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Analisi dellatteratura

La pressocolata (anche detta colata ad alta pressione) € un processoallfizzato
produzionel el | e | eghe dodéall uminio da fonder.i:

Si compone di tre fasi principali: nella prima, il metallo liquido viene versato nella
camera di iniezione, che viene fp@inpita tramite un movimento a velocita
costante dello stantuffo di iniezione. Nella seconda fase, lo stantuffo di iniezione
viene accelerato fino ad una velocita di stampaggio (velocita di seconda fase) e la
cavita dello stampo viene riempita in paahtiesimi di secondo (per evitare la pre
solidificazione del fuso con conseguente non riempimento di alcune porzioni dello
stampo). Nella terza fase, lo stantuffo viene rallentato fino a fermarsi in una
posizione finale e mantiene una pressione di irdazrisifie per alcuni secondi, in

modo da compattare il piu possibile il getto e avere meno porosita interne.
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Figural: Le tre fasi principali della pressocolata

Tale processo ha una velocita di produzione di5b6idl all'ora (il tempo ciclo

totale si aggira generalmente attorno ai 40/50 secondi), e fossidiprodotti
conpesicomprestra 0,1 e 30 Kg, con spessori di parete compresi tra 1 e 15 mm,
mantenendo buone tolleranze geometriche e dimensionali. Prevede degli elevati
costi di investimento iniziale, quindi diventa conveniente per quantita elevate di
produzione, superiori a 5000000 getti all'anno. Queste caratteristiche lo rendono
uno dei proceskndiaripiu popolari.

Nonostante le sue caratteristiche versatili, gli alti tassi di produzicaéae la
diffusione di utilizzola pressocolata € un processo noto per generareatiéet
possono influire creando fino al 10% di percentuale di scarto rispetto alla

produzione totale. 1 processo  stato
tempo contraddittori o, poich® | &di ndustr
at a, ma questa viene infl uenpezisartanegat i v

generata dal processo.
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L'industria si pone due obiettivi: il primo & migliorare la qualita dei getti generando
meno percentuali di scarto; e il secondo, conseguenza del primo, € valutare la qualita
dei gettnel modo piu rapido e piu rappresentativo possibile.

Per migliorare lqualita di un processo di pressocolata standard, sono stati studiati

molti processi innovativi. Uno di questi € la colata irssédo. Tale processo si

basa su un'agitazione meccanica del bagno liquido di alluminio ad una temperatura

di 1-2°C al di som della temperatura eutettica (quindi all'inizio della
solidificazione). La microstruttura risultante differisce da una lega di alluminio
standard, i n qguan tAbnon épiudendritica, bensi assupe | mar
una morfologia globulare.
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Figura2: Processo Rheometal, esempio di possibil
procedura di preparazione di una lega seofida

La massa fusa, dopo | dagitazione meccani
fuso dodal | upeichéisara comhpastadda ura ,frazione liquida (che

solidificher”™ dentro | o st aAmpaemassa da un
fusa (detta O0slurryd) pu, essere utiliz

la sua maggiore viscosita, rieajo stampo tramite un flusso laminare. La colata

in semisolido ha alcuni potenziali vantaggi: causa meno ritiri volumetrici e meno
porosita da gas; permette di velocizzare i cicli produttivi e aumentare la vita dello
stampo (avendo molto meno calore akportare a fine stampaggio); €
particolarmente apprezzato per ottimizzare la duttilita del materiale (per la
microstruttura globulare).

Per sfruttare appieno i potenziali vantaggi, € necessaria un'accurata scelta e
ottimizzazione dei parametri di procekgoincipali parametri differiscono da un
processo di pressocolata standard in quanto la viscosita del fuso € maggiore, per cui
vengono richieste forze di iniezione maggiori. Le velocita di prima e seconda fase
(v1, v2), la pressione di intensificazilaneelocita di agitazione e le temperature

del processo devono essere scelti e controllati attentamente per raggiungere qualita
dei getti e proprieta meccaniche elevate.
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Il secondo obiettivo dell'industria riguarda il primo. La valutazione della qualita
determina le proprieta meccaniche del getto e stabilisce se un pezzo (o un lotto di
produzione) soddisfa gli standard richiesti. La valutazione della qualita deve essere
rapida (per generare meno ritardi possibili nella produzione industriale) e
attendibile

E stato proposto un nuovo approccio nella valutazione della qualita, che si basa sul

calcolo dell daccel erazione quadratica m
iniezione (detteoot-meansquare acceleration). Questo parametro viene ottenuto
apat i re dall édintegrale della funzione di

fase di iniezione (la piu critica). Fisicamente rappresenta la forza media trasmessa al
fuso durante la seconda fase della pressocolata. La letteratura suggerigice che per
elevateaccelerazioni quadratiche medietengbnomaggiar resistengz statihie

nel materiale (maggiori tensioni di rottura e allunganeewitgversa.

Ultimate strength fMPa]

-
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Figura3: Grafico di correlazione tra tensionerdttura e
acclerazione RMS del pistone.

Il principale vantaggio del calcolo dell'accelerazione RMS e che puo essere calcolata
tramite i parametri di processo della macchina di pressocolata, coinvolgendo le
velocita di prima e seconda fase e la preskiotiensificazione. Per cui, diventa
possibile correlare i parametri utilizzati durante la pressocolata con i valori di
accelerazione ottenuti in ciascun getto.

Lo scopo di questo lavoro di tesi € di seguito riassunto. Il punto di partenza € il
processali pressocolata di una lega sshida di alluminio (in particolare la-EN

AC 42000). Dai getti ottenuti si ricaveranno dei provini di trazione che serviranno
a verificare le proprieta meccaniche in una serie di diverse impostazioni di processo,
che vari@anno nella pressione di intensificazione, nella seconda fase di iniezione,
nella velocita di mescolamento della frazione solida e nel metodo di pulizia del
bagno liquido a inizio processo. In ogni impostazione dei parametri verra
det er mi nat & RMS & questd wraaconfrontata con le proprieta
meccaniche ottenute dalle prove di trazione a temperatura ambiente.
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Verra quindi studiato il valore della correlazione tra le proprieta meccaniche e i
parametr.i di pr ocess o0 seegste unabr@dlazioei et t i v
perfetta (1:1). Se questo si verifica, il potenziale vantaggio sara la possibilita di
prevedere le prestazioni meccaniche delle leghe da pressocolata senza la necessita
di test fisici, migliorando quindi la velocita delle prdadrequenza delle stesse,
migliorando di conseguenza anche la qualita dei getti per il maggior numero di test
effettuati.

Procedura sperimentale

La procedura sperimentale si € sviluppata a partire dalla scelta di un numero di
impostazioni dorocesso. Si e deciso di valutare due diverse modalita di pulizia del
fuso, la velocita di mescolamento della frazione solida (4 valori), la velocita di
iniezione della seconda fase (3 valori) e la pressione di intensificazione (4 valori) da
applicare a rie iniezione. Utilizzando un software di pianificazione degli
esperimenti, sono state individuate 19 diverse impostazioni di processo da valutare,
in cui in alcune si prevedono buone proprieta meccaniche (con elevati valori di
accelerazione RMS, e in aingrevedono scarse proprieta con basse accelerazioni
RMS.

DESIGN OF EXPERIMENTS: Ogni impostazione composta da 4 variabili
Metodo di pulizia Holding Transportation
Velocita di mescolamento [rpm] 650 765 810 940 1100
Pressione di intensificazione [bar] 120 140 150 180
Velocita di seconda fase [m/s] 1 2 2.5

Figura4: Scelta delle impostazioni di processo tramite software di programmi
degli esperimenti

Il processo € iniziato con la preparazione del fusondinédluunendo il 70% di

lingotti secondari (provenienti dal fornitore Stena Metall) e il 30% di pezzi di scarto.
La lega da ottenere era la 42000, e la composizione chimica € stata verificata con
uno spettrometro di massa prima di procedere con il prdcessssocolata.

La preparazione del fuso e stata eseguita con due differenti procedure di pulizia, che
sono state studiate separatament e. Nel
prelevato dal forno di fusione, una siviera ha trasportato il fusooelifattesa

accanto alla macchina di pressocolata, dove qui € stato degassato e scorificato. La
procedura oOTransportationo differisce
fusione viene degassato e scorificato direttamente nella siviera di teasporto,
successivamente viene versato nel forno di attesa.
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La fase di degasaggio e scorificazione e la medesima nelle due procedure: il
degasaggio si e effettuato mediante immissione di gas Argon per 20 minuti; ad esso
e seguita la scorificazione del bagnateammissione di un composto di ARSAL

2125.

La preparazione del composto seolido e stata effettuata con il metodo

ORheomet al 0, pr es s o(Skilifgarng Sweziall A m&omaonpt e ¢ h

prevedeva di prelevare il fuso metallico dal forno di attesa, e destinare una parte del
bagno per far solidificare un piccolo cilindro (denominato Entalpy Exchange
Materiadl E E M) . Dopo essere stato soivai di fi
ricongiunto e dissolto dalla parte di bagno precedentemente prelevata, tramite
agitazione meccanica con la velocita di mescolamento prestabilita. In questa maniera
si creava la frazione solida nel fuso-selmio, che era pronto per il processo di
pressocolata.

La pressocolata e stata svolta dapprima impostando la macchina con le impostazioni
di processo prestabilite. Successivamente, per ogni impostazione di processo
venivano creati 20 getti: i primi 10 venivano scartati per permettere I'equilibratura

della temperatura e il controllo dei parametri di processo, mentre i successivi 10
sono stati utilizzati per gli esperimenti.

Il getto era composto da due piastre (una sinistralesirs su cui e stato possibile
ricavare i provini di trazione.

(b)

Piastra
sinistra

N

) - \_ 50 75:2 50 J
; 7 | Piastra o5 J | s
= destra a

(188)

i
L]

Figura5: (a) esempio di getto ottenuto per le analisi sperimentali (b) pr
utilizzato di dimensionunificate

Dopo aver ricavato i provini, si & scelto di effettuare prove di trazione a temperatura
ambiente, rispettando la normativa ISO&&. Le prove sono state condotte con

una cella da 100 kN, misurando le deformazioni con un estensimetcorawhp,
precarico di 5 MPa, e una velocita di deformazione di 0,00025 s

Oltre alla correlazione meccanica, sono state condotte delle analisi microstrutturali
per trovare una correlazione aggiuntiva tra proprieta meccaniche e microstruttura.
Si sono svd analisi a raggi x dei provini, un conteggio della frazione solida in varie

i mpostazioni di processo, e un anal i si
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individuare possibili difetti che possono aver influenzato negativamente le
prestazioni meccighe di alcuni campioni.

Analisi dei risultati

Ldanal i si dei risultat. ~ stata sviluprg
delle impostazioni di processo utilizzate. Il modulo elastico e la resistenza allo
snervamento sono rimagtessoché costanti in tutte le condizioni. Le differenze

tra le impostazioni di processo si sono riscontrate nei valori di tensione di rottura e
allungamento a rottura, in cui le impostazioni a piu elevate velocita di seconda fase

di iniezione mostravano generale proprieta migliori.

