loy. They were a1so able to correct the calculated hydrogen levels from reduced

pressure samples to obtain a reasonable agreement with the Telegas hydrogen.

The success of this approach offers hope that the reduced pressure test could be

calibrated in such a way as to make it quantitative. These experiments were, however,

rather Iimited in that only a few untreated and modified samples within a narrow range

of hydrogen levels, about 0.07-0.2 ml./l00 gm. AI., were studied.

The third, and final, aim of this work is therefore to study the relationship

between density and hydrogen content over a wider range of hydrogen, as weil as the

effect of various combinations of melt treatment on this relationship. If good correlation

is found, the concept of a correction factor will be applied to these results in order to

gain a better understanding of the physical significance of the correction factor.
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1.3 The Aims of This Work.

8

In summary, this thesis deals with the interaction between grain refinement,

modification and dissolved hydrogen. The three main aims are as follows:

1) To determine the effects of grain refinement, acting singly or in combination

with modification, on porosity in hypoeutectic Al-Si casting a1loys.

2) To delermine the effects of grain refinement, modification and hydrogen level

on the impact strength of a cast Al-Si a1loy.

3) To develop a rea1istic correction factor for the reduced pressure test and so to

make lhis test truly quantitative.
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Chapter 2

Theoretical Background and Literature Review

9

Since this work aims to study the porosity, impact strength, and quantification of

the reduced pressure test, theoretical background conceming these subjects will be

discussed in this chapter. A literature review of the previous worl< will be added as

appropriate.

2.1 Types of Porosity.

Porosity is the most common defect found in metal castings. There are two major

effects which contribute to the formation of porosity in solidifying metals: shrinkage

resulting from the volume decrease in going from liquid to solid, and gas evolution

resulting from the decrease in gas solubility in solid metal compared to the liquid. These

phenomena may occur separately or, as is more often the case, simultaneously,

interacting with each other to develop porosity in solidifying metals.

2.1.1 Shrinkage Porosity

Volumetric shrinkage is a primary and permanent source of porosity formation in

solidifying castings. The volumetric change in aluminum casting alloys can be up to 3.5­

8% upon transforming from the liquid to solid state, depending on the magnitude of the

difference between the liquid and solid densities. Shrinkage C1U1 develop on both the

macro and micro scale. Macroshrinkage can be found as slumping and contraction, and

piping in a riser as shown schematically in Fig.2.1.
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Figure 2.1 Macro and microshrinkage in the casting.
A = Slumping and contraction volume, B = Pipe volume, C = Microporosity.
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After liquid metal has filled the mold to a certain level, solidification takes place

at the mold wall toward the center of the mold. Once the solid forms, contraction due to

the phase change oceurs followed by slumping, which is collapse cause by low strength

in the semi-solid state. This process stops when the solid formed has enough strength to

prevent further slumping as shown in region A. of Fig. 2.l.c. From this point, further

shrinkage occurs to the end of solidification, and results in pipe formation as shown in

region B. of Fig. 2.l.c. Risering systems are normally designed to confme the shrinkage

porosity to the upper portion of risers. In the case that risers are unable to provide the

required metal feeding, local porosity will form in the casting in the last regions to

solidify.

Shrinkage porosity also oceurs as an extremely fme form of dispersed porosity

called "microshrinkage" or "microporosity". This type of porosity is normally found in

the interdendritic regions of alloys with large differences between liquidus and solidus

temperatures. Liquid metal feeding in the dendritic solidification zone plays a key role
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in formation of this type of porosity. Another region where this type of shrinkage can be

found is at the grain boundaries. Liquid metal trapped among grains shrinks upon

solidification resulting in porosity at the grain boundary. Microporosity is shown in

region C. of Fig. 2.l.c.
2.2
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Figure 2.2 Solubility of hydrogen in pure aIuminum. [22]

2.1.2. Gas Porosity

Gas evolution can aIso contribute to the formation of porosity. Hydrogen is the

only gas capable of dissolving to a significant extent in liquid aIuminum. Although the

amount of gas dissolved in aIuminum is smaII compared with many other metaIs,

problems arise because of the large difference in solubility at the melting point. This is

iIlustrated in Fig.2.2., for pure aIuminum where the ratio of solubility in the liquid to that

in the solid at the freezing point is 20: 1. This dramatic decrease in solubility results in

gas evolution on solidification. The solute gas rejected from the solid phase accumuJates

in front of the liquid-solid interface, and when a certain concentration is reached,

molecular gas may be e"lolved.
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Figure 2.3 Effeet of silicon content and temperature upon the solubility of
hydrogen in liquid aluminum at atmospheric pressure [22].
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The formation of this "gas porosity" occurs not only because of the change in

solubility on phase transformation, but also beeause the liquid phase is continuously

enriched in the gaseous component as the solid forms. The accumulation of solute

elements is also another factor that influences gas porosity since the solubility of gases

in liquid metals changes as the amount of solute increases. Opie and Grant [23] have

shown that increasing Si and reducing temperature in aluminum significantly reduce the

solubility of hydrogen in the meIt, as shown in Fig. 2.3.

Nucleation of agas bubble is required before growth of gas porosity can accur.

HOlllogeneous nucleation is quite unlikely for gas porosity since it requires very high

energy. Shahani and Fredriksson [24] have shown that for the formation of gas porosity

in aluminum alloys, gas pressures of at least 35000 atm. are required. Gas porosity thus

forills heterogeneously with the aid of sorne foreign nucleus such as inclusions, an

existing gas bubble, or even the solid metal itself which is abundant during the

solidification pracess. However, when shrinkage porosity forms, the large energy

requirements for nucleation of agas bubble can be overcome.
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Under normal casting conditions, gas porosity occurs in a fine form in the

interdendritic region and along grain boundaries. It is thus impossible to completely

separate porosity caused by shrinkage or dissolved gas. The term microporosity used in

this thesis will refer to microvoids caused by a combination of these two effects.

2.1.3. Tatur Test.

Macro and microporosity are rarely quantified; however, when they are, the Tatur

test is the most commonly used technique. The test utilizes a copper mold with a special

shape. When liquid metal in the mold solidifies, the shape of the mold enhances the

formation of microporosity, pipe, and slumping and contraction with the pattern as shown

Total volume: 480 cm3

a = microporosity, b = pipe volume, c = slumping and contraction volume.

Figure 2.4 Schematic representation of shrinkage pattern in Tatur test samples.
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in Fig. 2.4. The volumes of these various types of shrinkage can be quantified as will be

discussed in Chapter 3. These volumes, which are interchangeable within a constant

volume of the mold during solidification, are affected by many parameters, ie. alloying

elements, gas content in the melt, melt treatrnent process; modification, and grain

refinement. By maintaining ail other parameters constant, except for the gas content, or

modification and grain refinement, a comparison of the distribution between macro and

microporosity as affected by these parameters can be obtained.

Previous work [7,25-26] using the results of the Tatur test as affected by these

melt treatments has shown that it is possible to use this test in a comparative fashion.

Charbonnier et al [25] have reported Tatur test results on A-S7G (AI-7%Si) alloy

comparing unmodified and Na-modified samples to show that the modified alloy has up

to 50% more microporosity than the unmodified alloy. Recently, Argo and Gruzleski [7]

have used this test to identify differences in the distribution of macro and microporosity

in Sr-modified and unmodified alloy. Their results have shown that modification leads

to a redistribution of porosity on solidification, from pipe into microporosity, appearing

thereby to increase the microporosity. At almost the same time, Morimoto et al [26] have

reported their Tatur test results as affected by gas content showing that the gas content

also has remarkable effects on the distribution hetween pipe volume and porosity. So far,

no work has been reported using this test to detem1ine the effects of grain refmement,

and the combination of grain refinement and modification.

2.1.4. Formation of Microporosity

In the absence of hydrogen in the melt, the formation of microporosity caused by

volumetrie shrinkage is dependent on the pereent of shrinkage due to the phase change

and the feeding mechanism. Shrinkage due to the phase change is general1y known te be

dependent on the difference between liquid and solid densities, but feeding depends on

many parameters. The role of feeding will he discussed here frrst. In the presence of

hydrogen, the formation of gas porosity is complicated by many parameters. However,
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the factors which affect the fonnation of this porosity depend mainly on the external

pressure exerted on the gas bubble, and the pressure inside the bubble developed from

hydrogen dissolved in the mel!. These pressures will be discussed after examination of

the role of feeding.

2.1.4.1. The Role of Feeding.

There are two important feeding mechanisms which occur during solidification

processing. The first mechanism is liquid feeding which occurs at any stage untilthe end

of solidification. The second is mass feeding which occurs only in the mushy zone.

Microporosity is caused by the limitations of these feeding mechanisms.

Mass feeding oceurs during the early stages of solidification until crysta1s are no

longer free to move. In the initial stages of freezing, the primary crystals are free to

move to sorne extent in the mixture of solid and liquid, and shrinkage caused by the

phase change is compensated by a fall of these crystals to the level of the fluid. Mass

feeding is believed ((. compensate for roughly about two-thirds of the totalliquid-to-solid

shrinkage of the alloy [27]. Unfortunately, there is no experimental evidence to account

for this statement. This phenomenon has been neglected by many researchers who work

on porosity modelling. Mass feeding stops when the primary crystals become so large

that they interlock with each other.

Liquid feeding at the early stage of solidification does not have a strong effect on

porosity formation since the flow resistance is small. However, when a network of

dendritic structure fonns in the mushy zone, liquid feeding through this network, which

is known as interdendritic feeding, is considered to be most important in the creation of

microporosity. When the volume contraction oceurs during solidification, liquid must

flow from the riser through the dendritic network to compensate for tlois contraction. This

results in a pressure difference between the riser and points within the casting. When this

pressure difference becomes sufficiently large, a cavity fonns. In short, when resistance

to fluid flow within the casting become sufficiently large, the pressure within the casting
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drops to a level at which a void will nucleate. This is most simply illustrated by the

relation for pressure drop during flow through porous media in equation 2.1 [28]:

L
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.--+J.-----+---- +------- -- .. TLlquldus

~ ----- ~ ...
+++

~.++
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P __.+_--------lu,.±..--±----- --- TEutaelie

L

Liquid

Dendrite

Figure 2.5 Schematic representation of mushy zone and parameters in equation 2.1.

p - p -
a L

(2.1)

where,

p. = ambient pressure,

PL = pressure at L, see Fig. 2.5,

(3' = B/(l-B)

B = solidification contraction ( solid density minus liquid density divided by solid

density ) at the solidification temperature,

iL = metal viscosity,

L = length of mushy zone,

t = "tortuosity" factor to account for the fact that the liquid flow channels are

not straight and smooth; effective flow channellength, tL, with t <!: 1,
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n = number of channels per unit area,

R = radius of cylindrical casting,

r = radius of liquid channel,

À = heat flow constant = k'(Tm-To)P,~,

k' = mold thermal conductivity,

Tm = melting point of metal,

To = ambient temperature,

p, = solid metal density,

H = heat of fusion of metal,

Ci' = thermal diffusivity of mold.

