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Preface

This doctoral thesis is the result of three years of study full-time, including courses and

research at the University of Ferrara, Italy, from January 2011 to December 2013. Most of the

experimental work was carried out at the Engineering Department (ENDIF) in Ferrara. Part

of the experiments were conducted at the Norwegian University of Science and Technology

in close cooperation with the Solidification/Casting Group during my stay in Trondheim

from April to September 2013.

The work was partially founded by the "Bando Giovani Ricercatori - Fondi 5x1000 anno 2010

e Fondi Unicredit 2013 of the University of Ferrara". Additional financial support was given

by Hydro Aluminium AS (Norway).

Professor Gian Luca Garagnani at the Engineering Department was the main supervisor.

Assistant Professor Mattia Merlin was the co-supervisor. Professor Lars Arnberg hosted my

stay at the Norwegian University of Science and Technology.

The main aim of my PhD work was to study the influence of grain refinement and Ni/V

trace additions on the impact and tensile properties of the A356 aluminium casting alloy.

The research was subdivided into separate projects and led to three publications, which

represent the main part of this doctoral thesis. The manuscripts are:

A. D. Casari, M. Merlin and G.L. Garagnani, "A comparative study on the effects of three

commercial Ti-B based grain refiners on the impact properties of A356 cast aluminium

alloy," Journal of Materials Science, vol. 48(12), pp. 4365-4377, 2013.

B. D. Casari, T.H. Ludwig, L. Arnberg, M. Merlin and G.L. Garagnani, "The effect of Ni

and V trace elements on the mechanical properties of A356 aluminium foundry alloy

in as-cast and T6 heat treated conditions," submitted to Materials Science and Engineer-

ing A.

C. D. Casari, T.H. Ludwig, L. Arnberg, M. Merlin and G.L. Garagnani, "Impact behaviour

of A356 foundry alloys in the presence of trace elements Ni and V," submitted to Jour-

nal of Materials Engineering and Performance.
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The following list contains articles concerning research works and side activities on Al-Si

casting alloys. These papers were written during the three years period but are not included

in this thesis. The articles were either published or presented at conferences and seminars.

In particular, publications n◦4, 5, 6 are related to the grain refinement research project.

1. M. Merlin, D. Casari and G.L. Garagnani, "Influence of heat treatment and chemical

composition on microstructure and mechanical properties, and hot tearing behaviour

in aluminium alloy sand castings," 12th International Summer School on Aluminium Al-

loys Technology, Vicenza, Italy, 2011. (Poster presentation).

2. D. Casari, M. Merlin and G.L. Garagnani, "Influence of injection parameters on the fi-

nal surface quality of Al-Si-Cu die cast components," Proceedings of the 5th International

Conference High Tech Die Casting 2012, 2012, Vicenza, Italy. Also published in Metallur-

gical Science and Technology, vol. 30-2, pp. 11-17, 2012.

3. D. Casari, "The lamination defect in HPDC aluminium components," Annual Seminar

of the NTNU Solidification/Casting Group, Freiberg, Germany, 2013.

4. D. Casari, M. Merlin and G.L. Garagnani, "Effect of different types of refinements on

A356 foundry aluminium alloy: thermal and microstructural analyses," Metallurgical

Science and Technology, vol. 31-1, pp. 24-33, 2013.

5. D. Casari and C. Soffritti, "Valutazione comparativa dell’effetto di tre differenti tipolo-

gie di affinante sulle proprietà meccaniche e microstrutturali della lega di alluminio

A356 da fonderia," La Metallurgia Italiana, vol. 4, pp. 31-40, 2013.

6. D. Casari, M. Merlin and G.L. Garagnani, "Fracture behaviour of grain refined A356

cast aluminium alloy: tensile and Charpy impact specimens," Proceedings of the Con-

vegno Nazionale IGF XXII, pp. 314-321, Roma, Italy, 2013.

Theoretical and experimental investigations on the bending recovery performance of NiTi

shape memory alloy strips were also performed during the doctoral studies, as a continua-

tion of the M.S. degree. NiTi strips were characterised in terms of mechanical properties and

shape setting parameters. Subsequently, a one-dimensional phenomenological constitutive

equation was developed to model and estimate the theoretical evolution of the curvature

of the strips during bending and subsequent shape recovery. Using the characterisation

data as input parameters of the model, a good agreement between the theoretical curvature

evolution and the experimental data was observed. The results were published in:

1. R. Rizzoni, M. Merlin and D.Casari, "Bending properties of heat-treated NiTi strips for

actuation of smart reinforced beams," Proceedings of the XX Congresso dell’Associazione

Italiana di Meccanica Teorica e Applicata, Bologna, Italy, 2011.
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2. R. Rizzoni, M. Merlin and D.Casari, "Shape recovery behaviour of NiTi strips in bend-

ing: experiments and modeling," Continuum Mechanics and Thermodynamics, vol. 25,

pp. 207-227, 2013.

Part of the research activities was also devoted to the supervision of the following B.S. and

M.S. theses. Research and experiments were performed at the Engineering Department of

the University of Ferrara.

1. Giulia Mazzacurati (2012), "Analisi degli effetti di diverse tipologie di affinante sulla

microstruttura di leghe Al-Si-Mg da fonderia". Supervisors: M. Merlin, D. Casari.

2. Tommaso Stabellini (2012), "Studio degli effetti di tre tipologie di affinanti a base di

TiB2 sulle proprietà microstrutturali della lega di alluminio A356.0 da fonderia". Su-

pervisors: M. Merlin, D. Casari.

3. Diego Cecchinato (2012), "L’analisi termica: generalità e applicabilità della tecnica allo

studio della solidificazione di leghe di alluminio da fonderia". Supervisors: M. Merlin,

D. Casari.

4. Andrea Formenti (2013), "Analisi microstrutturale di provini di trazione e resilienza in

lega di alluminio A356 da fonderia trattata con diverse tipologie di affinante". Super-

visors: M. Merlin, D. Casari.

5. Giacomo Vitali (2013), "Influenza del trattamento di affinazione sulle proprietà mec-

caniche e microstrutturali di getti in lega di alluminio A356: ricerca bibliografica ed

indagine sperimentale". Supervisors: M. Merlin, D. Casari.

6. Emma Panini (2013), "Studio delle proprietà ad impatto e caratterizzazione microstrut-

turale di provini fullsize e subsize in lega di alluminio da fonderia A356". Supervisors:

M. Merlin, D. Casari.

7. Federico Sacchi (2014), "Comportamento ad impatto di provini Charpy fullsize e sub-

size in lega di alluminio da fonderia A356 al variare della temperatura". Supervisors:

M. Merlin, D. Casari.
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Abstract

It is well-established that the static and dynamic properties of the A356 aluminium casting

alloy (Al-7%Si-0.3%Mg) depend on several parameters, which in turn are related to (i) the

casting process, i.e. melt treatments and solidification conditions, and (ii) the physical metal-

lurgy of the alloy, i.e. chemical composition and heat treatment. However, despite the large

amount of literature on this topic, few and inconclusive results concerning the influence of

grain refinement on the mechanical properties of this widely used alloy have been provided

so far. The presence of undesired impurity elements coming from the manufacturing pro-

cess of primary aluminium has also recently arisen as a major issue for the final quality and

structural performance of foundry alloy products. In particular, it has been reported that the

elements Ni and V will progressively enter the chemical composition of future aluminium

casting alloys, as currently there are no cost efficient methods for removal. Therefore, the

aim of this doctoral thesis is to investigate the effect of grain refinement and Ni/V trace

impurities on the impact and tensile properties of the A356 alloy. The main results of these

separate research studies are summarized as follows:

– The influence of three commercial Ti-B based grain refiners in form of can (GR1), tab

(GR2) and granular flux (GR3) on the impact properties of Sr-modified A356-T6 spec-

imens obtained by permanent mould casting was studied by adding equal amounts

of the products to the molten alloy. Even if the grain size could not be directly related

to impact toughness, it was found that the grain refiners exert an indirect effect on

impact properties through changes in the SDAS, whose slight increase allows fracture

to propagate with a more severe low-energy transgranular mode, and modifications

in the size and shape of β-Al5(Fe,Mn)Si intermetallic compounds. These concurrent

effects were taken into account by applying a multiple regression analysis technique,

which was identified as a valid methodology to describe the variation of total absorbed

energy.

– The tensile and impact properties of unmodified A356 alloys added with 600 ppm Ni

or 1000 ppm V were assessed by analysing specimens obtained from sand and per-

manent mould casting in both as-cast and T6 heat treated conditions. It was observed

that Ni and V markedly affect the tensile properties of sand cast samples in the as-cast

condition, the former element by promoting the formation of harmful brittle Ni-rich
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intermetallic compounds (Al9FeNi and Al3Ni), whereas the latter through a beneficial

solid solution strengthening of the α-Al matrix, which allows the tensile specimens to

bear higher stresses compared to the corresponding base alloy samples. Experimental

results and SEM observations evidenced that either the application of T6 heat treat-

ment or the high cooling rate linked to the permanent mould casting process can ef-

fectively counteract the detrimental influence of Ni. On the contrary, a V concentration

of 1000 ppm generally exerted a positive effect on the tensile properties. This element

had also a strong influence on the impact properties of A356 alloy. V-containing sand

cast alloys absorbed slightly higher impact energies compared to the corresponding

A356 base alloys, whereas a considerable decrease in the total absorbed energy was

observed in the permanent mould cast alloys due to a loss of ductility linked to V in

solid solution. Contrary to the tensile properties, it was found that the trace element

Ni has a negligible effect on the impact toughness of the alloy.
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È noto che le proprietà statiche e dinamiche della lega di alluminio da fonderia A356 (Al-

7%Si-0.3%Mg) sono funzione di diversi parametri, i quali dipendono (i) dal processo di

colata, ovvero dal trattamento del metallo fuso e dalle condizioni di solidificazione, e (ii)

dalla metallurgia fisica della lega, vale a dire dalla composizione chimica e dallo stato di

trattamento termico. Nonostante tali aspetti siano stati ampiamente discussi in letteratura,

pochi lavori hanno avuto come obiettivo lo studio dell’influenza dell’affinamento del grano

sulle caratteristiche resistenziali della lega. I risultati presentati, inoltre, non hanno fornito

un’indicazione definitiva sui reali benefici di questo trattamento, lasciando quindi spazio a

futuri approfondimenti. Un’ulteriore tematica che negli ultimi anni ha suscitato crescenti

preoccupazioni in ambito industriale consiste invece nel graduale incremento del contenuto

di impurezze nei lingotti di alluminio primario. Le impurezze in tracce di Ni e V sono state

poste sotto particolare osservazione soprattutto per quanto riguarda i possibili effetti sulle

prestazioni meccaniche e sulla qualità finale dei getti, non essendo attualmente a dispo-

sizione tecniche efficaci ed economiche per la purificazione del metallo da questi elementi.

Alla luce di tali considerazioni, lo scopo di questa tesi di dottorato è pertanto lo studio

dell’effetto dell’affinamento del grano e degli elementi in tracce Ni e V sulle proprietà ad

impatto e a trazione di questa importante lega da fonderia. I risultati principali di questi

distinti progetti di ricerca sono riportati di seguito:

– Nella prima attività di ricerca è stata valutata l’influenza di tre affinanti commerciali a

base di Ti-B, sotto forma di lattina (GR1), pastiglia (GR2) e flusso granulare (GR3), sulle

proprietà ad impatto di leghe A356-T6 modificate allo Sr e colate in conchiglia. A tal

fine, le leghe sono state trattate aggiungendo al metallo fuso identiche quantità in peso

dei tre prodotti. Nonostante non sia stato possibile ricavare una correlazione diretta

tra la dimensione del grano e la resistenza ad impatto del materiale, è stato osservato

che tutti i prodotti affinanti realizzano comunque un effetto indiretto sulle proprietà

ad impatto attraverso variazioni dello SDAS, il cui incremento permette alla frattura

di propagare secondo modalità transgranulari a basso assorbimento di energia, e della

dimensione e forma dei composti intermetallici β-Al5(Fe,Mn)Si. L’utilizzo di tecniche

di regressione multipla ha permesso di tenere conto di entrambi gli effetti e di descri-

vere con buona accuratezza la variazione dell’energia totale assorbita all’impatto.
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– Oggetto del secondo progetto di ricerca è stato lo studio delle proprietà a trazione e ad

impatto di campioni in lega A356 non modificata e colata sia in sabbia sia in conchiglia,

a cui sono state aggiunte quantità dosate di Ni o V in modo da raggiungere rispettiva-

mente un contenuto di 600 ppm di Ni o 1000 ppm di V. I campioni sono stati caratteriz-

zati sia allo stato as-cast sia dopo trattamento termico T6. È stato osservato che Ni e V

influenzano considerevolmente le proprietà a trazione dei campioni colati in sabbia e in

condizione as-cast. Il primo elemento agisce incentivando la formazione di intermetal-

lici fragili contenenti Ni (Al9FeNi e Al3Ni), i quali diminuiscono sia il carico di snerva-

mento sia il carico di rottura della lega, mentre il V determina un effetto di rinforzo per

soluzione solida all’interno della matrice di α-Al, consentendo ai provini di trazione

di poter sopportare carichi più elevati prima del cedimento. I risultati delle prove

sperimentali e le osservazioni al SEM hanno inoltre evidenziato che l’applicazione del

trattamento termico T6 o la maggiore velocità di solidificazione ottenibile con la tec-

nica di colata in conchiglia possono contrastare efficacemente gli effetti negativi del

Ni. Un generale miglioramento delle proprietà a trazione è stato invece riscontrato

nelle leghe contenenti 1000 ppm di V. Questo elemento ha effetti rilevanti anche sulle

proprietà ad impatto: le leghe colate in sabbia contenenti V assorbono maggiori energie

all’impatto rispetto alle corripondenti leghe A356 di riferimento, mentre quelle colate

in conchiglia manifestano una considerevole riduzione dell’energia totale assorbita a

causa della perdità di duttilità della matrice dovuta al V in soluzione solida. Contra-

riamente alle proprietà a trazione, è stato osservato che il Ni ha un’influenza del tutto

trascurabile sulla resistenza ad impatto della lega.
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Introduction

The objective of this thesis work is to develop new knowledge on the influence of grain

refinement and Ni/V trace additions on the impact and tensile properties of the A356 alu-

minium casting alloy. To accomplish this, the following scheme has been adopted:

PART 1 is a literature survey intended to give the reader sufficient background on the the-

ories of grain refinement and on the issue concerning the increasing of Ni and V concen-

trations in primary aluminium, as well as previously reported results on the influence of

these parameters on the impact and tensile properties of the A356 aluminium casting alloy.

The main features of this Al-Si-based alloy such as the effect of alloying and impurity ele-

ments, the microstructure and the heat treatment are also briefly discussed. Eventually, the

summary and the main conclusions from the articles are reported in this part.

PART 2 contains the results of the work as a collection of three articles. The papers are

presented in the form they were submitted for publication or printed. The manuscripts

included in this section are:

A. D. Casari, M. Merlin and G.L. Garagnani, "A comparative study on the effects of three

commercial Ti-B based grain refiners on the impact properties of A356 cast aluminium

alloy," Journal of Materials Science, vol. 48(12), pp. 4365-4377, 2013.

B. D. Casari, T.H. Ludwig, L. Arnberg, M. Merlin and G.L. Garagnani, "The effect of Ni

and V trace elements on the mechanical properties of A356 aluminium foundry alloy

in as-cast and T6 heat treated conditions," submitted to Materials Science and Engineer-

ing A.

C. D. Casari, T.H. Ludwig, L. Arnberg, M. Merlin and G.L. Garagnani, "Impact behaviour

of A356 foundry alloys in the presence of trace elements Ni and V," submitted to Jour-

nal of Materials Engineering and Performance.
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Part 1





Chapter 1

Theoretical Background

1.1 Al-Si foundry alloys

Al alloys have become increasingly important over the past few decades as a result of their

unique properties such as light weight, high strength and resistance to corrosion, which

make them ideal materials for use in conventional and novel applications. The different

alloys are designated as wrought and cast alloys and are classified into series based on the

alloying elements and their typical range. The Al-Si alloys (3xx.x series, according to the

cast alloy designation system of the Aluminum Association) form the mainstream of the

industrially important engineering cast alloys. These alloys are widely used for automotive

applications, including wheels, engine and gear parts due to their excellent castability, high

strength to weight ratio and good corrosion and wear resistance [1–3].

The Al-Si system consists of a simple eutectic system with solid solution phases at both

ends of the phase diagram, and fcc Al and diamond cubic Si (Figure 1.1) [3]. The maximum

solubility of Si in Al is 1.5 at% at 577 ◦C and 0.05 at% at 300 ◦C, whereas the maximum

solubility of Al in Si is 0.016 at% at 1190 ◦C and becomes negligible at lower temperatures.

The only invariant reaction for the Al-Si system is a eutectic reaction (Liq. → Al(s) + Si(s)).

The eutectic temperature is 577 ◦C at a composition of 12.2 at% Si. The solidification of

hypoeutectic alloys starts by the formation of primary α-Al dendrites. Further cooling leads

to the growth of this solid solution phase, which progressively rejects Si into the residual

liquid until the eutectic temperature is reached. When the undercooling is large enough, the

final eutectic reaction occurs. Unlike the previous alloys, the solidification of hypereutectic

alloys starts by nucleation of polyhedral primary Si crystals and ends with the subsequent

eutectic reaction.

The content of Si in commercial Al-Si alloys (which are not pure binary systems) varies

from 4 to 22 wt%. The lower Si limit is related to the need to obtain a relatively narrow

solidification gap and, as a consequence, a good castability, whereas the upper limit is set

by the need to maintain a minimal amount of plasticity into the alloy. The expansion of

Si crystals during solidification partially compensates for the contraction of Al, and thus

5
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Figure 1.1 – Al-Si phase diagram [3].

diminishes the tendency of Al-Si alloys toward shrinkage and hot tearing. In the same way,

Si reduces the thermal expansion coefficient. Moreover, Si improves the fluidity of Al-alloys

owing to its high latent heat of fusion. Finally, Si constituent particles play an important role

in controlling many of the Al-Si alloys’ physical and mechanical properties [4]. In addition

to the Al-Si eutectic phase, a number of intermetallic phases may form in commercial Al-Si

alloys during solidification, depending on the chemical composition and cooling rate.

1.1.1 Grain refinement of hypoeutectic Al-Si alloys: nucleation and growth of

the primary α-Al phase

Since hypoeutectic Al-Si alloys have a large volume fraction of primary α-Al dendrites in

their microstructure, the formation of this phase is of great importance, as it will strongly

influence the soundness and the mechanical properties of the castings. In general, castings

with columnar or large grains have poor castability and mechanical properties. On the con-

trary, a fine and equiaxed grain structure generally improves mechanical and fatigue prop-

erties of castings and reduces hot-tearing susceptibility. Additionally, it provides a good

castability, a better dispersion of secondary phases and microporosities, and an improve-

ment in feeding during solidification.

The refinement of primary α-Al dendrites can be obtained by means of different techniques

including (i) high cooling rates, (ii) heterogeneous nucleation, (iii) melt agitation and vibra-

tion during solidification and (iv) mould coating (a number of papers in [5]). Among all

these methods, the grain refinement by heterogeneous nucleation (inoculation) has become

the most popular and, as a result, a common industrial practice in the casting process. The

addition of grain refiners, usually master alloys containing potent nucleant particles (see
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Figure 1.2 – Al-rich end of the Al-Ti phase diagram. The peritectic concentration is 0.15 wt% [7].

also Section 1.2.1.4), promotes the formation of a fine equiaxed macrostructure by deliber-

ately suppressing the growth of columnar and twin columnar grains.

Many authors have investigated the fundamental aspects of grain refinement from both

theoretical and industrial points of view. Several mechanisms for the nucleation of α-Al

in Al-Ti-B-added alloys have been proposed and extensively reviewed [5–7]. While some

authors have considered the importance of heterogeneous nucleating centres in obtaining

a fine grain structure (Nucleant Paradigm) [8–11], others have focused on the influence of

solute elements (Solute Paradigm) [12–14].

The first theories concerning the Nucleant Paradigm were postulated by Cibula in 1949 [8].

In particular, it was observed that the addition of Ti has a strong effect in nucleating the

primary α-Al phase. The prior existence of Al3Ti nuclei forming the primary phase via a

peritectic reaction (Figure 1.2) was suggested as the fundamental reason for the increased

nucleation of grains. In their study, Davies et al. [15] observed Al3Ti particles at the centre of

Al grains, thus demonstrating that they are active nuclei for primary α-Al phase. Their po-

tency is probably due to the favourable orientation between the lattices of the two phases (≈

4% lattice disregistry at 298 K), the exact value depending on the planes considered [16, 17],

and to several cristallographically equivalent planes capable of nucleating α-Al. According

to the binary Al-Ti phase diagram, Al3Ti is thermodynamically unstable in the liquid metal

at a concentration below about 0.15 wt%. Typical dissolution times were observed to be less

than a minute [18], thus leading to the fading of the grain refinement effect with time.

However, the results of several research works showed that the effect of Ti on the grain

refinement of Al starts at concentrations even below 0.10 wt% (Figure 1.3) [19,20]. The effec-

tiveness of Ti additions at these levels was proven by Schumacher and Greer [21, 22], who

studied the nucleation event on an amorphous Al alloy, the Al85Y8Ni5Co2 (at%), inoculated

with an Al-Ti-B master alloy and then quenched on a rapidly rotating, water-cooled copper

wheel. Using TEM, they observed that Al3Ti was present as absorbed layers on TiB2 crystals,

so that its existence was stabilised at Ti levels lower than that expected from the phase dia-

gram. Additionally, Al3Ti maintained its effectiveness in nucleating α-Al for longer periods,



8 Chapter 1. Theoretical Background

Figure 1.3 – Increase in grain refinement with increasing Ti addition, particularly starting from the peri-

tectic concentration [7].

due to the near-insolubility of TiB2 in the melt.

In some casting situations, boride particles are also responsible for the initiation of α-Al

grains, which is consistent with the findings of several authors, who noticed TiB2 particles

at the centres of α-Al dendrites [23, 24]. As previously observed for Al3Ti, this is due to the

moderately low disregistry between specific TiB2 and α-Al phase atomic planes (≈ 5.9% at

298 K). Similarly to TiB2, AlB2 are also active nuclei for α-Al grains. However, these particles

are less stable than TiB2, which increases the probability for B to be substituted by other

alloying elements present into the melt [10]. Conversely, mixed (Al,Ti)B2 boride particles

appear to be more stable, since they have been observed even at long holding times within

many dilute ternary alloys [16, 23, 24].