E stata notata una sostanziale differenza nei valori di tensione di rottura e
allungamento a rottura tra i provini provenienti dalle piastre sinistra e destra. Si e
notato che i provini destri hanno migliori proprieta metwaim quasi tutte le
impostazioni di processo, con differenze piu accentuate nelle impostazioni con le
piu alte velocita di seconda fase (2 e 2.5 m/s). | campioni sinisstr
mantengono comungue tra loro costanti la tensione di snervamento éoil modu
elastico. | risultati di correlazione con i parametri di processo sono stati quindi
studiati sepat@mente tr@rovini degt e provini sinistri.

La prima indagine ha puntato a stabilire quale dei tre parametri di processo
influenzasse maggiormente teppeta meccaniche della lega. Dai grafici di
dispersione tra allungamento a rottura e i parametri di pyecessdao che la

velocita di mescolamento non sembra avere una tendenza definita e ha coefficienti

di correlazione molto bassi. Maggiori aoes di intensificazioneembrano

aument ar e |ladratturddella eganreani tcaefficienti di correlazione

restano di valori limitati. La velocita della seconda fase di iniezione sembra il
parametro che piu influenza le proprieta meccanichiegiepar piu alte velocita

di inieziones | ~  notato un aument icoeflicehttliéoal | ung
correlazionsono ipiu elevatira iparametrstudiati in questa analisi.

La seconda indagine e valutare se ci fossero differenze tra i due metodi di pulizia
utilizzati. E stato notato, in tre condizioni di processo equivalenti tra i due metodi

di pulizia, che la differenza media nell'allungamento a rottura e di circa lo 0,5% a
vantaggi o del met odo OHol dingdé. iLa diff
tempie i metodi di degasaggio e scorificazione rimaglystesstra i due metodi.

La terza e piu importante indagine e stata stabilire la correlazione tra I'accelerazione
RMS e le proprieta meccanicBe.sonocostruiti grafici di dispersione tra

| accel erazione RMS e tre different.i pr
| 6i ndi ce di hardening e | 0emenogtatia a fr
differeniati tra provini destri e sinistri. Si € notata una differenza importante negli

indici di correlazione tra provini destri e sinistri, che sono risultati maggiori nei
provini destri e con valori massimi di
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Figura6: Grafici di correlazione tra accelerazione RMS e allungamento a rottur
due metodi di pulizia del bagno studiati (a) Holding (b) Transportation

Le accelerazioni RMS sono state calcolate in due metodi distintidoglrséessi

grafici di correlazione con le proprieta meccanichvalori dgli indici di
correlazione sonasultatimolto simili tra i due metodi di calcolo, nonostante i
principi di baseel calcoldosserodivers. Cio ha dato un ulteriore conferaia
risultati ottenuti nella correlazione tra proprieta meccaniche e parametri di processo

L'analisi microstrutturale & stata condotta per trovare correlazioni aggiuntive tra
proprieta meccaniche e microstruttufdbn sono state riscontrate evidenti
differenze microstrutturgler differenti condizioni di processo: la frazione di solido

ha poca variazione nelle condizidingéstreno dellavelocita di mescolamento
Ldanalisi del Jcendostauapmerosc¢opicelettrahico afsgamsiore,u r a
ha suggerito che parte delle differenze tra i campioni di placca sinistra e destra sono
dovute a difetti all'interno dei gettiquasi tutte Isuperfici di fratturdei campioni
sinistriscelti per le analisbno stee trovate porosita, inclusioni e film di ossido.
Questi difetti generano intensificazioni locali degli sforzi che portano a fratture
anticipate, e quindi influenzano negativamente le proprietd meccaniche dei
campioni provenienti dalle piastre sinistre.

(a) (b)
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Figura7: Esempi di difetti trovati nelle superfici di frattura (a)
inclusione (b)elle d'ossido (cporosita.
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Summary

Summary

This reportdescribeshe work conductedt the Department of Materials and
Manufacturing of JOonkoping Universigg part of the Erasmus exchange
programme attended from February 2022 to July 2022vdrkisvas possible
thanks to the collaboration betwééniversity of Padua and Jonkoping University
which provided the possibility of an exchange period during the Master program in
Product Innovation Engineerirgnd thanks to the relationship with Comptech
AB, which has made available its competenqasencedrersonneland facilities

that made this thesis work possible.

The purpose of this research is investigating the correlation between static
mechanical proprieties of a 42000 &g aluminium alloy and the process
parameters of High Pressuree @astingThe importance of d.:1 correlation

stands on the possible way to predict the material performance and therefore the
casting quality in a more fast and effectivecaanpared to the conventional
destructive tests which are usually done.

To acheve this purpose, the material preparation and the high pressure die casting
process took place at Comptech AB. The castings were studied with two different
procedures of cleaning the melt and witke variables changing in different
parameter settingbe stirring speed used to prepare the-sadislurry, and the

second phase speed and intensification pressure during the casting process. The
number of different castings obtained was 19, each with different mechanical
proprieties and different mix parameter settings. From every parameter setting
were casted 10 items, each containing 2 plates to use for investigations and to make
the tensile test bars. After teasile bacuttingand the tensile tests conducted at
JonkopindJniversity the nexstep was correlating the mechanical proprieties with

the mix of process paramefdre mix of parametewgeresynthesizeoh theroot-
meansquare acceleratiah the motion of the injection plunger in the casting
processThisis anovel parametgroposedn recent literature work, andvias
computed with twgroposed methods afalculationto make a comparison
between tém.

The results suggestiils trend: an increase in mechanical proprieties for higher
values o0RMS acceleratioithe correlation gafose to a 1:1 ratio, but not in all

cases. From the tensile tests, it appears that the casting® listenctqualites
depending on the region where the tensile bars were Tthkesamples were

studied separately, and whbeemechanical propries seemto be higher, the
correlaibn with RMS acceleratiseems stronger, and wegsalt also appeared

thatthe correlatiorsinfluenced by the different cleaning method, whasinoted

hi gher i n t he 0 Hesktrithead inghe expearimental procedure ut e
section.
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Introduction

1 Introduction

1.1 Background

Aluminumis one of the few metals that can be shape cast by essentially all existing
processedt is one of the mostersatilematerialausedto design, develop and
product componas due to its high strength proprietiedigh availability, its low
density (Z,g/cm3) andits low melting pointvhich is 66TC (for purealuminiurny

[1]. As the material is widely usadbt of work has been condudigdhe research
community to keep improvinthe alloysand discovering new innovative
applicationdor the materialThe studie$2, 3 focusedon the aluminiumalloys

aims tadiscover all the potential of the materiablso to improve thgroduction
methodgo achievehe best possible qualities ie gnoducts.

The aluminum alloys are divided wnought alloys(typically dedicated for
lamination and extrusipnocessgsnd foundry alloyfof metal castingroundry
processes for aluminum alloys can be divided into two main fdneilfest is
mold-typefilling, whichincludesand casting, core package casting, and lost foam
castingthe second is usualsferenced asoldingtechnologies (germanentlie
casting), anthcludegravitydie casting, low pressure die castimghigh pressure

die casting].

Figurel.1showthe production rate for several casting technol@mesof the
most importanprocesses High Pressure Die Castiitgs suited for hi range of
productions (kdeveen 18 and 16 casting/year) and for lsig range of casting
weight, between 0.1 and 100dtamg5].

4

1084

1051 HPDC, Semi-solid
Vacuum HPDC Squeeze casting

1044 Lost foam

103

1024

-
o
1

B Sand Casting

Production (Castings / year)
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Casting weight (kg)

—L
-

Figurel.1l: Production rate for the most common casting proc

[5].
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The HPDC process is continuous production process based on consecutive
manufacturing cycldshas a strategic importaf@ecastindnigh production rates,

and it is applied iseveral industrial field&pproximatelyhalf of the world
production of light metal castingslisained by this technolof@}. However, this
process generates defects by its nature, such as gasgionokége porosity, cold
shutsand hot tearindeading to high amounts of scraps, higher costsr leghl
times tocustomer$§7].

To overcome this problemhreeinnovativeprocessshave been develop&enm
Solid Metal castingsplittedinto two variantsRheocasting and Thixocas}ting
Vacuum castingnd Squeeze castingghichare puttedn the same area dhe
conventional HPDC process in thgoductioncasting weightchart shown in
Figurel.1[5].

The Semisolid castings considere veryinterestingolution because the main
objective of the industry is to improve the qualiiisgdroductsg]. Semisolid
castingstill has theadvantage ofiigh rateproductions like a standaHPDC
processandalmosthesame configuration of tirgection systenoweversemi
solid castinfas the purpose tramatically redu¢er in some case deledefects
in the casted parts aretluce the amount of scrap cre{éed.

Thesemisolid metal castimgyocess begins with preparatib semsolid metal

slurry, which has the chemical composition of a nBlffixC alloy, buti s cr eat ed
mixing apart of material that is alreashfid with molten metal of the same
composition. To c steriagcanbaone, sotieathelslerty f | ui d
formed hashe proprieties of a fluahd itcanstillbe castedyhile at the same time

contains aertain solid fraction, and timécrostructure of the initial alloy is changed

in morphology from a dendritito a globular and well distited &-Al primary

phasqg3, 9 (Figurel.2).

Figurel.2: (a) Dendritic structurefa standard ASi syster
(b) Globlular ALSi after Semsolid metal casting3].
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After the preparatighe semsolid netal slurryis poured into the shot sleeve of
the highpressurenachineandthe process of castitake place in the same way a
conventionaHPDC processvould do[9].

Several studig40, 11, 1Psuggestethatan accurate process paranmaieice and
control isessentiato take full advantage of the sewiid metal slurrieand
therefore to maximigle alloy mechanical proprieti€sis workinvestigates
existsa 1:1 correlationbetweenthe mechanical proprietiesd the process
parameters.

The effectof the parametesettingswill be studied with single analytic finding,
the Root Mean Square acceleration of ghenger which incorporateshe
characteristic speetisiesand pressusef theHigh Pressure Die Castpgcess

1.2 Purpose and research questions

The purposeto find correlatios between mechanical proprieties and process
parametehas theintent to discover new ways to evalutte proprieties of
aluminium alloy€onventionallithemechanical characterizatidthe materials
conductedwith physicaltests such adensile tests, Charpy tests, Hardness test
whichare time consuming am/ovesgreatinvestments and cogts3 14. In
recent years, there has been a tendemgwve from physical té@sfy to virtual
simulationsndanalytigoredictionswhich ardess expensive and @é&senabling

to do a greater amount of test on tegerigland ultimatelyaffectng positively

the quality otastinggmore testesneanmore reliable materia]$).

The experimental worlill be based ooastings osemi solicaluminiumplates
The casting procesgs done in collaboration with Comptéd}) whichgave
availability theifacilities and the@xperiencen slurry casting to make possible this
thesis workThe type of casting procegdl beRheeasting, developdm the
collaboration betwed&omptechand academia.