From this equation, it can be deduced that different melt treatments affect the 110w

of liquid in the interdendritic region in different ways. Modification is generally known

to suppress the eutectic temperature by about S-IO°C [29]. This results in increasing the

mushy zone length, L. A larger pressure difference in modified alloy is then expected,

and microporosity may form easier in modified alloy than in untreated alloy.

Experimental evidence of more porosity in modified a110ys has been reported by many

researchers [4-7].

Grain refinement reduces the radius of Iiquid channel, r, and increases the number

of flow channels, n, since many crystals form in the mushy zone. This should result in

an increased pressure difference in the interdendritic region and so interdendritic feeding

with grain refinement should be more difficult. Thus, porosity should in theory form

more easily in grain refined a110ys than in untreated and perhaps even modified alloy.

There are a few published works [30-31] on the effect of grain refinement on the amount

of porosity, and their results are in contradiction with this interdendritic feeding concept.

Among these is a paper by Drossel, Mai, and Liesenberg [30] who have found that the

addition of a titanium-boron master alloy at a level of 0.02 % titanium increases casting

densities by 0.02-0.04 g.cm-J
• This may indicate that grain refinement introduces another

factor that dominates the effect of interdendritic feeding during the formation of

microporosity.
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Modification and grain refinement used together will combine the negative effects

of these two processes. The mushy zone will be longer and the radius of Iiquid channels

smaller while the number of flow channels will increase. Il is thus reasonable to expect

that there should be more porosity in this case. Reported work on the effect of these two

melt treatments in combination is scarce. Quite recently, Wang, Shivkumar, and Apelian

[32] have studied this effect and found that the amount of porosity in the alloy treated by

the combination of grain refinement and modification is lower than in modified alloy but

higher than in grain refined alloy.

Another important factor found recently to affect interdendritic feeding is capillary

pressure [33]. This pressure occurs when the free surface of the riser solidifies to form

a mushy zone. Once this mushy zone forms the interdendritic flow rate decreases

dramatically. The apparent permeability at this stage was found to be two orders of

magnitude smaller than the inherent permeability at the earlier stage when capillary

pressure was absent.

2.1.4.2. Pressure of Hydrogen in the Meit.

The formation of gas porosity requires a considerable amount of energy for both

nucleation and bubble stability in the liquid. Nuc1eation may be facilitated since there is

often a considerable amount of shrinkage porosity to aid in the nuc1eation of gas bubbles

in the melt. The energy required to stabilize the bubble is also significant. Consider agas

bubble in liquid metal. This bubble must have an internai gas pressure to counterbalance

the external forces which can act to collapse the bubble, as shown in Fig. 2.6. These

external forces are: the pressure exerted by the atmosphere, the metallostatic head

pressure, and the pressure due to surface tension. As solidification proceeds, this bubble

is also subjected to shrinkage pressure. This is a negative pressure which enhances the

formation of the bubble; hence the equation for bubble stability becomes,

(2.2)
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solid Liquid soli ct

Figure 2.6 Various types of pressure acting on gas bubble.

where,

p. = gas pressure,

p. = shrinkage pressure,

p.lm = ambient pressure,

PH = metallostatic head pressure,

P" = pressure due to surface tension = 2u/r, for spherical bubble,

u = the gas-liquid surface tension,

r = radius of the bubble.

For a given casting shape, most of these pressure terms will be constant except

for the shrinkage pressure, P" and the pressure due to surface tension, P", which could

be affected by the melt treatment process. Shrinkage pressure relates directly to the

interdendritic feeding mechanism. Melt treatment will thus affect this pressure in the

same manner as described previously.

Pressure due to surface tension is important particularly at small bubble radius.

A melt treatment which reduces the surface tension should lead to increased porosity.
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This is one hypothesis that is used ta explain the porosity problem in modified alloys

[34]; however, there are no physical measurements of surface tension as affected by melt

treatments such as modification.

The internai gas pressure can be calculated from Sievert's Law (equation 2.3)

which assumes thermodynamic equilibrium between the molecular gas in the bubble and

the diatomic hydrogen dissolved in the melt.

(2.3)

<.

where,

p. = equilibrium partial pressure of the dissolved gas,

CH = amount of hydrogen dissolved in the melt,

S = soIubility constant of the melt.

The gas pressure in the bubble can then be assumed to be equal to p. from this

equation. In order to form a gas bubble, the internai gas pressure must he equal to or

greater than the external pressure.

From equation 2.3, it is seen that the gas pressure is proportional to the square

of the amount of gas dissolved in the melt, CH' This means L'lat gas pressure rises rapidly

as hydrogen in the melt increases. As solidification proceeds, rejected hydrogen which

accumulates in the melt results in increasing gas pressure. To reach a particular pressure

to form a bubbIe, a certain period of solidification time is required. The initial amount

of hydrogen dissolved in the melt thus plays a key role in this matter. The higher the gas

level dissolved in the meIt, the faster the gas pressure rises, and the more rapidly porosity

can form and grow.

Another factor that controis the gas pressure is the solubility constant of the melt,

S. As shown in equation 2.3, gas pressure increases as solubility oÎ hydrogen decreases.

Opie and Grant [22] determined the solubility of hydrogen in Al-Si melts for

O<wt.pct.Si < 16 and for 973 <T< 1273 K. They found that the solubility of hydrogen

decreased when temperature dropped, and the amount of silicon in the melt increased,



THEüRETICAL BACKGROUND AND LITERATURE REVIEW

as given in the equation:
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loglo S -

where,

A + B
T

(2.4)

S = solubility constant of the melt,

A and B are parameters th.lt depend on the concentration of silicon in the alloy.

Yeum and Poirier [35] have analyzed the values of A and B given by Opie and

Grant [22] and expressed these values in terms of the concentrations of the alloy elements

as: 1 3
- -2 2

A - Go + GIC; + G2C j + G3Cj

and

(2.5)

(2.6)

where,

Ci = wt. % of silicon in the melt,

a. and bx are coefficients given in Appendix 4.2.

As solidificatio:1 proceeds, the temperature drops and the solubility of hydrogen

in the melt is reduced dramatically. This resuits in increased gas pressure, and so gas

porosity is expected to forro at the later stages of solidification.

Il is possible that various melt treatment processes could affect the solubility of

hydrogen in the melt. A meit treatment process that reduces the solubility of hydrogen

should lead to an increase in porosity. There is, however, no experimental work on the

effect of melt treatment on the soIubiIity of hydrogen in aluminum-silicon meits.



THEORETICAL BACKGROUND AND LITERATURE REVIEW

2.1.5. The Effects of Melt Treatment on Microporosity Formation.
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:\

In summary, microporosity forms easily when the following conditions are

satisfied;

1. poor mass feeding,

2. difficulties in interdendritic feeding,

3. low nucleation energy,

4. low external pressure, ie. atmospheric pressure, and pressure due to surface

tension,

5. high hydrogen pressure, ie. high gas content, low gas solubility in the solid

(ko< < 1).

There is no complete understanding of the effects of modification or grain

refinement on these factors. However, the last four conditions are thought to be

influenced by modification. Modification suppresses the eutectic temperature resulting in

increases in the mushy zone length which in turn increase difficulties in interdendritic

feeding. Modification may introduce inclusions into the melt resulting in enhanced pore

nucleation. It has also becn reported that modification may reduce surface tension of the

melt. Fang and Granger [34] have used their porosity model to predict the porosity in a

modified alloy, and found that surface tension in a modified alloy must be reduced by

50% in order to match their calculated and experimental results. The final factor that may

be affected by modification is the solubility of hydrogen in the melt, but there is no

experimental evidence to support this hypothesis.

Most experimental evidence indicates that grain refmement reduces microporosity

[30-31]. Grain refinement may therefore act in the opposite manner to modification.

Although, there is a difficulty with interdendritic feeding in the presence of grain

refinement, it may improve other factors, for example mass feeding.
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2.2. Instrumented Impact Testing.
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Most of the reported mechanical properties of cast aluminum-silicon alloys

originate from tensile testing. Considerable scatter is usually observed in the re~ults

because this test is very sensitive to porosity in the test sample. Furthermore, the test

resuIts are not a strong function of silicon morphology. Since this work deals with the

variation of porosity and silicon morphoIogy, a test much more sensitive to these was

used. Instrumented impact testing was empIoyed in this thesis since the test has bcen

found to be extremely sensitive to silicon morphoIogy [14,36], and data on impact

properties is reIatively scarce in these aIIoys.

The test apparatus consists of the standard hammer equipped with clcctronic

components used to record Ioad and energy as a function of time. The load acting on the

impact specimen is recorded by a strain gage. The triggering system is used to tum on

the recording system in order to coordinate the Ioad-time, and energy-time trace. The

velocity system is used to measure the velocity of the hammer before, during, and after

Llje impact which in tum gives information on the energy due to the change in kinetic

energy of the hammer. These two systems work by mean of an opto-electronic device

which can trace the load acting on the specimen in time scales of the order of

miIIiseconds.

A typicai Ioad, energy and time curve obtained from this test is shown in Fig. 2.7.

The y-axis represents Ioad (upper curve) and energy (lower curve) and the x-axis records

time. The load-time curve shows different stages of deformation. The initial rise

corresponds to the eIastic regime, PO-Py. At higher Ioads, prior to PmoU' the specimen

deforms pIasticaIIy white after Pmax the load decay is indicative of controlled crack

propagation.

The energy curve shows the amount of apparent energy, E", which is a direct

integration of the Ioad-time signal based on the assumed constant velocity, as a function

of recording time. The more accurate energy value, E" is found by
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Figure 2.7 Typical Ioad-time, and energy-time curves as obtained from
instrumented impact testing.
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(2.7)

The absorbed energy can be separated into two stages. The first stage is the stage where

the energy is required for crack initiation, E;, which is the energy at T""",. The second

stage is the stage of crack propagation energy, ~, which is the difference between the

total energy and the crack initiation energy.

Work on the effect of me!t treatment on impact strength is scaree. Among these

is a study by C!osset [!4] who investigated the unnotched impact strength of Sr-modified

and unmodified alloy and found that the impact strength of the modified alloy was

significantly higher than that of unmodified alloy as shown in Fig. 2.8. Similar work was

also reported by Komatsu, Nakamura, and Yamamoto [36]. They emp!oyed instrumented

impact testing on Na-modified and unmodified alloy with different stages of heat

treatment, and found that not only the impact strength, but also the maximum Joad and

propagation energy, were significantly affected by silicon morpho!ogy.
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2.3. Quantification of the Reduced Pressure Test.
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The idea of quantifying gas content from the density of a solidified sampie was

originally described by Ohira and Kondic [37]. They measured the density of a weIl-fed

atmospherica1ly-solidified test piece and related this density to the gas content of the melt.

Their simple idea was to calculate the volume of the pores in the samp1e from its density.