Hence, grain refinement can be promoted by borides or Al3Ti, both of which are potent nu-

clei and provide very low grain-initiation undercoolings [18]. The grain refinement potency

of Al3Ti is higher but in its absence, i.e. in alloys containing less than 0.15 wt% Ti, borides

become the nucleant phase. A small fraction of borides, however, provide an active nucleus

for primary α-Al grains, whereas the excess particles are pushed by the growing grains and

settle along the grain boundaries. It has been found that inactive particles have sub-micron

size, while the active inoculants are larger [25]. According to Greer et al. [26], the number of

grains is determined by a free-growth condition in which a grain grows from a refiner par-

ticle at an undercooling inversely proportional to the particle diameter. Larger particles can

therefore support growth at a smaller undercooling. As the undercooling increases, more
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Figure 1.4 – Effect of the growth restriction factor (GRF) on the grain size of various Al alloys [7].

inoculants are activated. Nevertheless, when a certain nucleation rate is reached, the latent

heat released from the grains exceeds the heat extracted from the system, so that the tem-

perature increases and no more inoculants are activated. Since most of the inoculants are

small, they remain inactive and are found at the grain boundaries.

Therefore, it appears that an optimum grain refining can be obtained when a surface is pro-

vided at, or just above, the liquidus temperature of the alloy. Effective grain refinement,

however, also requires the suppression of grain growth, which is assumed to be controlled

by segregating elements (Solute Paradigm). As a matter of fact, solute influences the dendrite

growth by building up a constitutionally undercooled zone in front of the solid/liquid in-

terface, which facilitates the nucleation of new grains [7,27]. The growth-restricting effect of

solute elements can be quantified using the growth restriction factor GRF, which is defined

as mC0(k − 1), where m is the gradient of the liquidus, usually approximated to a straight

line, C0 is the concentration of the solute in the alloy, and k is the partition coefficient be-

tween the equilibrium concentrations in the solid and liquid at the growing interface. When

a number of solutes are present into the melt, the GRFs are added under the hypothesis

that no interaction between the solute phases occurs. Therefore, the GRF for an alloy with

multiple solute elements is:

GRF =
∑

mC0(k − 1) (1.1)

The effect of GRF on the size of α-Al grains is shown in Figure 1.4. Initially, grain size

decreases with increasing the total value of GRF (Figure 1.4). After a minimum (≈ 150 - 200

µm), further increasing in GRF results in an increase in grain size. This growth is observed

only for alloys with Si levels above 3 wt% and is probably related to a poisoning effect of Si

towards Ti, as discussed below (see also Section 1.2.1.4) [28].

Therefore, according to the literature, both the addition of nucleant particles and the amount

of segregating elements are fundamental in the grain refining process. After the beginning of
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heterogeneous nucleation, the solute elements influence the grain refinement in two ways.

First, they reduce the growth of the previous grains, thus increasing the duration of the nu-

cleation phase. Then, their segregating ability leads to a constitutionally undercooled zone

in front of the growing interface (constitutional undercooling-driven mechanism), hence ac-

tivating the nucleation of new grains on other primary particles. This explains why, when

TiB2 particles are added to pure Al, no grain refinement is observed [9].

However, it must be noted that the grain size is strongly dependent on the type of alloying

elements/impurities present, as reported in [29, 30] and in a number of papers in [5]. For

the majority of solute elements, and particularly for Mg, Cu, Zn, an increase in solute con-

tent decreases the grain size and promotes an equiaxed microstructure. In contrast, certain

elements, e.g. Cr, Zr, Li and Fe, and high levels of Si have an adverse effect on grain refine-

ment. The mechanism of poisoning is not yet well understood but it is generally believed

that these elements interact with the grain refining constituents either by altering the chem-

istry of inoculant particles (mainly Zr), rendering them incapable of acting as substrates

for the formation of α-Al dendrites, or by leading to the formation of complex intermetallics

that are unable to nucleate aluminium during solidification. Hence, as the presence of solute

elements is not always beneficial to grain refinement, particular attention should be paid to

the chemical composition of the alloy during the casting process, in order to avoid unde-

sired detrimental effects on the grain refining response. This is especially true for the case

of secondary alloys, which possess a higher total impurity content compared to primary

alloys.

1.1.2 The issue of Ni and V trace elements

Aluminium producers that are currently focusing primarily on the control of dissolved hy-

drogen, Na content and inclusion removal, are now facing increasing Ni and V concen-

trations originating from the petroleum coke used for manufacturing of anodes for the Al

electrolysis. In the upcoming years, the levels of Ni and V in the coke are expected to rise

to 420 and 1080 ppm, respectively (Figure 1.5) [31]. Estimates show that approximately 50%

of these elements partitions into the primary aluminium during the electrolytic reduction of

alumina [32].

At this time, there is yet no cost efficient method available for removal of these elements.

The existing non-commercial processes for production of ultra purity Al, e.g. three-layer

electrolysis, zone refining and fractional crystallisation, can remove Ni and V but cannot be

applied to everyday alloys due to their cost [33]. In a recent study, Rhamdhani et al. [34]

reviewed the available commercial techniques for the removal of Ni impurity from the Al

melt, concluding that, at present, none of them appears to be effective. Hence, the authors

carried out experimental trials on various Al-Ni-X (X = P, B, Zr, Mg-Zr) systems in order to

investigate the possible formation of Ni-containing phases in the Al melt. It was reported

that Ni remains in the liquid until the later stages of solidification. Upon further cooling, Ni
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a) b)

Figure 1.5 – Impurity fluctuations in anode grade calcined coke from one supplier given for a) Ni and b)

V [31].

precipitates as an Al-Ni intermetallic eutectic phase combined with any available Fe. Apart

from the formation of a metastable Ni3P phase, which re-dissolves in the melt upon new

heating, none of the other added elements were observed to react with Ni, removing this

element from the melt.

Conversely, V and other transition metal impurities can be eliminated from liquid Al via the

addition of Al-B master alloys containing AlB12 or AlB2 particles (boride treatment). In par-

ticular, V reacts with B to form stable vanadium borides (VB2), which create a ring around

the initial boron source [35]. These clusters of borides have higher densities compared to

melt Al and settle at the bottom of the furnace. Since the presence of these rings inhibits

further reaction between V and B, there is still a potential to improve the boride treatment

by avoiding or disrupting the formation of the clusters. Further work is also required to

comprehend the mechanism of borides’ formation, in order to increase the efficiency and

economy of the process.

At present, the response to the problem is essentially the monitoring of Ni and V levels

during primary aluminium manufacturing and checking for any adverse effects [33, 36]. In

the longer term, however, the increasing of Ni and V levels may significantly affect the fi-

nal quality of the downstream products such as aluminium foundry alloys. It is thus of

primary importance to establish whether Ni and V contaminations can have a beneficial or

detrimental effect on the microstructural features, and consequently on mechanical, corro-

sion and manufacturing properties of Al-Si alloys, since they comprise 85 - 90% of the total

aluminium cast parts produced.

1.2 The A356 alloy

Among Al-Si foundry alloys, the hypoeutectic A356 alloy (also designated as EN AB-42100,

according to the EN 1676-2010 specification) is one of the most widely used in automotive

and aerospace industries for critical structure applications because of its advantageous met-

allurgical and manufacturing characteristics such as good mechanical properties in the heat

treated condition, corrosion resistance and excellent castability, which makes it easy to use
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in the fabrication of complex machine parts through various casting processes with a low

production cost.

1.2.1 Effect of element additions in A356 alloy

Table 1.1 shows the chemical composition of the A356 - EN AB-42100 foundry alloy. In

addition to Si, other major alloying elements in this alloy are Mg, Fe and Mn, which are

intentionally added in form of master alloys or are inevitably present as impurities from

the primary Al production, scrap recycling or manufacturing processes. Further elements,

e.g. Na, Sr, Sb, Ti and B, are also added on purpose during the casting process in order

to produce specific effects or microstructural transformations. In accordance with the Alu-

minium Association designation system for cast alloys, a capital letter (A, B, C) before the

digits indicates a variation in the chemical composition of the base 356 alloy with respect

to the amount of Fe, which varies from 0.04 wt% (best primary metal, corresponding to the

letter C) to 0.50 wt% (secondary metal), with typical primary levels in the 0.10 - 0.20 wt%

range (letter A).

A356 - EN AB-42100

Element Composition [wt%]

Si 6.50 - 7.50
Mg 0.30 - 0.45
Fe 0.15
Cu 0.03
Mn 0.10
Zn 0.07
Ti 0.18

Others
0.03 (each)
0.10 (total)

Al bal.

Table 1.1 – Chemical composition of the A356 - EN AB-42100 foundry alloy in accordance with the EN

1676-2010 specification. No specific information about the maximal tolerable Cr, Ni, Pb and Sn concentra-

tions is given.

1.2.1.1 Effect of Mg

Mg is intentionally added into the A356 foundry alloy as a key alloying element in order to

induce age hardening through the precipitation of fine Mg2Si dispersoids into α-Al matrix,

thus blocking dislocation movement and significantly improving the mechanical properties.

Latest findings indicate the following precipitation sequence upon ageing: Supersaturated

Solid Solution (SSSS) → independent clusters of Mg and Si, co-clusters of Si and Mg →

Guinier-Preston (GP) zones → Si rich phase → β
′′

→ β
′

→ β [37]. GP zones are generally

defined as agglomerates of atoms of the major solute elements that possess a diffuse, com-
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a) b)

Figure 1.6 – TEM micrographs of Mg-bearing precipitates obtained at different stages of artificial ageing:

a) β
′′

needle-shaped dispersoids - 4h at 175 ◦C, b) β
′

rod-like precipitates - 20h at 200 ◦C [37].

pletely or partially coherent boundary with the matrix. When Mg is added to the alloy in the

above-mentioned composition range, GP zones are observed as fine plates having a thick-

ness of one atomic layer (≈ 2.5 nm) and a length of about 30 nm, which form randomly in the

matrix and also heterogeneously on matrix dislocations [38–40]. They consists of alternating

arrangement of the columns of Mg and Si atoms along the 〈100〉α direction, with a chemical

composition of Mg:Si = 1. Several GP zones aggregate with increasing ageing time to form

needles and exhibit a complicated morphology. The β
′′

transition phase, whose chemical

composition is Si:Al:Mg = 6:3:1, also shows a needle-like shape (Figure 1.6a). Calorimetric

studies reveal that the formation of GP zones and β
′′

precipitates are parallel and competi-

tive processes [41] and that the transition from GP zones to β
′′

proceeds without the dissolu-

tion of the former precipitates [37]. These two phases are easily sheared by dislocations due

to their coherency with the matrix and small size. The presence of dispersoids homogenises

the slip distribution in underaged alloys, so that local strain concentration at grain bound-

aries and consequent intergranular fracture are reduced. The next phase in the transforma-

tion sequence is the β
′

phase (Figure 1.6b), which has a lower Mg:Si ratio (≈ 1.7) than the

equilibrium phase β-Mg2Si [42]. The β
′

precipitates are partially coherent with the matrix

and also lie along the 〈100〉α direction. However, they cannot be sheared by dislocations

due to their rod-like morphology. Hence, the β
′

transition precipitates increase strength by

Orowan looping (Figure 1.7). Further ageing leads to the final precipitation of the equilib-

rium phase β-Mg2Si, which consists of non-coherent platelets that make little contribution

to the strength of the alloy [2].

1.2.1.2 Effect of Fe and Mn

Fe is always present in a commercial A356 alloy. It is considered the main impurity element

and perhaps the most detrimental to the mechanical properties of the alloy [44]. Fe enters

the primary Al alloys through both the Bayer and Hall-Héroult processes, where it is present
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Figure 1.7 – Precipitation hardening mechanisms: moving dislocations pass small and not too hard pre-

cipitates by a) shearing, whereas large and hard particles are usually bypassed by b) bowing (Orowan

mechanism). c) shows the qualitative relationship between precipitate radius and strength of the particles

to resist shearing or bypassing by dislocations [43].

as Fe oxides in the ore and in the coke used for anodes, respectively. It is also accidentally

added during melting and casting through the use of equipment that contains Fe, and via

recycled scrap charges. Since there is no commercial method to efficiently reduce Fe levels,

the presence of this element in final aluminium alloy parts is inevitable [45].

Although Fe is highly soluble in liquid aluminium and its alloys, it has very little solu-

bility in the solid (max 0.05 wt%, 0.025 at%), and so it tends to combine with other ele-

ments to form intermetallic phase particles of various types. The most common Fe-rich

phases in A356 foundry alloy are the β-Al5FeSi phase with a needle or platelet morphol-

ogy (Figure 1.8a) and the α-Al8Fe2Si with a “Chinese-script”shape (Figure 1.8b). High Mg

contents promote the formation of the π-Al8Mg3FeSi6 quaternary phase with a “Chinese-

script”morphology (Figure 1.8c,d). The precipitation of specific intermetallic phases de-

pends on the Fe content, the cooling rate, the presence of other elements soluble in the

Fe-rich phases and the thermal history of the melt.

The mechanical properties are negatively affected by these Fe-bearing intermetallics, whose

influence is defined not only by their morphology, but also by their size and distribution. As

reviewed in detail by Mbuya et al. in [44], the most harmful effect on mechanical properties

is exerted by the β-Al5FeSi needle-shaped particles. Their elongated morphology impedes

the movement of dislocations more efficiently compared to the other Fe-rich phases. As

a consequence, the dislocation pile-ups on the β-Fe particles cause severe stress concentra-

tions, thus leading to the crack of both these brittle intermetallic compounds [46] and/or the

interface between β-Al5FeSi phases and the Al matrix [47]. The other intermetallic phases

are less detrimental for mechanical properties due to their more favorable morphologies.

Mn is commonly added to control the deleterious effects of Fe through the formation of

the α-Al15(Fe,Mn)3Si2 intermetallic compounds [48–50], which possess a less detrimental

“Chinese-script”morphology compared to β-Al5FeSi needles. However, the overall amount
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Figure 1.8 – Micrographs of the most common Fe-bearing intermetallic compounds detected in A356 alloy:

a) β-Al5FeSi platelets, b) α-Al8Fe2Si with a “Chinese-script”morphology, c) π-Al8Mg3FeSi6 growing

from the β-phase, d) “Chinese-script”shaped π-phase [45].

of Mn + Fe should not exceed 1 - 1.5 wt% (depending on Si concentration) in order to avoid

the formation of colonies of large α-Al15(Fe,Mn)3Si2 primary crystals (sludge) that have a

detrimental effect on the mechanical properties of the alloys [3, 44].

1.2.1.3 Effect of Na, Sr and Sb

Na, Sr and Sb are added as impurity elements to molten Al in order to modify the as-cast

structure of eutectic Si particles from a coarse acicular or flake morphology, which causes

the casting to exhibit poor ductility, to a fine fibrous structure (Figure 1.9), thus resulting in

a substantial improvement of mechanical properties.

Even though several theories have been put forward in the last decades in order to explain

how eutectic Si modification occurs, the exact mechanism by which the modifier element

changes the morphology of Si is still under debate. A comprehensive literature review in-

cluding proposed modification mechanisms, interaction of defects and non-destructive as-

sessment by thermal analysis has been recently presented by Hegde and Prabhu [51].

As for the practical aspects of modification melt treatment, Sr and Sb are generally added as

master alloys and ingots, whereas the addition of Al-Na-based master alloys is not conve-

nient due to the very low solubility of Na in solid Al (≈ 0.002 at% [3]). Therefore, elemental

Na vacuum-packed in aluminium cans is commonly used, as well as Na-containing fluxes

or salts. Na or Sr are usually added at levels in the range of 0.01 - 0.02 wt% [52–54]. Although
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Figure 1.9 – Eutectic Si morphology in a) unmodified, b) Sr-modified (300 ppm Sr) and c) Sb-modified

(2400 ppm Sb) hypoeutectic Al-Si alloys [58].

less Na is required to achieve the same optimum level of eutectic modification compared to

Sr (100 ppm Na vs. 200 ppm Sr) [55], Na-modified alloys are observed to have an increased

propensity to microporosity formation compared to Sr-modified alloys [56]. Additionally,

Na fades faster than Sr due to its high vapor pressure at melt temperatures, so that a short

holding time is required between modification treatment and casting [57]. In contrast, Sr

is an effective modifier with much longer retention times than Na (up to 10 h) owing to its

low oxidation sensitivity. Further significant advantages of Sr are its good recovery (90%

of Sr addition vs. 20 - 30% of Na) and the possibility to accurately control the amount of

addition. Optimum mechanical properties are obtained in the range 50 - 150 ppm. A de-

cline in properties above this level is generally due to both the increase in the amount and

size of porosity and the formation of the Al4SrSi2 intermetallic compound (usually above

300 ppm) [52, 57]. In contrast to the previous modifying elements, additions of Sb up to a

few thousand ppm merely refine the coarse Si flakes to fine closely spaced Si platelets and

results in partial modification [58].

1.2.1.4 Effect of Ti and B

Ti and B are commonly added in form of Al-Ti, Al-Ti-B and Al-B master alloys to molten

Al in order to produce an equiaxed grain structure in the castings through heterogeneous

nucleation, i.e. the formation of α-Al dendrites is promoted by potent Al3Ti, TiB2 and AlB2

nucleant particles dispersed into the melt (see also Section 1.1.1). Master alloys are usually

added in form of rods, waffles and ingots. Further grain refinement methods involve the

reaction of molten Al with tabs of halide salts (K2TiF6 and KBF4). Novel techniques include

the addition of a granulated flux during the stirring of the melt or powder injection into the

molten Al [59, 60].

In Al-Ti master alloys, the Ti content usually falls in the range 6 - 10 wt%, whereas ternary Al-

Ti-B master alloy can have either Ti or B in excess of the TiB2 stoichiometry (Ti:B = 2.22). The

Al-5Ti-1B is one the most used and offers a remarkable performance in the continuous and
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Figure 1.10 – Grain refinement of A356 alloy with Al-5Ti, Al-5Ti-1B and Al-4B master alloys [5].

semi-continuous casting of wrought alloys, but fails to meet the expectations, as well as the

Al-Ti master alloys, in the case of Al-Si alloys with a Si content larger than 3 wt%, due to the

reaction between Si and Ti to form Ti-Si phases at the expense of Al3Ti particles [11, 28, 61].

Therefore, some new master alloys, such as Al-3Ti-3B, Al-1Ti-3B and Al-3B/Al-4B have been

developed and reported to provide better grain refinement performances than the Al-5Ti-

1B, since a higher amount of stable and potent nucleant particles, i.e. (Al,Ti)B2, is introduced

(Figure 1.10) [28, 62]. Additionally, Al-3B and Al-1Ti-3B master alloys have been found to

be more efficient grain refiners even at long holding times. As a result, the mechanism of

fading of the grain refiners, i.e. the developing of a coarse grain structure in the castings

due to either dissolution or settling/floating (or both) of nucleating particles during long

holding [5], is not observed [62].

As previously discussed, in addition to high levels of Si, some alloying/impurity elements

such as Cr, Zr, Li and Fe can produce a detrimental effect on the grain refining efficiency of

Al-Ti-B master alloys, resulting in much coarser α-Al grains compared to the primary grains

obtained in their absence [5, 29, 30]. A mutual poisoning effect between Sr and B is also

noticed in Al-Si casting alloys when the contents of Sr and B exceed certain limits, namely

0.040 wt% Sr and 0.028 wt% B [63]. Conversely, the addition of Mg to Al-Si alloys, e.g. the

A356 alloy, improves the grain refining response and helps in overcoming the poisoning

effect of Si by reducing the surface tension and improving the wettability of the melt with

the heterogeneous nucleating sites [64, 65]. In their research on a number of alloys having

compositions in the range 7 - 20 wt% Si and 0 - 0.8 wt% Mg, Kori et al. [65] showed that there

exists an optimum level of Mg to be effective, which depends on the Si content of the alloy

and the addition level of the grain refiner.

Therefore, in industrial practice, it is suggested to avoid large additions of soluble Ti to
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Al-Si alloys with high Si levels, such as the A356 alloy, thus refining with the B-richer Al-

Ti-B master alloys. The recommended addition is 10 - 20 ppm of B, with low dissolved Ti

levels to improve grain refining efficiency and to avoid sludge [66]. More specifically, good

grain refinement with grain sizes below 200 µm after 120 min holding can be achieved with

addition levels of 0.022 wt% B, 0.025 wt% B, and 0.035 wt% Ti respectively with Al-1Ti-3B,

Al-3B, and Al-5Ti-1B master alloys [62]. In most cases, however, further additions of Ti as a

growth restriction element are generally not required, as commercial primary and secondary

Al-Si casting alloys contain very high residual amounts of Ti (> 0.15 wt%) resulting from

repeated recycling and generous specifications.

1.2.2 Microstructure

The microstructure of the A356 alloy in the as-cast condition generally consists of primary

α-Al dendrites, a dispersion of eutectic Si particles and various intermetallic compounds

such as Mg2Si, β-Al5FeSi and π-Al8Mg3FeSi6 (Figure 1.11). The solidification behaviour of

the unmodified A356 alloy is well documented in literature [46, 67] and depends on Mg

and Mn contents [68], Mg:Fe ratio [69] and cooling rate. The typical solidification sequence

noted for this alloy is:

– T = 883 K (610 ◦C) - Start of solidification and formation of α-Al dendrites

– T = 841 K (568 ◦C) - Start of main eutectic reaction: Liq. → Al + Si + Al5FeSi

– T = 830 K (557 ◦C) - Precipitation of Mg2Si: Liq. → Al + Si + Mg2Si

– T = 823 K (550 ◦C) - Precipitation of complex eutectic: Liq. → Al + Si + Mg2Si +

Al8Mg3FeSi6

– T = 816 K (543 ◦C) - Solidus

The α-Al dendrites contains some dissolved Si and Mg, which are distributed with a con-

centration profile from the centre to the edge of the dendrite arms due to segregation effects.

The morphology of primary α-Al grains can be categorised as equiaxed or columnar, the

latter developing in the absence of inoculant particles. The Al-Si eutectic can occur in two

main forms: an unmodified form in which Si precipitates as coarse needle-like particles, and

a chemical (Na, Sr and Sb additions) or thermal (high cooling rates) modified form in which

the Si phase grows as bundles of fine fibers or platelets. The Mg2Si phase of the ternary eu-

tectic typically grows with a fine “Chinese-script”morphology. As previously observed, the

β-Al5FeSi phase precipitates as randomly distributed platelets, whereas the π-Al8Mg3FeSi6
phase occurs in “Chinese-script”and blocky morphologies, both of which sometimes grow

directly upon acicular β-Fe intermetallics.
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Figure 1.11 – BSE-SEM micrograph of the as-cast A356 foundry alloy. Aluminium dendrites are in dark

grey, whereas Si particles in the interdendritic regions appear in light grey. Intermetallic phases with

typical morphologies are also detected and labeled.

1.2.3 Heat treatment

Various heat treatment cycles can be applied to Al-Si alloys depending on the casting pro-

cess, the alloy composition and the desired mechanical properties. A typical heat treatment

applied to sand and permanent mould cast A356 alloys is the T6 heat treatment, which con-

sists of three stages [43]:

– Solution treatment at a high temperature, generally close to the eutectic temperature of

the alloy, in order to (i) dissolve the intermetallic particles precipitated during solidi-

fication, (ii) obtain a high and homogeneous concentration of the alloying elements in

solid solution, and (iii) spheroidise the eutectic Si particles.