The casting process vatudyseverabkettings parameters which differs with the
alloy cleaing process, the secondary stirring spette SemiSolid metal sluryy

the second phase spewdinjection and the intensification pressure. For each
setting 10 dummiesand10 caseéd pars to examinevill becreatedEvery casted
partcontains two plateand eaclean be used to cut up to two tensile testthars

will serveo do tensile testhatgivesthe mechanical characterization of the.alloy

The mechanical characterization of the allogletdrminethe Young modulus,

the Yield strength, the Tensile strength, and the Fracture elongation of the alloy
each cast setting. Moreover, two other parameters will be determined from the
mechanicalproprieties: the Hardening rate index and the Fracture energy
(toughness) of the matdr
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The process parameter characterizatitbribe studied in the intent of finding if
there is one dominant paramatéiuenengthe mechanical proprietidserewill
beacompaison betweethe fracture elongation of each settiiiythe secondary
stirring speed, thesond phase injection speaa the intensification pressure.
Every comparison will be dooensideringlifferenttwo cleaning method of the
alloyto establislihe effect othe cleaning method to the mechanical proprieties

The Root Mean Square accelerati@asures the force transmitted to the melt
during the injection proceasd therefore will be the parameter used to investigate
the existence oforrelatios with the melsanical proprietie$he literature works

[15, 16 suggested that better mechanical proprieties should be achieved for bigger
values of RMS acceleration

The paramet@an be determined in several WHysl 7)which involves the speeds

and the times of the high pressure die casting process and the intensification
pressure kept on the melt in the last phase of injdotibis study, two different
methods of calculatiofeund in literature [15,1%jll be ued, to find which is the

one to be used in future works.

The RMS acceleration will bemparedwith the staticmechanical proprieties
extrapolateftrom the tensile tests, verify the amoundf correlation indexes

1.3 Delimitations

Several process paramewitsbe studiedsecondstirring speed, intensification
pressure angecond phase speed of injection and two different cleaning method
during the casting process. Howetlerfemperature in the processill not be
studied as ahanging parametédther two important parametdrat could be
evaluate arthe first phase speed atite position of the switching point in the
machinehoweverjn this work was considered more interesting to evaluate the
second phase speed and thengifieation pressure.

The type of alloycomposition willnot changethe EN AC-42000 will be
consideredrhis means that chemical characterization is not necessary in this work.
A massspectrometer will be uspsst tocontrol if the chemicalementsn the
alloyrespect the typical valudsa foundry4200Qalloy

The mechanical proprietigsthe dloy will notbe compared with another alloy or
with threshold values

1.4 OQutline

The report i®rganized it eightchaptersThe first chapter is the introduction to
the work, highlighting the background and the pugddlse research. The second
chapter describes e theoretical concespthat have been necessamyrganize
whatexperimets wereneededor the purposeAll the techniques, methods and
implementation of the experimemnalrk are described in the third chapiére
fourth chapter reportand discussesl the results of thmeasurement&€hapter
five providesthe conclusionsthe observationsand the next directiongo
investigate irthe future worksChapters sjxseven and eight are respectively:
References, Search teramd Appendices.
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2 Theoretical background

2.1 High Pressure Die Casting

High Pressure Die Castisgamanufacturingroces that uses permanent mold
designwidely usefibr castiig metal alloyd hepopulaity of theprocesstands on
its short cycle time, whiaflows toproductlarge quantitieis high dimensional

accuracyg].

The process realizetdy pouringmolten metal inreenclosedhot sleeyen which

a plunger (moved by a pistmnnected t@ahydraulic systenmitiallypressurizes
the metaWith a constant velocity movement, and tbeeshe molten metal into
a moldwith high pressur@nd velocity4].

The High Pressure Die Castimgcess is commonly divided into taoiants:

1) The hot chambeprocessn which he molten metal and theydraulic
actuatorarein intimatecontact This configuratioms commonfor lower
melting metals such aszinc, tin, lead,and magnesiuralloys[3]. This
configurationcan minimiseexposure of the molten metal to turbulence,
oxidisingair, and heat loglsiring the transfer of hydraulic enertpuwever,
the prolongated contam¢tween molten metal and system components can
lead to severe material problamghe production procesad is not
recommended for Atninium Alloy44].

\— Gas/oil accumulator

_4—Piston

7}_,_7 Platen

Toggle clamp

Nozzle

=] [t

0o

Gooseneck

Figure2.1: Hot Chamber Processenfiguration[2].
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2) The cold chambearocessn whichthe molten metal is poured in Stet
sleevdoyatransporingladle This system enswgthatthe molten metal and
the hydraulic system are in contact for a few seoahd3his minimal
exposure allowt® cast higher temperatures alloys, such as aluminum and
even some ferrous allaysdguarantees less thermal stress osytem
component$4].

, __——Platen Toggle clamp
Gas/oil accurnulator _— 7

Piston

' 1
m e -

| |

Shot sleave E

Figure2.2: Cold Chamber Processnfiguration[2].

The cold chamber HPDC procesthe mostcommon configuration to work with
aluminum alloy$4]. The processbeginswith metal ladling: the molten metal
conming from a ladle is picked up and poured in the shot sikftge that, the
injection of themetalinto the mold cavity takes place arsidontrolled by the
movement of the plunggrl]. Thefilling, which is the topic part of the process,
summarized in thréendamentastageswhich are slow shot stage, fast shot stage
and upset presswstagedlsoreferredasintensification stage)

1) Slow shot stagtie hydraulic system moves a pisttighis connetedto
a plunger in contawaiith the molten metahd moves the metal irttee die
Theplungemoves with @recise andonstant speednd thenolten metal
is pushedintil theshot sleeve cavity is filldd} the main thingto avoid
in this phase amgrentrapmentand turbulence of the molten m¢i&.

2) Fast shot stagthe plunger is accelerated from the spé#ue slow shot
stageto a much highespeedn an interval of just femillisecondsThe
cavity of the die iguickly filledand the pressure inside thehas raised
from the first phasfl1] to avoid premature solidification at the gate and
incomplete casting caused by cold $bgt3 he transition between the first
and second phase is termed as the switchingldpint

3) Intensification stagan this phasehe plungers stillb ut i t dosce keepi n.
into the dige causing a big increase in pressutléhe material reaches the
intensification pressure[lll] This stage is necessarjnidt the formation
of porosity due tsolidificationshrinkage porositgas evolution and the
expansiof entrapped aji.g.

24



Theoretical background

When the intensification pressure is reletdmechstedartwill solidify, then the
mold will be opened, and the part will be ejectedtfrdimemold mustcool cown

from the heatransferredoy the molten metah the process. When theold
reacheshe correct working temperatuiteis closed and thehole processan
restartcyclicallyj11] A typicalcycle time for cold chamber HPDC process takes
betweer80 secondand one minute arBDsecond$19.

The threemainphases of thprocesgycleareillustratedn Figure2.3in termsof
process applied pressure and plunger.tfféneemost visible step in pressure takes
place in the intensification phase, where a big increase in presnassaEto
have a cora¢ mold solidificatioand avoid shrinkage porosity defgkl$

- Runner stage | I stage Il
|

plunger displacement

hydraulic injection pressure

plunger velocity

o

Time

(@) (b)

Figure2.3: (a) lllustration of the three stages of injectif). Diagram of
displacement, velocity, pressure of the plunger in the three stage
injection[11].

There are several advantagfésred byHigh Pressure Die Castimdiichmakest
one of the most common processes in the foundry indtisdtyitis a fast process:
the commonproduction ratés 150 to 250 cycles per hdlf.[The process suits
both product complexity and varidtygh pressure die cassrttave a hi range of
weights (betweenfew grams up to 30 kilograms) and a hi rangealkhickness
(from 1 millimeter up to 15 millimeters), with a minimum holéadit@@ned with
insertspf 3 millimeter§2(. Thedimension accuraoptained is higher thather
processes, such as gravégtingJow pressure die castiagdsand casting: this
permitdlittle or no machiningfter the casting procgs8,2(Q.

Thanks tahe developindechnologyin recent yeathe HPDC processas been
improved generally reducirnige cycle timesmprovingthe quality of the castings,
expanding the dimensions ahe variety of productsuited for the process
Despitethe advantages aitslimportarce in the industryt, has beeronsidered a
odefect generating r o ¢ &isce @anaverage of @0 % scrap is typically
manufacture’].
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Having a process that generates big amounts of components with defects, and, in
worst case, big amounts of scrap is indeed ag@ngtimary goal of the
companiegheir request isigher qualitypf products to satisfiyigHy demanding
customerandto challenge @ery competitivenarkef21].

More scrap means wasted money, less productivity and bigger lead times from the
product development to the consumer. The HPDC process is widely used for high
demand components, so the amount of scrap generated increases wasted costs
much more than those generated by a less used pflocess

A research study conducted Bgnollo et al.§ summarizeddl the typical
problems related to a HPDC proc¢ésghlightirg the frequency of occurrence, if
the problem is predictable by simulation, and the monitoring pardhestesults
arepresenteth Table2.1

Frequency of| Predictable
Defect subclass | occurrence by Monitoring parameter
(%) simulation?
Shrinkage defects 20 Partially Temperature, pressur,
Gas related defec| 15 No Air pressure, humidity
Filling related 35 Yes Air pressure,
defects temperature
Undesired phases 5 No Shot chambering sens
_ Met_aldle 5 Partially Temperaturegjection
interaction defectg force
Out of tolerance 5 Advanqed Geometry measures
simulation
Lack of material 5 Yes Geometry measures
Excess of materig 5 Advanc_ed Geometry measures
simulation
Thermal 5 Yes Temperature
contraction defects P

Table2.1: Typical defects associate with a HPDC procégs [
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2.2 Process parameters influencen casting quality

The HPDC process is controlkad definethy severgprocess parameterslated
to temperature, velocitgressureand timein certain conditionsAn accurate
control of this parametersresjuiredo achieve an efficieptoduction and these
values changégpending on the part ¢tast, and the type of alloy ugzt}

The main process parameters to take in considenati®DC process aftq:
1) Thevelocity of the plunger stow shot stageeferredas w..

2) The velocity of the plungein fast shot stageknown as wmii. The
correspondingelocityof the meliat thegateis called gate velocity. The
gate velocity is influenced by the velocity of the plunger and by the geometry
and size of the gate

3) The intensification pressure Ip apptiade the die cavity is full.
4) The temperature of the mold whhka melispushed into the die cavity.

The main goal othe industry is to improve the quality of the high pressure die
casting$5]. Theresearch communiy0,11,122 24 hasconductedeveral works
investigating theorrelationbetweenprocessparameter and the quality of the
castingwhich are now summarized in their main points

The velocityn the slow shot phase plays avery important role in thajection
processthe melt is put in thehot chamber by a ladle, and the plunger moves with
aconstant velocitp fill the chamber cavitly.is important that the cavity is filled
with a smooth melt wave, not presenting any turbudeceot entraps any air,
otherwisethese problemesannotbe recovered in theext phases, and they will
badlyaffectthe quality of the castin@s).

When the melis pouredinto the shot chambdwo problems can occuair
entrapmentand premature solidificatidhthe velocity is too loviboth problems
can occurthe meltwill not reach the shot sleesaling and, as a result, some air
will remain between the top of the wave and the ceiling. pk&soature
solidification of the metanhappencausingncomplete fillingor internal defects
[23. Too high velocity is equatiggative for the castingadity: if the shot chamber
is filledtoo quickly, the meltill roll over in a turbulent motion and tvi#l cause

air entrapmasand bad quality casy[17.