It was then assumed that these pores are all fiIled with hydrogen gas. Thus the volume

of hydrogen equals the pore volume of the sample, and the hydrogen content can then be

calculated by applying the Gas Laws and assuming that gas pressure is equal to pressure

during solidification as shown below:

(2.8)
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where,
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He = calculated hydrogen level, ml./lOO g. Al.,

D. = density of the sample, g.lcc.,

Dib = theoretical density, g.lcc.,

K is agas law constant which corrects the hydrogen volume from the solidification

temperature and pressure to standard temperature and pressure (STP). Thus:

(2.9)

where,

Tl = 273 K

Tz = solidus temperature of the a1loy in degrees Kelvin.

Although they have shown that their results are very close to the actual gas

content of the melt, this test does not lend itself particularly weil to the foundry floor

because the density of the sample solidified under atmospheric pressure is not very

sensitive to hydrogen level. Very high precision is required for density measurement from

this sample.

This led to the idea of quantifying gas content by the reduced pressure test sample

originally proposed by Rosenthal and Lipson [15]. They showed that the reduced pressure

solidification of a sample resulted in magnification of the effect of dissolved gas on the

density of the test sample, and in this way reduees the accuracy requirement of the

density measurement. The only change in the calculation of the hydrogen content is the

gas law constant, K, which has to be modified as shown:

T
X _1 X 100

T.2
(2.10)
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where,
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PI = 760 mm. Hg.

P2 = pressure in the test chamber during solidification.

However, there are severa! problems accompanying the calculation of hydrogen

content from the reduced pressure test sample. Sulinski and Lipson [16] have pointed out

that this simple calculation is unlikely to lead to a correct value for the hydrogen

concentration since il assumes that:

i) no hydrogen is retained in solid solution in the alloy.

ii) all hydrogen originally present in the liquid forms pores in the solid and none

is pumped out of the system during the test.

iii) the gas forms at the solidus temperature of the alloy and at a pressure equal

to the chamber pressure.

iv) the theoretical density of the alloy is known accurately.

There is much evidence to suggest that only the second assumption leads to

significant errors. Ransley and Neufeld [22] have determined that the equilibrium soIid

solubility of hydrogen in aluminum is small, approximately 0.012 mI./lOO g. Al. at 0.1

atm. Since the gas in solid solution does not produce unsoundness in the casting, its

presence is not really a factor in the test. Variations in alloy chemistry within

specification limits result in differences in theoretica1 density. This would be a source of

error when used as the basis for the gas content calculation. Under reduced pressure

solidification at 0.1 atm., this error is reduced by a factor of ten, and can be regarded

as negligible. That gas forrns at a pressure equal to the chamber pressure is another

assumption that should not lead to any large error. The pressure inside agas bubble, as

shown in equation 2.2, should be equal to the sum of the chamber pressure, metallostatic

pressure, and surface tension pressure minus the shrinkage pressure. Metallostatic

pressure is negligible since reduced pressure samples are small. The gas pressure increase

as the surface tension pressure increases. This pressure becomes significant only at a very

small radius of the bubble. However, most pores in reduced pressure samples have large

radii, and so the surface tension pressure terrn is negligible, and can be ignored. There
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are of course some pores in the sample that have smali radii. The gas pressure in these

couId well be above the chamber pressure due to the surface energy term; however, these

pores are too small to significantly affect the sample density, and so will not lead to any

large error in the caIculation of hydrogen content.

The single assumption that may lead to serious error is that aIl the hydrogen in

the melt forms pores in the solid. Since the test is conductOO in a partially vacuum

condition and the diffusion coefficient of hydrogen is very high, it is likely that hydrogen

may be lost into the pumping system. The hydrogen which remains in the melt thus forms

a smaller pore volume, and the hydrogen content caIculated from the rOOuced pressure

test should be less than the actual melt hydrogen. This effect was found by Rosenthal and

Lipson [15]. They have reportOO that the amount of hydrogen loss was dependent on the

amount of hydrogen initially dissolvOO in the melt and the holding period. A meU that

initially containOO high hydrogen tendOO to lose hydrogen to the system faster than a melt

with low hydrogen. The hydrogen in the meU was aIso found to decrease as the holding

time in the chamber increasOO. The hydrogen loss rate was aIso dependent on the ratio

of free surface area of the melt to its volume [38] which was determinOO by the crucible

size and shape.

In the same paper, Rosenthal and Lipson [15J introduced a correction factor to

correct the caIculatOO hydrogen from the rOOuced pressure test as discussed in Chapter

1. It is interesting to note here that this correction factor is based on the assumption that

the caIculatOO hydrogen content from the sample solidifiOO under atmospheric pressure

yields an accurate value for the hydrogen in the melt.

An accurate [RdA will only be measurOO if the crucible is designOO properly in

such a way that volume shrinkage is weil fOO by liquid metal, so that porosity is formOO

solely by gas in the meU. This idea 100 to the concept of a risered constant volume test.

Sulinski and Lipson [16] developed a well-fOO constant volume crucible as shown

schematically in Fig. 2.9. By using this crucible, they c1aimed that their results are

reproducible with a standard deviation of only 0.002 cc.llOO g. Al. However, their

crucible size is relatively large and this complicates the test procedure.
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Figure 2.9 Constant volume mold developed by Sulinski and Lipson [16].
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Another factor that may lead to an error in quantification of the test is the

presence of inclusions. Inclusions in the melt reduce the nucleation energy required by

gas bubbles thus enhancing the formation of porQsity. At the same hydrogen level,

samples rich in inclusions may have a lower density than ones with fewer inclusions. This

phenomenon may lead to a lack of correlation between the densities of the sample and

the hydrogen content in the meU as reported by Hess and his co-workers [19-20].

Brondyke and Hess [l9] compared severa! methods of measuring hydrogen in the melt

including the reduced pressure test and the solid-extraction method. By comparing the

amount of hydrogen deterrnined by solid-extraction and the density of reduced pressure

test samples in 2014 alloy, they found that there was no correlation between hydrogen
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content and the sample density, as shown in Fig. 2.10. However, when filtration was

applied, they found that the correlation was improved. They then concluded that

inclusions play a key ro1e in this malter. 1t is interesting to note here that this work was

canied out at hydrogen levels between 0.3-0.7 m1./100 g. AI., which is not

representative of normal casting conditions. Moreover, at these hydrogen levels, the

internal gas pressure rises up and exceeds the external pressure rapidly. Gas bubb1es then

form easily if nucleation sites are availab1e, and the presence of inclusions should have

a significant effect on the formation of porosity.

Il may be concluded at this point that it should be possible to quantify the gas

content from the reduced pressure sample density provided three important pieces of

information are present;

i) the hydrogen loss into the system,

ii) the effect of inclusions on the density-hydrogen content correlation of the test,

iii) accurate value of [HdA in which shrinkage does not play a role.

Recently, Mulazimoglu, Handiak, and Gruzleski [21] studied the correlation
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between density and hydrogen level measured by the most reliable modern technique

which is the Telegas instrument. Their results have shown good correlation between

density and hydrogen in Sr-modified and unmodified alloy. At the same lime, they

applied the quantification method as proposed by Rosenthal and Lipson [15], and found

a reasonable agreement with the experimental results.

However, these experiments were limited in that only a few samples were studied

within a narrow range of hydrogen levels. Crucible design, and the effect of inclusions

were not considered. No authors have considered the nature of the correction factor used

in hydrogen level determination in any detail. Clearly, it is the key to correct

quantification of the hydrogen concentration. A study of the correction factor forms an

important part of the present work.
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Chapter 3

Experimental Procedures

3.1 Material and Melt Treatment Procedures.
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A356 alloy was use<! since it is the most important alloy in this group. This alloy

has an optimum combination of casting characteristics, and physical and mechanical

properties, and so is widely used in industry. The composition of the A356 alloy used is

shown in Table 3.1.

Table 3.1 Chemical composition of A356 alloy.

Elements Wt.%

Si 7.00

Mg 0.32

Fe 0.15

Cu 0.03

Mn 0.02

Zn 0.02

Ti 0.07

Al Balance
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About 10 kg. of alloy was melted in a silicon carbide crucible in a gas-fired furnace.

Various hydrogen levels were obtained by the degassing and regassing process. The melt

was degassed below 0.1 mI./lOO gm. AI. by bubbling prepurified argon gas into the melt

using a perforated graphite tube. The regassing process was carried out by stirring the

melt with a graphite rod or by slowly inserting moistened paper into the mel!.

To modify the silicon phase, 90% Sr-lO% AI master a1loy was added to obtain

0.02 wt% Sr before degassing. The meit was held for at least 30 minutes to allow

complete dissolution of the master a110y.

Grain refinement was obtained using either of two different types of commercial

a1loy-5Ti-lB-AI and 2.5Ti-2.5B-AI. The master alloys were added before degassing, and

the amount of titanium was kept at 0.17 wt. % in the melt. The aim was to bring the alloy

to the composition where these two grain refiners yield optimum performance, which is

roughly about 0.1 wt. % Ti [39]. An excess of 0.07 wt. % Ti was added to compensate

for fading which occured during the experiment. Two grain refiner a1loys were used

because il was desired to determine if there is a difference in their effects particularly

when coupled with modification. The difference between these two grain refiners is their

active nucleant type when dissolved in the melt. The 5Ti-IB-Al is reported to contain

TiR:!, whereas the 2.5Ti-2.5B-Al contains a solid solution of AIB2 and TiR:! [40]. For the

combination of modification and grain refinement, Sr and Ti master alloys were added

at the same time before degassing the melt.

Hydrogen levels in the melt were measured by a recirculating gas technique whose

reliability has been established [20,41]. The TELEGAS'" instrument was used "',

conjunction with newly developed A/SCAN"' probes. This method had been shown in an

independent study to yield accurate results, and has the advantage that the probe life is

longer than that of the ceramic probe of the TELEGAS'" instrument.
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3.2 Porosity Quantification.

The amount of porosity in a sampie cao be quantified by the relation:

34

% Porosity -
Theoretical Density - Apparent Density

Theoretical Density
x 100 % (3.1)

Theoretical density can be obtained by calculation, whereas apparent density cao be

quantified by density measurement. Theoretical density was calculated by a technique

developed by Kundle and WiIIey [42]. A sample caIculation is shown in Table 3.2.

Table 3.2 Sample caIculation of the theoreticai density.

Elements lIdensity,cc.g:' Weight,g. Volume,cc.

Si 0.4292 7.00 3.0044

Mg 0.5522 0.32 0.1767

Fe 0.1271 0.15 0.0191

Cu 0.1116 0.03 0.0033

Mn 0.1346 0.02 0.0027

Zn 0.1401 0.02 0.0028

Ti 0.2219 0.07 0.0155

AI 0.3705 92.39 34.2305

Total 100.0 37.455

Theoretical density = 100/37.455 = 2.670 g.lcc.
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It is c1early seen that the theoretical density is dependent on the amount of alloying

elements which were assumed to be constant in this experiment. However, it was found

that the amount of alloying elements varied within ± 3 % of the assumed values. This

variation results in a maximum error of only ±5 % in the theoretical density. For the

alloy that was treated by Sr and Ti, the theoretical densities were ca1culated to the values

shown in Table 3.3.