– Quenching, usually to room temperature, to attain a supersaturated solid solution of

solute atoms and vacancies.

– Age hardening, either at room temperature (natural ageing) or at an elevated tempera-

ture (artificial ageing), to cause the precipitation of strengthening Mg2Si particles from

the supersaturated solid solution.

The possible range of solution heat treatment temperatures for the A356 alloy is 475 - 566 ◦C.

In practice, temperature is generally kept below 555 ◦C in order to avoid incipient melting of

the ternary eutectic, with typical solution treatment temperatures around 540 ◦C. The solu-

tion heat treatment gradually dissolves the Mg2Si and π-Al8Mg3FeSi6 phases. The dissolu-

tion of the former intermetallic compound is usually completed after 2 - 4 min [43], whereas

the latter undergoes necking and is partially replaced by β-Al5FeSi phase through the pro-

gressive dissolution of its Mg and Si into the α-Al matrix. This transformation is both a time-
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and composition-dependent reaction, and appears to approach near-saturation within 30

min, hence allowing maximum predicted Mg levels into the matrix to be reached [70,71]. Fe-

bearing phases formed during solidification are much harder to dissolve. While β-Al5FeSi

intermetallics fragment and undergo dissolution after a long time at a high temperature, the

α-Al15(Fe,Mn)3Si2 phase is almost unaffected by solution heat treatment. The morphology

of eutectic Si particles is also altered by solution heat treatment [72]. A process involv-

ing fragmentation, spheroidisation and coarsening takes place and leads to better ductility

in both modified and unmodified alloys. The time needed for spheroidisation strongly de-

pends on the solution treatment temperature and on the morphology and size of the eutectic

Si particles in the as-cast condition. In particular, fibrous Sr-modified structures are easier to

fragment and spheroidise, so that solution treatment time can be decreased.

The quenching stage causes the equilibrium solid solution chemistry obtained at the chosen

high solution temperature to be retained as a supersaturated solution at room temperature.

Faster quenching rates retain a higher vacancy concentration, enabling higher mobility of

the Mg and Si atoms in the primary α-Al phase during ageing. However, the drawback

with quick cooling is that thermal stresses are induced in the castings. Conversely, slow

cooling rates reduce residual stresses and distortions in the components, but also lead to

the heterogeneous precipitation of particles at grain boundaries or dislocation, which thus

results in a reduction of supersaturation of solute, in a subsequent lower volume fraction of

β
′′

precipitates, and consequently in a lower yield strength after ageing [43, 73, 74].

The high level of supersaturation and the high vacancy concentration after quenching cause

the age-hardening to rapidly take place also at room temperature in A356 foundry alloy [75].

However, the formation of metastable precipitates that are either coherent or semi-coherent

with the matrix (see also Section 1.2.1.1) is enhanced by artificial ageing, which is usually

performed at temperatures in the range of 150 - 210 ◦C [43,76]. As a direct consequence, the

peak hardness in an artificially aged A356 alloy results 30 HV higher than the peak hardness

of an equivalent alloy aged at room temperature (Figure 1.12a). Additionally, when an ele-

vated temperature is used, ageing time can be reduced: the time to peak hardness decreases

from 10 h to only 20 min when temperature is increased from 170 ◦C to 210 ◦C. However,

if temperature is increased above 210 ◦C, a decrease in strength is observed (Figure 1.12b).

This effect is related to a change in hardening precipitates. According to Eskin [77], the β
′

phase precipitates at temperatures above 200 ◦C, substituting the β
′′

phase and thus giving

a lower contribution to strength.

1.3 Tensile and impact properties of A356 alloy

The tensile and impact properties of the A356 casting alloy (Table 1.2) are governed by var-

ious factors, namely (i) those coming from the casting process itself and (ii) those that are

influenced by the physical metallurgy of the alloy. Most castings fabricated by the con-

ventional casting processes inevitably contain casting defects such as porosities, shrinkage
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a) b)

Figure 1.12 – Artificial ageing curves for A356 foundry alloy in the ranges a) 22 - 190 ◦C and b) 210 -

420 ◦C [76].

Tension

Casting Technique Temper UTS [MPa] YS [MPa] A% CIE [J]

Sand Casting T6 230 190 2 2.3 - 7.3
Permanent Mould Casting T6 290 210 4 2.3 - 20.3

Table 1.2 – Tensile and impact properties of the A356 - EN AC-42100 casting alloy in the T6 heat treated

condition. Tensile data refer to the minimum tensile properties required for separately cast test pieces

in accordance with the EN 1706-2010 specification. Charpy impact energy (CIE) ranges are taken from

[109,111] for Sr-modified alloys. A detailed overview of the physical and mechanical properties of the alloy

(except for impact properties) is given in [4].

cavities, oxide bifilms and inclusions. Since these defects are almost always at least one or-

der of magnitude larger than the microstructural constituents, they play a major role in the

deterioration of the performance of the alloy, being elements of discontinuity and acting as

stress concentrators (Figure 1.13a) [1, 78–85].

However, tighter controls currently applied during the manufacture of the castings as well

as the advancements of the casting processes have resulted in a reduction of size and amount

of these structural defects. Therefore, the microstructural constituents arise as the main fea-

tures influencing the mechanical properties of A356 foundry alloy. In particular, an accurate

investigation of the physical metallurgy background of this alloy indicates that the chemical

composition, solidification rate and heat treatment are the key parameters to alter both the

tensile and impact properties (Figure 1.13b) [39, 43, 44, 47, 52, 71, 72, 86–111].

According to the literature [89–91], the microstructural features that mainly control the me-

chanical properties of a pore-free A356 casting alloy are the secondary dendrite arm spacing

(SDAS), eutectic Si particles and intermetallic phases. The fracture process generally con-

sists of three stages: (i) particle fracture caused by plastic deformation in the α-Al matrix,

(ii) microcrack formation and growth and (iii) linkage of microcracks [90]. The eutectic Si

particles and brittle intermetallics crack because of the high stress concentrations originated

by dislocations piling-up at the interfaces between these particles and α-Al matrix [91]. Once
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a) b)

Figure 1.13 – Mechanical properties of A356 foundry alloy: a) influence of casting defects (tensile proper-

ties as a function of fractographic porosity); b) influence of microstructural constituents (UTS as a function

of β-Al5FeSi intermetallics’ size and Sr content) [82, 96].

a particle cracks, a microvoid is formed and tends to grow. This particle cracking process

continues until a critical volume fraction of cracked particles is reached. Eventually, the al-

loy fails because of a rapid linking process among microcracks, which is favoured by coarse

microstructural constituents and by the clustering of eutectic Si particles and intermetallic

phases among the secondary arms of α-Al dendrites (also called dendrite cells). In particu-

lar, when SDAS is large (> 50 µm), a strong interaction occurs during deformation between

the slip bands generated in the secondary dendrite arms and the dense array of Si particles

in the surrounding interdendritic regions. The microcrack linking process then takes place

more easily along the cell boundaries, thus leading to a low-energy transgranular fracture

mode. Conversely, in the fine microstructures, the smaller SDAS (< 30 µm) and Si particles

make dendrite cell boundaries more discontinuous. Therefore fracture propagates through-

out the grain boundaries, which offer an alternative continuous path. This transition from

transgranular to intergranular fracture mode is usually accompanied by an increase in the

ductility of the alloy [90]. It is also worth noting that an increase in particles’ size increases

their probability of fracture due to the presence of a larger amount of defects, which gener-

ally cause the particles to have a lower fracture stress [89, 112]. Additionally, when casting

defects are also present, the crack nucleates at lower strain in response to the local stress

concentration resulting from the existence of these detrimental internal discontinuities.

1.3.1 Influence of chemical grain refiners

Despite the significant amount of literature dealing with the theories of grain refinement

and the effectiveness of various grain refiners’ compositions in decreasing the grain size

(see Sections 1.1.1 and 1.2.1.4), a small number of articles focused on the influence of this

melt treatment on the tensile and impact properties of the A356 casting alloy. Only in the

recent years there has been an increasing amount of literature on this topic, which comprises

also research studies on the Mg-free Al-7Si alloy. As discussed in more detail below, while

some authors have reported a considerable increase in mechanical properties, others have
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given evidence that grain refinement alone exerts only minor beneficial effects, its influence

being generally low compared to the modification of eutectic Si particles or the concurrent

application of both melt treatments. Therefore, at present, there is still some controversy

on the performance improvement provided by grain refining. More experiments are thus

required in order to fill the lack of knowledge on this subject.

In their studies, Kori et al. [62, 113] investigated the effect of different Al-Ti-B-based master

alloys on the tensile properties of as-cast Al-7Si and Al-7SiMg alloys poured into cylindri-

cal graphite moulds. Grain refiners were added either alone or in combination with a Sr-

containing modifier. Even if grain refiners alone increased the tensile properties to a some

extent, it was found that both the additions are needed to obtain significant improvements

in the performances of the alloys. In particular, Al-1Ti-3B and Sr in the addition levels of 1.0

wt% and 0.02 wt% gave the highest increase in the yield strength and percentage elongation,

to the extent of above 18% and 88% in case of Al-7Si alloy, and 10% and 60% in case of Al-

7SiMg alloy. Tensile properties of as-cast A356 foundry alloy with individual or combined

addition of Ti, B and Sr were also studied by Mallapur et al. [114], who noticed that the joint

addition of 0.65% Al-3Ti, 0.60% Al-3B and 0.20% Al-10Sr master alloys results in the max-

imum improvement of tensile properties as compared to the individual addition of grain

refiner and modifier (Figure 1.14). A similar trend was also observed by the same authors

in graphite mould cast, forged and then T6 heat treated A356 alloy samples, thus confirm-

ing the beneficial effect of a combined addition of grain refiners and modifier [115]. In all

the cases, the improvement in tensile properties was credited to the change from colum-

nar to equiaxed grains, which provided a more homogeneous microstructure, and to the

concurrent modification in shape and size of eutectic Si particles due to the addition of Sr.

When added alone, however, the grain refiner was found to be slightly less effective than

the modifier in increasing the tensile properties of the alloys [62,113–115], thus proving once

again the great contribution of eutectic phase modification to final performances of Al-7Si

alloys. The same findings were reported by Basavakumar et al. [116], who also extended the

analysis to the impact properties.

In another study, Chen et al. [117] quantitatively analysed the grain refining response of an

Al-7SiMg foundry alloy to inoculation via the Al-3B master alloy. After the melt treatment,

the alloy was poured into a preheated graphite mould, and the samples were tested in the

as-cast condition. Significant grain refinement and improvement in tensile properties were

obtained due to the addition of the grain refiner, which increased yield strength (YS), ul-

timate tensile strength (UTS) and percentage elongation by ≈ 15 MPa, 40 MPa and 1.5%,

respectively. A recent study by Birol [118] involved the employment of two standard grain

refiners, Al-5Ti-1B and Al-3B, to investigate the potential of B additions to grain refine the

A356 alloy and increase its mechanical properties. Tensile samples were obtained by perma-

nent mould casting and then tested in both as-cast and T6 heat treated conditions. Although

no comparison between refined and unrefined samples was provided by the author, it was

reported that the two groups of grain refined as-cast samples exhibit very similar yield and
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Figure 1.14 – Mechanical properties of A356 alloy before and after the addition of grain refiner and/or

modifier. Alloy 1: A356, Alloy 2: A356 + 0.65% Al-3Ti, Alloy 3: A356 + 0.60% Al-3B, Alloy 4: A356 +

0.20% Al-10Sr, Alloy 5: A356 + 0.65% Al-3Ti + 0.60% Al-3B + 0.20% Al-10Sr [5].

ultimate tensile strength values, thus evidencing that the secondary dendrite arm spacing

(SDAS), rather than the grain size, controlled the tensile performances of the castings. Con-

versely, the alloy refined with the Al-3B master alloy showed significantly superior tensile

properties after T6 heat treatment, with higher strength and percentage elongation values

compared to the one refined with the Al-5Ti-1B master alloy (YS: 238±8 vs. 205±1 MPa,

UTS: 284±8 vs. 228±8 MPa, and A%: 3±0.7 vs. 1±0.5). Additional research studies were

performed by Aguirre-De la Torre et. al [119] on the mechanical properties of T6 heat treated

A356 automotive wheels produced by low-pressure die casting. It was found that the addi-

tion of Al-5Ti-B master alloy up to 0.13 wt% causes also a decrease in SDAS, thus resulting

in a higher elongation to fracture average value. However, further additions of the grain

refiner exerted a detrimental effect on elongation, whose decrease was credited to the re-

duced sliding between grains related to the precipitation of strengthening particles in the

larger grain boundary region. The same tendency was also observed for the impact en-

ergy. Finally, since neither YS nor UTS were significantly altered by Al-5Ti-1B additions, the

strengthening provided by grain refinement was reported to be negligible compared to T6

heat treatment.

In their comparative study on the effect of grain refiners on the tensile and impact properties

of A356 cast alloy, Samuel et al. [120] tested as-cast and T6 heat treated samples added with

various concentrations of different master alloys, such as Al-10Ti, Al-4B, Al-5Ti-1B, Al-2.5Ti-

2.5B and Al-1.7Ti-1.4B. Combined additions of Sr (in the levels of 30 and 200 ppm) and grain

refiners were also considered in order to clarify the effect of Sr-B interaction. No significant

variations were noticed in the yield strength of the as-cast alloy, regardless of the amount

of Sr or grain refiner additions. Conversely, T6 heat treated grain refined samples showed

higher yield strengths compared to the unrefined alloy at both low and high Sr levels, with a
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a) b)

Figure 1.15 – Variation of total absorbed energy as a function of Ti or B content in a) as-cast and b) T6 heat

treated A356.2 alloy, modified with 30 ppm Sr. It is observed that increasing the B:Ti ratio in the Al-Ti-B

master alloys from 1:5 to 1:1 results in significant reduction in the achieved toughness compared to the

unrefined alloy, probably due to Sr-B interaction. In particular, the Al-2.5Ti-2.5B master alloy shows the

greatest decrease upon increasing Ti content [120].

rising trend discernible for all grain refiner additions in the 200 ppm Sr-modified alloy. The

addition of either Al-2.5Ti-2.5B or Al-1.7Ti-1.4B master alloys caused a moderate decrease in

both percentage elongation and ultimate tensile strength of the as-cast 200 ppm Sr-modified

alloy due to Sr-B interaction. In particular, the increase in the content of B beyond 0.1 wt%

changed the shape and size of the eutectic Si particles, thus negatively affecting both the

tensile parameters. T6 heat treatment did not lead to any improvement in the percentage

elongation of the grain refined alloys, whereas the ultimate tensile strength showed higher

values after the addition of lower amounts of the master alloys, in the range 0.02 - 0.04

wt% Ti. The impact toughness was found to be more sensitive than tensile properties to the

microstructural variations associated with Sr addition. Combinations of Ti and B improved

the impact strength of as-cast samples, but only in the fully modified state and using the

right type of master alloy and the suitable addition level. The addition of master alloys with

a B:Ti ratio close to 1:1 always resulted in a significant reduction in toughness, probably due

to the Sr-B interaction (Figure 1.15). T6 heat treated alloys showed higher impact properties

than the as-cast ones, irrespective of the type of grain refiner used [120, 121].

1.3.2 Influence of Ni and V alloying and trace elements

There are few data available in the literature about the influence of Ni and/or V on the ten-

sile and impact properties of Al-Si alloys. A number of studies have recently dealt with the

potential of Ni as an alloying element for Al alloys [122, 123]. Ni concentrations around 1

wt% have been found to exert a positive influence on the high temperature strength and on

the thermal stability of Al-Si-based alloys. This increase has been credited to the presence of

Al3Ni and Al9FeNi intermetallics forming a rigid, interconnected, long-range 3D structure

that preserves its contiguity and ability to bear loads even when the matrix softens. How-
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Figure 1.16 – Ni-Cu-bearing intermetallics detected in the microstructure of the as-cast Al-7Si-0.5Cu-

0.35Mg-0.1Fe with a) 0.1 Ni, b) 0.3 Ni, c) 0.6 Ni and d) 1.0 Ni. The chemical composition of the Q

intermetallic phase is Al5Mg8Cu2Si6 [126].

ever, a decrease of strength, elongation and hardness compared to Ni-lean alloys has been

observed when the Al3Ni phase precipitates and agglomerates in the interdendritic regions

without creating this interconnected hybrid reinforcement [124].

In combination with Cu, Ni is generally added to many engine piston alloys in concentra-

tions varying from 0.5 to 3 wt% [125–127]. Depending on Ni and Cu contents, different Ni-

Cu-bearing phases may form, namely ε-Al3Ni, δ-Al3CuNi, γ-Al7Cu4Ni, T-Al9FeNi (Figure

1.16). These intermetallics are thermally stable and lead to high strength at elevated tem-

perature, even if at the expense of ductility. Therefore, a high temperature heat treatment is

usually performed on these Al-Si alloys in order to increase the ductility.

As for V, it has been reported that the peritectic formation of the Al3V intermetallic com-

pound upon cooling possesses some grain refinement potential of Al alloys [128], which

may exert a beneficial effect on both static and dynamic properties. In particular, it has

been recently observed that the addition of V in levels from 0.15 to 1.00 wt% is an effective

approach to introduce active heterogeneous nucleant particles (Al10V) through in-situ for-

mation in the melt, thus promoting the grain refinement of the alloy [129]. However, the

effect of V on grain size appears to be lower than for conventional grain refiners. A recent

study on the effects of low levels of V (600 and 2000 ppm) on the phase selection of Fe-rich

intermetallic particles in a high purity Al-7Si foundry alloy has reported that V stabilises the

α-Al8Fe2Si phase in a way similar to, but less effective than, the effect of Mn [130]. Hence,

a decrease in the amount of acicular β-Al5FeSi intermetallic compounds might positevely

affect the mechanical properties. Additionally, V is also added in combination with Zr (or

Ti) to Al-Si alloys in order to stabilise the mechanical properties at both room and elevated
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temperatures through the formation of Al3X trialuminide phases during the ageing stage

of heat treatment [131–133]. These uniformly distributed nano-sized precipitates, which

possess crystal structures similar to the FCC structure of the Al matrix, appear to be very

effective in the blockage of dislocations movement, leading to an increased yield strength

at the expense of the dislocation storage capacity [131]. Furthermore, they are more ther-

mally stable than Cu- and Mg-based precipitates and therefore contribute more likely to the

strength retention at elevated temperatures [132, 133].

Even though it is known that Ni and V contaminations may represent a major issue for the

purity of primary aluminium and consequently for the structural performances of Al-Si al-

loys (see Section 1.1.2), literature concerning the influence of these elements on the tensile

and impact properties is scarce. Only recently Grandfield et al. [32] have presented prelimi-

nary results of combined Ni and V additions of 300 ppm each to A356 foundry alloy. It has

been observed that the joint addition of these elements has only a moderate influence on

the tensile properties, causing a slight reduction in strength but no change in ductility in the

T6 heat treated condition. However, it was impossible to distinguish between the effects of

Ni and V. Further research works are therefore required in order to determine (i) how Ni or

V trace additions affect the mechanical properties of Al-Si alloys and (ii) which amount of

these trace elements can be tolerated without compromising the structural integrity of the

alloy.
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Chapter 2

Main Contributions and Impact of the

Research

2.1 Overview of the Articles

Article A

Article A presents a comparative study on the impact properties of a permanent mould cast

Sr-modified A356-T6 alloy added with equal amounts of commercial Ti-B based grain refin-

ers in form of can (GR1), tab (GR2) and granular flux (GR3). The mould and pouring tem-

peratures were kept constant throughout the casting trials in order to avoid any influence

of the cooling rate on the microstructure. The results of impact tests and microstructural

analyses showed that the grain size has no direct influence on impact properties. However,

all the products were observed to cause some further changes in the overall microstruc-

ture of the alloys. In particular, contrary to common expectations, the addition of grain

refiners strongly affected the secondary dendrite arm spacing (SDAS), leading to a general

increase of this microstructural feature. This produced a shift from a mixed transgranular-

intergranular fracture mode to a more severe transgranular mode, i.e. fracture propagated

more easily following a low-energy path through the dendrites rather than along the more

irregular grain boundary region. Fracture propagation was also promoted by the presence of

brittle β-Al5(Fe,Mn)Si intermetallic compounds, whose size was reported to increase with

the addition of all the grain refiners. The complementary effects of bad grain refinement

(due to the insufficient stirring of the melt), large SDAS and increased β-platelets average

maximum length produced a significant reduction in the impact properties of the alloys

refined with GR1 and GR2. Conversely, the granular flux produced a more homogeneous

microstructure, thus leading to impact energy values closer to those of the Reference alloy.

A multiple regression model based on SDAS and β-platelets size was found to reliably de-

scribe the variation of total absorbed energy Wt. The high correlation coefficient (R2 = 0.897)

confirmed the validity of the approach.
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Article B

Article B deals with the tensile properties of sand cast and permanent mould cast unmodi-

fied A356 alloys contaminated with 600 ppm Ni or 1000 ppm V. Such properties were inves-

tigated in both as-cast and T6 heat treated conditions. Fracture profiles and surfaces of the

tensile specimens were observed with SEM-EDS and EPMA to document the microstruc-

tural features involved in the failure process of the alloys. It was found that Ni and V exert

a strong effect on both the yield strength (Rp0.2) and ultimate tensile strength (UTS) of the

sand cast A356 alloy in as-cast condition. In particular, Ni reduced Rp0.2 and UTS by 87%

and 37%, respectively. According to the approach based on the calculation of the relative

fracture strain of stiff secondary particles (eutectic Si and intermetallic compounds) embed-

ded into a softer matrix (primary α-Al phase), this decrease was attributed to early frac-

ture of brittle polygonal and flake-like Ni-rich intermetallics, namely Al3Ni and Al9FeNi,

which were largely observed on the fracture surfaces of tensile specimens. Additionally,

these phases were often detected close to either eutectic Si particles or π-Al8FeMg3Si6 in-

termetallics. Therefore, it was inferred that large decohesion areas were created since the

early stage of tensile deformation due also to further intercrystalline cracks in these brittle

phases. In contrast, a solid solution strengthening effect produced by V was credited for

the increase of Rp0.2 and UTS by 42% and 25%, respectively. T6 heat treatment was found

to improve the tensile properties of all the sand cast alloys. For the case of Ni-containing

alloy, Ni-rich intermetallics underwent spheroidisation, thus reducing their detrimental ef-

fect on tensile properties. The cooling rate was identified as the main parameter influencing

the tensile properties of permanent mould cast alloys in both as-cast and T6 conditions:

the finer microstructure neutralised both the detrimental effects of Ni-rich intermetallics or

the improvement related to V solid solution strengthening. It was concluded that the ap-

plication of T6 heat treatment can effectively counteract the detrimental effects induced by

Ni-bearing intermetallics in case of Ni contamination up to 600 ppm, particularly for low

cooling rate casting methods. In contrast, the addition of 1000 ppm V was determined to be

always beneficial for the tensile properties of the A356 alloy.