The principal twparameters ia HPDC process [11,1&}the plungespeedn

the fast shot phasand the intensification pressuseThe velocity M and the

design of the gate have a direct influence agatkevelocitpf the melt y, and

this has a big influence on the melt flow into the die and, consequently, with the
guality of the cast.he intensification pressus a fundamental parameter to avoid
porosity and shrinkage defelttis agreed that highetensificatiopressuréelps

to avoidporosity content in the casting, and a value aguhPa significantly
increase the casting quadityl the tensile proprietidg].
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The experimental works done by the researcimgnity[12] aremostlypointing
outthatan increase in the injection speed durinfgshshot phase helps to reduce
thedefects of porosity and premature solidifications. However, som@#a&s
exhibitconclusiong contrast witleach other.

Jian and W{R4] investigated the effect of different valuegaté velocity on the
filling time of the cavitythey observed thah ancrease igate velocityeduces

filling timeand consequently the poroshiytafter acertain valuéhey observed
that thesurface finislgets worsegnd gas entrapmeirtsrease

Karban[12 suggestetthat an optical range of velocigtween 1.7 and 3.4 nuan
producecasting with less porosity and better mechanical proprieties, however he
pointed hat an opticalelocity needs to lsearchedbr everyspecific application

inside this inteal

In contrast of the work of Karbaan experimental analysis conducteQhuy et

al. [D] observed that velocitiedgerior to 3.5 m/s are not able to file entire
cavitywhen the casting has thin wall dedipey proposed that velocities higher
than 3,5 m/s are required to achieve higher mechanical proprieties and quality
thin-walled castings.

A possible conclusion in the debate about velodtyngmnsification pressure
values is given brnberg et al.1]l]: higher gate velocity and intensification
pressureare good to improve the tensile proprieties,thrie are limitations
imposed by the machine ahé gate designustbe taken in consideratidnt 0 s
beenalso proposed th#teplunger velocitin stagellneeds to be 10 timbgyger

than the plunger velocity in stage |, to avoid turbulence in the first phase of the
process.

As regards thmold temperaturghere isan optimal valutor every application,
that permits to have good quality on the castilg at the same time having a
good productivity1§.

If the die temperatuns too high, the viscosibf the solid stale metal slurry is
decreased, so this would pebriter castability amekss danger of cold shuts. But
there are drawbacksving a higher temperature means longer solidifitbauissn
andlonger cycle timeso less productivitylore heat to the die means more energy
mustbe spent to heat upnd,critically, the mad is subjectto higherthermal
stressSo,these factsleally lead to aimncreasef productioncosty25.

A low temperature is equally inconvenigetects related to cold shatslpre
solidification are more likely to hapf#®. The meltwill be more viscois the
time of injection, ankdigher forcewill berequiredoy the hydraulic systéig.

The final quality is controlled by many parameters in the process. Controlling only
one of them is not sufficient to obtain a kaghlity casting process: high quality
and repeatabilitys insead achieved by controls over all the parandadténe
process, but thisnot always possible and may requiredxghrienced personal,

time and high costs.
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2.3 The Smi-Solid metal casting

The Semsolid metal casting is an innovative procesastingnetal components.
The original leading experimeras performed by Smenin the 1970926 in
studyinghe viscosity of a partially solidifiedlSPballoy,he noticed that whem
dendritic micrestructures broken upthe partially solidified alloy has the fluidity
of an oil and exhibit a particular behalédercalled thixotropidn the semisolid
aluminumcasting the primarya-Al dendritic micrestructure after an agitation
procesgduring the transition betwediquid and solidchanges in morphology,
becoming alobular micrestructurg27,28].

A SSMprocesdorms semisolidslurries pbtainedby mixing nordendriticsolid
particles in a liquid matrj27. Semsolid metal slurriedescribedistinctive
rheological proprietiethe steady state behavior is pseudopltdsisteady state
viscosity depends on thppliedshear rade while thetransient state behavior is
thixotropic(the timedependence of transient state viscosity at ashigamate)
[29].

There ar¢hree majosemisolid processing common to the industixocasting,
rheocasting artlixomolding1]. A schematic representation is givéagare2.5

Rheocasting
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Figure2.4: Summary of the sensolid processes common in t
industry [1].

Thixocasting wasne ofthe first commercialize®lSM process. It consists of two
separate stagéisst, the production of billet feedstoski t h a -Alglobulaa r vy a
structure obtained bgpplying shear force into a solidifyiredt secondreheating
thesolidifiedbillets to the semisolid temperature réamderm the slurryfollowed

by the die casting operatidfsa fromt h e g |-Al hilletlit &spossible to do

a forging process afterhreating: the scalled process is Thixoforg[B6.
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Rheocastingrocesss forms a sluristartng frommoltenstatemetal The meltis
subject tahermal treatmer@ndmanagemerdt thesolidificatiorstageandthese
processss on 8t ma k e a thdslulrylisenjectenl into tineadie egudy a |
after the formation of the material with thixotropic beh&ipr

Thixomolding method (called also thixoformind)ave similaities with the
injection molding of polymersolid chips or pelle{sf conventionallgolidified
alloy$ are fed into &eated injection system containing a reciprosatieny.The
action of the screw and the heagjageratesshear actioandconvertdhe metal
pellet nto a thixotropic slurpywithsolidfractiorsless than 03] The slurrys fed
into the shoaccumulator by thetation ofthe screw and whetheaccumulation
chamber is filled, the slurrynigected in the mololy a forvard movement imposed
by the screjsd.

The use of SSM based procesarde strategic linnit or everdeletehe defects
in the High Pressure Die Casttoggetperformanceémprovements oaluminum
alloys[31] The several benefits a S@fdcess can bring are now explained.

1 Semisolid formed components can lBarty free from shrinkage porosity.
Because 50% of the material is alreadyvsloédpressg inside thelie
cavity much less solidification shrinkagedseto be compensated for
during further solidification of the castif8l] Furthermore, a high
intensification pressure is applied to the mold cavity after ifje2}idhis
further compensates solidification shrink&yes.leads to moreomplex
compnenswith large thickness variation in diffeféht

1 Semisolid formed components can learty free from gas poroskaving
50% of solidvhen pressing inside the die cavity means thraatedgahas
much more steady state visco3ikys leads to a laminar flux of material
even at higher speeds &u$ aientrapmentf31].

1 Less macrosegregation andthating tendencyigher viscositpf the
material and arven distribution of solid particlesiae the casting will

dramatically decrease the intensity of natural convection inside the casting,

thereby eliminating problems with macro segredafiprAlso, in some
studies is nmtioned howthere are leg®t tearing problenis, 30, 3L

1 Good heattreatabilitydue to the lav content of gas porosity a sewlid

formed componeritas less problems of blisters in the casting surface during

heattreatment$31].

1 Higher productivity and increased mold %i@86 of solid fraction formed
before theslurry enters the die cavity means that oftydQatent heat will
be released during solidification. Wils shorten cycle timesproving
productivity, decreaing thermal stress on the dmhile improving its
lifetime and ultimately resultingaast saving31].

1 Less shrinkage and gas porasiy better heat treatments improtres
strength and ductility in a material, while tasting proprieties are
maintained [6].
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Most of the alloys been used in thecdsing industry are secondary, cofrong

recycling processes or waste from other casting processes. The secondary alloys
have usually lower performance than primary ones due to the presence of
impurities, but they are a lot cheaper, and their production limits tlvea&©®
generation (torpduce 1 kilogram of primary alloy, a corresponding amount of 4
kilogram of CQis produced[g].

The AFSHCu-Mg alloys arene of the most comman highpressure die casting
applications352, 362, 364, 365, 367, and 368 are the most usedladyRDC
processd], and theg usehas been provesliitable to solidtate metal casting.

On this type of alloyison is usually added percentagef 0.6%mayfacilitate
ejectionfrom the dig[4], howevethe iron contentin most applicatiors usually

less than 0.4%jecause higher concentrations reduce ducifity Another
important elemertypicalin these alloys magnesiumits presence can minimize

the problems related to oxidatidh {Copper is also a fundamergkdment its
presenceenhanceshe mechanical proprieties of the allayprovng tensile
strengthand yield strengtifthe copper additiowill result in a decrease in ductility

and an increase in cogspper is an expensive and rare element), so its percentage
in weight is highly controll].

EN-AC 42000 is one of the most popular alumirfiaumdry alloy$24,10] The
popularity of this alloy is due to its good mechanical proprieties, its good anti
corrosion proprieties (sea water and weather conditibis)klldy has a good
castability and a low solidification shrinkage, which makes it suitable for a high
pressure die casting process. The typical use of this alloy is-anédiaincraft
castings, engine components, and parts used in shipbuilding [b@ustry

The typical chemical compositiorEdf AC-42100Gsreported in Table 2.2.

Chemical element Wt. %
Aluminum (Al) balance
Silicon (Si) 6.5+ 7.5

Magnesium (Mg) 0.25+ 065

Copper (Cu) 0.15max

Manganese (Mn) 0.35max

Iron (Fe) 045max
Titanium (Ti) 0.05+0.20
Zinc (Zn) 0.15 max

Table2.2: Nominal diemical composition dEN-42000alloy [2]
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2.4 Rheometal™ process

There are severdakchnologiedor dealing with solidtate metaprocessing
Specifically, fdRheocastinmethods, there are three common technologies:

1) GISS(Gas Induced Superheated Sluting) slurry is preparéato aladle,
where a graphite rod is inser@ed blows nitrogen gago the melt This
causes a local supercocdtirmund the rodnd the solid particles are created.
As the liquid phase still warmer than thenduced cooling, thaurryis
considereduperheated, as the name suggigded

2) RheometaM: formerly known as RSF (Rapid Slurry Forminggolil
element, calleBinthalpyExchange Material (EEM) is created, and cooled
typicallyby forced convectionfThe EEM isjoined with the liquidvia
mechanical stirringnd the shear actiono n & tthe sol ¢éntirely instead
acharacteristisolid fractiorwill be createf81,33.

3) SEED(Swirlingenthalpy Equilibration Devicéhe sheaaction for making
the surry iscreated by maoscillating table that inducenarl motionto the
melt. The sareated slurry is then put into the shot slddvef).

The fundamental difference between the three methodssdith&action. The
GISS methodreates a slurry with 5% of solid fraction, which is then pushed up to
2530% when injeet into the moldlhe RieometalM creates slurmyith 3645 %

solid fraction. The SEED creates the biggest percentage of solid fracti6@%up to
[11].

The Rheometa@WM processs an innovativemethod to prepareasi-solid slurries
whichuses a consumaldelid stirring device made from teamealloy of the
casting, referred Bsthaply Exchange MatefREM). The EEMis used for two
purposescontributeo the solid fraction of the slurry while at the same time act as
a stirring devicgl].

Theprocess step the Fheometal process are describddllasvs andshownin
Figure2.6

1) The alloy igprepared into &rnacelt is subjecto a degassing process
(usually dee by nitrogei?) to reduce thexides inside the microstructure.
Also,one or more waste cleaniaglone.After the preparation work, the
casting process can begin: enpaded ladlpicks an amount of alleyhich
needs to be processed to became slurry.