Table 3.3 Theoretical densities of the alloys treated by various melt treatments.

Melt Treatment Processes Theoretical Densities
(g.lcc.)

Untreated 2.670

Moditied 2.670

Grain Refined : 2.5Ti-2.5B 2.670

Grain Refined : 2.5Ti-2.5B 2.670
and Modified

Grain Refined : 5Ti-lB 2.671

Grain Refined : 5Ti-IB 2.671
and Modified

The apparent density in trus work was measured by the Archimedes principle of

weighing the sample in air and water. Once the mass of the sample measured in air and

water was known, the apparent density was calculated by applying the equation:

Mass in air 2Apparent Density - x Density of water (3. )
Moss in air - Moss in water
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The density of water, at the measuring temperature, was taken from published values

[43]. For ail in-water measurements, a minor amount of Teepol 610
N

was added to a

distilled water bath to reduce the surface tension between the sample surface and water.

To ensure accurate measureme:Jt, the apparatus was tested by evaluating the

density of cold rolled pure aluminum and comparing the result with the known value

[43]. Il was found that the measured density agreed to within 1 % of the published value.

3.3 Tatur Test.

The Tatur test was used in this work since the test yields information not only on

the microporosity, but also on the amount of macroporosity (pipe volume, and the

slumping ~nd contraction volume) in the casting. The test consists of a copper mold

whose dimensions are shown in Fig.3.1 a.

--i----

f4'-.::....!.--(Il1OQ----'i

30 ~-8

--L lC=:============~
Unit: mm.

Fig. 3.la. Dimensions of Tatur test mold.
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Total volume = 480 cm3

a = microporosity, b = pipe volume, c = slumping and contraction volume.

Fig. 3.lb. Shrinkage patterns in the Tatur mold.

Figure 3.1 Dimensions and shrinkage patterns in the Tatur mold.
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The mold was preheated on a hot plate to obtain 175 0 C at the bottom of the mold

prior to filling with the molten metal. Molten alloy was added to the mold by a hand­

pouring technique. This technique may easily introduce human error, which results in

variation of experimental data from time to time or between different operators. Once the

mold was mled, liquid aluminum solidified from the sides of the mold toward the center.

The last part to solidify is the liquid that is initially in the pipe volume area which tends

to shrink toward the mold center. The porosity and shrinkage distribution pattern after

solidification are shown in Fig.3.1 b. These specified volumes can be calculated by

applying the following equations :

v -c
(3.3)
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MA
D -­

A V
c

V -480-V-Vsc p c

V-V+V+Vt:r P :le ms

where,
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(3.4)

(3.5)

(3.6)

(3.7)

V, = casting volume (cm3
)

MA - casting weight in air (g.)

Mw - casting weight in distilled water (g.)

Dw = density of distilled water (g.cm:3
)

DA = casting apparent density (g.cm:3
)

VPO' = volume of porosity (ml.)

Dib = theoretical density of A356 alloy (g.cm-3
)

V" = volume of slumping and contraction (ml.)

Vp = volume of pipe (ml.)

VlA = volume of total shrinkage (ml.)

The parameters which can be directly quantified from the Tatur sample are pipe

volume and apparent density. Pipe volume waJ quantified by measuring the weight of

sand that completely filled the pipe. The volume was then calculated from the density of

the sand. The apparent density was evaluated by the method previously described. It is

also interesting to note here that these two parameters are important since they affect the

rest of the calculations made from Tatur test data. This point will be discussed later in

Chapter 4.
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3.4 Impact Test.
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The impact test specimens were obtained from the sand casting pattern as shown

in Fig. 3.2. Ten sampies were obtained in each casting, and each of them was machined

Figure 3.2 Sand casting pattern of the impact test.

and polished to the standard size (10 x 10 x 55 mm.) without notches. The test was

carried out on a standard instrumented impact test apparatus. The resuJts of the tests were

provided in the form of a visual record of the applied Joad and apparent energy absorbed

during fracture in impact. The Joad, energy and lime couJd then be quantified.

3.5 Reduced Pressure Test.

The reduced pressure !t'.st system used in this experiment, Iike other systems

widely used on the foundry floor, consisted of a vacuum pump, a reduced pressure
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chamber, crucible, pressure gauge, timer, and a valve to adjustthe pressure. A schematic

of the reduced pressured test system is shown in Fig. 3.3. The chamber pressure used

Gauge

o
Vacuum Pump o

Power Supply

valve CIucible

Reduced Pressure Chamber

Figure 3.3 A schematic diagram of the reduced pressure test apparatus.

in this experiment was 0.1 atm. (76 mm. or 27 in. of Hg). The crucible used was a

standard 100 ml. capacity iron cup normally used in the reduced pressure test as shown

in Fig. 3.4. An iron oxide mold wash was used to coat the inside surface of the crucible.

Immediately after the hydrogen concentration was measured by Telegas, about 200

g. of the metal from the melt was poured into Iwo preheated crucibles. One crucible was

placed in the reduced pressure chamber, whereas the other was left to solidify at

atmospheric pressure. The sample in the chamber was allowed to soIidify for 5 minutes

at the test pressure. The sample density was determined by the Archimedes principle as

previously described.

3.6. Grain Size Measurement.

Grain size measurement was done by the line interception method. The sample

was etched by Reagant reagent, whose composition is given in Table 3.4, and then placed
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Figure 3.4 Steel crucible for reduced pressure test.
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placed on the microscope using polarized light to allow grain boundary detection. One

of the eyepieces in the microscope contained a vernier scale of known length. and the

number of grains along this line was counted at five random locations on the sample.

Known values were then compared with the grain size given in ASTM E112.

Table 3.4 Chemical composition of Poulton's reagent.

HCI(c) 60%

HN03(c) 30 %

HF(48%) 5%

H20 5%
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3.7. Modification Rating.
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Modification rating was measured to quantify the level of modification in Sr­

modified alloys. The samples were examined by photomicrograph and the rating was

calculated from the proportion of the sampIe surface which had a particular class of

modification as described by Apelian, Sigworth, and Whaler [12].
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Chapter 4

Porosity in the Tatur Test
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For aluminum casting alloys macro and microshrinkage are valuable data since

they are the important factors that determine riser size and defects in castings. By

employing the Tatur test, macro and microshrinkage and the effects of melt treatments

on these parameters can be studied. The results of this test will be presented in this

chapter.

4.1. Dispersion of the Results.

Before presenting these results, it is important to note that the experimental data

obtained from this test are quite scattered. This scattering is mainly in the pipe volume

which is one of two data that can be directly measured from the test. A typical data set

is shown in Fig. 4.1.

Only five data points were obtained for each hydrogen level at a specific melt

treatment, and their coefficients of correlation, R2, are only 20-30 %. These data points

were, statistically, not enough to reach the 95 % confidence level. To achieve such

confidence, at least 17 data points per hydrogen level have to be obtained.

Experimentation at this level was beyond the economic resource; available for this

project. The following results are therefore only the trends derived from the regression

analysis.

Since the tes. yields many pieces of information, these results will be presented

separately as follows:

i) microporosity,
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Figure 4.1 Data scattering of the pipe volume as obtained from the Tatur test.

ii) pipe volume,

Iii) slumping and contraction, and

Iv) total shrinkage.

4.2 Microporosity.

The effects of the various me1t treatments on microporosity are shown in Fig. 4.2.

Il is obvious that the amount of porosity is a strong function of hydrogen level. When the

melt was degassed from 0.2 to 0.1 00./100 gm. Al., porosity decreased substantially,

between 85-250 %. As hydrogen in the melt increased to 0.300./100 g. Al., porosity

increased by 45-70 %, depending on the melt treatment process used.

No significant differences in porosity were found for the various melt treatment
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Figure 4.2 Microporosity at different hydrogen levels for various melt treatments.

conditions after the melt was degassed to 0.1 ml./IOO g. AI. Degassing is clearly the best

way to reduce porosity in the modified alloy since porosity is reduced by 250%, as

hydrogen is reduced from 0.2 to 0.1 ml./lOO g. Al. The level of porosity at O. 1 ml.l100

g. Al. as weil as the percent of porosity reduction when alloys were degassed from 0.2

to 0.1 ml./lOO g. AI. are summarized in Table 4.1. The use of grain refinement along

with modification does not substantially reduce porosity. No beneficial effects of grain

refinement are clearly seen at this hydrogen level.

Among ail of these combinations, at 0.3 ml.Il00 g. Al., the modified alloy

exhibited the mos! serious porosity problem, follow by the untreated aIloy. The porosity

level in the modified alloy was 7.7 ml. while the untreated alloy had porosity of about

6.6 ml. The grain sizes in these two alloys were relatively large, 323 l'm. in both

untreated and modified alloy. For the alloy that had been grain refined, the grain sizes
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Table 4.1 The effects of the combination of degassing and other melt treatments
on porosity.

Meil Treatment Processes Porosity after % porosity reduclion
degassing to from 0.2 10 0.1
0.1 m1.1100 g.Al. m1.1100 g. Al.

(ml.)

Untreated 1.7 142

Modified 1.3 252

Grain refined 2.5Ti-2.5B 1.6 106

Grain refined 2.5Ti-2.5B 1.8 86
and ~A:odified

Grain refined 5Ti-!B 1.2 165

Grain refined 5Ti-1B 1.5 157
and Modified
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were roughly 200 J.'m., and porosity was noticeably reduced. Grain refinement reduced

porosity by about 22 % fwm the untreated case; however, there was no significant

difference between the IWo types of grain refinement as to their effects on the amount of

porosity. Thus the negative effect of modification on porosity in Ibis case can be

minimized by incorporating grain refinement. The arnount of porosity in the modified

alloy was reduced by 38 %and 20 % respectively when applying 2.5 Ti-2.5B and 5Ti-lB

grain retiner. The arnount of porosity in the grain refmed and modified sarnples was legs

than in the untreated ones.

At 0.2 ml./loo g. A1., similar phenomena also occured; however, the beneficial

effects of grain refinement were legs evident than in the previous case. Grain refinement

reduced the negative etlect of modification on porosity by about 28 % and 14 % with 2.5

Ti-2.5B and 5ti-lB respectively. Compared to the untreated case, the combination of

grain refinement and modification reduced porosity by only 22 % and 7 %. At these

hydrogen levels, beneficial effects of grain refmement do exist, but it must be appreciated

that 0.2-0.3 ml./loo g.A1. ofhydrogen is relatively high for a normal casting operation.
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4.3 Slumping and Contraction Volume.
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These experimental results are shown in Fig. 4.3. Slumping and contraction
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Figure 4.3 Slumping and contraction volume at different hydrogen levels for
various melt treatments.

volume is dependent on the melt treatment process. Untreated alloy exhibited the most

severe slumping problem, followed by the grain refined alloy, at about 5 %, and 4 % of

the mold volume, respeçtively. Among these processes, the modified alloy yielded the

least slumping volume, onIy 2 % of the mold volume. Modification also helped to reduce

slumping when used in combination with grain refinement. Slumping in grain refined

alloy was reduced to about 3 % when modification was used.