Article C

The aim of Article C was to study the effect of Ni/V trace element additions (600 ppm Ni,

1000 ppm V) on the impact properties of sand cast and permanent mould cast unmodified

A356 alloys in as-cast and T6 heat treated conditions, thus complementing the findings of

Article B. Samples were tested using an instrumented Charpy pendulum. The measurement

of relevant impact data (maximum load, energy at maximum load, propagation energy and

total absorbed energy), as well as the SEM-EDS observations of both fracture profiles and

surfaces, gave important information on the impact behaviour of the alloys. The energies at

maximum load Wm and the propagation energies Wp were reported to change depending on

the chemical composition (V solid solution strengthening), solidification conditions (SDAS
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and eutectic Si particles size) and heat treatment (precipitation of coherent Mg2Si particles),

thus varying the total absorbed energies Wt correspondingly. All the investigated alloys

showed low total absorbed energy average values (Wt < 2 J). These results were attributed

to a Si-driven quasi-cleavage transgranular fracture mode, whose features remained even

after the solutionising stage of the T6 heat treatment. Slightly higher impact energies were

reported for the permanent mould cast alloys compared to sand cast specimens owing to

the finer microstructure, which led to local intergranular contributions to fracture. On the

other hand, an overall reduction of the propagation energies was observed after the appli-

cation of T6 heat treatment because of Mg2Si dispersoids, which hardened the α-Al matrix

at the expense of ductility. While the addition of Ni had a negligible influence on the im-

pact properties of A356 alloy, the trace element V exerted a significant effect. In the sand

cast alloys, V solid solution strengthening increased the energy at maximum load with mi-

nor detrimental effects on the propagation energy, which was found to be controlled by

the coarse microstructure and, after T6 heat treatment, also by the precipitation of coherent

Mg2Si particles. However, as V had a prevalent effect, V-containing sand cast alloys showed

showed slightly higher total absorbed energies compared to the corresponding A356 base

alloys. Conversely, for the case of permanent mould cast alloys, the beneficial effect of a

finer microstructure on the energy at maximum load did not counterbalance the consider-

able loss of ductility, i.e. propagation energy, caused by V in solid solution. As a result, a

significant decrease of total absorbed energy was observed.

2.2 Industrial Implications

The main conclusions of the research projects have been discussed in detail above. However,

some of the results reported in this manuscript will also have an important industrial impact,

providing useful indications to the manufacturers of A356 cast components.

Grain Refinement

– For the case of compact one-piece grain refiners added to a Sr-modified A356 alloy,

the duration of the melt stirring stage should be prolonged compared to the common

procedure, e.g. in the range of 15 - 20 min, to limit the amount of nucleant particles’

agglomerations, as they have a detrimental effect not only on the grain refinement

effectiveness, but also on other microstructural features and, as a direct consequence,

on the impact properties.

– The use of granular fluxes is particularly recommended due to the smaller size of nu-

cleants and their uniform dispersion into the melt, which lead to a more homogeneous

microstructure and a slightly higher impact toughness.

– The practice of further grain refining primary or secondary high-Si aluminium alloys
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containing high Ti levels (≥ 0.15 wt%) is strongly discouraged, as the prior Ti concen-

tration appears to be adequate enough to obtain a pronounced grain refining response,

as well as fairly good impact properties.

Ni/V Contamination

– Ni concentrations up to 600 ppm can be tolerated into unmodified A356 cast parts

without impairing their tensile properties, providing that a T6 heat treatment is ap-

plied. This is particularly suggested for low cooling rate casting methods, such as

sand casting, whereas the presence of Ni can always be accepted if high cooling rate

techniques (e.g. permanent mould casting) are employed.

– Similar precautions are not needed for V levels up to 1000 ppm, as V generally exerts

a beneficial effect on the tensile properties.

– Since V in solid solution tends to reduce the ductility of the alloy, its presence in the

chemical composition should be carefully checked in order to meet the specific service

requirements in terms of impact toughness.

– For the same reason, the application of a T6 heat treatment should be performed with

great care in an unmodified A356 alloy. An increase in the duration of the solutionising

step (e.g. up to 12 h) is recommended, as the beneficial effect related to the fragmen-

tation and spheroidisation of eutectic Si crystals can counteract the ductility reduction

associated with the precipitation of Mg2Si particles. In case a shorter solution time is

specifically required by the customer, a suitable heat treatment should be developed

in order to find the better compromise between tensile and impact properties.

It is evident that the modification of the eutectic phase would strongly increase the me-

chanical properties of A356 alloy. Additionally, modification might be a suitable way to

neutralise the detrimental effect of Ni trace additions on the tensile properties, as the fine

fibrous structure of eutectic Si particles would be less prone to propagate the fracture after

the early rupture of Ni-rich intermetallics. On the contrary, V solid solution strengthening

of α-Al matrix might still affect both the tensile and impact properties to a some extent even

after modification. Further investigations on a modified A356 alloy are thus recommended,

as they would clearly establish whether the maximum tolerable concentration for Ni and V

listed in current alloy specification charts, e.g. EN 1676-2010, can be permanently increased

without any deterioration of the mechanical properties.
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Abstract

The effect of three commercial Ti-B based grain refiners on the impact properties of the A356

cast aluminium alloy was assessed. The impact tests were performed by means of an instru-

mented Charpy pendulum. During impact testing, the maximum load (Fmax) and the total

impact energy (Wt), as well as its complementary contributions, the energy at maximum

load (Wm) and the crack propagation energy (Wp), were measured. Impact properties were

studied as a function of size and shape of the main microstructural features, which were

analysed by means of optical microscopy (OM) and scanning electron microscopy (SEM).

The results show that the influence of grain refinement on microstructure involves bene-

ficial and detrimental concurrent effects which strongly affect impact properties. The total

impact energy decreases with the addition of all the grain refiners due to a shift from a mixed

transgranular-intergranular fracture mode to a more severe transgranular mode. Crack ini-

tiation and propagation occur mainly through the fracture of Fe-intermetallics and brittle Si

particles, and the mechanism of void coalescence. No direct correlation between grain size

and impact properties is found. Moreover, the aspect ratio of eutectic Si particles does not

change with grain refinement, implying that there are no mutual poisoning effects between

1Engineering Department - ENDIF, University of Ferrara, Via Saragat 1, I-44122 Ferrara, Italy
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Sr and B. Total impact energy is found to depend on both SDAS and β-platelets size. The

concurrent effects of SDAS and β-platelets average maximum length on total impact energy

can be taken into account using the multiple regression analysis technique.

A.1 Introduction

With respects to the total production volume, the Al-Si alloys represent the 90% of the alu-

minium based alloys used in the automotive industry. This is mainly due to their high

strength/weight ratio, high impact toughness, excellent castability, low thermal expansion

coefficient and good corrosion resistance. Among these alloys, the A356 (Al-Si-Mg) is one

of the most used to produce a wide selection of automotive cast components, such as rims,

engine and gear parts.

The production of aluminium alloy sound castings requires a close control of many pa-

rameters. One of the most important parameters is the grain size. A fine and equiaxial grain

structure generally improves mechanical and fatigue properties of castings and reduces hot-

tearing susceptibility. Additionally, it provides a good castability, a better dispersion of sec-

ondary phases and microporosities, and an improvement in feeding during solidification.

Many authors have investigated the fundamental mechanisms of grain refinement from

both theoretical [1–4] and industrial [5–9] points of view. While some authors have consid-

ered the importance of heterogeneous nucleating centres in obtaining a fine grain structure

(“nucleant paradigm”) [10–14], others have focused on the influence of solute elements (“so-

lute paradigm”) [15–17]. According to the most recent models, both the addition of nucleant

particles (TiB2, AlB2, (Ti,Al)B2, TiAl3, TiC) and the amount of segregating elements are fun-

damental in the grain refinement process. After the beginning of heterogeneous nucleation,

the solute elements influence grain refinement in two ways. First they reduce the growth

of the previous grains, thus increasing the last of nucleation phase. Then, their segregating

ability leads to a constitutionally undercooled zone in front of the growing interface (con-

stitutional undercooling-driven mechanism) [16], hence activating the nucleation of new

grains on other primary particles [4, 18, 19].

The most widely used grain refiners are Al-Ti, Al-B, Ti-B, Al-Ti-B or Al-Ti-C based, in form

of cans, bars, tabs, waffles and ingots. Novel techniques for grain refinement also include

the addition of a granulated flux during the stirring of the melt, or powder injection into the

molten aluminium [7, 20].

The Charpy impact test is a very useful and straightforward experimental method that can

be used to assess the effect of microstructure, casting defects and process parameters on the

impact properties of aluminium alloys. Murali et al. [21] investigated the influence of Mg

and Fe on the impact toughness of the AlSi7Mg0.3 alloy; they proved that an increase of

both elements in a specific range leads to a decrease of the total absorbed energy. Ma et

al. [22] also studied the effect of Fe content, showing that the detrimental effect in the A356.2

alloy is significant when β-platelet lengths lie within the range of 10 - 50 µm. Shivkumar et
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al. [23] showed that the Sr modification and the increase of cooling rate improve the impact

properties of the A356 alloy, while Zhang et al. [24] reported that the T6 heat treatment is

beneficial to ductility, yield stress and toughness. Merlin et al. [25] applied instrumented

Charpy impact test in measuring the total absorbed energy of sub-size specimens. They

stated that casting defects nearby the V-notch have a strong detrimental effect on impact

toughness, becoming dominant compared to microstructure. Therefore, although authors

have investigated the effect of many parameters on impact properties of the A356 foundry

alloy, literature about the influence of different kind of grain refiners on the impact proper-

ties of this widely used alloy is poor [26].

The aim of the present work is to study the influence of three commercial Ti-B based grain

refiners on microstructure and impact properties of A356 aluminium alloy. Microstructural

features have been correlated to experimental findings in terms of absorbed energy, max-

imum load, crack nucleation and propagation energy. Furthermore, fractographic analy-

ses have been performed to investigate the predominant fracture mechanisms and the mi-

crostructural components involved in the crack process. Finally, a multiple regression analy-

sis technique has been applied to take into account the concurrent effects of microstructural

parameters on crack initiation and propagation, and consequently on impact properties.

A.2 Experimental Procedure

A commercial A356 aluminium alloy was used in this study. Its chemical composition is

given in Table A.1.

Si Fe Cu Mn Mg Cr Zn Ni

6.900 0.124 0.0075 0.0071 0.339 < 0.01 0.0128 < 0.003

Ti B Ca Pb Sr Na Li Al

0.136 < 0.0005 < 0.001 < 0.0012 0.0094 < 0.0017 0.0008 bal.

Table A.1 – Chemical composition (wt%) of the A356 aluminium alloy used in this study.

The melt alloy 1 was modified using several bars of Al-10%Sr master alloy in order to reach

200 ppm of Sr, and then degassed for 10 min by means of argon inert gas. After that, the

melt was stirred and grain refined by the addition of three commercial Ti-B based grain

refiners in form of can, tab and granulated flux, which were named respectively GR1, GR2

and GR3. The grain refiners quantities were fixed in one can, one tab and 300 g of powder,

in order to compare the effects of the two one-piece grain refiners to a proportional amount

of granular flux. Despite this solution, it is evident that an equal weight of grain refiner

does not correspond to an equal grain refinement effect; this is due to the different chemical

composition of the commercial grain refiners considered in this study.

1N.B. the holding furnace had a 700 kg molten aluminium capacity
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Figure A.1 – Casting design used in the experiments. The black boxes show the areas where the Charpy

and tensile specimens were drawn.

Molten alloy was subsequently poured into a steel mould, and cooled at a constant cooling

rate. A number of 20 castings was obtained (Figure A.1), n◦5 for each experimental condi-

tion (Reference, GR1, GR2 and GR3). The sprue was oversized in order to get both tensile

specimens and Charpy impact samples with a low amount of casting defects. Charpy im-

pact specimens were drawn by means of machining from the middle of the sprue. Only one

specimen was drawn from each casting. The specimen dimensions were typical full size

Charpy V notch 10x10x55 mm, according to the UNI EN ISO 148-1 specification. The same

number of tensile specimens was drawn from the castings; these specimens were then tested

and the results were collected in a complementary work. All the Charpy specimens were

subjected to the same T6 heat treatment including heating up to 520 ◦C for 4 h, quenching

in a solution of water and glycol (25 ◦C) and ageing at 160 ◦C for 6 h.

The impact tests were performed on a CEAST instrumented Charpy pendulum, specifically

designed for testing light alloy specimens, according to the ASTM E-23 specification. During

impact testing the total impact energy (Wt), calculated as the integral of load-displacement

curve, and the maximum load (Fmax) were measured, as well as the energy at maximum

load (Wm) and the crack propagation energy (Wp), i.e. the energy absorbed from the maxi-

mum load to the end of the test, which is considered when the load comes to the 2% of its

peak. The energy absorption was also evaluated through the measurement of the pendu-

lum’s angle of rise (Cv).

The fracture surfaces of the Charpy specimens after the impact test were observed and anal-

ysed by scanning electron microscopy (SEM) and by energy dispersive X-ray spectroscopy

(EDS). Metallographic samples were cut out perpendicularly to the fracture surface, then

embedded in phenolic resin and finally prepared via standard grinding and polishing pro-

cedures. The samples were electrolytically etched with Barker’s reagent (5 wt% HBF4 in



A.3. Results 45

water solution) and anodized for 75 s at 20 V to reveal the grain structure. Microstruc-

tural analyses were performed by optical microscopy (OM) using polarised light. An im-

age analyser program and the line intercept method were used to determine the average

grain size (according to the ASTM E-112 specification). The measurements of other sig-

nificant microstructural features, such as SDAS, eutectic silicon particles aspect ratio and

β-Al5(Fe,Mn)Si platelets length were also performed. Important information, concerning

fracture path and microstructure components involved in crack process, was obtained ob-

serving the fracture profile.

A.3 Results

A.3.1 Impact Toughness

The effect of grain refiners on the impact properties of A356 alloy was studied by testing

refined (GR1, GR2 and GR3) and not refined (Reference) samples. The average impact prop-

erties and their standard deviations are given in Table A.2. Figure A.2 shows the mean

recorded results for the different experimental conditions in terms of variation of load and

energy with time.

Fmax [N] Cv [J] Wt [J] Wm [J] Wp [J]

Reference 6699 ± 330 4.48 ± 0.93 4.82 ± 1.08 2.07 ± 0.58 2.75 ± 0.57

GR1 6226 ± 493 3.24 ± 0.93 3.30 ± 1.06 1.53 ± 0.40 1.80 ± 0.68

GR2 6178 ± 292 3.29 ± 0.50 3.41 ± 0.54 1.64 ± 0.38 1.77 ± 0.20

GR3 6536 ± 439 3.75 ± 0.76 3.97 ± 0.91 1.84 ± 0.48 2.13 ± 0.52

Table A.2 – Energy absorption evaluated through the measurement of the pendulum’s angle of rise (Cv)

and as the integral of load-displacement curve (Wt). Wm and Wp represent the energy at maximum load

and the crack propagation energy, respectively.

It is observed that the addition of grain refiners to the melt leads to a decrease in terms

of maximum load (Fmax) and total absorbed energy (Cv and Wt). However, because of its

lowest deviation from the total absorbed energy of the Reference, the powder (GR3) appears

to have a less detrimental effect than GR1 and GR2. Total absorbed energy Wt was also split

into the two main complementary contributions, Wm and Wp, which were measured as

previously described and reported as a percentage of the total impact energy in Figure A.3.

It is possible to observe that the contribution of propagation energy (Wp) to total absorbed

energy is higher than Wm for all the experimental conditions. Note also that the Reference

has the highest contribution of Wp to total absorbed energy, whereas the alloys refined with

GR1 and GR2 show the lowest mean values of this parameter.
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Figure A.2 – Load-time and Energy-time mean curves for the different experimental conditions.

Figure A.3 – Percentage of absorbed energy during crack nucleation and propagation for the different

experimental conditions. Standard deviations are reported as error bars.

A.3.2 Microstructural Analyses

Microstructures of some samples are shown in Figure A.4. The microstructure consists of

a primary α-Al solid phase, and an Al-Si eutectic mixture. The addition of grain refiners

to the molten alloy leads to a massive heterogeneous nucleation during cooling. Therefore,

the α-Al primary phase morphology evolves from fully columnar (dendritic) to equiaxed.

The morphology of the eutectic Si particles is fibrous, as a result of the addition of Sr to

the melt. Intermetallic Fe-based compounds, such as α-Al15(Fe,Mn)3Si2, β-Al5(Fe,Mn)Si

and π-Al9FeMg3Si6, were also observed. The morphology of β-Al5(Fe,Mn)Si intermetal-

lic compounds is acicular and occasionally polygonal, whereas α-Al15(Fe,Mn)3Si2 and π-

Al9FeMg3Si6 intermetallics have the typical “Chinese-script”shape.

Measurements of microstructural features are collected in Table A.3. As far as SDAS is con-

cerned, more than 750 measurements were performed for each experimental condition in

order to achieve statistically meaningful results. The comparison reveals that the addition

of grain refiners leads to an increase in SDAS average values. The addition of GR1 (can) and

GR2 (tab) causes the largest increases of SDAS average values, which are 8 - 9 µm higher

than for the Reference. Conversely, GR3 (powder) has only a slight effect on SDAS, which
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Figure A.4 – Microstructure of A356: a) Reference, b) refined with GR1, c) refined with GR2, d) re-

fined with GR3, e) fibrous shaped eutectic Si particles, f) magnification of a “Chinese-script”-shaped α-

Al15(Fe,Mn)3Si2 intermetallic.
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Aspect β-Al5(Fe,Mn)Si

SDAS [µm] Grain Size [µm] Ratio (Si) Ave. Max. Length [µm]

Reference 34.3 ± 8.9 453.1 ± 18.4 1.75 ± 0.74 19.17 ± 9.14

GR1 43.9 ± 10.0 341.9 ± 34.8 1.73 ± 0.71 34.58 ± 12.31

GR2 42.2 ± 9.7 372.1 ± 12.9 1.68 ± 0.67 25.45 ± 3.46

GR3 36.6 ± 8.4 276.3 ± 37.6 1.75 ± 0.75 26.40 ± 12.35

Table A.3 – Average values and standard deviations of the measured microstructural features for each

analysed condition.

Figure A.5 – Grain size measurement performed on one of the Reference samples. The red bar is 10000

µm length.

remains comparable to the Reference. This can be explained as follows. It is well-known

that SDAS is mainly affected by solidification time and cooling rate [27, 28]. However, it

has been proved that excessive amounts of grain refiners can decrease the grain refinement

efficiency due to the coincidence and agglomeration of nucleants and the interaction of their

energy domains [29]. Moreover, the B/Ti mass ratio has to be accurately controlled in order

to have effective nuclei for the primary α-Al phase [30]. In this case, it is supposed that the

combined effects of low grain refinement potency and insufficient stirring of the melt have

produced areas with different grade of refining. Therefore, while some zones of the castings

were deeply affected by grain refiners, other areas were less (or not) refined because of the

presence of these agglomeration of nucleants. As a consequence, grain refined alloys have

higher mean values of SDAS than the Reference. Furthermore, the spread of SDAS values

is probably linked to the assessment of SDAS on the whole specimens, considering refined

and not refined areas.

Average grain size measurements were carried out according to the ASTM E-112 specifica-

tion. As can be seen, the addition of grain refiners to the melt alloy produces a decrease in

grain size and converts large dendrites to fine and equiaxed grains (Figure A.5 and Figure

A.6). The best results in terms of grain refinement efficiency were obtained with the granular

flux (GR3); GR1 and GR2 had similar but lower effects on grain size.

Since the morphology of eutectic silicon particles and β-Al5(Fe,Mn)Si intermetallics strong-
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Figure A.6 – Grain size measurement performed on one of the GR1 samples. The red bar is 10000 µm

length.

ly affects the mechanical properties of Al-Si alloys [22, 31, 32], some geometrical parameters

of these two important microstructural features were measured and quantified. As may be

seen from Table A.3 and Figure A.4e, the Si particles are present in a fibrous form with an

average aspect ratio which lies within the range 1.68 - 1.75. This implies that the addition of

grain refiners has not poisoning effects on the effectiveness of Sr addition as a modifier.

Additionally, as already stated in [22], the length of β-Al5(Fe,Mn)Si intermetallics is consid-

ered to be a suitable parameter to represent the effects of β-platelet size on the impact energy

of the studied alloys. Therefore, in this work the lengths of the three longest β-platelets were

recorded for each specimen and their average values were collected for all the experimental

conditions. Data reveal that the average maximum length of the β-platelets increases in the

refined conditions with respect to the Reference. Notwithstanding, microstructural analy-

sis reveals that the addition of the grain refiners generally leads to a more homogeneous

distribution of intermetallic compounds. Therefore, the addition of grain refiners realises

opposite effects on the A356 cast alloy, concurrently increasing the secondary dendrite arm

spacing and the average maximum length of β-platelets, and reducing the average grain

size.

A.3.3 Fractographic Observations

Both the Reference and the refined alloys show a mixed transgranular-intergranular fracture

mode [33, 34]. As can be seen in Figure A.7a and Figure A.7b, the fracture profile follows

a preferential path through the eutectic phase, and in many cases it separates a secondary

dendrite arm from the following one. The more ductile α-Al primary phase is not involved

in the fracture process. Some authors [34,35] pointed out that fracture development involves

the cracking of Si particles and acicular β-Al5(Fe,Mn)Si intermetallics due to the formation

of internal stresses in the particles by plastic deformation (Figures A.7c-A.7e). Once the

particle cracks, a microvoid is formed and tends to grow. This particle cracking process

continues until a critical volume fraction of cracked particles is reached. Eventually, the

alloy fails because of a rapid linking process among microcracks. When SDAS is large, this
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linkage is transgranular, whereas in small SDAS structures it becomes intergranular. It is

observed that these phenomena lead not only to the propagation of the main fracture, but

also to the formation of secondary cracks parallel to the main one (Figure A.7f) and normal

to the tensile stress induced by the presence of the V-notch, in agreement with the analytical

solution proposed by Berto et al. [36].

The SEM analysis of the fracture surfaces confirms the mixed transgranular-intergranu-

lar fracture mode (Figure A.8a and Figure A.8b). The fracture surface is mainly ductile;

the edges of the deformed and fractured micronecks in both transgranular and intergran-

ular eutectic regions can be easily distinguished. As previously observed, this is due to

the specific damage process of the A356 alloy, which starts with the cracking of Si and β-

Al5(Fe,Mn)Si particles due to high local plastic strain (Figure A.8c and Figure A.8d). The

presence of secondary phases was revealed on the fracture surfaces of all the samples in the

interdendritic paths of fracture or emerging from the microvoids. The analysis with the EDS

microprobe indicates the nature of the precipitates as brittle β-Al5(Fe,Mn)Si platelets and

“Chinese-script”-shaped α-Al15(Fe,Mn)3Si2 and π-Al9FeMg3Si6 intermetallic compounds

(Figures A.9a - A.9b).