2) Theladlepoursa quantityinto a cylindricainold to casthe EEM. At the
same timea steel rod is inserted into the solidifying EEM, mpksgible
to use it as a stirring devioe the rest of the alloy still into the ladle. The
amount of alloyequired to cast the EEM5s8 % ofthe total content of
the ladle3(d. Next, the EEM is cooleda watesprayingr air blowing.
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3) The EEM isimmersento the melt anthe motor (connecéd to the rod)
inducea rotation motiorto do a mechanical stirrifgs a result, the EEM
will mostly meltgiving contribution to the solid fraction of thersl The
melt temperature is just above the liquidus tempei@tdréhe shear stress
created by the stirring breaks the dendétisl into a globular
microstructee. With a separate blade stirreseaond stirring can be done
to make detter and more refined primary phase distribf88n

4) Thenow formedslurryis put into the shot chamber of the HPDC machine,
and the injection process starts.

The ladle ithencleanedndre-heatedo start a new cycle of slurry formathdso,
thesteel rod is cleaned amdised30]

Melt 7 ,Rotational Device Slurry
£ /

N

| Shot Sleeve he BN

e

/////////

Figure2.5: Steps for slurry preparatioflL) ladle picking; (2) EEMasting; (3
stirring; (4) shot chamber loadin(0].

The Rhemetal™ process havevo mainadvantagefirst, it is considered a fast
slurrymaking process for the level of solid fraction that is possible to Bb&ain
process takes betwéeeto 40 £condg3(Q, with anaveragéme oftenless than 30
secondsqg]. Thesecond main advantage is thaptioeesss highlyflexible, ithas
shown thatheprocess is able to produce componentswaththicknessp to40
mm high wallsanddown to 0.35 mnji30, extending the limits of the standard
HPDC process

Similarlyto a standard HPDC process, therenaa@yprocess parameters that
must becontrolled such athestirring speednd timeof the EEMstirring

Sudies have beaonducted2834,3%to search anptimal value for thstirring
speedAn increase istirringspeed wilkertainlyesult ina higher shear rate on the
slurry[30] What isbeen investigated more deeply, is the effects in the casting
quality ome studieqg2§ reported that shear rat@luenceghe microstructure
increasing stirring speed makes u n dhleprimagy phases awedn reduce flow
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resistance and hence viscasstyan effeciThis effect wouldoroduce a smooth
molten metal wawehen the plungdillsthe shot sleeve cavyiiy the first stage of
HPDC.

Anotherresearchvork [34] experiencethat stirring velocity and time of stirring
are connectetligher rotation spedeads tshorter slurrjormationtime, butthey

also pointed out that higher stirring speed promote a grain refinemenAeffect
rotation speed to average grain size tthantthe work is reported kgure2.7.
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Figure2.6: For higher rotation speed, the average (
size drops [23].
A work byGuptaet al. 89 agreed on the fact that higher stirring speed reduce
average grain refinement, angblainedthat as the shear force increases, the
particleswill adopt aspherical morphology.

2.5 The root-meansquareacceleration

Finding a correlation between process parameters and the mechanical proprieties
can reduce the complexity of parameter optimization.

A solution to this has been proposed in a work by Fiorese, Bonollo and Richiedei
[15, 16]. They propose a new appraammbine several process paramatérsa

one parameter related to the plunger motionng the phase between the
switching point and the beginning of the intensification pressure T$tage
parameter is calledot-meansguareacceleratio@RMSpf the plingerduring the

of ast shot phas e dhispdrametiyiees dth hddatiopaf thec e s s
casting condition: the higher the RMS acceleration is, the higher speeds were used
during the injection procdd$}]

The RMS acceleratisraspresentedll5, 16] as follows:
(2.1)

wo Qo
~
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Where:
1 x(t) denotes the plunger displacemtarce (t) itsacceleratian

1 T2is the duration of the second stiag®veen the switching po{tiw) and
the complete filling of the die cayify.

Mathematicallghe RMS acceleratianthe integral of thecceleration function of
the plungem the second phase of injectiBhiscally, i ®onsidered measure of
the average force transmitted to the fregth the motion of the injectigslunger
duringthe secondghase of injectiofi5]

For higher RMS acceleration, the alloy should have better mechanical proprieties
because themhould bdess porosities and better soundoésle castingEL6].

The effect of higher proprieties achieved with higher $high8d however be
considered within an upper limit of second phase:safesda certain valtiee

melt becomes too turbulent, and air could be entrapped during filling, causing
porosities inside the c§3§.

The work conducted Wyiorese 19 comparedhe yield stmggth and the tensile
strength with RMS acceleration. @halysidias been conducted with different
values of first and second phase sparddifferent positions of switching point,

while keeping a constant value of intensification pressure. This sFsuAn in

the correlation chart in Figure 2.7, where the RMS acceleration is represented in a
logarithmicscale. The fitting lines in thespersiorcharts corretad aRMS with

yield strength and ultimate strength, thegiare values (correlation indgxe
obtained were of 0.65 and 0.58 respectively.
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Figure2.7: Correlation betweeaRMSacceleration andltimate strength
found by the research of Fiorese eflal].

FioreseBonollo ancRichiedei proposed a mathematical fotioaleo determine
aRM{16] They started from the definition presented by the Equation 2.1 and they
solved the integrad obtain the solution presented in Equation 2.3.
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It is necessary to hawe duration of theecond phase of injection: it is determined

by Equation 2.2 from the first phase speed v1, the second phase speed v2, the
duration T of the second phase of injection, the plunger travel h, and the position
of the switching pointsx The entire duration die injection T is determined by
summing the duration of the first phase speed T1 (adwichecalculated from

the speed v1 and the position of the switching point) with the duration T2. The
RMS accelerationtigncalculated with Equation 2which ircludes the durations

and the speeds involved in the first two phases of the injection process and some
constants, obtained to solve the initial integral in Equation 2.1 [16].
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In literature another method to determine RMS acceleration has been developed:
theresearclworkconducted byarfors et al[/] startedrom the definition of RMS
acceleration proposed by Fiofd&¢and solved the integral in a different Whs.
methodassumesa balance between a driving pressure (P4) and a counter acting
pressure (P5). The resulting force transmitted to the melt (F) depends on the mass
omoé which is the sum of t Ale bgahce inger
pressures is showed by Eion 2.4 and graphically in Figure 2.8. The acceleration
which can be obtained from the balance in pressures is inserted into the expression
proposed by Fiorese (Equation 2.5).
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Figure2.8: Schematic image of ti@ungermotion systemshowing the pressur
involved during motiorj17]. Represented in the image atepump, 2conical on
off valve, 3hydraulic cylinder, 4conical proportional/servo valve aneb8 tank

The solution of the integral gives tormulation show in Equation 257 The
mathematical expressiaontains the first and second phase speeds, the
intensification pressure applied in the third phase of injection, the sum of the mass
of the plunger and the mass of the melt (m) and tvwataciie K1 and K2 which
depends on the machine used in the casting process.

(2.6)
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3 Method and implementation

3.1 Design of Experiment (DOE)

DesignExpertM softwarewas used fodetermininghe set of parameters to use
for every casiThe number of variablesed for testing was four: the secondary
stirring speedhe second phase pressiuirgensification pressurdhe second
phase speed (plunger velocity in fast shot,siaddeheype ofcleaningnethod

For the secondargtirring valuesbetween650 and 1100 rpmwere chosen
considering the possible sped#tht an electric motor (which stirs the rod
connected to the EEM)an copeFor the velocity of the plunger in the fast shot
stagea range between 1 aa® m/s was usecconsidering the capability of the
HPDC machineAs regards the intensification pressthechosenangeof values
wasbetween 120 and 1Bar. The cleaning process was the last variable, and it was
differentiatedbetweencleaningin the holding furnace and cleaning in the
transportatiotadle

The software made a mix of conditions and gave in d@diiterent parameter
settings

3.2 Material preparationbefore casting
3.2.1Alloy preparation

The alloy was prepared with 70%aexfondaringotsof AlSi7Mg (EN AC 42000)
provided by Sterndetall Groupandof 30% reusedcrapmaterial

3.2.2Chemical composttite alloy

The chemical composition vkterminedvith the following procedure. From the
shaft furnace where the melt was prepared, one cylinder of atlagtedsusing

a round steel mould. After the sample solidSiedllimeter was cutted away from
the uppersurfaceof the sampleto evaluate the result in a more representative
positionand to have a flat surfatmeexamine

To evaluateghe chemical compositioa mass spectrometer was uJduee
measurements were madad the final value was calculated as the arithmetic
averagdetween the threghe Table 3.lshowthe composition obtaidewhich
respects the nominal compositdthe 420® alloyfor theresearch purpose.

Alloy composition obtained: AlISi7Mg (EN AC 42000])wt. %4

Al Si |Fe | Cu | Mn Mg | Zn | Ni | Cr | Pb| Sn | Ti

bal. | 6.85| 0.42| 0.05| 0.23| 0.22| 0.05| & 0.02| & a 0.09

Table3.1: Alloy composition determined with a mass spectrometer
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3.3 Castingprocess

The casting proceduneasdivided into three stepsielt preparatiorfl), durry
making procedq$l), and castingrocesglll) . The entire procedurerispresented
in Figure 3.1.

Stena Ingot 70 %
RS — START
Reused 30 %
Melt prepration

Route 1: Huldlng Route 2: Transportation
Shaft furnace
Transportation
ladle

Degassing into
Holding Furnace

Slurry making
process

Second stirring 4+ | Stirring speed changing
.‘_

. - yll speed changing
Casting process .
- IP changing
For every parameter
changes: 10 dummy
—»
shots and 10 formal

shots

Tensile bar making

Figure3.1: Procesdlow chart

39



Method and implementation

3.3.1Melt preparation

The melt preparationvas done with a prieeatedshaft furnace which had a
capacity of 2 tons of materitlhe furnace wasetat a temperature of 900 °C, so
thecomplete meltingf the alloywas reached aftéhoursThe bath temperature
was constantly controlled, kept stable in a katgeery50 and 760 °C

After alloy prepation, the next step weleaninghe alloy meltThereweretwo
different route$or the cleaningnethod usedor alloycharacterization

1) Cleaning process into the holding furnate material from thehsft
furnace was putted intdransportation ladle which transferred the material
into the holding furnacé here, thalegassig and cleaningrocesswas
done

2) Cleaning process into the transportation furnidee material from the
shaft furnace was putted into a transportation ¢l here the dmssing
and cleaning step took plag#er cleaning, thmelt was inserted into the
holding furnageready to start the slurry making process.

Thecleaningroceduravasthe same between the two methodscluded a de
gassing process and a waste removalTsiemleaning isssential to get rid of
oxides and to limit theresencef impurities into the cast that may influence the
mechanical proprietidsor the degassg step Argon gas was injected into the
melt for 20 minuteghe oxygeninto the melts attractedy Argonand forms a
chemical compound th#bats above the melt surfaédter theargonpouring
stage, to drag awelfficientlythe oxides deposited afecthe surfacearticles of
ARSAL 2125 saltweresprinkledabovethe melt The salt attaches to the oxjdes
and afteapproximately one minudesteel tool was used to do a mastuahg of
the melt The waste composed by all the oxiceessonsequentlgragged awato
finish the cleaning process of the nidle alloy melt was now reddythe next
step of the casting process.

3.3.2Slurry making process

The preparatiorof the slurrywas nextthe usedmethodwas the Rheometdl
processThe machine was disposed withelsipment:

- Theholding furnacwiith the melt alloy.