Another factor that governs slumping is porosity or hydrogen Jevels. As hydrogen

increases, the slumping volume is slightly reduced, the exact amount being dependent on

the amount of porosity in the sample.
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4.3 Pipe Volume.
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The effects of melt treatments on pipe volumes are similar to those observed on

the slumping and contraction volumes (Fig. 4.4). Pipe volumes in the grain refined alloy
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.:.:.:.:.".:.: 2.STi·2.58 Lc.:J STi·18

Figure 4.4 Pipe volume at different hydrogen levels for various melt treatments.

were the highest, followed by the untreated alloy. Pipe volumes in grain refmed alloy

were about 2.3 % of the mold volume. Modification significantly reduced the pipe

volume in the alloy. The pipe volume in the modified alloy was about 20 % less than that

in the untreated alloy. A combination of modification and grain refmement also slightly

reduced pipe volume.

Pipe volume was also dependent on hydrogen level, but the degree of dependence

was less than in the case of slumping and contraction. As hydrogen increased from 0.1

to 0.3 ml.ll00 g. Al., pipe volume was reduced by only 4-17 % whereas slumping

reduced from 15 to 35 %.
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4.5 Total Shrinkage.
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Total shrinkage is the sum ofporosity, pipe volume, and slumping and contraction

volume. As seen in Fig. 4.5., il depends on the specific melt treatment used, but is

unaffected by the melt hydrogen leveI.

Both grain refinement and modification had a notable influence on the total

shrinkage which was a minimum in the modified a1loy (4 %) and a maximum in the
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unlrcated alloy at about 7.5 % of the Tatur mold volume. Grain refinement reduced the

tolal shrinkage to 6.5 %. The total shrinkages in samples trcated by the combination of

grain refinement and modification lay between the volumes observed when these two

processes were used singly.
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Figure 4.6 The relationship between total shrinkage and sample weight ofvarious
meit trcatment processes.

The major factor that controis the amount of total shrinkage was found to be the

casting weight which varied depending on the melt trcatment. Possible rcasons for this

are discussed in the next section. Fig. 4.6 summarises the relationship between total

shrinkage and sample weight obtained from various melt treatment processes. It is

obvious lhat heavier sampies posses less total shrinkage than do the lighter ones. AIso

shown in this figure is !hat the Sr-aIIoyed samples (soIid points) yield Iess total shrinkage

than non Sr-alloyed samples (open points). In this work, average sampIe weights are

somewhat different for each melt treatment process as a result of the difference in their
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total shrinkage. Table 4.2 summarises the sample weights, their standard deviations, and

their corresponding total shrinkage for all of the various melt treatment processes studied.

Table 4.2 The average sample weight and the total shrinkage of various melt treated
alloys.

Melt Treatment Processes Avg. Sample Weight Total Shrinkage Standard Deviation
(g.) (où.) of Sample Weighl

Untreated 1185.4 36.1 9.3

Grain refined 2.5Ti-2.5B 1200.3 30.4 7.8

Grain refmed 5Ti-1B 1194.9 31.6 4.8

Grain refmed 2.5Ti-2.5B 1209.7 26.9 10.1
and Modified

Grain refined 5Ti-lB 1218.6 23.6 7.6
and Modified

Modified 1228.4 19.9 4.8

The distributions of the Iwo types of macroshrinkage (piping, and slumping and

contraction) and microporosity for the three hydrogen levels in various melt treated a1loys

are iIIustrated in Fig. 4.7. For untreated alloy, Fig. 4.7a., as microporosity (solid bar)

increases, slumping volume (open bar) is reduced notably whereas pipe volume (grey

bar) slightly reduces as hydrogen increases. However, when modification is applied, the

increasing volume of microporosity has significantly replaced the slumping volume as

shown in Fig. 4.7b. Grain refinement, Fig. 4.7c. leads to effects similar to those seen

in the untreated alloy where the effect of grain refinement and modification in

combination, Fig. 4.7d., is between the effect of grain refmement or modification when

used a1one. The distributions of these shrinkages for all treatments are summarized in

Appendix 4.1.
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Figure 4.8 The accumulation of the internai gas pressure, p., of the melt
containing different amounts of hydrogen as solidification proceeds.

The effects of melt treatment on microporosity are similar to those reported in

previous work [4-7,34,44-45]. The dissolved hydrogen showed a strong effect on porosity

followed by modification and grain refmement. The hydrogen dissolved in the melt helps

to raise the internai gas pr~,;;,;-e, p•. The higher the gas content, the faster p. can

overcome the external pressure, resuIting in a greater possibility to form gas bubbles.

This effect can be illustrated in Fig. 4.8. p. was calculated based on the initial hydrogen

content and the gas solubility employing equations 2.3-2.6. The fraction of solid is

calculated using the Scheil equation with the equilibrium partition ratio, k, of 0.131 for

Si and 0.069 [46] for hydrogen dissolved in the melt. More details on the calcuIation and

the computer program are given in Appendix 4.2. Il is c1early seen that p. in a meIt

which contaiJ:~ a high gas content exceeds the extemal pressure (solid line) faster than

at lower hydrogen concentrations. p. also grows as solidification proceeds and is much
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higher at a given fraction of solid in the high gas content melt than in lower ones. This

effect will help reduce the difficulty during the nucleation process of the gas bubble. The

gas bubble thus forms faster and more readily in the high gas content melt than in the

lower one. On the other hand, at iow hydrogen content, p. needs a considerable time to

reach the external pressure. As shown in Fig. 4.8, p. nf the melt containing hydrogen

at 0.1 mI./1OO g. AI.(solid line) reaches the external pressure only at relatively high

fraction of solid.

After p. exceeds the external pressure, the formation of the bubble will depend

on how easily the bubble can nucleate. The bubale can nucleate easily if there is a large

number of available nucleation sites and lower surface energy. Modification may create

these conditions and so results in higher porosity. Eutectic temperature suppression in

modified alloys results in a longer mushy zone, as well as a longer solidification time.

Shrinkage porosity is easily formed in this case. Longer solidification time will allow

more hydrogen to diffuse to the site, thus enhancing the bubble growth. Modification

may also introduce inclusions into the mell. These inclusions will serve as nucleation

sites and also block fluid flow in the interdendrtic region, both of which will enhance

porosity formation.

Grain refinement was found to reduce microporosity, which indicates that grain

refinement hinders nucleation of the gas bubble or enhances feeding. Nucleation can be

reduced by eliminating the nucleation sites or increasing the surface energy. There is no

direct evidence that either of these occur; however, smaller crystals should exhibit beller

mass feeding than larger ones, simply because smaller crystals are more cIosely packed.

This aids feeding and so results in legs porosity.

Grain refinement, when applied with modification, helps to reduce porosity.

However, the longer mushy zone and solidification time associated with modification

causes more porosity to occur than if grain refining is used alone.

The total shrinkage difference between various melt treatments can be well

explained by differences in liquid density as affected by the melt treatment proeesses. For

a given casting volume, denser liquid will yield legs shrinkage. Upon solidification, the
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total shrinkage, which is defined as the difference between the volume of liquid and the

volume of pore free solid of the same mass, can be caIculated. Assuming that liquid

metal completely fills the Tatur mold which is 480 cc., the liquid densities of various

melt treated alloys can be caIculated from their weight and volume as shown in Table

4.3. Il is clearly seen that liquid densities of Sr-alloyed samples are higher than non Sr­

alloyed ones. From known theoretical solid densities, total shrinkage can be calculated

as also shown in Table 4.3. The calculated total shrinkages are then compared with the

measured values, and an excellent correlation is found.

Table 4.3 Calculated total shrinkage from the liquid density compared to the
measured values.

Melt Treatment Processes Sample Calculated Calculated Calculated Measured
Weight Solid Liquid Total Total
(g.) Density Density Shrinkage Shrinkage

(g.lce.) (g.lce.) (ml.) (ml.)

Untreated 1185.4 2.670 2.47 36.0 36.1

Grain rermed 2.5Ti-2.5B 1200.3 2.670 2.50 30.4 30.4

Grain rermed 5Ti-IB 1194.9 2.671 2.49 32.6 31.6

Grain rermed 2.5Ti-2.5B 1209.7 2.670 2.52 26.9 26.9
and Modified

Grain rermed 5Ti-l B 1218.6 2.671 2.54 23.8 23.6
and Modified

Modified 1228.4 2.670 2.56 19.9 19.9

One might argue that the differences in sample weight, which control the total

shrinkage, may be due to feeding, since liquid metal was hand-poured at a slow rate. The

heavier samples rnay have better liquid feeding than the lighter ones. If this is true, the

well-fed sample should have a higher density than the poorly fed sample. However, this

effect is not found here, since the density of modified aIIoy, which is heaviest, is lower

than untreated aIloy which is lightest. Moreover, the sample weights for each meIt

treatment are scattered in a certain range rather !han randomly scattered which indicates

that the sample weight is dependent upon meIt treatment.
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At particular hydrogen levels, the pipe volume was found to be higher for grain

refined alIoy. This can be explained by the effeet of feeding mechanism and volumetric

shrinkage, since pipe formation is dependent on these effeets. Grain refined samples are

better mass-fed than non grain refined ones. Moreover, grain refined liquid is less dense

than modifled, and shrinkage during solidification is then higher than in the samples that

have denser liquid. Higher pipe volume is thus associated with grain refinement. In the

case that mass feeding is the same, ie. untreated and modifled, the pipe volume is then

determined by the volumetrie shrinkage. As mentioned before, modified alloy shows less

volumetric shrinkage because of ils liquid density, and the pipe volume is then found to

be less than in the untreated case.

As the hydrogen level increases, pipe volume decreases. This is simply because

microporosity replaces that volume. However, the reduction is not very sensitive to

hydrogen level when compared to slumping and contraction.

Slumping and contraction volume, Voc , is found to be sensitive to the hydrogen

level. V" decreases notably as porosity increases. This indicates that porosity forms

easily at the early stages and prevents the slumping effect. As expected, this is found to

be true at high hydrogen levels. As solidification proceeds, a band of high hydrogen

concentration is formed at the liquid/solid interface, enhancing porosity formation in this

region, and compensating for shrinkage.

4.6 Summary.

In brief, the results and discussions presented in this chapter indicate the

following:

i) Grain reflnement, acting singly or in combination with modifiez !:ion, exerts a

notable effeet on porosily reduction particularly at high hydrogen levels (0.2-0.3 ml./l00

g. AI.). This is beeause grain refmement induces mass feeding.

ii) There is no significant difference between the two types of grain refiners as
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to thcir effects on the amount of porosity.

iii) There is a slight difference between the total shrinkage of the a110ys trcated

by various melt treaments. Among these, Sr-alloyed sampIes have Iess shrinkage ( about

4-5.5%) than non Sr-alloyed (6.5-7.5%). The cause of this effect may be due to the

liquid density which may be affected by the melt trcatment process.

iv) Pipe volume and sIumping and contraction volume in Sr-a1loyed sampIes were

found to be less than those of non Sr-a1loyed because of the lower volumetric shrinkage

in the Sr-aHoyed samples.

v) Microporosity formed ln the melt displaces the volume of slumping and

contraction more than the pipe volume.
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Chapter 5

The Effects of Melt Treatments on the Impact Test
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The mechanical properties of casting alloys are mostly affected by their

microstructure, grain size and defects. The effects of these parameters have bcen studied

extensively using the tensile test, but only rare1y with the impact test. Previous work

(14,36) has shown the significant effect of Si morphology on improving the impact

strength of aluminum a110y. In this work, the effects of (wo other factors, porosity and

grain size, have bcen studied and will be discussed in this chapter.