A.4 Discussion

As can be observed from data collected in Table A.2 and Table A.3, the Reference alloy, which

has the lowest mean value of SDAS with respect to the grain refined alloys, realises the

highest average values of Fmax and Wt. Figure A.10 shows the influence of this parameter

on maximum load and total absorbed energy for all the tested specimens; as can be seen, as

the SDAS increases, Fmax and Wt decrease with a nearly linear dependence.

This tendency, also observed in [37, 38], can be justified as follows. It is known from lit-

erature [35] that Al-Si-Mg alloys modified with Sr show a decrease in ductility when their

dendritic cell size, which can be assumed a microstructural feature comparable to SDAS, is

in the range from 40 µm to 80 µm. This is due to a transition in the fracture mode, which

is transgranular for larger cell sizes and intergranular for finer cell sizes (i.e. for large and

small SDAS respectively). In fact, when the cell size is large, eutectic Si particles precipitate

not only at the grain boundaries, but also between the secondary arms. Eutectic Si particles

and the interface eutectic Si/α-Al are more fragile than the α-Al matrix itself. When frac-

ture starts, the eutectic between the secondary dendrite arms provides an easier path for its

propagation with respect to the more irregular grain boundary zone, which would require

a larger energy amount [34]. Thus, although grain refiners broaden the grain boundary re-

gion, their benefits in terms of impact properties are small because of the opposite effects

linked to the increase of SDAS cell size and to the availability of many slip systems in alu-

minium alloys.

The direct consequence of this fracture behaviour is the decrease in the propagation energy

contribution (Wp) to total impact energy for the alloys refined with GR1 and GR2 (Figure
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Figure A.7 – Optical micrographs of fracture profiles: a) Mixed transgranular-intergranular fracture on

GR2 refined alloy; b) Mixed transgranular-intergranular fracture on GR3 refined alloy; c,d,e) Acicular

β-Al5(Fe,Mn)Si intermetallics and fractured eutectic Si particles along and near the fracture profile; f)

Formation of secondary cracks parallel to the main one.
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Figure A.8 – SEM fractographs: a) mixed transgranular-intergranular fracture mode on GR3 refined

alloy at high magnification; b) mixed transgranular-intergranular fracture mode on GR1 refined alloy at

low magnification; c) shear bands generated in the matrix at the tip of the microvoids; d) cracked eutectic

Si particles.

A.4). This can be due to the complementary effects of bad refinement and large dendrite cell

size (i.e. transgranular fracture). As it is described below, this behaviour also depends on the

increase in Fe-based intermetallics size caused by the addition of grain refiners. Conversely,

GR3 shows an energy propagation value nearer to that of the Reference, probably because of

its better grain refinement potency. Consequently, despite its higher SDAS, the presence of

smaller and more globular grains in the GR3 alloy leads to a fracture propagation which is

not mainly transgranular, but continuously shifts from transgranular to intergranular, thus

absorbing a larger amount of energy.

Figure A.11 and Figure A.12 present the two contributions to total impact energy as a func-

tion of SDAS. Li et al. [38] found a linear inverse correlation between SDAS and impact

energy, i.e. a coarser microstructure corresponds to a lower impact energy. As can be seen,

both Wm and Wp are found to decrease with an increase in the SDAS value.

As regards to Wm, the GR3 refined alloy shows a trend similar to the Reference, whereas

GR1 and GR2 seem to have higher Wm values at the same SDAS size, and correspondingly
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Figure A.9 – SEM micrographs of the intermetallic compounds observed on the fracture surface of

the samples: a) π-Al9FeMg3Si6 (spectrum 1) and β-Al5(Fe,Mn)Si (spectrum 2); b) “Chinese-script”π-

Al9FeMg3Si6 and α-Al15(Fe,Mn)3Si2 (spectrum 3).

the same energy at maximum load despite a higher SDAS. Hence, GR1 and GR2 seem to

have a better effect on Wm with respect to GR3. Unluckily this effect is only virtual, because

of the tendency for these grain refiners to increase SDAS mean values, that is to promote

transgranular fracture.

Concerning Wp, GR1 shows the highest detrimental effect due to the increase in SDAS size,

thus leading to the lowest mean value of total absorbed energy Wt (see also Table A.2).

Conversely, GR2 has a lesser decrease of Wp with the increase of SDAS values. Despite GR3

correlation coefficient (R2 ≈ 0,7), GR3 trend is similar to that of the Reference; this probably

indicates that the powder can realise a double positive effect, which consists of a good grain

refinement without overly increasing the SDAS size, and a fracture behaviour similar to the

Reference, capable of absorbing a higher amount of energy.

Figure A.13 and Figure A.14 show the influence of grain size on the two contributions to

total absorbed energy. As can be seen, Wm and Wp values are spread, so that no correlation

between grain size and impact properties is found. This is in agreement to the fact that al-
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Figure A.10 – Maximum load and total absorbed energy as a function of SDAS for all the tested specimens.

Figure A.11 – Energy at maximum load of the

studied alloys as a function of SDAS.

Figure A.12 – Propagation energy of the studied

alloys as a function of SDAS.

Figure A.13 – Energy at maximum load of the

studied alloys as a function of average grain size.

Figure A.14 – Propagation energy of the studied

alloys as a function of average grain size.

though grain refinement of aluminium alloys is useful, its effects are generally over-rated in

terms of mechanical properties, becoming important only when the grain size is strongly re-

duced [27]. The mere grain refinement seems not to be so influent on mechanical properties

unless grain refiners and Sr modifiers are both added to the melt alloy [23, 24, 26, 38–41].

Conversely, the effect of β-platelets size on impact properties seems to be more certain, as

already stated in literature [21,22,32]. Ma et al. found that β-iron intermetallics strongly dete-

riorate impact properties of the A356.2 alloy, following a power correlation between impact

energy and β-platelet length/area. Figure A.15 and Figure A.16 show the energy at maxi-
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Figure A.15 – Energy at maximum load of the

studied alloys as a function of β-platelet average

maximum length.

Figure A.16 – Propagation energy of the stud-

ied alloys as a function of β-platelet average max-

imum length.

Figure A.17 – Total impact energy of the studied alloys as a function of β-platelet average maximum

length.

mum load Wm and the propagation energy Wp as a function of β-platelet average maximum

length (mean of the lengths of the three longest β-platelets). As can be seen, the influence

of intermetallics size on the energy at maximum load Wm is negligible; as a matter of fact,

microstructural features affect the propagation of fracture, while crack initiation is primary

due to the presence of the notch. Concerning Wp, the power correlation is established only

for the Reference alloy, whereas the grain refined ones show very low correlation coeffi-

cients. The same observation also applies to the total absorbed energy Wt (Figure A.17).

Nevertheless, it can be stated that the increase in β-platelets average maximum length leads

to a decrease in total impact energy.

Low correlation coefficients can be explained as follows. When grain refiners are added to

the melt, the grain refinement causes not only a positive effect linked to the decrease in grain

size, but also a negative one related to the increase in SDAS, which consequently leads to a

mainly transgranular fracture mode. Moreover, even if the improved nucleation distributes

the intermetallics in the interdendritic regions more homogeneously, the increase in size

caused by the grain refinement is detrimental for impact properties.

The concurrent effects of SDAS and β-platelets average maximum length on total impact

energy can be taken into account using the multiple regression analysis technique, under the
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Figure A.18 – Multiple regression model predictions vs. measured data of total impact energy.

proved assumptions of constant solidification rate, negligible effects of grain size on impact

properties and aspect ratio of silicon eutectic particles not influenced by the grain refiners

addition. Therefore, the equation which links total impact energy to SDAS and β-platelets

average maximum length (AML) can be written as:

Wt = 9.840− 0.136 · SDAS − 0.022 ·AML (A.1)

Figure A.18 plots the experimental data against the multiple regression analysis predictions

for total impact energy Wt. The validity of the approach is proven by means of the deter-

mination of the correlation coefficient (R2 = 0.897). This justifies the hypothesis that total

impact energy does not depend on SDAS and β-platelets size taken individually, but has a

more complex dependence which generally involves many microstructural parameters.

A.5 Conclusions

When grain refiners are added to the melt, the effects on microstructural features are com-

plex, involving changes in shape and size of grains, SDAS and intermetallic compounds.

These changes in size and shape of microstructural features strongly affect the impact tough-

ness of the alloys. From the present investigation on the influence of three commercial Ti-B

based grain refiners on impact properties of the A356 cast aluminium alloy, the following

conclusions can be drawn:

1. All grain refiners cause a decrease in terms of maximum load (Fmax) and total ab-

sorbed energy (Wt). However, because of its lower deviation from the total absorbed

energy of the Reference, the powder (GR3) appears to have a less detrimental effect

than GR1 and GR2.
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2. Both the Reference and the refined alloys show a mixed transgranular-intergranular

fracture mode. Fracture profile follows a preferential path through the eutectic phase,

and in many cases it separates a secondary dendrite arm from the following one.

3. The decrease in grain size does not influence the two contributions to total absorbed

energy (Wm and Wp), so that no direct correlation between grain size and impact prop-

erties is found.

4. The addition of grain refiners increases the secondary dendrite arm spacing and leads

to a more severe transgranular fracture, which requires a smaller energy amount with

respect to the more irregular grain boundary zone. Maximum load (Fmax) and total

impact energy (Wt) have a nearly linear dependence on SDAS.

5. The propagation energy (Wp) decreases for the alloys refined with GR1 and GR2. This

is caused by the complementary effects of bad refinement, large dendrite cell size (i.e.

transgranular fracture) and increase in β-platelets average maximum length. Con-

versely, GR3 shows an energy propagation value nearer to that of the Reference.

6. The influence of β-iron intermetallics size on the energy to maximum load Wm is negli-

gible. As regards to propagation energy and total impact energy, the power correlation

is established only for the Reference alloy, whereas the grain refined ones show very

low correlation coefficients.

7. Total impact energy does not depend on SDAS and β-platelets size taken individu-

ally. The concurrent effects of SDAS and β-platelets average maximum length on total

impact energy can be taken into account using the multiple regression analysis tech-

nique. The validity of the approach is proven by means of the determination of the

correlation coefficient (R2 = 0.897).
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Abstract

In this study, the tensile properties of unmodified A356 alloys with trace additions of Ni

or V were investigated by analysing specimens obtained from sand and permanent mould

casting in as-cast and T6 heat treated conditions. The nominal concentration of the trace el-

ements Ni and V was 600 and 1000 ppm, respectively. It was found that the precipitation of

Ni-rich intermetallics strongly influences the tensile properties of the sand cast A356 alloy

in as-cast condition, leading to a reduction of both the yield strength (Rp0.2) and ultimate

tensile strength (UTS) by 87% and 37%, respectively. Conversely, V addition increased Rp0.2

and UTS by 42% and 25% most likely due to a solid solution strengthening effect. After T6

heat treatment, the sand cast A356 alloys containing V exhibited slightly higher mechanical

properties as compared to an A356 reference alloy (≈ 18%), whereas the detrimental effect of

Ni was eliminated. The cooling rate became the main parameter influencing the mechanical

properties of permanent mould cast alloys: no significant difference in mechanical proper-

ties was observed between the reference alloy and Ni- or V-containing alloys in both as-cast

and T6 conditions.
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B.1 Introduction

Al-Si foundry alloys are widely used in the automotive industry owing to their good casta-

bility, high strength-to-weight ratio, corrosion resistance and ease of recycling. Good me-

chanical properties at room temperature can be obtained in these alloys by a heat treatment

involving solutionising and subsequent age hardening. Depending on the chemical com-

position of the alloy, several phases, such as Mg2Si, precipitate in the α-Al matrix, thus

significantly increasing its strength by preventing the motion of dislocations [1].

Aluminium producers that are currently focusing primarily on the control of dissolved hy-

drogen, Na content and inclusion removal, are now facing increasing Ni and V concen-

trations originating from the petroleum coke used for manufacturing of anodes for the Al

electrolysis. In the upcoming years, the levels of Ni and V in the coke are expected to rise

to 420 and 1080 ppm, respectively [2]. Since there is yet no cost efficient method avail-

able for removal of these elements, the concentration of V and Ni will also increase in the

metal [3]. Estimates show that approximately 50% of these elements partition into the pri-

mary aluminium during the electrolytic reduction of alumina affecting the final quality of

the downstream products such as aluminium foundry alloys. Thus it is important to es-

tablish whether these concentrations can have a beneficial or detrimental effect on the mi-

crostructural features, and consequently on mechanical, corrosion and manufacturing prop-

erties.

Recent literature focuses primarily on Ni and V as alloying elements. It was shown that

Ni serves as an iron neutralisers, since it transforms the brittle plate-like β-Al5FeSi inter-

metallics into the Al9FeNi phase through a peritectic reaction [4, 5]. However, the Al9FeNi

phase is also brittle and can contribute to the nucleation of fatigue cracks [6]. Furthermore,

it has been recently observed that Ni stabilises the mechanical properties of aluminium al-

loys for high temperature applications. Since it is well-established that Al-Si alloys possess

a fairly low thermal and metallurgical stability [7,8], several authors have investigated com-

plex hypoeutectic and near-eutectic Al-Si based alloys, in order to make these alloys suitable

for high temperature applications (i.e. up to 250 ◦C) [9–13]. Improved mechanical properties

at high temperature were obtained by Heusler et al. [9], which presented a new alloy for en-

gine applications based on the Al-Si-Mg-Cu-Fe-Ni system with increased fatigue properties

(+ 20%) and tensile strength. This increase was attributed to the presence of Ni-bearing in-

termetallic compounds. Ashgar et al. [10] reported significant elevated-temperature strength

in an Al-12SiNi alloy, where the addition of 1.2 wt% Ni led to the formation of an intercon-

nected hybrid reinforcement consisting of eutectic Si and Ni and Fe aluminides. In another

investigation on the elevated-temperature properties of different Ni- and Cu-added Al-Si

piston alloys, Li et al. [11] found that the stable δ-Al3CuNi phase possesses the most efficient

contribution to high temperature strength compared to the other Ni-containing phases due

to its strip-like interconnected morphology. Farkoosh et al. [12] also observed that this phase

produces the most significant contribution to the T7 hardness of an Al-7Si-0.5Cu-0.35Mg-
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0.1Fe-XNi alloy, its amount being maximised at Ni:Cu ≈ 1.5. Thermally stable Ni inter-

metallics are also credited for the increase of the yield strength of this alloy at 300 ◦C [13].

However, the Al9FeNi phase is very brittle even at this temperature and its cracking at the

early stage of creep deformation can reduce the creep resistance of the alloy.

The addition of peritectic forming solutes such as V has been reported to be an effective

approach to introduce active heterogeneous nucleant particles through in-situ formation in

the melt, thus promoting the grain refinement of the alloy [14]. Recently, Kasprzak et al. [15]

developed a high temperature alloy based on a modified A356 composition. They indicated

that stable Al-Si-Zr-Ti nanoprecipitates in the α-Al matrix are the cause of superior mechan-

ical properties at high temperature for this modified alloy, compared to the reference alloy

(+34% yield strength, +37% UTS). In addition, also the V concentration was increased to 0.2

wt%. However, V-based intermetallic compounds were not observed in the microstructure

of their alloys.

Only few investigations deal with the effects of Ni and V as trace impurity elements in hy-

poeutectic Al-Si alloys such as the commercial A356 foundry alloy, which currently contains

low levels of Ni and V, in the range of 20 - 30 ppm and 100 - 110 ppm each [3,16]. In a recent

publication Zhu et al. showed that the addition of trace element Ni up to 0.02 wt% does not

influence the as-cast microstructure of A356 alloy, whereas an unidentified phase with high

Ni content is formed when the Ni concentration is increased to 0.05 wt% [17]. Microstruc-

tural observations reported by Ludwig et al. [18] on both high purity and commercial purity

Al-7wt pct Si foundry alloys revealed that Ni concentrations exceeding 300 ppm forms the

Al3Ni phase in the high purity alloy, and both Al3Ni and Al9FeNi intermetallic phases were

found to precipitate in the commercial purity alloy. This study also indicated that V in

concentrations up to 0.06 wt%, remains in solid solution or is dissolved in ternary Al-Fe-

Si phases. Since it is well-known that the solid solubility of V in Al is approximately 0.1

wt% [19], most of the V will remain in the α-Al matrix. Beyond this concentration, V and Si

will precipitate as pre-eutectic Si2V crystals with a distinct polyhedral morphology [16, 20].

At present, only the EN 1676-2010 specification defines an upper concentration limit for V

of 0.03 wt% for EN-AB 42100 aluminium foundry alloys, which corresponds to A356 al-

loys, whereas there exist no information about the maximal tolerable Ni concentration in

this alloy system. Therefore, the aim of the present work is to investigate the effect of trace

elements Ni and V on the mechanical properties of as-cast and T6 heat-treated A356 alu-

minium foundry alloys in two commercially important casting processes: (i) sand and (ii)

permanent mould casting. Microstructural and fractographic analyses were performed to

investigate the microstructural features involved in the fracture process. This study also in-

tends to give an indication of the tolerable levels of Ni and V for this widely used alloy, in

order to establish if current alloy specifications can be adjusted to accommodate higher Ni

and V concentrations while the alloy maintains similar mechanical properties as the uncon-

taminated reference alloy.
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B.2 Materials and Methods

A commercial A356 aluminium alloy was used as base alloy in the present study. The as-

received alloy ingots were melted in charges of 16 kg each in a boron-nitride coated clay-

graphite crucible. Trace elements were added in the form of Al-10 wt% Ni and Al-10 wt%

V master alloys according to the targeted nominal concentrations of 600 and 1000 ppm of

Ni and V, respectively. In order to avoid any masking effects or interactions with additional

elements, neither Sr nor Na were added as modifier agents. The melting temperature was

monitored with the Alspek-H probe and was kept constant at 740 ◦C ± 5 ◦C. Samples from

the three different melts were taken throughout the casting trials and were analysed by

optical emission spectroscopy (OES). The chemical composition of the reference and the Ni-

or V- containing alloys is given in Table B.1.

Alloy Addition (ppm) Si Fe Mg Ni V Al

A356 - 7.054 0.092 0.355 0.003 0.007 bal.
A356 + Ni 600 6.902 0.087 0.344 0.061 0.007 bal.
A356 + V 1000 6.992 0.094 0.349 0.003 0.108 bal.

Table B.1 – Chemical composition (wt%) of A356 reference alloy and Ni/V-contaminated alloys as mea-

sured by OES.

The hydrogen content in the melts was measured in-situ with the Alspek-H probe. Melts

were degassed with argon gas in order to reach a hydrogen concentration of 0.08 mlH2/100

gAl. The alloys were then poured in both sand and steel moulds. Sand castings were pro-

duced using an upgraded version of the tensile test bar design proposed by Dispinar and

Campbell [21]. In this new casting design, the shape of the bars varied from cylindrical to

tapered, with diameters increasing gradually from 15 mm (bottom) to 20 mm (top). Perma-

nent mould castings were obtained by pouring the molten alloys into a L-shaped preheated

steel mould, manufactured according to UNI 3039 specification. The temperature of the die

was kept at a temperature of 300 ◦C during the casting trials. This setup yields cooling rates

of 1.3 K/s and 4.2 K/s in the middle of sand cast and permanent mould cast tensile speci-

mens, respectively. Tensile specimens with a round cross section were machined according

to the EN ISO 6892-1 specification (Figure B.1, 40 mm gauge length and 8.5 mm diameter).

In order to compare the effect of Ni and V in as-cast and heat treated condition, samples

originating from the same casting were subject to a T6 heat treatment including solutionising

at 540 ◦C for 4 h followed by quenching in a water bath at 20 ◦C. Subsequently, the samples

were aged at 160 ◦C for 6 h. As a result, twelve different experimental conditions were

investigated (Table B.2), and at least 5 samples were tested in each condition.

Tensile tests were performed at room temperature, using a MTS 810 Material Testing Sys-

tem. The crosshead speed was 0.05 mm/s and the applied load was restricted to 40 kN.

Stress-strain curves were obtained by attaching a knife-edge extensometer to the specimens’
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Figure B.1 – Castings obtained from: a) sand mould; b) permanent mould. The black rectangles mark the

areas where the tensile specimens c) were machined.

Alloy Mould Condition Alloy Code

A356 Sand
as-cast A356 - AC
T6 A356 - T6

A356 + 600 ppm Ni Sand
as-cast Ni - AC
T6 Ni - T6

A356 + 1000 ppm V Sand
as-cast V - AC
T6 V - T6

A356 Permanent Mould
as-cast A356 PM - AC
T6 A356 PM - T6

A356 + 600 ppm Ni Permanent Mould
as-cast Ni PM - AC
T6 Ni PM - T6

A356 + 1000 ppm Ni Permanent Mould
as-cast V PM - AC
T6 V PM - T6

Table B.2 – Experimental plan.

gauge length and the tensile properties, such as yield strength, ultimate tensile strength and

percentage elongation (Rp0.2, UTS and A%, respectively) were determined.

Samples for metallographic investigation were sectioned parallel to the fracture surface.

They were then embedded in phenolic resin and prepared according to standard grind-

ing and polishing procedures. Microstructures and fracture surfaces of the specimens after

tensile testing were analysed with a ZEISS ULTRA 55 field emission scanning electron mi-

croscope (FE-SEM) equipped with energy dispersive X-ray spectroscopy (EDS). SDAS mea-

surements were performed using the line intercept method. The distribution of the alloying

elements Al, Mg, V and Ni in the primary α-Al matrix and within secondary phase particles

was measured using a JEOL JXA-8500F electron probe micro-analyser (EPMA).
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B.3 Results

B.3.1 Mechanical Properties

The average values of the tensile properties of sand cast and permanent mould cast alloys

are summarized in Table B.3 and Table B.4. It was observed that the addition of Ni strongly

influences the tensile properties of the sand cast samples in the as-cast condition (A356 - AC,

Ni - AC and V - AC in Figure B.2), compared to the reference alloy, leading to a reduction of

both the yield strength (Rp0.2) and ultimate tensile strength (UTS) by 87% and 37%, respec-

tively. Conversely, the V addition increases Rp0.2 and UTS by 42% and 25%. After T6 heat

treatment (- T6), the sand cast A356 alloys with Ni and V show slightly higher mechanical

properties than the reference alloy (≈ 18%). However, the increase related to Ni addition

appears not to be of statistical significance because of the larger scatter in tensile properties

compared to the V-containing alloy, indicating that V may produce a further strengthening

effect on the base alloy in T6 condition. In addition, minor differences in elongation (A%) are

found between as-cast and T6 treated samples, the latter possessing slightly lower average

values.

No statistically significant difference in mechanical properties is observed between the base

and Ni- or V-containing alloys in both as-cast and T6 conditions with respect to permanent

mould cast alloys (Table B.4 and Figure B.3). This indicates that Ni and V additions have no

influence on the mechanical properties at higher solidification rates.