- An articulating arm grabbirggtransportation ladldnto the ladle the
preparation of the slurwyas made.

- Adie to cast thEEM material.
- Arotating device with six steel ram® rod served orieEM ata time.

- An articulating arnconnected to an electric motor, with two functions:
gralbingthesteel rod andoingthe mechanical stirrifigr the EEM

-  Two blades to clean tee=el rods from the excess EEM.
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Theslurry makingtarted with a ladle thgitabbed an amount of alldy. grab the

melt, the ladlevas inserted into the liquid with a certain angle, to prevent the
collection of air into the melthe ladle stayed into theelt for 510 seconds for
temperature equilibration.

Theladle poured a certain quantity iatamold, togravitycast theEEM together
with one steel rod’he solidification of the EEM toakound30 seconds, after
that the mold opened and tleEM was sprycooled, effectivelyloing a
guenching. Cooling took a tilmetweerl5 and 30 secondster cooling,hesprue
and gating systeof the casted EEMvere trimmed offBoth these partwill be
reused acgEpmetal.

At this point, the cooled EEK&-joinedthe melt into theransporting ladlé@he

rod inserted into the mealtasputtedinto a rotating motion by the mot@uring

the spinning, theansportation ladias movingideway$o make a more even
stirring process. Aftaround 10 to 18eonds, the EEM was dissolved by the melt,
the steel rotvasextracted and cleanegtrimmingrom theresidues dEEM still
attachedAt this point, the slurry was formed and was ready to-tastiel

3.3.3Casting process

The final step wasigh pressure die casting: tt@sportation ladle poured the

slurry into the shot chamber, and the injection machine was casting the component
with the accorded parameter setting. For every parameter setting the changed
variables werthe stirring speed of the EEM, the second phase velocity of the
HPDC process, the intensification pressure, and the type of cleaning method.

The parameter settings usedastingprocessre described in Table 3.2 (holding)
and Table 3.3 (transportation).

Cast Plunger Stirring Second phase | Intensification
codification travel [mm] speed [rpm] speed [m/s] pressure [bar]
HAX 430 765 25 160
HAY 435 765 2 120
HAZ 445 765 1 150
HAU 435 765 2 130
HBX 430 650 25 145
HBY 445 650 1 120
HBZ 435 650 2 184
HCX 445 1100 1 150
HCY 435 1100 2 120
HCZz 430 1100 25 180

Table3.2: Parameter settings used for castjiglding cleaning method
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Cast Plunger Stirring Second phase | Intensification
codification travel [mm] | speed [rpm] speed [m/s] pressure [bar]
TAX 435 810 2 180
TAY 445 810 1 180
TBX 430 940 25 150
TCX 445 1100 1 120
TCY 435 1100 2 180
TDX 435 650 2 150
TDY 430 650 25 180
TDZzZ 430 650 25 120
TDU 445 650 1 150

Table3.3: Parameter settings used for casdjnigansportation cleaning method.

The parametesettingwasinserted into th&iPDC machine computeand then
the casting could start. g ffirst 10 shotproducedwvere considereasdummies
becausdhe moldneedediemperatureequilibrationand the parameter®f the
machineneededdjustmers to respect the velocity and the pressure imposed

After the frst 10 shotsiot being considergthe next 10 shots wekept Every

cast contained two platesich were the parts usadthe experimental analysis

The two plates werdistinguished between left and right glaibe left plate was

near the pouring ladle of the high pressure die cast machine, while the right plate
was the one near tlagticulating arm which was extracting the cast from the
machineThe casted paaind hs2D drawing arshown in Figur82.

(a) (b)
LEFT
s ﬁ\% RIGHT : _"i"_ ' "
W’m PLATE ‘ / #
e | ‘ S |
- 3 i g

Figure3.2: (a) CAD model of the casted pattieleft andright plates has bee
distinguished(b) 2D drawing of the part with measurements.
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3.4 Tensile bar making
Thetensile bar makingasthe firststepafter thecasting process

The castd pars, described in therevious paragrapiverecomposed bthe two
plates to analyze and by all the feeding sysiémthe sprue, the runner, tae,
and the feedstock

A blade saw was usectth away all the excess parts from the. plate

To male the tensile test bars from thiatps amilling CNC machinewvas used
shown in Figure 3.With the h& on an operator, the machine was programmed
with a pa programable to cut four tensile bdrsm two plateat the same time.

The operator inserted two plates ithemachine andlamped tamon the bas.
Then, themilling proceswas startedvhilea water jet was sprayed on the plates
for cooling.

Figure3.3: Milling machine used to make tensile b
from theplates

After the cutting, the tensile bars were extradied eventual residuesexcess
materialvere trimmed away with a steel file, antktigle bars were labeled with
the same code of ih@lake.To make the tensile balige of the ten casiy shots
were usedrom each parameter settiagtotal of 20 bars for each setting was

obtained.

Thedimensions of the tensile test speciwenefollowing theSSEN ISO 68921
normativeA 2D drawing of the tensile bar is displayed in Figure 3.

12.5:2

& g % 8
A . A-A
—=]
e g
A 4+ 2

50 75:2 50

6.5 6.5
(188)

Figure3.4: 2D drawing of the specimen used for the tensile tests.
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3.5 Tensile tess

Tensile testare usedto get thestatic characterization of materidt is a
destructivaypemechanical test, whigtvolves the application of a tensile load to
specimesthat comes fronthe material to be studiethe procedures to use to
conduct the tests and tbdeamensions of the specimens @eéned according to
specific regulationm this cas&STM-ES8 (SSEN ISO 68921) standard has been
used regading £nsion testing of metallic materials.

The tensile tests were carried out with the ZwickRa&lD0 machine, capable of
applying up to 100 kN of fordeigure35 showshe machine used for the tests.

Upper grip

Tensile test specimen

Clip-on extensometer

Lower grip

Figure3.5: ZwickRoel™ machine used for the tensile tests.

For theteststhe followingequipment were used

1 One clipon extensometerfor reaitime measurement of specimen
deformationThe extensometéiad a stroke of 20 mm.

1 A computer to start and stop ttest andicquire the datd the stresstrain
graphto detect the mechanical proprieties

1 Onevernier scale to Ny the dimensions of the specimens before every
test.

The tests were conducted at room temperature, withirarateof 0.00@5 s'.
From everytensile bar was measurib@ specimen widttand the specimen
thicknesswith the vernier scal€he two measures wanserted into the software
of the tensile test machine, to correctly determirmaitpet proprieties.
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The procedure of the test isclésed as follows.

The tensile bar was inserted intofitst grip of the machineBefore closing the
upper gripjt was given the machine the command to apply no force during the
closing.After the upper grip was closed, the test stakt&dMPa prdoad was
applied andthe clip-on extensometer was insertéde testoadwasstarted to be
applied and he extensometavas kepton the specimen fdhe entire elastic
deformation When the vyield strength of the specimen was reached, the
extensometawas removed to avoid the risk of damadyiregto the fracture of the
specimenThe removal of the extensometer from the specimen cabsed a
variation in the strainvhich can be sedrom one of thestandard force strain

chart in Figur&6. However, this variation had no effect on the tensile proprieties
of the bar, so the tesivere consideregkpresentativéVhen the specimen was
broken the teststopped, and the two halveshsd specimen were removed from
the grips. The ftesile test software automatically calculated the mechanical
proprieties otachtensile bar.

HAZ1.2.2

[
[e=)

100y —\
1ot ‘

After removing|the
extensometer

Standard force [MPa]

0,5 0 0,5 1 1,5 2 2,5 3 3,5 a4 a5
Strain [%]

Figure3.6: Standard forcé strain dart calculated from the
tensile tests.
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3.6 Metallographic analysis

A metallographic analysis was carried out to observe the microstructwakogf the
in different process conditions and verify the presence of defects.

3.6.1 Sample prepasation

The samples tanalyzewvere chosen in the settings in which there were great
differences in the tensile proprieties and picking up two conditions for each cleaning
method, (one with highest and one with lowest stirring speed values. For each
sample, one tensile bar for left and for the right plate were studied.

Specifically, the chosen samples were:
a) For holding cleaning method:
- HCZ, casts number 1,2,3 (1100 rpm; 180 bar; 2.5 m/s)
- HBZ, cast number 2,3,4 (650 rpm; 184 bar; 2 m/s)
b) For transportation cleaning method:
- TDY, castnumber 1,2,3 (650 rpm; 180 bar; 2.5 m/s)
- TBX, cast number 1,2,3 (940 rpm; 150 bar; 2.5 m/s)

The preparatioprocedurdor the analysis is now explainadreference tohe
illustration in Figure 3.TWsing a miter saw, a cross section of the sample was
obtained, picked up beloWw mm the yielding area of the specimen.

With ahot-englobingnachinetwo cross section tanalyzevereincubatedn a
round sample made of phenolic resin.raehineerglobesthe sampleat 185°C
with a pressure of 210 bar for 6 minwgads minutes of cooling.

Tensile bar

10 mm
+—>

§

+—>
5/6 mm Sample for microstructural
analysis

Fracture surface

Figure3.7: Tensile bar sample with indications where the metallograpl
analysis were conducted.

The next step was roughing and polistiagamplesvith the aim of obtain a
mirror finished surface to inspect.
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For the roughing, Silicon Carbide abrasive pads were used with finer and finer grain
size: P180, P600, P1200 and P2400. The polishing was done in two stages, first with
a 6 Om di a niwenwlith gbafing eheea soakedolloidal silicon.

Using an optical microscope, images of thesiriacture were taken Figure3.8

is presented an example of the alloy microstrudtueemages were taken after
polishing the specimen to a mirror finish, at a magnification of 100x, 250x, 500x.
The images were taken ind¢katerf the samples, near the surface and in the mid
zone between theenterand the surface of the samples.

Figure3.8: Example of nicrostructure of the allotaken in the centre dlfie
tensile test specimen.

36.2Solid fraction counting

To enhance t he c-Almatrixaand thebeatécticepbase, theh e
samples werehemical etad with aKeller solution prepared with 95 ml of
distilled water, 2.5 ml of Nitric acid, 1.5 mlHyidrochloricacid, 1 ml of
Hydrofluoric acid.

Each sample was immersed into the solution for 35 seaadd$errinsed in
running water to remove the excess solution. RBgsbows one example of a
sample after the etching.

Figure3.9: Microstructure of the alloy after Keller chemical ecthing (
panoramiovziew at 12.5xmagnificationand(b) 250x magnification.
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The solid fraction counting was conducted using the Leica LAS software. At a 50x
magnification, 8 images of the microstructure were taken along the thickness of the
sample (the thickness is 4 mmeaoch image calculate the average solid fraction
every 0.5 mm).

The software converted the image in binary. The area to analyze wa3 48400

on it a threshold value was inserted to determine the areas occupiedAby the a
matrix which the software muensider. In this case, the gamma color to consider

had a tonality between 139 and 142, a saturation between 0 and 31, and an intensity
between 170 and 255. The software elaborates the image as in Figure 3.10, and
compares the area occupied by the sotiticinawith the total area of the image,

giving the percentage of solid fraction.