5.1. Porosity in Impact Test Specimens.

Fig. 5.1 shows the average volume fraction of porosity of the impact specimens

as calculated from the density of the sampIes treated by various melt treatments. At the

lowest hydrogen level (0.1 ml./IOO g. Al.), melt treatment had no evident effect on the

porosity level of the impact specimens. However, when higher hydrogen levels were

present (0.2 and 0.3 ml./lOO g. Al.), the effect of modification was to markedly increase

the amount of porosity. This effect is similar to that found in the Tatur specimens. Il is

interesting to note that, in these impact specimens, there was no beneficial effect of grain

refinement on porosity when the samples were modified. This behavior is different from

that observed in the Tatur specimens and serves to undcrscore the complex nature of

porosity formation in these a1loys.
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Figure 5.1 The average pore volume fraction of various melt treated alloys at
different hydrogen levels.

5.2 Impact Strength.

Fig. 5.2 shows values of the impact strength as affected by the various melt

treatments. Silicon morphology exerts a stronger influence on the impact strength than

does porosity generated by modification. At low hydrogen levels, impact strengths in the

al10ys whose silicon phase is modified, represented by solid points, are improved by

about 70 % from the untreated case. As hydrogen increases, the impact strength in the

modified alloy is slightly impaired by porosity, but remains superior to that of the

untreated alloy. At a normal hydrogen level,(0.2 ml./lOO g. Al.), the impact strength of

the modified alloy is reduced by 20 % because of porosity, but is still 60 % greater than

in the untreated alloy. Even at the highest hydrogen level, the impact strength of

modified alloy is greater than that of untreated alloy.

The work has been extended to study the relationship between the impact mength

and the amount of porosity in each sample as shown in Fig. 5.3. There is a slight
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Figure 5.2 The average impact strength of various melt treated alloys at different
hydrogen leve1s.

dependence of impact strength on porosity; however, the results must be separated into

two groups in order to obtain the optimum confidence level. The first group is Sr-alloyed

and the other is non Sr-alloyed. The relationship between impact strength and the pore

volume fraction of the alloys in these two groups is summarized in Table 5.1. It should

be noted that an error of ±2.5 J. is present in this data.

Table 5.1 The relationship between impact strength and pore volume fraction of
Sr-alloyed and non Sr-alloyed.

Impact Strength (1.) = b x Pore Volume Fraction (%) + a

b a R2

Sr-Alloyed -2.2 12.8 0.28

non Sr-Alloyed -1.4 7.3 0.23
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5.3 Crack Initiation and Propagation Energy.

The two significant energy values involved in the fracture of the impact specimens

treated by various melt treatments are shown in Fig. 5.4. For a particular stack bar, the

lower bar represents the energy required to initiate fracture, &, and the top bar

represents the energy required to propagate fracture, E.,. The sum of these two bars is

the total absorbed energy, or the impact strength of the aIloy.

At a particuIar hydrogen level, the two energies in Sr-alloyed samples are higher

than those of non Sr-ailoyed samples. Beth the crack initiation and propagation energy

of the alloys whose silicon phase is acicular are about 40 % lower than those of the

alloys with a fibrous silicon phase. The propagation energy in each melt treatment was
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Figure 5.4 The average values of crack initiation energy, E i , and crack
propagation energy, Ep , in impact test specimens treated by various melt
treatments.

found to be almost constant as the hydrogen level increased; however the crack initiation

energy is dependent on the hydrogen level in a similar manner to the impact strength.

5.4 Discussion.

The fibrous form of the silicon phase clearly exerts a strong influence on the

impact strength compared to the acicular form. This is simply because the sharp edge of

the acicular silicon raises the stress concentration and results in easier cracking and

propagation. On the other hand, Sr not only modifies the Si particle into the fiber form

but also refines the size of this brittle phase which results in greatly improving the impact

strength in this alloy.

In the presence of porosity, the impact strength is slightly reduced as porosity

increases, because there is somewhat less mass to absorb the kinetic energy of the

hammer. The variation of E i as a function of hydrogen level is then undcrstandable.
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However, the propagation energy, Ep, was found to be independent of the hydrogen

level. This indicates that porosity does not have a significant influence on propagation.

On the other hand, silicon morphology did show a strong effect on crack propagation in

this alloy since propagation energy of Sr-aIloyed samples is about double that of non Sr­

alioyed ones.

Grain refinement did not exert a significant effect on either porosity or impaet

strength in these samples. Grain refinement does not reduee porosity probably because

of the relatively high cooling rate of the impact test mold which hinders the mass

feeding. Another possibilty is that the size of the impact test specimens is too smaIl, and

this may inhibit mass feeding. The improved properties of fine-grain-sized castings are

normally due to the finer distribution of microporosity and second phase particles. In this

aIloy, grain refinement apparently does not serve in these ways, and this results in no

significant effect on the impact strength. The evidence for this is shown in Fig. 5.5

where the Si particles are eompared for four cases of melt treatments which are

lIntreated, grain refined, modified, and grain refined and modified. It is clearly shown

that there is no difference in the size of these Si particles when the aIloys are grain

refined.

However, there is still more porosity in Sr-aIloyed than non Sr-aIloyed samples,

similar to the effect found in the Tatur Test. Another interesting phenomenon found in

this work is that porosity in modified aIloy increases rapidly as the hydrogen level

increases. This indicates that the factor that causes porosity in modified alloy must be a

very strong funetion of hydrogen level.

Figs. 5.1 and 5.2 show the average vaIues of porosity and the impact strength as

a function of the hydrogen level in the melt. Il is clearly shown that reducing the

hydrogen in the melt to about 0.1 ml./1OO g. AI. is the best way of decreasing the

porosity problem. '1'0 obtain optimum ductility, a combination of modification and

degassing to about 0.1 ml./100 g. AI. is recommended.
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1

A. Untreated (grain size = 387 /Lm.) B. Grain refined with 2.5Ti-2.5B master

alloy (grain size = 215 /Lm.)

C. Modified (grain size = 351 /Lm.) D. Grain refined with 2.5Ti-2.5B master

alloy and modified (grain size = 215

/Lm.)

Figure S.S Comparison of the Si partic1es when grain refined to the original conditions
of untreated and modified (ail 125X).
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5.5 Summary.
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A summary of this chapter can be drawn as follows:

i) Among the three factors, Si morphology, porosity, and grain size, Si

morphology has the strongest influence on the impact strength followed by the amount

of porosity. These values can he related within the error range of ±2.5 J.

ii) Grain refinement, acting singly or in combination with modification, does not

improve the impact strength of A356 alloy.

iii) Grain refinement does not reduce porosity in this case probably because of

high cooling rate which hinders the mass feecting.

iv) To obtain optimum ductility, a combination of modification and degassing to

about 0.1 mI./lOO g. AI. is recommended.
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Chapter 6

Quantification of the Reduced Pressure Test

Quantification of the reduced pressure test can be used succesfully only when

there is a good relationship between the sample density and the hydrogen level. The

density--hydrogen relationship will be discussed here first followed by the effects of

inclusions on this relationship. The third topic discussed here will be the vaildity of the

crucible design. A discussion and summary of the results will complete the chapter.

6.1. Density and Hydrogen Relationship.

The effects of melt treatment on the relationship between the density of the

reduced pressure sampIes and hydrogen in the melt are aIl similar. A typicaI result for

the untreated aIloy is shown in Fig. 6.1. Table 6.1. summarizes the effects of melt

treatment on the slopes of the density versus hydrogen Ievel curve. The coefficients of

correlation of these curves are aIso Iisted in this table.

Densities in modified sampIes are the most sensitive to hydrogen in the melt, and

this curve has the highest slope. The influence of hydrogen on the densities of grain

refined samples is less, since the slopes of these curves are flatter than in the other cases.

A good linear relationship between density and a wide range of hydrogen in the

melt exists in every melt treatment process. The coefficients of correlation of this

relationship are reasonable and range from 0.77-0.96. The slopes of this relationship are

slightly different, depending on the melt treatment process, as listed in Table 6.1. This

implies that, at the same hydrogen level, there is less porosity in the grain refined aIloy.

From the slope of the curves, it is aIso shown that porosity in 2.5Ti-2.5B grain refined
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Table 6.1 The slopes and coefficients of correlation of density-hydrogen curves
for variousmelt treatments.

Sample density = B x Hydrogen Level + A

Melt Treatment Processes Slope(B) Intercept(A) R2

Untreated -0.81 2.72 0.87

Modified -1.16 2.77 0.95

Grain Refined -0.63 2.69 0.87
2.5Ti-2.5B

Modified and Grain Refined -1.04 2.76 0.96
2.5Ti-2.5B

Grain Refmed -0.79 2.72 0.77
STi-IB

Modified and Grain Refined -0.93 2.74 0.86
5Ti-lB
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sample is legs than that in 5Ti- lB sample. However, when grain refinement is applied

in combination with modification, the amount of porosity generated by modification is

sIightly reduced, as indicated by the lower values of the coefficient B. The effects of the

melt treatment on porosity in the reduced pressure test are similar to those found in the

Tatur test where modification was found to increase porosity and grain refinement

notably reduced the porosity.

6.2 The Effects of Inclusions.

As mentioned earlier in Chapter 2, the formation of gas porosity requires two

important steps. The internai gas pressure must first exceed the externaI pressure before

nucleation of the bubble can take place. Inclusions in the melt may then assist the gas

formation process by reducing the energy required for nucleation, which is the second

step. Thus a severe effect due to inclusions should be seen only at high hydrogen levels

where the internai gas pressure may more readily exceed the externaI pressure. Samples

with high contents of inclusions may form gas bubbles at an early stage of freezing. This

can result in a lower density than that found in an inclusion-free sample. However, at

low hydrogen levels, the sample requires a considerable time to accumulate the required

internai gas pressure which will normaIJ.y be achieved at aImost the end of the

solidification process. At this stage, the bubble formation may be induced by inclusions,

but growth of the bubble is limited by the solidification time. Therefore, the variation of

the gas bubble size should be smaII, and may not have a very significant effect on the

sample density.