Alloy Code Rp0.2 [MPa] UTS [MPa] A%

A356 - AC 80.7 ± 10.4 128.4 ± 8.0 1.46 ± 0.53
A356 - T6 183.2 ± 14.0 212.0 ± 30.1 0.99 ± 0.67
Ni - AC 43.2 ± 6.0 93.8 ± 9.1 1.73 ± 0.28
Ni - T6 212.7 ± 31.3 244.6 ± 30.6 0.90 ± 0.36
V - AC 114.5 ± 4.7 160.5 ± 10.0 1.33 ± 0.45
V - T6 216.9 ± 7.9 250.4 ± 8.8 1.14 ± 0.59

Table B.3 – Mechanical properties of the sand cast reference and Ni/V-contaminated alloys.

Alloy Code Rp0.2 [MPa] UTS [MPa] A%

A356 PM - AC 93.4 ± 4.8 172.8 ± 7.0 4.00 ± 0.75
A356 PM - T6 224.3 ± 2.0 282.0 ± 6.9 3.22 ± 0.84
Ni PM - AC 93.4 ± 5.5 169.1 ± 9.9 3.44 ± 1.32
Ni PM - T6 228.7 ± 3.1 284.8 ± 7.4 3.25 ± 1.21
V PM - AC 91.6 ± 4.0 171.1 ± 10.4 3.54 ± 1.12
V PM - T6 224.2 ± 1.5 289.5 ± 8.6 3.60 ± 1.50

Table B.4 – Mechanical properties of the permanent mould cast reference and Ni/V-contaminated alloys.
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Figure B.2 – Mechanical properties of the sand cast reference and Ni/V-contaminated alloys in as-cast and

T6 conditions.

B.3.2 Microstructural and Fractographic Observations

Representative microstructures of the sand cast reference alloy and alloys containing Ni and

V in as-cast and T6 heat treated condition are shown in Figure B.4. The general features in

the alloys are α-Al dendrites (dark grey) and needle-like Si particles (light grey). Similar

microstructures were obtained for the permanent mould cast alloys. For the sake of simplic-

ity, however, only the as-cast microstructures are shown in Figure B.5. The average size of

eutectic Si particles is reduced in permanent mould cast alloys due to the increased cooling

rate.

Depending on the alloy composition and the thermal history, various intermetallic phases

such as π-Al8FeMg3Si6, β-Al5FeSi, Mg2Si and Ni-bearing compounds can be detected in

the interdendritic regions. The representative chemical composition of some of the inves-

tigated phases determined by EDS is given in Table B.5. In sand cast alloys in as-cast con-

dition (- AC), the morphology of β-Al5FeSi is acicular and occasionally polygonal, whereas

π-Al8FeMg3Si6 and Mg2Si exhibit a “Chinese-script”morphology (Figure B.4a,e). Ni-based

intermetallic phases are found as discrete polygonal particles or with “Chinese-script”mor-

phology (Figure B.4c). According to the EDS measurements, these particles were identified

as Al3Ni (Figure B.6) and Al9FeNi, which is in good agreement with the data determined

by Ludwig et al. [18]. Microstructural observations also reveal an increased amount of π-

Al8FeMg3Si6 and Mg2Si phases in the V-containing alloy, as can be noted from the com-

parison of Figure B.4a and Figure B.4e. Additionally, a minor V accumulation in β-Al5FeSi

intermetallics can sometimes be observed.

EPMA line scans (Figure B.7) along the longitudinal direction of secondary dendrite arms

indicate that V remains in solid solution, which is to be expected since its maximum solu-

bility in α-Al matrix is approximately 0.1 wt% [19]. Additionally, it appears that Mg and V

follow two complementary trends within the α-Al matrix (Figure B.7c). The EPMA analysis
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Figure B.3 – Mechanical properties of the permanent mould cast reference and Ni/V-contaminated alloys

in as-cast and T6 conditions.

Composition in (at%)

Phase Al Si Fe Ni V Mg

Al3Ni 67.1 - 83.1 1.0 - 2.4 0.3 - 2.7 12.9 - 28.1 - -
Al9FeNi 81.7 - 84.8 3.0 - 5.7 3.5 - 6.0 6.8 - 11.1 - -
π-Al8FeMg3Si6 63.4 - 75.8 12.6 - 17.0 2.1 - 4.6 0.4 - 1.6 - 9.3 - 14.9
β-Al5FeSi 81.7 - 86.6 6.9 - 9.1 6.4 - 10.3 - 0.1 - 0.2 -
Mg2Si 1.6 - 2.3 30.4 - 35.6 - - - 68.0 - 70.4

Table B.5 – Composition ranges of some intermetallic phases measured by semi-quantitative EDS.

also shows that Ni mainly segregates into the eutectic regions and to the Al grain boundaries

(Figure B.7b). Similarly to eutectic Si particles, the average size of intermetallic phases is re-

duced in permanent mould cast alloys in as-cast condition (PM - AC) due to the increased

cooling rate (Figure B.5).

The application of a solution heat treatment yields some changes in the intermetallic phases.

Mg2Si dissolves completely in the α-Al matrix in both sand cast and permanent mould cast

alloys (- T6, PM - T6), whereas the π-Al8FeMg3Si6 intermetallics undergo necking and are

partially replaced by the β-Al5FeSi phase through the progressive dissolution of Mg and

Si into the α-Al matrix (Figures B.4b and B.4f) [22–24]. Conversely, the π-phase is replaced

by the Al9FeNi intermetallic compound in the alloys containing Ni (Figure B.4d and EDS

element mapping in Figure B.8). Acicular β-Al5FeSi intermetallic phases formed during

solidification are generally not affected by solution heat treatment [22]. Similarly, Al9FeNi

intermetallics that precipitated during solidification remain unchanged after solution heat

treatment, whereas Al3Ni undergoes spheroidisation. The subsequent ageing process of the

alloys at 160 ◦C results in the precipitation of the Mg2Si second phase particles in the α-

Al matrix without inducing any additional changes in the morphology of eutectic Si and

intermetallic compounds.
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Figure B.4 – BSE micrographs of sand cast reference alloy and alloys with Ni and V in as-cast and T6

conditions: a) A356 - AC, b) A356 - T6, c) Ni - AC, d) Ni - T6, e) V - AC, f) V - T6. Aluminium dendrites

are in dark grey, whereas Si particles in the interdendritic regions appear in light grey.
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Figure B.5 – BSE micrographs of permanent mould cast reference and Ni- or V-containing alloys in as-

cast condition: a) A356 PM - AC, b) Ni PM - AC, c) V PM - AC. Aluminium dendrites (dark grey), Si

particles (light opaque grey), π-Al8FeMg3Si6 (light clear grey) and Ni-rich intermetallics (white spots) are

observed.

Figures B.9a, B.9c and B.9e show details of the fracture profiles of the sand cast reference

alloy and alloys with added Ni and V in as-cast condition (- AC). As already observed by

others [25, 26], fracture initiates because of both debonding and intercrystalline cracking of

rod-like eutectic Si particles and brittle intermetallics. Once a critical number of fractured

particles is reached, the principal crack is formed by the local linkage of adjacent microc-

racks, and subsequent propagation of these. As can be also observed, the crack follows a

preferential path through the eutectic Si particles in the interdendritic regions, thus show-

ing a transgranular fracture mode. Since the microstructural analyses indicate larger SDAS

for the sand cast alloys (60 ± 7 µm, regardless of Ni or V contamination), this behaviour ap-

pears to be in good agreement with previous findings [25, 27, 28], which provides evidence

that, in coarser structures, the fraction of eutectic Si particles located between the secondary

dendrite arms constitute an easier path for crack propagation rather than those located at

or in the vicinity of Al grain boundaries. Cracks in sand cast base and V-contaminated

samples (A356 - AC, V - AC) mainly originate and propagate along eutectic Si particles, fol-



B.3. Results 71

Figure B.6 – BSE image of some intermetallic phases detected in the interdendritic regions of sand cast

alloy with 600 ppm Ni (as-cast condition). EDS measurements indicate the nature of the intermetallic

compounds as Al3Ni and π-Al8FeMg3Si6.

lowing a fragile quasi-cleavage fracture path with a minor amount of plastic deformation

(i.e. few dimples). Conversely, many intermetallic particles can be observed on the fracture

profile of sand cast Ni-containing alloy (Ni - AC). Analysis of these precipitates with semi-

quantitative EDS and the comparison of the at% ratios with published data identify them as

π-Al8FeMg3Si6, Al9FeNi and Al3Ni. Since Al3Ni phase precipitates later in the Al-Si eutectic

reaction, as already indicated by other authors [18, 19, 29], this phase is frequently observed

to be coupled to either eutectic Si or π-Al8FeMg3Si6, appearing as coarse polygonal parti-

cles and in interconnected “Chinese-script”morphology. However, due to the low level of

Ni into the alloy, it is unlikely that these Ni aluminides have the same high degree of inter-

connectivity as in the alloys where Ni is intentionally added to improve high temperature

properties [10].

Typical fracture profiles of the sand cast reference alloy and alloys with Ni and V in T6

heat treated condition (- T6) exhibit features similar to those of the as-cast ones. The ma-

jority of eutectic Si particles still show an elongated acicular morphology even after the

solution treatment step (Figures B.9b, B.9d and B.9f). Microcracks that originate from these

micro-constituents will subsequently connect to produce the main crack. Therefore, in the

absence of modifier elements e.g. Sr or Na, the selected solution heat treatment holding

time appears to be insufficient to obtain complete necking and spheroidisation of the eutec-

tic phase. Hence several areas with high stress concentration (acicular particles) are retained

in the castings leading to premature failure.

SEM observations of the fracture surfaces of sand cast alloys confirm the Si-driven quasi-

cleavage nature of fracture (Figure B.10): no significant differences in fracture paths are

observed between the as-cast and T6 heat treated alloys. Additionally, a large number of

Ni-rich intermetallics are observed on the fracture surfaces of the alloys with 600 ppm Ni
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Figure B.7 – Semi-quantitative EMPA profiles of the Al, Mg, V and Ni concentrations within α-Al den-

drites and secondary phases for a) A356 - AC, b) Ni - AC and c) V - AC alloys. The scanning direction is

indicated by arrows.
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Figure B.8 – EDS element mapping of some intermetallic phases (π-Al8FeMg3Si6 in light grey, Al9FeNi

in white) detected in the interdendritic regions of sand cast alloy with 600 ppm Ni (T6 condition).

(Figure B.11a and B.11b). These particles have a polygonal and flake-like morphology in

the Ni - AC alloy (Al9FeNi and Al3Ni compounds, Figure B.11c), whereas in the Ni - T6

alloy the intermetallic compounds are mostly identified as Al9FeNi, which also originate

from π-Al8FeMg3Si6 phase due to Mg and Si diffusion to the α-Al matrix (Figure B.6). They

subsequently spheroidise, which makes them less harmful in terms of fracture initiation and

propagation (Figure B.11d).

With respect to permanent mould cast reference and Ni/V-contaminated alloys (A356 PM -

AC, A356 PM - T6, Ni PM - AC, Ni PM - T6, V PM - AC, V PM - T6), the fracture profiles and

surfaces possess a more irregular fracture path (Figure 12). This crack behaviour is related

to the lower SDAS measured for these alloys (34 ± 4 µm) and, as a direct consequence,

can be attributed to the reduction of the amount of particles (eutectic Si or intermetallics)

located at the boundaries of secondary dendrite arms. In consequence, fracture is forced

to partially propagate via the grain boundaries, which offer an alternative continuous path.

This transition from transgranular to mixed transgranular-intergranular fracture mode is

generally accompanied by an increase in the ductility of the alloys [25, 27, 30]. Additionally,

finer micro-constituents require larger strains to crack. Therefore, the contribution of plastic

deformation of the α-Al matrix to the final crack must increase, leading to a more ductile

fracture behaviour, as shown by the large number of dimples in Figure B.12b compared to

Figures B.10a and B.10b.

B.4 Discussion

Generally, strength of sand cast alloys in as-cast condition (- AC) is lower than in T6 heat

treated alloys (or Sr or Na modified alloys) due to the coarse flake-like or acicular eutectic
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Figure B.9 – Fracture profiles of the sand cast reference alloy and alloys with Ni and V in as-cast and T6

conditions: a) A356 - AC, b) A356 - T6, c) Ni - AC, d) Ni - T6, e) V - AC, f) V - T6. A Si-driven quasi-

cleavage nature of fracture can easily be observed. No significant differences in crack paths are observed

between as-cast and T6 heat treated alloys.
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Figure B.10 – SEM fractographs of the sand cast reference alloys in a) as-cast and b) T6 conditions. Note

that the typical characteristics of fragile fracture still remain in T6 heat treated sample, thus indicating that

the solution heat treatment holding time was insufficient to obtain a complete necking and spheroidisation

of eutectic Si particles.

Figure B.11 – Distribution (a,b) and morphology (c,d) of Ni-rich intermetallic compounds in sand cast

alloys with 600 ppm Ni in as-cast (a,c) and T6 (b,d) conditions.
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Figure B.12 – SEM images of a) fracture profile and b) surface of the permanent mould cast reference

alloy in as-cast condition (A356 PM - AC) showing mixed transgranular-intergranular fracture mode and

typical features of ductile fracture (dimples).

Si, which is the most prominent phase precipitating in hypoeutectic Al-Si alloys. However,

the addition of Ni to these alloys in as-cast condition (Ni - AC) leads to a further drastic drop

in yield strength and ultimate tensile strength, whereas the percentage elongation remains

largely unaffected. Ni-rich intermetallic compounds were usually found along the fracture

profiles and in the fracture surfaces of these samples. Therefore, it is suggested that they

have an active role in fracture initiation and propagation.

This fracture behaviour can be explained using the approach proposed by Moffat [6], which

takes the hardness and Young’s Modulus parameters of the intermetallic compounds ob-

tained by nanoindentation tests into account. It also considers the mechanism of load trans-

fer. In the present work, existing data obtained by means of reliable techniques, such as

nanoindentation tests, Vickers microhardness and compression tests were carefully revised

and summarized in Table B.6. The alloys studied in this work consist of a soft, low E matrix

and hard, high E intermetallics and eutectic Si particles. When these alloys are subject to

external loads, an inhomogeneity in stress distribution results from the discrepancy in the

elastic properties of the different phases. Similar to a composite material, the stiffer particles

generally reinforce the matrix by bearing a larger proportion of the applied load. However,

if the stress induced at the reinforcing particles or at the matrix-particle interface exceeds

a critical value, then fracture of the particles or decohesion occurs [31, 32]. The pile-up of

dislocations at the particles can also cause particle cracking because of the increased local

stress even if the average applied stress that the tensile sample experiences is lower than the

fracture strength of the particles.

It is well-established that hardness H can be related to UTS by simple empirical relation-

ships:

H = f(UTS) (B.1)
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Phase Hardness [GPa] UTS [GPa] f(εfr)

Eutectic Si 11.13 [33] 147.6 [33] 0.0754
β-Al5FeSi 11.5 [34] 196 [34] 0.0587
π-Al8FeMg3Si6 5.85 [19] - -
Mg2Si 4.1 [35] 76 [35] 0.0539
Al9FeNi 7.71 [33] 161.5 [33] 0.0477
Al3Ni 7.73 [36] 141 [36] 0.0548

Table B.6 – Hardness, Young’s modulus and relative fracture strain for eutectic Si and a number of inter-

metallic phases. The corresponding references are in square brackets.

Figure B.13 – Comparison of the relative fracture strain for eutectic Si and a number of intermetallic

phases.

Furthermore, assuming that eutectic Si and intermetallic particles have a linear elastic be-

haviour, the deformation to fracture εfr can be expressed as:

εfr =
f(UTS)

E
(B.2)

where E is the elastic modulus obtained by means of the above-mentioned techniques. Since

absolute relationships are not required, relative differences in εfr between phases are suffi-

cient to determine which phase is likely to fail preferentially. As a consequence equations

(B.1) and (B.2) can be combined to yield:

f(εfr) =
H

E
(B.3)

Assuming homogeneity of the strain distribution for each phase, the values of H and E

can be used in equation (B.3) to determine the relative fracture strain f(εfr), and results are

shown in Figure B.13.

No Young’s Modulus data for the π-Al8FeMg3Si6 phase were found in literature, so f(εfr)

cannot be calculated. It can be seen that all intermetallic phases are likely to fracture at a

lower strain than the eutectic Si particles. In particular, the Ni-rich phases and Mg2Si have

the lowest values of f(εfr). The brittle nature of Al9FeNi intermetallics has already been
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mentioned in the literature [6, 13, 33]. By taking the low f(εfr) value found for the Al3Ni

phase and the microstructural observations of fracture profiles and surfaces into account, the

following fracture mechanism for the sand cast alloy with 600 ppm Ni in as-cast condition

(Ni - AC) is proposed. Once the tensile load is applied, the increase of local stresses around

coarse polygonal Al3Ni and Al9FeNi compounds first leads to rupture of these intermetallics

or to cracks forming at the matrix/particle interface. Moreover, since the Al3Ni phase is

often observed to be coupled to either eutectic Si or π-Al8FeMg3Si6, further intercrystalline

cracks can be created within these brittle phases or at the interface with α-Al matrix. This

creates very large decohesion areas since the early stage of tensile deformation. In order to

bear the applied load on a smaller cross section, the residual material is subject to severe

plastic deformation. Consequently, the samples reach yield strength (Rp0.2) at a lower stress

compared to the base alloy (A356 - AC). For the same reason, the subsequent steep increase

in local stress around eutectic Si particles and intermetallics in the remaining eutectic areas

leads to fracture at lower UTS in samples with added Ni. However, this does not affect the

elongation of the alloy (i.e. the tensile ductility), which is known to be dominated by the

SDAS and the size of eutectic Si particles [25,37]. Therefore the values for the Ni-containing

alloys must be similar to the ones of the reference alloy. It can also be noted in Figure B.13,

that Mg2Si intermetallics show a tendency to fracture comparable to that of the Al3Ni phase.

However, since no cracked Mg2Si particles were found on fracture profiles and surfaces of

the investigated alloys, it is suggested that their “Chinese-script”morphology increase their

resistance to crack to a some extent.

The higher mechanical properties of sand cast alloys with 1000 ppm V in as-cast condition (V

- AC) can be explained by a strengthening effect caused by the solid solution of this element

in the α-Al matrix (Figure B.7c). Dislocation movement and pile-up around eutectic Si and

intermetallics is decelerated by their interactions with both Mg and V atoms in solution.

Therefore, intermetallic phases crack at higher stresses and eventually both yield strength

and UTS increase.

After T6 heat treatment (- T6), the precipitation of fine coherent Mg2Si dispersoids in the

α-Al matrix exerts a strong effect on the tensile properties of the sand cast reference and

Ni- or V-containing alloys. The coherent Mg2Si precipitates with their needle-like morphol-

ogy prevent the motion of dislocations, which accumulate and contribute significantly to

the increased strength of the α-Al matrix [38]. Despite this improvement, the α-Al matrix is

prone to crack more easily due to the hardening particles, so that when the fracture of brittle

particles begins, the following microcrack linking process is faster and leads to a slightly

lower ductility compared to the corresponding as-cast alloys. It is also important to note

that the detrimental effect of Ni-rich intermetallics becomes negligible compared to the in-

crease in strength related to the precipitation of Mg2Si dispersoids. A slight increase in yield

strength and ultimate tensile strength, probably due to the spheroidisation of Ni-rich inter-

metallics during solution heat treatment, is also observed for the Ni-contaminated alloy (Ni

- T6). However, Ni additions seem not to produce a statistically relevant increase in me-



B.5. Conclusions 79

chanical properties because of the large scatter in both tensile parameters. For the case of

the V-containing alloy, the higher yield strength and ultimate tensile strength values com-

pared to the reference alloy and the smaller scatter of experimental data are consistent with

an actual increase caused by solid solution strengthening. This increase may also be partly

related to the acceleration of precipitation kinetics of hardening coherent Mg2Si particles. As

observed by Camero et al. [39], the addition of 0.1 wt% V seems to promote the formation

of the Mg2Si hardening phase, thus shifting its maximum density into α-Al dendrites, i.e.

maximum strengthening effect, to shorter ageing treatment times.

Data from tensile tests and microstructural analysis reveal significant differences between

sand cast and permanent mould cast alloys in both mechanical properties and cracking be-

haviour. In accordance with previous findings [25–27], this is due to the higher cooling rates

during die casting. As a direct consequence, this changes microstructural features leading

to (i) decreased SDAS and (ii) decreased size and altered shape of eutectic Si particles and

intermetallic compounds. This results in a shift from an entirely transgranular to a mixed

transgranular-intergranular fracture mode. It is also evident from the similarity in yield

strength, ultimate tensile strength and percentage elongation between permanent mould

cast reference alloy and alloys with Ni and V in both as-cast and T6 conditions, that the

cooling rate becomes the main parameter influencing the mechanical properties. The over-

all finer microstructure neutralises both the detrimental effects induced by Ni-containing

intermetallics and the improvement related to V solid solution strengthening. Additionally,

starting from smaller sizes, eutectic Si particles and intermetallic compounds are easier to

fragment and spheroidise during solution heat treatment than the large particles in sand

cast alloys [30, 40]. Therefore, after T6 heat treatment, the increase in mechanical properties

of the reference alloy and the alloys with Ni and V is consistent with both the formation of

fine coherent Mg2Si particles strengthening the primary α-Al matrix and the reduced size

and aspect ratio of eutectic Si particles and intermetallic phases.

B.5 Conclusions

The effect of Ni and V trace elements on the mechanical properties of A356 aluminium

foundry alloy in as-cast and T6 heat treated conditions was investigated by analysing tensile

specimens obtained from both sand and permanent mould castings. The following conclu-

sions can be drawn from this work:

1. Ni strongly influences the tensile properties of the sand cast A356 alloy in as-cast con-

dition, leading to a reduction of both the yield strength (Rp0.2) and ultimate tensile

strength (UTS) by 87% and 37%, respectively. Conversely, V addition increases Rp0.2

and UTS by 42% and 25%. After T6 heat treatment, the sand cast A356 alloys with Ni

and V show slightly higher mechanical properties than the reference alloy (≈ 18%).

However, the increase related to Ni is not statistically significant.
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2. With respect to permanent mould cast alloys, no statistically significant difference in

mechanical properties is observed between the reference and Ni- or V-containing al-

loys in both as-cast and T6 conditions, indicating that neither Ni nor V have any influ-

ence on the mechanical properties at higher solidification rates.

3. Fracture initiates because of debonding and intercrystalline cracking of rod-like eutec-

tic Si particles and brittle intermetallics. While the sand cast alloys show a transgran-

ular fracture due to their large SDAS and eutectic Si particles, a more ductile mixed

transgranular-intergranular fracture was detected in the permanent mould cast alloy.