Figure3.10: Example ofinvestigatednicrographyin which lid fraction
countingwas conducted.
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3.63 SEM inspectiamsfracture surfaces

Further inspections on the fracture surfaces were conduc8zhmang Electron
Microscope (SEMJhe machine used was provided by FEI, and the model was the
Quanta FEGField Emission Gur®5Q presented in Figugell.

The SEM analysis was conducted for two purposes:
1) Further analyze the microstructure of the alloy.
2) Inspect the fracture surfaceshs specimens with suspected defects.

The machine at disposal haw signas. SE (Secondary Electrongsefulto get
information on the roughness and the topography of the suagadBSE (Back
Scattered Electrong) inspectchemical variationssidethe microstructurelo
determine the chemical composition, the macised a EDS signal (Energy
Dispersive XRaySpectroscopy).

Figure3.11: (a) SEM machinedisplacement(b) defect capturedith Secondan
Electron (SE) beam.

The sample was etched in alcohol for 1 minute and then rinsed in running water.
This permitted to have a clean surface to analyze, without any alteration in the
measures with EDS signal to recognize the chemical elements in the defects noted
in the fracture surfacédie SE and BSE beams were setted with a 20 kV voltage,
and to get th images the brightness and the contrast were adjusted to get the
maximum information and clarity on the alloy microstructure morphology and
chemical composition.
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3.64 X-Rayimage taking

The xrayanalysis corstsin spreathgan xray beam in the tsihe test specimens.

The beanhighlightporositesand imperfections inside thedastat candét be
from the outsideand it was possible to take pictures of the specimeéesxray

beamto assess presencalefectsnsidethe casts.

Thedimensions of the machjrdisplayed in Figure 3,bermitted to takap to
four specimensvith a singlephoto, so it was possible to include all the samples
from a single cadgtifferentiating between left and right plate specimens.

The specimens were held to a metal support witihbsive tape. The metal
support had a square hole in which the specimens were exposed to take to image.
The support walseld toa vice always ahe samelistance from the camera (260

(b)

Camera

Figure3.12: (a) X-Ray chamber with control paneltake the images (b) suppot
system for the specimens to analyze.

The xray sourcewassetit t h 80 kV voltage and 100 OQA
used with an exposure time of 500 ms, with an ELDO dynamic filter, doing an
average between three filters. [€kel of ELDO dynamic filter used was 2.
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4

4.1 Mechanical characterization
4.1.1Tensile test results

Each of the 1%otalshot setting has betsstedtaking between 16 and 20 tensile
tests foreverysetting.The total number of tensile tests W88 for holding and
160 fortransportationThe proprieties found in each tensile test were:

T
T
T
T

As regards the holding cleaning methad,0 s
values are stabMijth an average of5 GPawith 1 GPa deviationThe yield
strengths alsastable in the valuesettling at an average of 115 Mifaa standard

Results and discussion

The Young Modulug, measured in GPa.

The Yield StrengthiS measiwed in MPa.

The Tensile Strenglls, measured in MPa.

TheFractureElongatiorEl%, measured in percentage value.

deviation of 1 MPa.

The difference between tledtsgs is represented by difterent values dénsile

been

observed

t hat

strength andiracture elongatioithe samples with the biggest tensile strength are

HAU with 246 MPa, HAX an#iBX, both with 244 MPa. The lowest tensile
strengthvalues are HBZ with 231 MPa and HAZ 28 MPaHAX, HBX and
HCZ samplesall been casted with the highest second phase Bpeedhe best
valuef fracture elongatiomespectively 5.6 %, 5.8 %4, &). HAZ, HBY, HCX,
castedvith 1 m/s, have the lowes@alues of elongatiorespectivelg.5 %, 4.4 %

and 4.4 %Theresultdor the parameter setting with holding cleaning method are
shown inTable4.1.

Holding | vl [m/s] E[GPa] | YS[MPa] | TS [MPa] Elr [%]
HAX 25 75 116 244 5,6
HAY 2 75 117 243 4.8
HAZ 1 75 116 235 4,5
HAU 2 75 117 246 5,2
HBX 25 76 114 244 5,8
HBY 1 75 114 236 4.4
HBZ 2 75 116 231 4.4
HCX 1 76 115 236 4,4
HCY 2 74 114 236 4,6
HCZ 25 74 115 239 5,4

average 751 1151 231 + 246 4.4 +5.8

Table4.1: Tensile test results for holding cleaning methi
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For transport at i oatsobeeh ebsenvestalge vaies dhe d ,

young modulyghe average between the samples is 75 TBieaame culd be
saidfor yield strengtltheaveragealuesettles at 16 MPawith 2 MPa of standard
deviation

There is morevariationin tensile strength arfdacture elongatiothroughthe
settingsFor the teng strengththe settingswith the highest value arBX with
245 MPa andCY with 244 MPa, whileDY, TDU and TDZ have the lowest
values, respectively with 228) and 231 MPa.

The biggestvalues in terms of fracture elongation amAN with 5.6 %,TDX
with 5.2 % and TCYwith 5.3%. The samples with the loweatues of elongation
are TXand DU (bothinjected with 1 m/s speed and respectivelyAtiéh and
3.8% fracture elongation)

The results for the parameter setting with transportation cleaning method are
shown inTable4.2.The complete details on the tensile tests are included in the

appendixin Table 8.1 and 8.2.

Transportation | vil [m/s] | E [GPa] [Jpsa] TS[MPa] | Elr [%]
TAX 2 75 116 238 5,6
TAY 1 76 113 229 4.8
TBX 2.5 75 118 240 51
TCX 1 75 117 238 41
TCY 2 75 116 244 5,3
TDU 1 76 117 230 3,8
TDX 2 75 118 245 5,2
TDY 25 75 116 228 4,0
TDZ 25 75 114 231 42

average | 7540 | 116+2 | 229+ 245 | 38+5.6

Table4.2: Tensile test proprieties for transportation cleaning mett

4.1.2Hardening rate index and fracture energy

Using theyield strength, theensile strength, and the fractel@gatiorfrom the
tensile testdwo other mechanical proprieties were determinetiattaening
rateindex measured iMPa, and théracture energy measured in MJ/tn

Thefracture energy is a measure of the amount of energy neodssappled

t

to the materi al t o reach the fracture,

materialThe hardening rate indexaisneasure dhe material ductilityThe two
proprieties have been so calculatedach setting
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Hardening rate index [MPa]: —

Fractureenergy [MJ/r]: r ——2zQh

The samples witbw values diracture elongatioshows high values of hardening
rate index butlso a lower value of fracture energy.

In holding cleaning methaihe hardening rate index values are betweli23
from HBX setting and 29 MPa frorhiBY andHCX settingsAs regards fracture
energy, the values are fredd MJ/m3from HBY, and the highest valigs above

1000MJ/m3, for HAX and HBX settings

For transportation cleaning, the hardening rate index values are betian 2
from TBX and TCY samples, argbes up to 3MPa fromTDU, TCX settings. As
regards fracture energy, tlmevestvalues are fronTAX, TCX and TDZ
(respectively28,733 and 73MJ/m3) and the highest values &Y and TDX
with 955 and 9381J/m3.

The result®f the values of hardening rate index and fracture éoehpjding
andtransportation cleaning methodiacdudedn Table4 3.

@)

Table4.3: Hardening rate index and fracture energy for (a) Holding; (b) Transport¢

(b)

Holding | Elr% ET\]AJP?]J M J(/:lm S Transp. | El% ﬁ\ajlptgj M J(;lm 3
HAX 5,6 24 1007 TAX 5,6 27 823
HAY 4,8 28 858 TAY 4,8 29 728
HAZ 4,5 28 790 TBX 5,1 25 909
HAU 52 26 939 TCX 4,1 31 733
HBX 5,8 23 1043 TCY 5,3 25 955
HBY 4,4 29 761 TDU 3,8 31 665
HBZ 4,4 27 770 TDX 5,2 26 935
HCX 4,4 29 770 TDY 4,0 29 695
HCY 4,6 28 800 TDZ 4,2 29 731
HCZ 54 24 960
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4.13 Differeet proprietiestweensplates

During the tensile testswas notedlifference in mechanical proprieties between
thespecimens coming from the left plated from the right plate of the cast. The
difference wereon tensile strength and fracture elongatishile the young
modulus and the yield strength were stable

For the parameter settings of holditigg tensile strengtand the fracture
elongation arhigher in the right plates, in most settirgs.the tensile strength
values, it can be seen big differences in values in setting HBZ (219 MPa in left plate,
244 MPa in right plate); HCZ (234 MPa in left plate, 244 MPa in right plate); HAY
(237 MPa in left plate5@MPa in right plate). As regards elongation, we also have
high variation itiBZ (3.0% in left plate5.8% in right plate}dCZ (4.7% in left
plae,6.1% in right plate HAY (4.1% in left plate5.5% in right plate)The only

settingto have thdeft plates with higher proprieties BCX (240 MPand 4.5 %

in leftand 232 MPaand 4.2 %n the right) The found differences for holding
cleaning mthod aren Table 4.

Holding | viI [m/s] 1S [MPal - Ele %)

HAX 2.5 244 244

HAY 2 243 237 250 4,8 4,1 5,5
HAZ 1 235 235 235 4,5 4,4 4,6
HAU 2 246 241 251 5,2 4,5 5,8
HBX 2.5 244 243 246 5,8 5,7 6,0
HBY 1 236 234 238 4,4 4,2 45
HBZ 2 231 219 244 4,4 3,0 5,8
HCX 1 236 240 232 4,4 4,5 4,2
HCY 2 236 231 241 4,6 4,1 5,1
HCZ 2.5 239 234 244 5,4 4,7 6,1

Table4.4: Differences in the values of tensile strenght and fracture elongation thi
the settings (Holding cleaning).

As regards thgarameter settings of transportatibereare also higher proprieties
in the right plate$-or the tensile strength values, it can belsgeatifferences in
values in setting TBX (233 MPa in left plate, 250 MPa in rightTiate(221
MPa in left plate,3 MPa in right plate); TDZ 22MPa in left plate, 3 MPa in
right plate)As regardslengation, we also havigh variatiomn TBX (4.1 %in left
plate6.1 %in right plate); TDY3.3 %in left plate5.0 %in right plate); TDZ3.6

% in left plate4.9 %in right plate)These threeexplained settings have all been
injectedwith 2.5 m/s second phase speElde onlysettingwhich hashigher
proprietiesn the samples taken frahe left plates TDU: 233MPa and 4.% in
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left platesand 26 MPa and.6 % in right.Table 4.5 report the found differences
in transportation cleaning for elongation and tensile strength.

Transp. | vll [m/s] 1S [MPal £l [%]
ALL | ALL |
TAX 2 238 235 243 4,6 3,9 5,6
TAY 1 229 228 231 4,3 4,2 4,4
TBX 2.5 240 233 250 51 4,1 6,2
TCX 1 238 236 241 4,1 3,9 4,3
TCY 2 244 243 246 53 50 55
TDU 1 230 233 226 3,8 4,0 3,6
TDX 2 245 243 247 5,2 51 5,2
TDY 2.5 228 221 237 4,0 3,3 50
TDZ 2.5 231 224 237 4,2 3,6 4,9

Table4.5: Differencesin the values of tensile strenght and fracture elongation thre
the settings{ransportatiorcleaning).