The variation of the sample density can be studied by the residuaI plot as shown

in Fig. 6.2. The difference between the observed sample density and the predicted sample

density (obtained from regression anaIysis), AD, is plotted versus hydrogen Ievel. The

zero line is the theoreticaI line on which ail the points should faIl. It is clearIy shown that

there is a trend that the variation of the sample density, AD, increases as hydrogen level
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increases. Assuming that AD is caused solely by inclusions, its effect is significant only

at the higher hydrogen levels.
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Figure 6.2 The residual plot of the sample density at different hydrogen levels.

However, at low hydrogen, shrinkage porosity is more important than gas

porosity. AD in this region is, therefore, controUed by shrinkage porosity. A sample

crucible design that yields less shrinkage may yield a smaller AD than one which results

in high shrinkage porosity in the sample.
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6.3 Validity of the Crucible Design.
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'1'0 obtain a reliable quantification of the test, the crucible must be weil designed

so that an accurate hydrogen level [HelA can be calculated from the atmospheric sample.

The validity of the sample design used in this work can be studied by matching the [HelA

ta the true hydrogen. Il was found that more accurate [HelA was obtained in Sr-modified

s<lmplcs th an in non Sr-Jl1odified samples. These results are shown in Fig. 6.3. Il is

cvident that over calculation is found at low hydragen level for non Sr-alloyed (Fig. 6.3

a.), whiJe Sr-alloyed yields better correlatirJn (Fig. 6.3 b.). This indicates that, at low

hydrogcn levels, there is an unreasonable amount of porosity in atmospheric samples of

non Sr-treated alloy. This effect is clearly seen by the plot of the atmospheric sample

densities for the allays of various melt treatments versus hydrogen levels as shown in

Fig. 6.4. The density of non Sr-alloyed (open points) are consistently lower than those

of Sr-alloyed samples (solid points), especially at around 0.1 011./100 g. AI. The crucible

llscd in this work is apparently more suitable for Sr-modified alloy.
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6.4 Correction Factor.
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The amount of hydrogen in the melt can be calculated from the sample density.

A typical result is shown in Fig. 6.5. The amount of hydrogen calculated from the

sample density (triangle) is plotted and compared to the true hydrogen measured by

Telegas (squares) of the untreated alloy. Il is obvious that the calculated hydrogen is

much less than the true hydrogen. A similar behavior was also found in ail other melt

treatment procedures as seen in Fig. 6.7.

A major aspect of this work was to deduce ways to correct this calculatcd

hydrogen to the true hydrogen by applying some correction factor. A tirst step was to

study the nature of the correction factor previously described (Eq. 1.1). A typical

variation of this correction fador over a range of hydrogen levels is shown in Fig. 6.6.

A similar behavior can be found in Appendix 6.1.
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Figure 6.5 Calculated hydrogen (.1) obtained from the sample density compared
to the melt hydrogen (D).
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These correction factors were found to be dependent on hydrogen level. The

factor lies in the range 6-7 at lower hydrogen concentrations, and falls off exponentially

to 2-3 in the range of 0.15-0.3 ml./l00 g.AI. From a curve fit calculation, the correction

factor will fall to unity at about 0.4-0.5 ml./l00 g. Al. of hydrogen content.

8
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U
'" 0LL 0
C - 0a •
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a 0
DOÜ

02 f-

o.•0.30.20.1

o L- L-' ---L -'--, ---'

o

Hydrogen Level, ml./1 00 gm. AI.

Figure 6.6 The variation of correction factor as a function of hydrogen level.

This non constancy of the correction factor complicates the quantification of the

test. Three approaches were proposed to calculate a true hydrogen from the calculated

hydrogen or the density of reduced pressure sarnples. In the simplest, a constant

correction factor, an average of the factor taken From a hydrogen range of 0.15-0.3

ml./lOO g. Al., was used. This approach is justified on the basis that the correction factor

is not a strong function of the hydrogen level within this range. The calculated melt

hydrogen can then be determined by the equation:

(6.1)
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where

75

H,orr = corrected hydrogen level

C.F. = constant correction factor

[Hel. = calculated hydrogen from the reduced pressure sample

This approach yields a relationship between density and correctcd hydrogcn as follows:

p = B X H",rr + A

where

p = density of reduced pressure test sample (g. cm·3)

H,orr = corrected hydrogen level ( ml.! 100 g. AI.)

A and B are constants.

Table 6.2 Linear Regression characteristics of corrected density-hydrogen
relationship.

Sample density = B x Hydrogen level + A

MeIt Treatment Processes Siope Intercept Correction
(B) (A) Factor

Untreated -0.58 2.68 3.40

Modified -0.58 2.68 3.34

Grain Refined -0.55 2.68 3.74
2.5Ti-2.5B

Grain Refined 0.67 2.68 3.01
5Ti-lB

Modified and Grain Refined -0.69 2.68 2.87
2.5Ti-2.5B

Modified and Grain Refined -0.70 2.68 2.98
5Ti-lB
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The Iincar regression characteristics of this equation are given in Table 6.2 for an of the

melt treatment processes used.

Using this method an of the calculated hydrogen values from the reduced pressure

sampIes were corrected to obtain the melt hydrogen. They are plotted versus true Telegas

hydrogen for an of the melt treatments in Fig. 6.7.

The results obtained are reasonably good in the intermediate range of hydrogen,

bUl there is a tendency to seriously overestimate the true hydrogen when it approaches

a high level (eg. 0.35 mJ.lIOO g. Al.). A slight underestimation of the true hydrogen is

also found in the low hydrogen range « 0.1 mJ.ll00 g. AL). This is due to the fact that

the correction factor is not in reality constant.
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Fig. 6.7C Grain Refined*
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Fig. 6.7E Grain Refined*
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To minimize this error, in a second approach, a non-constant correction factor

was determined from the experimentally determined relationship of the correction factor

to the calculated hydrogen from the reduced pressure sample, [Heh, as follows:

C.F. - a x exp ( b x [Hch)

where

(6.2)

[Hch = calculated hydrogen from reduced pressure sample (mI./lOO g. AI.)

a and b are constants.

The corrected hydrogen is then obtained from the equation :

(6.3)

Since there is IittIe ciifference in the density-hydrogen relationship for ail of the

various melt treatment proeesses, it was found possible to use one correction factor

equation for ail of the data. The problem is to find the proper correction factor equation

that yields the most accurate corrected hydrogen leveJ. As mentioned earlier, the

accuracy of the correction factor technique is based on the accuracy of the calculated

hydrogen from the density of the atmospheric sample, [HdA' Among all of the melt

treatments used, il was found that [He]A in the modified alloy correlated best with

measured melt hydrogen as shown in Fig. 6.8. The correction factor equation obtained

from modification data was then selected. With minor modification to yield optimum

accuracy, the correction factor equation was found to be :

C.F. - 5.5 exp ( -6 x [HclR ) (6.4)

This factor, when applied to calculaied hydrogen,' yields corrected hydrogen as

shown in Fig. 6.9.

An excellent agreement with !rue hydrogen is obtained for all melt treatments over

the entire hydrogen range. The superiority of this approach over the constant correction

factor is evident.



QUANTIFICATION OF THE REDUCED PRESSURE TEST 81

Modlfled*

0·0

co ~
OO~

0.4

1

0.35

o

1

0.30.25

1

o O.

0.2

11

0.150.1

1

2.7

2.65 -

2.• -

ti 2.55 f-
U-., 1-Ol

.~
2.5 -

"'c:
Q)

2.45 -0

2.4 f-

2.35 f-

•
2.3

0.05

Hydrogen Level, ml./1 00 g. AI.

H2-Melt H2-caJculated

o •
• witt\90Sr-1oAl modifier @ 0,02 wt %

Figure 6.8 Calculated hydrogen level (_) from atmospheric sample density of
modified alloy compared to the melt hydrogen level (0).



QUANTIFICATION OF THE REDUCED PRESSURE TEST 82

Fig. 6.9A Untreated
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Fig. 6.9C Grain Refined*
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Fig. 6.9E Grain Refined*
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The disadvantage of the first two approaches is the complication due to inaccuracy

of the [HelA' To eliminate this effeet, a third approach was used which considcred only

two parameters; the calculated hydrogen from the reduced pressure sample, [Hel., and

the true me1t hydrogen. Since it was found that [Hel. is less than the actual hydrogen,

the difference between these two values may be presumed to be gas loss to the pumping

system. The amount of gas loss, llH, was studied as a function of [HeJ. calculated from

all of the samples treated from various melt treatments. This yields the following

relationship:

(6.5)

where llH = the amount of gas loss, ml.llOO g. Al.

Once the amount of gas loss is knowll from the above relation,

one can calculate the true hydrogen by the relation:

(6.6)

"...;'.

The correeted hydrogen levels were plotted versus the true hydrogen and the results are

shown in Fig. 6.10. An excellent agreement with true hydrogen is obtained for all melt

treatments over the entire hydrogen range. Il is c1ear that quantification of the reduced

pressure test is possible, at least for the alloy used in these experiments.
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Fig. 6.10A Untreated
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Fig. 6.10C Grain Refined*
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Fig. 6.10E Grain Refined*
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The work has been extended to study the error due to th~ calculation by each of

these three approaches as a function of the reduced pressure test sample density. The

errors which are the difference between the !rue hydrogen and predicted hydrogen level

at a particular sample density are summarized in Fig. 6.11. A positive value of the error

indicates over calculation, while a negative value shows under calculation. The zero line

represents the true hydrogen kvel at which the predicted value should fall.

Fig. 6.11 a. is an error plot of calculations from the constant correction factor

approach. Underestimation of the predicted value is found at high density, whereas over

calculation is found atlow density. This is simply because of the constant nature of the

correction factor. The error in this case was found to be in the range of ±O.1 ml./loo

g. Al.

The error of the hydrogen dependent correction factor approach is slightly less

than the previous one, Fig. 6.11 b. There is a tendency to over calculation at the

intermediate range of the sample density, particularly for the Sr-alloyed samples. This

is mainly because of the exponential correlation between the correction factor and

calculated hydrogen, [HclR' The correlation between sample density and t:Heh is a

straight line. The correction factor when applied to [HclR will give an exponential

relationship between Ho"" and the sample density. These H"orr values do not match weU

with the true hydrogen which has a linear relationship with the sample density resulting

in an error. However, the error was found to he in the range of ±O.OS ml./l00 g. Al.

The error in the gas 1055 concept was also found to be in the range of ±O.OS

ml./loo g. Al. as shown in Fig. 6.11 c. With this technique, there is no positive or

negative bias to the error.
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Fig. 6.11 A Constant correction factor
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6.5 Discussion.

91

The solidification pattern of the melt in the crucible is the key to explair. all of

the phenomena occuring in this test. Since the crucible used in this work had a very thin

wall thickness, the heat flow which controls the solid/liquid interface location can

dissipate in ail directions and resu1ts in shell formation as shawn in Fig. 6.12. The

solidification patterns as obtained from the commercial solidification modeling software

AFSolid™ are plotted at the fraction of solid where the internal gas pressure, P" of the

melt containing different levels of hydrogen exceeds the assumed external pressure, Pox•

P" in this case is the pressure in the charnber (0.1 atm.) and the pressure due to surface

cnergy (l.Sx 1(J' atm. at a bubble radius of 1 !Lm.). Fig. 6.12 a. shows the solidification

pattern at which P, of the me1t containing 0.3 ml./IOO g. Al. exceeds P" Figs. 6.12 b.

and c. show similar effects for melts containing 0.2 and 0.lm1./100 g. Al., respectively.