4. A large number of Ni-rich intermetallics are observed on the fracture surfaces of the

Ni-containing sand cast alloys (Ni - AC). These particles, identified as Al9FeNi and

Al3Ni, have a polygonal and flake-like morphology. The approach based on the rela-

tive fracture strain f(εfr) of eutectic Si particles and intermetallic phases demonstrates

that Ni-rich intermetallics are prone to fracture more easily than the other secondary

phases. Moreover, since the Al3Ni phase is often observed to be coupled to either eu-

tectic Si or π-Al8FeMg3Si6, further intercrystalline cracks can be created in these brittle

phases or at the interface with α-Al matrix, thus creating very large decohesion areas

since the early stage of tensile deformation. This leads to lower yield strength (Rp0.2)

and ultimate tensile strength (UTS).

5. The higher mechanical strength of sand cast V-containing alloys in as-cast condition

(V - AC) is due to the solid solution strengthening effect produced by this element in

the α-Al matrix. As a consequence, intermetallic phases crack at higher stresses and

eventually both yield strength and UTS increase.

6. After T6 heat treatment (- T6), the precipitation of fine coherent Mg2Si dispersoids

in the α-Al matrix exerts a strong effect on the tensile properties of sand cast alloys.

The detrimental effect of Ni-rich intermetallics becomes negligible, whereas the V-

containing alloy shows even higher yield strength and ultimate tensile strength values

compared to the reference alloy. Solid solution strengthening and acceleration of pre-

cipitation kinetics of Mg2Si particles are credited for these increased tensile properties.

7. The cooling rate becomes the main parameter influencing the mechanical properties in

permanent mould cast alloys. The finer microstructure neutralise both the detrimental

effects of Ni-containing intermetallic phases and the improvement related to V solid

solution strengthening.

Therefore, the experimental findings suggest that the application of a T6 heat treatment is

sufficient to counteract the detrimental effects induced by the precipitation of additional

intermetallic phases in the presence of Ni as a trace element in the A356 alloy. This is partic-

ularly recommended for low cooling rate casting methods, such as sand casting, whereas in

high cooling rate techniques (i.e. permanent mould casting), its presence can be tolerated.
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Conversely, V addition appears to always be beneficial for the tensile properties of the A356

alloy. In conclusion, provided that aluminium castings in A356 alloy (EN-AB 42100) are

subject to T6 heat treatment, the maximum tolerable concentration for Ni and V as listed in

current alloy specification charts e.g. EN 1676-2010 may be increased without impairing the

alloys mechanical properties.
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Abstract

In the present work, the impact behaviour of unmodified A356 alloys with the addition of

Ni or V in as-cast and T6 heat treated conditions was assessed by investigating notched

specimens obtained from sand and permanent mould casting. Low total absorbed energy

average values (Wt < 2 J) were measured for the investigated range of alloys. SEM investi-

gations of fracture profiles and surfaces indicated a Si-driven crack propagation with a pre-

dominant transgranular fracture mode. Occasionally, intergranular contributions to fracture

were detected in the permanent mould cast alloys, most likely because of the locally finer

microstructure. Complex and interconnected mechanisms related to the chemical compo-

sition (V solid solution strengthening within α-Al matrix), solidification conditions (SDAS

and eutectic Si particle size) and heat treatment (precipitation of coherent Mg2Si particles)

were found to interact during the fracture process, thus governing the impact properties of

sand cast and permanent mould cast alloys in both as-cast and T6 heat treated conditions.

According to the experimental results and microstructural analyses, the trace element Ni

exerted only minor effects on the impact toughness of the A356 alloy. On the other hand, V

had a strong influence on the impact properties: (i) V-containing sand cast alloys generally

absorbed slightly higher impact energies compared to the corresponding A356 base alloys;
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(ii) in the permanent mould cast alloys, V in solid solution led to a considerable loss of duc-

tility and, as a result, to a significant reduction in the propagation energy, which in turn

decreased the total absorbed energy.

C.1 Introduction

The hypoeutectic A356 aluminium foundry alloy (Al-7%Si-0.3%Mg) bases on the quater-

nary Al-Si-Fe-Mg system and is commonly used in a wide range of automotive, aerospace

and other structural applications due to its good castability, high strength to weight ratio,

corrosion and wear resistance and ease of recycling. The mechanical performance of A356

castings depends on their microstructure, which in turn is governed by several parameters

such as the alloy chemistry, melt treatment processes (e.g. Sr or Na modification of the Al-Si

eutectic and/or grain refinement), cooling rate and heat treatment. The application of a T6

heat treatment is usually performed in the manufacturing process and is a well-established

method to increase the strength and ductility of the A356 alloy. In order to obtain an increase

in strength, all steps of a T6 heat treatment are required to occur, i.e. solution treatment,

quenching and artificial ageing. The main contribution is obtained from the precipitation of

a large amount of fine Mg2Si particles, which harden the soft α-Al matrix after ageing. On

the other hand, a benefit in ductility is generally achieved after the solution treatment stage

and is related to necking, fragmentation and subsequent spheroidisation of eutectic Si crys-

tals [1–6]. Eventually, a further optimisation of A356 tensile properties by solution treatment

involves a change of the volume fraction of Fe-bearing intermetallic phases, which leads to

a replacement of the π-Al8FeMg3Si6 with a “Chinese-script”morphology by fine clusters of

β-Al5FeSi needles [7].

Today, the Charpy impact test has become a standard method to evaluate the effect of differ-

ent process parameters on dynamic fracture toughness of engineering materials. The latter

is particularly critical as the demand for high ductility alloys that have to meet specific ser-

vice conditions, e.g. automotive structural parts, has risen in the last decade. Murali et al. [8]

investigated the influence of Mg and Fe on the impact toughness of the AlSi7Mg0.3 alloy.

They demonstrated that either the increase of Mg content from 0.32 to 0.65 wt% or the in-

crease of Fe concentration from 0.2 to 0.8 wt% at 0.32 wt% Mg leads to a decrease of the total

absorbed energy. Ma et al. [9] also studied the effect of varying Fe concentrations from 0.1 to

0.8 wt% in an A356.2 alloy, showing that a significant reduction in impact toughness occurs

when Fe levels are above 0.2 wt% or, in terms of β-intermetallics’ size, when the length of

β-needles lies within the range of 10 - 50 µm. Shivkumar et al. [10] showed that Sr mod-

ification and an increase of the cooling rate improve the impact properties of an A356-T6

alloy. Typical impact energies for unmodified and Sr-modified sand cast impact specimens

were reported on the order of 1.5 and 3.0 J. In contrast, permanent mould castings exhibited

higher total absorbed energies, on the order of 7 and 13 J in unmodified and Sr-modified

alloys, respectively. Merlin et al. [11] applied instrumented Charpy impact test to measure
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the total absorbed energy of subsize specimens. They stated that casting defects close to

the V-notch have a strong detrimental effect on impact toughness. Hence the appearance

of casting defects became the predominant parameter masking the influence of the actual

microstructural features. Finally, in the authors previous work [12] it was found that the

impact properties of a Sr-modified A356 alloy are not directly affected by Ti-B based grain

refiners. However, all the grain refiners were reported to produce secondary changes in the

microstructural features, increasing both SDAS and β-intermetallics’ size. As a direct conse-

quence, a reduction in the total absorbed energies of the grain refined alloys was observed.

Some authors [6, 10] have noticed that there exists a region where the impact energy of a

T6 heat treated A356 alloy decreases to a minimum before it increases again. It has been

suggested that this behaviour is caused by a compromise between the negative contribu-

tion to ductility due to the precipitation of Mg2Si particles in the α-Al matrix, and the

positive contribution associated with the fragmentation and spheroidisation of eutectic Si

particles. Solution and homogenisation kinetics that lead to the precipitation of fine Mg2Si

particles during ageing, and consequently to the increase in strength, are faster compared to

Si spheroidisation, which usually occurs after prolonged solution heat treatments. Zhang et

al. [6] have reported that short solution treatment times in the range of 1.5 - 10 min produce

a significant reduction in the impact energy of a low pressure die cast A356 alloy (approxi-

mately 3 J and 4 J after 5 min and 20 min, respectively). Even though the alloy is modified

with Sr, eutectic Si particles have only begun to spheroidise during these short times, so that

the positive contribution to ductility is poor and is completely counteracted by the precip-

itation of the Mg2Si strengthening phase. The results of Shivkumar et al. [10] have shown

that the previously described scenario is not observed when longer solution times are ap-

plied, e.g. an impact energy of 2.0 J has been measured for an unmodified permanent mould

cast A356 alloy in the as-cast condition, whereas an impact energy of 5.6 J has been reported

for the same alloy subjected to 2 h solution treatment, natural ageing for 24 h and artificial

ageing at 171 ◦C for 4 h. Conversely, low impact energy values are maintained over longer

solution times in sand cast alloys (i.e. low cooling rates, and hence coarse microstructures),

with noticeable differences between Sr-modified and unmodified alloys: the latter usually

require further time for the fragmentation and subsequent spheroidisation of eutectic Si par-

ticles, so that the corresponding increase in impact energy is postponed.

Finally, Elsebaie et al. [13] have recently investigated the effect of artificial ageing on the

impact properties of unmodified and Sr-modified 356 alloys subjected to the same solution

heat treatment at 540 ◦C for 8 h. It has been observed that the ageing at 180 ◦C for ageing

time varying from 2 h to 8 h exerts a negative effect on the impact behaviour of the alloys due

to the progressive precipitation of coherent and semi-coherent Mg2Si particles. Increasing

the ageing time to 12 h, however, results in a slight recovery in the impact energies of these

alloys. This effect has been attributed to the coarsening and coherency loosening of stable

Mg2Si precipitates, which lead to easy motion of dislocation into α-Al matrix. As a direct

consequence, the ductility of the alloy is increased.
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Even if many different aspects of A356 impact behaviour have been investigated so far,

no data are available in the literature concerning the impact properties of A356 alloy in

the presence of Ni and V trace elements. Increasing concentrations of Ni and V impurity

elements coming from the manufacturing process of primary aluminium, particularly from

the petroleum coke used for the production of anodes for the aluminium electrolysis, have

recently arisen as a major issue for the final quality of foundry alloy products [14, 15]. Since

currently there are no cost efficient techniques for removal, these elements may constitute a

problem for the static and dynamic properties of this widely used alloy.

The aim of the present work is to study the influence of Ni and V trace additions on the

impact properties of as-cast and T6 heat treated A356 aluminium foundry alloys in two

commercially important casting processes, i.e. sand and permanent mould casting. Instru-

mented Charpy impact tests have been performed and the acquired data have been analysed

in terms of maximum load and total absorbed energy. The latter parameter has then been

divided into its two main contributions, namely the crack initiation energy, also indicated

as energy at maximum load, and the propagation energy, in order to better correlate the

experimental findings to the microstructural features of the alloys and to separate the net

effects of trace element additions and T6 heat treatment. Moreover, a fractographic analysis

has been carried out to investigate the fracture mechanisms and the microstructural features

involved in the fracture process.

C.2 Materials and Methods

A commercial A356 aluminium alloy was used as the base alloy. The as-received alloy ingots

were melted in charges of 16 kg each in a boron-nitride coated clay-graphite crucible. Trace

elements were added in the form of Al-10 wt% Ni and Al-10 wt% V master alloys according

to the targeted nominal concentrations of 600 and 1000 ppm of Ni and V, respectively. In

order to avoid any further interactions, neither Sr nor Na were added as modifier agents.

The melting temperature was monitored with the Alspek-H probe and kept constant at 740
◦C ± 5 ◦C. Samples from the three different melts were taken throughout the casting trials

and were analysed by optical emission spectroscopy (OES). The chemical composition of the

investigated alloys is given in Table C.1.

Alloy Addition (ppm) Si Fe Mg Ni V Al

A356 - 7.054 0.092 0.355 0.003 0.007 bal.
A356 + Ni 600 6.902 0.087 0.344 0.061 0.007 bal.
A356 + V 1000 6.992 0.094 0.349 0.003 0.108 bal.

Table C.1 – Chemical composition (wt%) of the A356 reference alloy and Ni/V-containing alloys as mea-

sured by OES.
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Figure C.1 – Castings obtained from: a) sand mould; b) permanent mould. The black rectangles mark the

areas where the Charpy specimens c) were machined.

The hydrogen content in the melts was measured in-situ with the Alspek-H probe. Melts

were degassed with argon gas in order to reach a hydrogen concentration of 0.08 mlH2/100

gAl. The alloys were then poured in both sand and steel moulds. Sand castings were pro-

duced using an improved version of the tensile test bar design proposed by Dispinar and

Campbell [16]. In this new casting design, the shape of the bars varied from cylindrical to

tapered, with diameters increasing gradually from 15 mm (bottom) to 20 mm (top). Perma-

nent mould castings were obtained by pouring the molten alloys into a L-shaped preheated

steel die, manufactured according to the UNI 3039 specification. The steel die was kept at

a constant temperature of 300 ◦C during the casting trials. This setup yields a cooling rate

of 1.2 K/s and 2.5 K/s in the centre of sand cast and permanent mould cast Charpy impact

specimens, respectively. Charpy impact specimens were machined according to the UNI EN

ISO 148-1 specification (10x10x55 mm). The sand cast impact samples were machined from

the upper part of the tapered bars, whereas the permanent mould samples were obtained

along the centreline of the feeders (Figure C.1).

In order to evaluate the effect of Ni and V in both as-cast and heat treated conditions, spec-

imens from the same casting were subjected to a T6 heat treatment including solutionising

at 540 ◦C for 4 h, followed by quenching in a water bath at 20 ◦C. Subsequently, the samples

were aged at 160 ◦C for 6 h. As a result, twelve different experimental conditions could be

examined (Table C.2), and at least 5 samples were tested in each condition.

The impact tests were carried out on a CEAST instrumented Charpy pendulum according to

the ASTM E-23 specification. Data were acquired using a DAS 8000 analyser. During impact

testing, the total absorbed energy (Wt) was determined, along with a number of specific

parameters such as crack initiation (Wm) and propagation (Wp) energies and the maximum

load required to break the specimens (Fmax). Wm was calculated as the integral of load-

deflection curve from the beginning of the test (i.e. when the pendulum hits the specimen)

to the maximum load. This was also defined as the energy at maximum load, whereas the
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Alloy Mould Condition Alloy Code

A356 Sand
as-cast A356 - AC
T6 A356 - T6

A356 + 600 ppm Ni Sand
as-cast Ni - AC
T6 Ni - T6

A356 + 1000 ppm V Sand
as-cast V - AC
T6 V - T6

A356 Permanent Mould
as-cast A356 PM - AC
T6 A356 PM - T6

A356 + 600 ppm Ni Permanent Mould
as-cast Ni PM - AC
T6 Ni PM - T6

A356 + 1000 ppm Ni Permanent Mould
as-cast V PM - AC
T6 V PM - T6

Table C.2 – Experiment matrix.

energy absorbed from the maximum load to 2% of the peak value was designated as the

propagation energy Wp.

After the impact tests, each specimen was sectioned perpendicular to the fracture surface,

embedded and prepared with standard metallographic procedures. Microstructures and

fracture profiles were then studied with an optical microscope (OM) and scanning electron

microscopes (SEM). A detailed investigation of fracture surfaces was performed using a

ZEISS EVO MA 15 and a ZEISS ULTRA 55 SEM equipped with EDS microprobe. Leica Ap-

plication Suite 3.6 was used to measure the SDAS, applying the line intercept method, and

the maximum Feret diameter of eutectic Si particles. As far as SDAS is concerned, between

350 and 500 measurements were performed near the fracture profiles for each sample in

order to achieve statistically meaningful results. Regarding eutectic Si, a number of 25 mi-

crographs were observed and more than 5000 particles were measured for each specimen.

C.3 Results

C.3.1 Impact Properties

It is well-established that the shape of both the load-time and the load-deflection curves can

give information about the deformation and the fracture history of the impact specimens

[17–19]. Qualitative observations of average load-deflection curves (Figure C.2a-d) clearly

indicate that T6 heat treated alloys exhibit a less ductile fracture behaviour than the as-cast

ones. Even if the maximum load increases in both sand cast and permanent mould cast

T6 heat treated specimens, the following sharp decrease after the peak load is indicative of

unstable crack propagation. The analysis of the corresponding average energy-deflection

curves also reveals that generally a smaller amount of energy is absorbed by heat treated

specimens.
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Figure C.2 – Load-deflection and energy-deflection average curves for the different experimental condi-

tions: a) sand mould, as-cast; b) sand mould, T6; c) permanent mould, as-cast; d) permanent mould, T6.

The average values of the impact properties of sand cast and permanent mould cast alloys,

as well as their standard deviations, are summarized in Table C.3 and Table C.4 and shown

in Figure C.3. It is obvious that the heat treatment has a key influence on the impact prop-

erties of the alloys. Firstly, it leads to an increase of the maximum loads required to break

the specimens Fmax (Figure C.3a); secondly, it leads to a general decrease in propagation

energies Wp (Figure C.3c). However, considering the plots of the energy at maximum load

Wm (Figure C.3b) and the total absorbed energy Wt (Figure C.3d), it is evident that the T6

heat treatment alone is not sufficient to affect the impact properties. Other parameters such

as the SDAS and eutectic Si particles size must be considered as well.

The addition of the trace element Ni to an A356 base alloy exerts a very small effect on the

total absorbed energy (Wt) of as-cast samples (- AC). On the other hand, V has a strong in-

fluence. It increases the average total absorbed energy of the sand cast specimens, whereas

the same parameter is reduced up to 20% in permanent mould cast samples. Considering

the deconvolution of total absorbed energy into its two main contributions, namely Wm and

Wp, it is observed that Ni does not lead to any significant change in any of the impact pa-

rameters compared to the average values of the corresponding sand and permanent mould

cast base alloys. In particular, since the scatter of Wp values for the Ni PM - AC alloy is large

and includes the A356 PM - AC Wp average value, it is not possible to determine a clear

influence of Ni addition on the propagation energy. The effect of V addition is less ambigu-

ous. Although the scatter of Wm values for the sand cast alloy is large, a sharp increase in
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Alloy Code Fmax [N] Wt [J] Wm [J] Wp [J]

A356 - AC 2704 ± 86 1.32 ± 0.05 0.45 ± 0.04 0.87 ± 0.05
A356 - T6 3987 ± 93 1.05 ± 0.08 0.52 ± 0.08 0.53 ± 0.08
Ni - AC 2818 ± 62 1.31 ± 0.06 0.45 ± 0.09 0.86 ± 0.06
Ni - T6 4186 ± 76 1.22 ± 0.06 0.67 ± 0.05 0.55 ± 0.03
V - AC 2810 ± 62 1.51 ± 0.06 0.71 ± 0.17 0.80 ± 0.14
V - T6 4133 ± 100 1.25 ± 0.08 0.68 ± 0.05 0.57 ± 0.04

Table C.3 – Impact properties of the sand cast base and Ni/V-containing alloys. Fmax is the maximum

load required to break the specimens; Wt is the total absorbed energy; Wm is the energy at maximum load;

Wp is the propagation energy.

Alloy Code Fmax [N] Wt [J] Wm [J] Wp [J]

A356 PM - AC 3122 ± 132 1.84 ± 0.20 0.79 ± 0.07 1.05 ± 0.13
A356 PM - T6 4362 ± 184 1.52 ± 0.13 0.81 ± 0.09 0.71 ± 0.06
Ni PM - AC 2971 ± 63 1.68 ± 0.17 0.78 ± 0.02 0.91 ± 0.16
Ni PM - T6 4401 ± 318 1.51 ± 0.22 0.78 ± 0.10 0.73 ± 0.14
V PM - AC 3012 ± 143 1.54 ± 0.15 0.82 ± 0.15 0.72 ± 0.12
V PM - T6 4598 ± 148 1.60 ± 0.11 0.88 ± 0.08 0.72 ± 0.13

Table C.4 – Impact properties of the permanent mould cast base and Ni/V-containing alloys. Fmax is

the maximum load required to break the specimens; Wt is the total absorbed energy; Wm is the energy at

maximum load; Wp is the propagation energy.

energy at maximum load is detected (Figure C.3b, V - AC vs. A356 - AC). However, the trace

element V has a detrimental effect on the propagation energy of permanent mould impact

specimens (Figure C.3c, V PM - AC vs. A356 PM - AC). It yields a decrease of Wp from 1.05

to 0.72 J.

For the case of the T6 heat treated alloys (- T6), the net influence of the trace elements Ni and

V on the total absorbed energy was only observed in the sand cast specimens. The partition

of this parameter into its two main contributions showed that both Ni and V increased the

energy at maximum load, whereas propagation energy remained unaffected. Conversely,

the alloys poured into the permanent mould did not show any significant variation of the

average Wt values, compared to the corresponding T6 base alloy.

It is worth noting that an inversion in the relative contributions of Wm and Wp to Wt gener-

ally occurs between as-cast and T6 heat treated sand cast and permanent mould cast alloys

(Figure C.4). As shown, the contribution of the propagation energy to the total absorbed en-

ergy is higher than %Wm for the reference alloys, the Ni-containing alloys and the sand cast

V added alloy in as-cast condition (A356 - AC, Ni - AC, V - AC, A356 PM - AC, Ni PM - AC),

whereas the remaining alloys generally show an opposite tendency. Hence, it is evident that

several parameters need to be considered to completely describe the impact behaviour of

sand cast and permanent mould cast alloys in both as-cast and T6 heat treated conditions.
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Figure C.3 – Impact properties of the sand cast and permanent mould cast reference and Ni/V-containing

alloys in as-cast and T6 conditions: a) maximum load Fmax; b) energy at maximum load Wm, c) propa-

gation energy Wp; d) total absorbed energy Wt. The standard deviation is given as error bars.

C.3.2 Microstructural and Fractographic Observations

The as-cast microstructures of reference alloys and alloys with Ni and V additions comprise

soft α-Al dendrites and acicular eutectic Si particles (Figure C.5). During heat treatment

some of the unmodified Si particles undergo necking, separate into segments, and then

spheroidise and coarsen. However most of them still show an elongated acicular shape

in both sand cast and permanent mould cast alloys (Figures C.5b and C.5d).

Various intermetallic phases such as π-Al8FeMg3Si6, β-Al5FeSi, Mg2Si and Ni-bearing com-

pounds can be observed in the interdendritic regions depending on the composition of

the as-cast alloy (Figure C.6). The β-Al5FeSi phase appears in the form of randomly dis-

tributed needles, whereas the π-Al8FeMg3Si6 and Mg2Si intermetallics have a “Chinese-

script”morphology. Microstructural observations also reveal an increased amount of the

latter two phases in the V-containing alloy, as can be noted from the comparison of Figure
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Figure C.3 – (continued)

C.6a and Figure C.6c. As shown in Figure C.6b, Ni-based intermetallic compounds precip-

itate as discrete particles or with a “Chinese-script”morphology. EDS spot measurements

identify these phases as Al3Ni and Al9FeNi (Figure C.7). This is consistent with the mi-

crostructural investigations carried out by Ludwig et al. [20] in a commercial purity A356

alloy with Ni concentration ranging between 300 and 600 ppm. The average size of the in-

termetallics decreases in permanent mould cast alloys due to the higher cooling rate that

was obtained with this casting technique.

Fine scale “Chinese-script”Mg2Si intermetallics are not observed after solution heat treat-

ment as reported in a number of previous studies [2, 7, 13, 21]. This provides evidence that

they completely dissolve in the α-Al matrix for the given solution time and temperature of

4 h and 540 ◦C, respectively. Additionally, the fraction of the π-Al8FeMg3Si6 phase dimin-

ishes by gradual dissolution of Mg and Si into the matrix and is to a some extent replaced

by a Mg-free phase similar in composition to the β-Al5FeSi phase (Figure C.8a) in the base

and V-containing alloys, and to the Al9FeNi phase (Figure C.8b) in the alloys added with
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Figure C.4 – Relative contribution of Wm and Wp to the total absorbed energy during crack nucleation

and propagation for the different experimental conditions. The standard deviation is given as error bars.

Figure C.5 – Microstructures of the investigated A356 base alloys showing α-Al dendrites and an Al-Si

eutectic mixture in the interdendritic regions: a) sand mould, as-cast; b) sand mould, T6; c) permanent

mould, as-cast; d) permanent mould, T6. Similar features are observed for the Ni/V-containing alloys.
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Figure C.6 – BSE images showing intermetallic phases in the a) A356 reference, b) Ni-containing and c)

V-containing alloys. The images are taken from sand cast samples in as-cast condition.

Ni, as also observed by means of EDS (Figure C.8c). Conversely, acicular β-Al5FeSi in-

termetallic phases formed during solidification are generally not affected by solution heat

treatment [7], as well as Al9FeNi intermetallics in the Ni-containing alloys, whereas Al3Ni

undergoes gradual spheroidisation. Apart from the precipitation of hardening Mg2Si parti-

cles into α-Al matrix, the subsequent ageing heat treatment at 160 ◦C does not produce any

further variation in the other microstructural features of the investigated alloys.

Quantitative microstructural analysis of the investigated alloys was only performed by mea-

suring the secondary dendrite arm spacing (SDAS) and the size distribution of eutectic Si

particles, since the intermetallic compounds were scarcely found on the fracture profiles and

surfaces of the impact specimens. As given in Table C.5, average SDAS values of permanent

mould cast alloys are lower than those of the corresponding sand cast alloys. This can be

attributed to the higher cooling rate obtained in permanent mould casting as compared to

sand casting. Furthermore, it is worthwhile noticing that a T6 heat treatment has no influ-

ence on the SDAS within the limits of the experimental scatter. This is in excellent agreement

with the observations by other authors [10, 18, 22, 23] concluding that the SDAS is generally

independent of the heat treatment even when extended solutionising times were applied to
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Figure C.7 – BSE image of Ni-bearing intermetallics with different morphologies detected in the interden-

dritic regions of the sand cast Ni-containing alloy in as-cast condition. The chemical composition from a

coarse flake-like particles as measured by EDS indicates the precipitation of the Al9FeNi phase.

the investigated Al-Si-Mg alloys.

In addition to the above-mentioned effects on the intermetallic compounds and on the pre-

cipitation behaviour of Mg2Si hardening particles, the T6 heat treatment mainly affects the

size and shape of eutectic Si particles (Figure C.5). Therefore, the size class containing the

largest eutectic Si particles in terms of Feret diameter (50) was recorded for each sample

and the average values for each experimental condition (i.e. base and Ni/V-containing sand

cast and permanent mould cast alloys in both as-cast and T6 heat treated conditions) were

calculated and considered as an indirect index of the heat treatment efficiency based on

the change of the morphology of the eutectic Si from coarse acicular to fragmented and

spheroidised.

It can be observed from the values summarized in Table C.5, that a T6 heat treatment has a

larger effect on the permanent mould cast alloys compared to alloys made by sand casting

owing to the higher cooling rate. This led to the precipitation of finer micro-constituents,

and in consequence these particles were easier to fragment and spheroidise during solu-

tion heat treatment, i.e. the Si crystals were moderately refined due to the higher velocity

of the advancing eutectic solid-liquid interface. This observation further substantiates the

observations of Wang et al. [24] and correlates well with the model proposed by Ogris et

al. [25]. Corresponding size distributions of eutectic Si particles shown in Figures C.9a and

C.9b clearly indicate a higher tendency to necking and fragmentation of eutectic Si crystals

for the T6 heat treated permanent mould cast base alloy (A356 PM - T6) compared to the

sand cast alloy (A356 - T6). Similar observations can be made for alloys containing higher

concentrations of Ni or V.

However, as mentioned previously, a large fraction of eutectic Si particles still possess an

elongated acicular morphology. This demonstrates that, in the absence of Sr or Na as mod-

ifier agents, the selected solution heat treatment holding time is insufficient to obtain com-

plete necking and spheroidisation of the eutectic Si phase. Therefore several areas with high

stress concentration in the vicinity of acicular Si crystals maintain in all the T6 heat treated
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Figure C.8 – BSE images of the Mg-free intermetallic compounds (in white) precipitated from the π-

Al8FeMg3Si6 phase after T6 heat treatment: a) β-Al5FeSi; b) Al9FeNi, occasionally forming a layered

structure on the π-phase; c) Close-up view of the Ni-containing intermetallics with the corresponding EDS

spectrum.

alloys investigated in this study.

Figures C.10a-d show details of fracture profiles for the A356 reference alloy, considering

that similar fracture paths can also be detected in the alloys with added Ni and V. Intercrys-

talline fracture of acicular eutectic Si crystals was the cause for fracture initialisation. Once

a critical number of fractured particles is reached, the principal crack is formed by the lo-

cal linkage of adjacent microcracks. They propagate following a preferential quasi-cleavage

path along eutectic Si particles. Note that intermetallics are rarely found along the fracture

profiles, thus indicating a Si-driven crack propagation, with a predominantly transgranular

fracture mode. Occasionally, small intergranular contributions to fracture were detected in

the permanent mould cast alloys (Figure C.10c). This is probably due to the presence of a

locally smaller SDAS compared to the total average values measured for the correspond-

ing alloys. This is in good agreement with previous results [22, 24, 26], demonstrating that

for coarser microstructures (i.e. large SDAS) a strong interaction occurs during deforma-

tion between the slip bands generated in the secondary dendrite arms (also called dendrite

cells) and the dense array of Si particles in the surrounding interdendritic regions. The
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Alloy Code SDAS [µm] Si Feret diameter [µm]

A356 - AC 59.6 ± 5.6 126.0 ± 7.0
A356 - T6 62.6 ± 9.9 119.5 ± 4.8
Ni - AC 60.1 ± 5.5 139.1 ± 9.4
Ni - T6 60.5 ± 6.5 125.0 ± 7.3
V - AC 59.7 ± 6.2 138.1 ± 10.3
V - T6 60.6 ± 6.1 112.9 ± 8.2
A356 PM - AC 50.1 ± 6.8 100.4 ± 11.7
A356 PM - T6 51.7 ± 6.9 73.0 ± 7.4
Ni PM - AC 51.5 ± 5.8 100.7 ± 11.4
Ni PM - T6 53.1 ± 7.4 75.6 ± 17.7
V PM - AC 47.1 ± 7.0 103.5 ± 8.4
V PM - T6 49.0 ± 5.6 74.9 ± 12.5

Table C.5 – Average values and standard deviations of the measured microstructural features for each

experimental condition.

resulting significant particle cracking and local linkage of microcracks along the interden-

dritic regions provides an easy path for transgranular crack propagation. On the contrary,

smaller SDAS and Si particles make dendrite cell boundaries more discontinuous. As a con-

sequence, transgranular fracture becomes more difficult; fracture then propagates through-

out the grain boundaries, which offer an alternative continuous path.

No differences in fracture paths are observed between as-cast and T6 heat treated alloys.

As already pointed out, even when some acicular Si particles fragmented and spheroidised

during solution heat treatment, most of them still maintained an elongated acicular mor-

phology and imposed a great influence on fracture propagation.

For the sake of simplicity, Figure C.11a-d show only the fracture surfaces of the A356 ref-

erence alloys. A careful examination of the surfaces confirms a Si-driven quasi-cleavage

fracture mode. As mentioned before, the solution heat treatment decreases the size of Si

flakes (Figures C.11b and C.11d). However, the typical characteristics of brittle fracture

remain even in alloys where fragmentation and spheroidisation effects seem to be more

pronounced (e.g. A356 PM - T6, Ni PM - T6, V PM - T6).

C.4 Discussion

C.4.1 Impact Properties of the base and Ni/V-containing as-cast alloys

It is generally accepted that the fracture process of Al-Si alloys consists of three stages,

namely (i) particle cracking, (ii) microcrack formation and growth, and (iii) linkage of mi-

crocracks [22]. These stages are controlled by the microstructure in terms of size and shape

of eutectic Si particles and intermetallic phases, and their clustering around the secondary

arms of α-Al dendrites. When the SDAS is large, the microcrack linking process occurs
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Figure C.9 – Size distributions of eutectic Si crystals for a) sand cast and b) permanent mould cast base

alloys.

more easily along the cell boundaries leading to a low-energy transgranular fracture mode.

In contrast, small SDAS microstructures generally account for higher ductility and impact

properties due to a linking process between the microcracks. This involves fracture along

the more irregular grain boundary region, i.e. an intergranular fracture mode [12]. It is

worth noting that an increase in particle size also increases the probability of fracture, which

generally leads to a lower fracture stress [24, 27].

The present results are consistent with these findings. Low total absorbed energy average

values (Wt < 2 J) are observed for the investigated as-cast alloys (the - AC alloys in Tables

C.3 and C.4) due to the large SDAS and the resulting significant amount of large acicular

eutectic Si particles between secondary arms (Table C.5), which provide an easier path for

a low-energy transgranular crack propagation. The slight increase in the total absorbed en-

ergies of the reference and Ni-containing permanent mould cast alloys in as-cast condition

(A356 PM - AC, Ni PM - AC) reveals the moderate beneficial effect of a finer microstructure
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Figure C.10 – BSE images of the fracture profile of the A356 reference alloy showing the Si-driven nature

of impact fracture: a) sand mould, as-cast; b) sand mould, T6; c) permanent mould, as-cast; d) permanent

mould, T6. Smaller SDAS are observed in permanent mould cast alloys implying the occurrence of local

intergranular fracture c).

leading to local intergranular contributions to fracture. Since intermetallic compounds are

scarcely found on the fracture profiles and surfaces (Figures C.10 and C.11), their influence

on impact properties is considered negligible compared to the SDAS and the size and shape

of eutectic Si particles, indicating a Si-driven crack propagation. These observations are in

excellent agreement with the findings of Kobayashi and Niinomi on the impact toughness

of as-cast Al-Si alloys, which was reported to be primarily related to SDAS and eutectic Si

rather than other second-phase particles such as intermetallic compounds [28]. According

to the microstructural analysis, this also holds for Ni-bearing intermetallic compounds im-

plying that the addition of the trace element Ni exerts no effect on the impact toughness of

both sand cast and permanent mould cast A356 aluminium alloys.

Conversely, the comparison between the reference alloys and the corresponding V-contain-

ing alloys (A356 - AC vs. V - AC, A356 PM - AC vs. V PM - AC) in terms of total absorbed

energy shows that V has a significant effect on the impact behaviour of the A356 alloy. In

particular, the influences of V addition on the total absorbed energies of V - AC and V PM
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Figure C.11 – SEM images of fracture surfaces of the A356 reference alloy showing the Si-driven nature

of impact fracture: a) sand mould, as-cast; b) sand mould, T6; c) permanent mould, as-cast; d) permanent

mould, T6. Note that the typical characteristics of fragile fracture still remain even in alloys where the

effect of solution heat treatment appears to be more pronounced d).

- AC alloys need to be analysed. The amount of V added in the present study is close to its

maximum solubility in the α-Al matrix (≈ 0.1 wt%) [29]. Hence a solid solution strengthen-

ing effect occurs. This enhances the strength of the matrix (Fmax, Wm), and at the same time

reduces its ductility (Wp) due to the blockage of dislocation movement and the subsequent

dislocation pile-ups. As a result, the microcrack linking process that follows the fracture of

eutectic Si particles advances faster, especially in case of coarse microstructures. Therefore,

two simultaneous effects occur and interact in V-containing as-cast alloys. In the sand cast

alloys (V - AC vs. A356 - AC) the higher average value of Wt is due to the increase in energy

at maximum load linked to solid solution strengthening, whereas the ductility reduction

(i.e. the decrease in propagation energy) related to V appears to be moderate and within the

experimental scatter. This appears to be reasonable considering the well-established detri-

mental influence of a coarse microstructure (large SDAS and eutectic Si particles) on the

impact properties of A356 alloy [10,13,28,30]. On the contrary, in the permanent mould cast

alloys (V PM - AC vs. A356 PM - AC), the smaller SDAS and the slightly refined eutectic Si



C.4. Discussion 103

particles have a prevalent effect on Fmax and Wm compared to V strengthening: as it can be

observed in Table C.4 and Figure C.3b, the alloys show similar values of these parameters

(Fmax ≈ 3100 N, Wm ≈ 0.80 J). However, it appears that the influence of V on the ductility

loss (Wp) increases as the microstructure becomes finer, thus contributing to a decrease of

the total absorbed energy.

C.4.2 Impact Properties of the base and Ni/V-containing T6 heat treated alloys

It is evident from the average values of total absorbed energies listed in Tables C.3 and C.4

that the selected T6 heat treatment has a negative effect on the impact toughness of all the

investigated alloys compared to the as-cast condition. These results are in good agreement

with previous investigations, which indicated a noticeable decrease of the impact toughness

of unmodified A356 alloys in T6 condition [10, 13]. Although Elsebaie et al. [13] studied

unnotched impact specimens, it is worth noticing that this reduction was observed in both

experiments with alloys with a large SDAS (45 - 48 µm). Additionally, Shivkumar et al.

[10] reported that increasing solution heat treatment times led to a recovery of the impact

toughness.

These findings can be explained as follows. Owing to the fact that the propagation of mi-

crocracks in an A356 alloy is governed by the ductility of α-Al matrix, an increase of the

relative volume fraction of the matrix is beneficial for the impact properties. This effect can

be achieved by the addition of Sr or Na, resulting in the modification of the eutectic Si from

a coarse acicular structure to a fine fibrous morphology, and/or the application of a solu-

tion treatment [10]. Both treatments produce an increase in inter-particle spacing. However,

different to chemical modification, the solutionising locally increases the relative volume

fraction of the α-Al matrix due to necking, spheroidisation and coarsening of eutectic Si

particles [6, 11, 13, 30, 31]. Without the addition of modifier elements and for insufficient so-

lution treatment holding times and temperatures, the relative volume fraction of the α-Al

matrix does not change substantially, and the linkage of microcracks proceeds predomi-

nantly along the cell boundaries of alloys with a large SDAS (i.e. low-energy transgranular

fracture). Therefore, no significant improvement of the impact toughness is observed [10].

Furthermore, the ageing process that follows the solutionising step may become detrimental

for the impact properties, thus causing a decrease in total absorbed energy [13]. A T6 heat

treatment is normally applied to increase the strength of Al-Si-Mg alloys by the precipitation

of fine coherent Mg2Si particles. These dispersoids harden the α-Al matrix at the expense of

ductility. In fact, they impose an obstacle for dislocation movement leading to a pile up, and

consequently contribute significantly to the increase of the strength of the α-Al matrix [32].

Despite this improvement, the matrix is prone to fracture more easily. As a result, when the

cracking of acicular Si particles begins, the following microcrack linking process is faster and

leads to a lower amount of absorbed energy for fracture propagation. Hence, it is believed

that a third parameter, namely the precipitation of coherent Mg2Si particles, controls the
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impact energies of the alloys in T6 condition together with SDAS and eutectic Si particles

size and shape.

These two opposing effects of an ageing treatment on strength and ductility of the investi-

gated alloys can clearly be observed in Figure C.3. On the one hand, the T6 heat treatment

increases the maximum load required to fracture (Fmax); on the other hand, it leads to a

general decrease in propagation energies (Wp) compared to the as-cast alloys. However, it is

worth noticing that two different minimum levels of Wp are reached for the T6 heat treated

sand cast and permanent mould cast alloys (Figure C.3c). It is suggested that the increase

in Wp values for the permanent mould cast alloys is related to their finer microstructures in

terms of SDAS and eutectic Si particles. In fact, it is already established that the Mg con-

centration in the α-Al matrix approaches the saturation limit within 30 minutes at 540 ◦C in

alloys with low Mg concentration (0.3, 0.4 wt%), due to the dissolution of the Mg2Si phase

and the transformation of the π-Fe to the β-Fe intermetallic [7, 21, 33]. Since all the investi-

gated alloys were subject to the same T6 heat treatment, which also included an extended

solutionising time, i.e. 4 h, the same ductility loss was obtained. Hence, only the smaller

SDAS and the slightly refined eutectic Si particles account for the further improvements of

the propagation energies. However, these increases remain moderate because of the inade-

quate solution heat treatment holding time, that did not lead to sufficiently fragmented and

spheroidised eutectic Si particles. For the energy at maximum load (Figure C.3b), a small

strengthening effect related to Mg2Si precipitation was observed in the sand cast base alloy

(A356 - T6). Conversely, as described before for the permanent mould cast alloys in as-cast

condition, it is the finer microstructure that appears to control the energy at maximum load

of the T6 heat treated permanent mould cast alloys (A356 PM - T6, Ni PM - T6, V PM - T6)

rather than the hardening Mg2Si phase itself. Moreover, no further increases in Wm are

observed for these alloys compared to the as-cast ones. This supports the hypothesis of an

insufficient fragmentation and spheroidisation of eutectic Si particles.

The large increase in Wm for the sand cast Ni-containing alloy (Ni - T6) is not completely

understood yet and requires further investigations. However, since the decrease in propa-

gation energy is larger than the increase in energy at maximum load, the T6 heat treatment

produces an overall reduction in total absorbed energy to fracture.

The presence of V in the α-Al matrix represents another parameter affecting the impact

toughness of the T6 heat treated sand cast alloy (V - T6). It is noted in Figure C.3b, that the

solid solution strengthening effect due to the presence of V produces a significant increase

in Wm, similar to that observed in the as-cast alloy (V - AC). No further improvements

of the energy at maximum load originating from the precipitation of Mg2Si particles are

observed. Nevertheless, it is believed that the combination of the ageing treatment and the

coarse microstructure decreases the propagation energy of the alloy (Figure C.3c). However,

as the beneficial effect of V is predominant, the V-containing alloy in T6 condition absorbs

a slightly higher impact energy compared to the corresponding reference alloy (V - T6 vs.

A356 - T6 in Figure C.3d). For the case of permanent mould casting, similarly to the V PM -
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AC alloy, the presence of trace element V in the α-Al matrix yields a significant decrease in

the propagation energy of the corresponding T6 heat treated alloy (V PM - T6). In contrast to

the T6 heat treated reference and Ni-containing alloys, it appears that the minimum ductility

of the α-Al matrix has already been achieved by V solid solution strengthening, so that the

additional precipitation of coherent Mg2Si particles does not reduce the ductility any further.

The variations of the percentage contributions to the total absorbed energy (Figure C.4) are

due to these complex and interconnected mechanisms, which act simultaneously during the

fracture process and govern the impact behaviour of sand cast and permanent mould cast

alloys in both as-cast and T6 heat treated conditions.

Conclusions

The impact behaviour of base and Ni- or V-containing A356 alloys in as-cast and T6 heat

treated conditions has been studied by testing notched specimens obtained from both sand

and permanent mould castings. The main observations can be summarised as follows:

1. Low total absorbed energy average values (Wt < 2 J) are observed for all the alloys

under investigation. Slightly higher impact energies are reported for the permanent

mould cast alloys compared to sand cast specimens.

2. Intermetallic particles are rarely found on the fracture surfaces of the alloys, thus indi-

cating a Si-driven quasi-cleavage crack propagation, with a predominant low-energy

transgranular fracture mode. Occasionally, local intergranular contributions to frac-

ture are detected in the permanent mould cast alloys, most likely due to the finer mi-

crostructure that forms due to the higher cooling rate. No differences are observed

between as-cast and T6 heat treated alloys: even if acicular Si particles undergo frag-

mentation and spheroidisation during solution heat treatment, most of them still show

an elongated acicular shape and maintain a great influence on fracture propagation.

3. With respect to as-cast alloys (- AC), the addition of the trace element Ni to an A356

base alloy exerts a minor effect on the total absorbed energy (Wt). However, this pa-

rameter is affected by the addition of V: while V increases the average total absorbed

energy of the sand cast specimens, Wt of permanent mould cast samples is decreased

up to 20%. This is due to an interaction between V solid solution strengthening and

the resultant microstructure, the former being the prevalent parameter when the SDAS

and Si particles are large (i.e. in sand cast alloys, V - AC vs. A356 - AC). In the perma-

nent mould cast alloys (V PM - AC vs. A356 PM - AC), the effect of a smaller SDAS and

slightly reduced eutectic Si particles on Fmax and Wm dominates over the V solid so-

lution strengthening. However, the ductility loss (Wp) attributed to V in solid solution

leads to a decrease in the total absorbed energy.
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4. The T6 heat treatment (- T6) has a key influence on the increase of the maximum load

required to fracture the specimens, Fmax, as well as on the reduction of the propa-

gation energy Wp. These opposite effects occur because of the precipitation of fine

coherent Mg2Si particles, which lead to a hardening of the α-Al matrix at the expense

of ductility. In addition, the microstructure affects the impact properties of the T6 heat

treated alloys to some extent: higher Wm and Wp average values are reported for the

permanent mould cast alloys compared to the corresponding sand cast ones.

5. The overall influence of Ni on the impact properties of the T6 heat treated A356 alloy is

negligible. However V exerts a strong effect on the impact toughness of T6 heat treated

sand cast and permanent mould cast alloys (V - T6, V PM - T6): in the former case it

yields an increase of the energy at maximum load, whereas in the latter it significantly

reduces the propagation energy.

Our investigation suggests that the presence of V, rather than Ni, needs to be taken into

account in order to meet the specific service requirements in terms of impact toughness,

in particular when structural parts are manufactured with different casting processes and

subsequently subjected to a T6 heat treatment. It seems that the same detrimental influence

on the impact toughness of a permanent mould cast unmodified A356 alloy is obtained

either by adding the trace element V or via the application of T6 heat treatment. However,

when these two factors are present simultaneously, their effects do not add up. Conversely,

both the hardening of α-Al matrix due to V solid solution strengthening and the ductility

loss caused by Mg2Si precipitation are observed in case of sand cast T6 heat treated alloys

(V - T6). Therefore, in the light of these results, more investigations are necessary in order to

better understand the interactions between these microstructural features, particularly for

the case of a Sr-modified A356 alloy, where mechanical properties are further improved by

eutectic Si modification.
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