Liquid

fs ,. 0.19

H .. 0.3 ml./100 g. Al.
2

1 ... . }

\,,-~
fs '" 0.29

H
2

= 0.2 ml./100 g. AI.

is '" 0,46

H
2

""o.1mI.l100g.A1.

,"
Figure 6.12 The solidification pattern in a crucible at the fraction of solid at
which P, in the me1t exceeds the assumed Po"
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ln Fig. 6.12 a., gas bubbles can form easily since the semi-solid formcd on top

of the melt is very thin; however, at fs=OA6 in Fig. 6.12 C., a thick tï\m of semi-solid

forms on top of the mel!. P, of the melt containing 0.1 ml./IOO g. AI. in this case may

exceed the assumed Pm but the pressure may not be high enough to overcome the

strength of the solid that forms the shelI, resulting in difficulty of gas bubble formation.

Porosity in this suituation is thus controlled by the shrinkage rather than by actua\ gas

bubble formation.

Since shrinkage due to the phase change in a Sr-alIoyed sample is presumcd less

than the non Sr-alIoyed one beeause of the liquid density, less porosity will occur in the

Sr-alloyed sample atlow hydrogen levels. This effeet results in the higher c1cnsity of the

Sr-alloyecl samples at low hydrogen, as was previously shown in Fig. 6.4.

The shell formation also affects the sensitivity of the sample c1ensity to the

hydrogen levels especially at hydrogen levels under 0.15 ml./lOO g. AI.. The sampie

c1ensity is in the range of 2.55-2.65 g.lcc. at the hydrogen level range of 0.07-0.15

ml./IOO g. Al. This can be improved by redesign of the crucible to avoid shell formation

and to keep the free surface liquid exposed to the reduced pressure as long as possible.

At relatively low hydrogen levels «0.2 ml./IOO g. AI.), the sample density is

largely controlled by shrinkage due to the phase change. The variation of the sample

density is then caused by the variation in the solidification pattern. At a given hydrogen

level, the pattern that yields a thinner film of semi-solid on top of the melt will have

more porosity than the one that has a thicker film. The variation of the pattern may be

affecled by such things as the amount of heat remaining in the plate underneath the

crucible, or by other small variations in heat flow from one test to another.

The correction factor can be simplified to the ratio of pore volume of the

atmospheric sample and the reduced pressure sample as shown in the equation:

[Vl
C.F. - lOx~

[VplR
(6.7)
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,

[Vl'lA = volume of pores in the atmospheric sample

[VI'J. = volume of pores in the reduced pressure sample

According lO the Gas Law, [Vpl. must be ten times greater than [VplA since it is

assumed that the pressure on top of the melt is one tenth of the atmospheric pressure.

The icleal correction factor is unity, ie. [Vp]. = lO[VplA; however, gas loss and the shell

formation effects result in [Vph being less than this idcal value which in turn increases

the correction factor.

Quantification of the recluced pressure test can be improvecl by redesigning the

crucible tirs!. This can be done by modifying the crucible to meet these requirements:

i) minimize the shrinkage problem to ensure that porosity is due solely to gas.

ii) avoicl shell formation and keep the free surface liquicl exposecl to the reduced

pressure as long as possible in order to magnify the porosity size.

By c10ing this, the sensitivity of the sample density particularly at low hyclrogen

levels «0.2 ml./lOO g. Al) will be improved resulting in a more accurate test.

6.6 Summary.

A summary of the main points in this chapter is as follows:

i) An excellent linear relationship between density and hydrogen level in the

reduced pressure test exists for all combinations of melt trcatment.

ii) Inclusions may not have a significant effeGt on the quantification of the test

particul<ifly at low hyclrogen level (below 0.2 mI./lOO g. Al.)

iii) The crucible used in this study is valid only for Sr modifiecl alloys where there

is Jess shrinkage.

iv) Three methods of quantification of the hydrogen level are proposed leading

to an error range of 0.05-0.1 mI.llOO g. Al.

v) For future work, it is recommended to redesign the crucible and investigate the
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.._--;~

rcduced pressure that yields the optimum quantitïcation of the reduccd prcssurc tcst sincc

the pressure effects the amount of gas 10ss which in turns intlucnces the quantitïcation

of \he test.
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Chapter 7

Conclusions

7.1 Conclusions.
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From the experimental results and discussion presented in the preceding chapters,

the following major conclusions can be drawn:

1. Grain refinement, acting singly or in combination with modification, reduces

microporosity by inducing mass feeding. However, this effect is more pronounced in a

low cooling rate system.

2. There is a slight difference between the total shrinkage of the ailoy treated by

various type of melt treatments. Among these, Sr-ailoyed samples have less shrinkage

than non Sr-ailoyed. The cause of this is probably because Sr increases the liquid density.

3. Pipe and slumping and contraction volume in Sr-ailoyed samples were found

to be less than those of non Sr-ailoyed because of the lower volumetrie shrinkage in the

Sr-alloyed samples.

4. Microporosity displaces the slumping and contraction volume more than pipe

volume.

5. The most important parameter that control the impact strength of the ailoy is

the Si morphology since the impact strength of Sr modified ailoys was greatly improved

when compared with other melt treated ailoys.

6. An increased hydrogen leveI has a slight effect on reducing the impact strength

of A356 ailoy.

7. Grain refinement, acting singly or in combination with modification, does not
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improve the impact strength of A356 alloy.

8. To obtain optimum impact strength, a combination of modification and

degassing to about 0.1 ml. H,/IOO g. Al. is recotTImended.

9. An excellent linear relationship between density and hydrogen level in the

reduced pressure test exists for ail cOtTIbinations of melt treatment processes.

10. It is possible to quantify the reduced pressure test by use of three

quantification methods which are;

i) constant correction factor,

ii) hydrogen depedent correction factor. and

ii) gas loss concept.

These three methods predict the hydrogen level reasonably well within the l'rror range

of ±0.05-0.1 ml.! 100 g. Al.

7.2 Recommendations for Future Work.

The author sut;gests further work based on the resu1ts of this thesis:

1. Investigation of the liquid density of modified alloy.

2. Study of the specifie cooling rate and the casting size where mass feeding has

no significant effect on reducing microporosity.

3. Redesigning of the reduced pressure test crucible to minimize shrinkage and

to maximize the effect of reduced pressure upon porosity formation.

4. Investigation into the exact value of reduced pressure that yields the optimum

quantification of the test particularly at low hydrogen levels.

5. Study of the amount of gas loss in the reduced pressure test as affected by

various melt treatment processes.

6. Study of the effect of inclusions on the quantification of the reduced pressure

test.
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7. An extension of quantification of the reduçe{j pressure test to various types uf

casting alloys.
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SHRINKAGE DISTRIBUTION FOR VARIOUS MELT TREATMENTS
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APPENDIX 4.2

INTERNAL GAS PRESSURE CALCULATION

The internai gas pressure, p., can be calculated from Sievert's Law (equation

42.1) which assumes thermodynamic equilibrium between the molecular gas in the bubble

and the diatomic hydrogen dissolved in the mel!.

(42.1)

where,

p. = f;quilibrium partial pressure of the dissolved gas,

CH = amount of hydrogen dissolved in the melt,

S = solubility constant of the mel!.

The gas pressure in the bubble can then be assumed to be equal to p. from this equation.

The tirst factor that must be calculated is the amount of gas dissolve<! in the melt,

CH' As solidification proceeds, CH increased due to the rejection of the solid phase and

can be caJculated by employing the Scheil equation. The value of equilibrium partition

ratio for hydrogen, Jc.., of 0.069 is used in this caJculation. This approximate value is

recommended by Poirier et al [46].

Another factor that controis the gas pressure is the solubility constant of the melt,

S. The solubility of hydrogen relates to temperature and the amount of silicon in the melt

as given in the equation:

10giO S - (42.2)
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where,

S = solubility constant of the melt,

A and B are pararneters that depend on the concentration of silicon in the alloy.

Yeum and Poirier [35] have anaiyzed the values of A and B given by Opie and

Grant [22] and expressed these values in terms of the concentrations of the ailoy elements

as:
1 3
2 2

A - 00 + 0IC; + 02Cj + 03Cj

and

where,

Ci = wt. % of silicon in the me1t,

<lx and bx are coefficients as shown in Table 42.1

Table 42.1 Coefficients for equations 42.3 and 42.4.

aO 2550

al -14.65

a2 203

a3 -47.86

bO 2.62

bl -0.09268

b2 0.2271

b3 -0.05411

(42.3)

(42.4)
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The concentration of silicon in the melt can be calculated by the Scheil equation

and using the binary Al-Si phase diagram data as shown in Table 42.2.

Table 42.2 Data from the Al-Si binary phase diagram.

Melting point of Al (oC) 660

Eutectic temperature CC) 577

Eutectic composition (wl. %) 12.6

Equilibrium partition ratio of Si 0.131

The computer program has been written to calculate the internai gas pressure and

is shown in Table 42.3. The program is written in BASIC language by the commercial

software QuickBASIC Version 4.5.

Table 42.3 Computer program used to calculate the internai gas pressure.

REM INTERNAL GAS PRESSURE PROGRAM
INPUT "H2 IN SYSTEM = ., ChO
INPUT ·output filename • ,f$
f$ = "a:" + f$ + ".prn"
REM constant used

cO = 7.0
ksi = 0.131
tm = 660+273
te = 577+273
kh = 0.069
ml = -7.38
ce = 12.6
temp = 750+273
fi = 1
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pressure = 1
R = oo1סס0.0

DO UNTIL fl < 0.05
temp = temp
IF temp < 610+273 and te < temp THEN

fl = «temp-tm)/(ml*cO)t(l/(ksi-1))
ci = cO*flA (ksi-1)

ELSEIF temp < = te THEN
fl = «temp-tm)/(ml*cO)nl/ksi/(ksi-1))
ci = ce

ELSE
fl = 1
ci = cO

END IF
A = 2550-14.65*ciA 0.5+203*ci-47.86*ciA 1.5
B = 2. 62-0.09268*ciA O.5 +0.2271 *ci-0.05411 *ciA 1.5
s = 10A «-Ntemp)+B)
k = 8.923E-05*s
Ch = ChO*8.923E-05/(fl+(1-fl)*kh)
Pg = «Ch/W2)
gamma = (864-(24.781 *ci)+(2.7856*ciA 2)-(0.11532*cn))*0.0ü00001/l01325
Pex = pressure + 2*gamma/R
fs = 1 - fi
OPEN f$ FOR APPEND AS #1
PRINT #1, temp, fs, Pg, Pex
CLOSE #1
temp = temp - 5

LOOP
END
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CORRECTiON FACTOR FOR VARIOUS MELT TREATMENTS
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