The differences on elongation and tensile strength propfietiedeft to right
platesgeneratedifferences also on the values of hardening rateandexacture
energy. The results aeported in the appendix (Table 8.3 and 8.4).

4.14 aRMS estimasion

The Root Mean Square acceleratias the parameter used to find the correlation
between thprocess parameter and the mechanical proprieties of the alloy found in
the tensile test3his parameter is fundamental for thawk becausé# can be
determined with the process parameters used during the casting process.

There can be several ways toutatiethe RMS acceleration. In this wdwko
estimatioormethods were uséar both deaning procedurasnsidering:

a) The method proposed Byorese, Bonoll@nd Richied¢l5} this involved
thefirst phasepeed vilthe second phase speedpecific ér each setting,
the position of the switching point of the plunger from the total stroke
length of the plungeaind the specific plunger travel of each setting.

b) The method proposed by the warkJarfors, Du, Zhowheng,and Yu
[17];thisinvolvedthe first phasespeed vlthe second phase spee@nd
the intensification pressuspecifis for each setting, the position of the
switching point of the plunger from the total stroke length of the plunger,
the specific plunger travel of eadhlirggand theotal massof plunger and
aluminium melt
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The following parameters were kept constants for all the settings:
1 Thefirst phasepeed vi=0,35m/s
1 The position of the switching point of the plunger Xsw=360 mm

1 Thetotalmasof plunger andluminium melt: m = 17,95 Kg

Table 4.6 resumes tedues oRMS acceleration for holding cleaning mefrioal.
method of Fiorese, Bonollo and Richiedgiose to calculate the acceleration
without considering the intensification pressurdeofthird phase of injection.
Therefore, the value of acceleration depends sadbed phase speed valaad
three values have been determined for the threenliffpeeds: Bm/s?2 for
settings HAXHBX, HCZ; 561 m/s? for settings HAY, HAU, HBZ, HCY102

for settings HAZ, HBY, HCX. The method dfarforsalso involvesthe
intensification pressuas a variable, so thesenorevariation in the resultShe

two methods, especially in the settings with 1 and awésvery similar results
Therearemore differences in the results in the samples witli2seoond phase
speed HAX have an acceleratioh106 m/$ with Jarfors methodompared to
96.5 m/g with the method of Fiorese; HBX have an acceleration of 112.4 m/s
with Jarfors methocbmpared t®6.5 m/$ with the method of Fiorese,;

Second
| Plunger hase P aRMS | aRMS
Holding| travel velocity | [bar] Fiorese| Jarfors
MM} | ] [m/s ] | [mis ]

HAX 430 2,5 160 96,5 106,0

HAY 435 2 120 56,1 61,2
HAZ 445 1 150 10,2 10,9
HAU 435 2 130 56,1 58,8

HBX 430 2,5 145 96,5 111,4

HBY 445 1 120 10,2 12,2
HBZ 435 2 184 56,1 49,4
HCX 445 1 150 10,2 10,9
HCY 435 2 120 56,1 61,2

HCZ 430 2,5 180 96,5 100,0

Table4.6: RMS acceleration for holdingleaning, including the results for the two
methods of estimation.
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For transportation cleaning, tredues of RMS acceleration are showabie 47.

With the method of Fiorese, Bonollo and Richitb@esaméhree values have been
obtainedfor the three different speeds: 96.52T1ds settingsSIBX, TDY, TDZ;

56.1 m/$ for settingsTAX, TCY, TDX; 10.2 for settingBAY, TDU, TCX. The
resultdbetween the two methods are very similar especially $ettthgs with 1
and 2 m/s The settingswith the most variation between the two methods were:
TBX whichhave an acceleration oB1®8m/s2 with Jarfes method compared to
96.5 m/$ with the method of FioresEDZ have an acceleration @24 m/g

with Jarfors method compared to 96.52with the method of Fiorese

Plunger| S€cond aRMS | aRMS
phase IP .
Transp.| travel . Fiorese| Jarfors
velocity | [bar]
MM} ] [m/s ] | [mis ]
TAX 435 2 180 56,1 50,0
TAY 445 1 180 10,2 10,0

TBX 430 2,5 150 96,5 109,5

TCX 445 1 120 10,2 12,2
TCY 435 2 180 56,1 50,0
TDU 445 1 150 10,2 11,0
TDX 435 2 150 56,1 54,7

TDY 430 2,5 180 96,5 100,0

TDZ 430 2.5 120 96,5 122,4

Table4.7: RMS acceleration faransportatiorcleaning, including the results for the
two methods of estimation.
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4.2 Influence of process parameter on fracture elongation

In this section, the variables of the casting pramzsglyzed terms of influence

in the averagefracture elongation obtained in each setting. This analysis
performed to see the optimal conditionghich thecastingorocess should run to

have the highest proprietie§he analysisdistinguisheshe different fracture

elongatiorof thespecimensomingfrom left and right platebecaus@a s it 6 s b e e
describedh the previous paragraph, the differexacmotbe negleatd A section

of this paragraph will also investigate the differences on the two cleaning methods,

to evaluate if one method should be pref@vedthe othein the future works.

4.2.1 Influence of stirring speed

The trend of the fracture elongation fdifferent stirring speeid displayed in
Figure 4.1or Holdingand Figure 4.for Transportation.

In holdingsettingsit has been observitt theright platehavea decreasing trend
for higher values of stirring speed, however the slope of thisstianided to
0.0007with a correlation index of jus0889.Theleft plategwhich show a gap
elongationwith the right plates) haveanstantrend lindor higher stirring speeds
with a correlation index close to zero

For transportatiosettingshothrightand lefplates havenancreasing lineaend
for higher values of stirring spe&tie trend line for right plates haslape of
0.001L1with a correlation index 0f087,while thdeft platedave a trend line with
a slope of 0009 with a correlation index A&
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P S R RN S N . y =-0,0007x +5,9126________ _______________|
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© 4,5 °
5 ® : S5EO5X + 4,442
e ° y= X+ 4, ]
£ 40 R? = 0,0001
3,5
3,0 =+ o e
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Figure4.1: Trend of fracture elongation for different strirring speeds, in holdir
settings.
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Figure4.2: Trend of fracture elongation for different strirring speeds$;ansportatio
settings.

4.2.2Influence of intensification pressure

Figure 4 (Holding) and Figure 4 (Transportation) present the trend of the
fracture elongation versus the changing intensification presssiirdhe casting
process.

In holding settingst has been observed increasing trend for higher values of
intensificiion pressure in both left and right plate specimens. Specifically, the right
platesshowed an increasendwith a slope 00.011, with a correlation index of

0.15 The left plateshowed a slope of0d6 in thetrend line with a correlation
indexof 0.2. Between left and right specimens there is a gap in elongation of about
0.5 % in advantage for the right plates.

Transportation settingeowed a very similar trend with holding settiogs right

and left plates havew butincreasing linear trend for higher values of stirring
speedright specimens have a trend line witbpe €If0.0082; left specimens have

a trend line with a slope of 0.0039. The correlation indexes are lower than holding
settings: the trend line forhigplates has a R square value of 0.068,farhile

left plates the value is 0.00R7e gap between left and right plategetaeen 0.5

and 1 % of elongation, in favor of the right plates.
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Figure4.4: Trend of fracture elongation for differevalues ointensification
pressurgin holding settings.
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Figure4.3: Trend of fracture elongation for different values of intensification
pressure, itransportatiorsettings.

4.2.3 Influence of second phase speed

The last variable of the casting processdmeparedvith the fracture elongation
in the settings was the second phase speed. The trend charts are displaged in Fig
4.5 (Holding) and Figure 4.6 (Transportation).

For holding settings, a stable grow in elongation for higher second phase speed has
been notedThe right specimenbavetrend line witha slope 0fl1.02 with a
correlation index d@.87.

The left specimensave more variation and therefore the correlation index is
limited to be 0.14he fitting line show an increasing trend with a slope of 0.46.
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The settings for transportatibave a different trending from right to left plate
specimens. The samples froghtr plates have an increasing trend line for higher
speeds, with a slope of 0.91 and a correlation index of 0.6. The samples from the
left plates have very similar elongation at 1 m/s speed compheedgbt plates;
however, the samples with 2.5 npeesls performed worse than the samples
injected with 2 m/s, therefore the trend line is decreasing for higher second phase
speeds, with a negative slope of 0.12 and a R square value of 0.017.
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Figure4.6: Trend of fracture elongatian changing second phase spdadolding

settings.
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Figure4.5: Trend of fracture elongation in changing second phase speed,
transportatiorsettings.

61



Findings and analysis

4.2.4 Comparison between the two cleaning methods

To compare if one cleaning method gives the alloy better mechanical proprieties,
for each cleaning method three conditions have been s@eretetth lowest

values of second phase speed, stirring speed and intensification gnessitie

the highestexond phase speed, stirring speed and intensification pressure; and one
last with mierange values between the two extreme conditions. The existing
differences in left and right plates mechanical proprieties have also been considered,
S0 two separate chatere built.

The parameter setting chosen to do the analysis are presented!iB.Table

Cleaning metho spseirorlir[]r?)m] vil [m/s] Ip [bar] pE:tFelTj/to ] 5;2?;; ]
Holding 650 1 120 4,2 4,5
765 2 130 4,5 5,8
1100 2.5 180 4,7 6,1
Transportation 650 1 150 4,0 3,6
810 2 180 3,9 5,6
940 2.5 120 4,1 6,2

Table4.8: Parameter settings chosen to evaluate the effect of the two cleaning
methodson mechanical proprieties.

The fracture elongation trendghreedifferent process conditions are presented

in Figure 4.7 (only samples from left plates) and in Figure 4.8 (only samples from
right plates). As regards the trend in left plate spectiree$ongation changes

from 4.2 % in the lowest setting conditions to 4.7 in the highest setting condition
(for Holding method). In transportation cleaning, the values of elongation are very
little influenced: the values are 4.0 %63@d 4.1 % goingdim the lowest to the
highest setting conditions. There is a gap between the two cleaning nfatrads in

of holding, however the difference in elongation never exceeds 0.5 %.

For samples coming from right side of the ttestifference in process partane
settingss more evident. In holding, from the lowest to the highest settings, the
elongation grows from 4.5 % to 6.1 %. In transportation the trend is the same, from
the lowest to the highest settings the elongation grows from 3.6 % to 6.2 %. The
difference between holding and transportation is evident in the lowest parameter
settings (around 1% difference in elongation) but in the other two conditions the
gap in fracture elongation closes
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Figure4.8: Comparisons between the two differentadimg methods,
considering specimens coming from the left platethe cast.
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Figure4.7: Comparisons between the two different cleaning metho
considering specimens coming from tight plates of the cast.
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4.3 Correlation finding

Thissection compares theechanical proprieties of the alloy with the-mozdn

square acceleration, calculated with two different mefflawdsach setting, the
mechanical proprieties used to makedhgarisons we: the fracture elongation

from the tensile tests; the hardening rate index and the fracture energy obtained by
the calculations. The aim of this sectionassesthe existereofl:1 correlation
between tensile proprieties and progassmeter

The chartsised in the analysis are dispersion wimehincludesthe values dll

the settings, distinguishing between holding and transportation cleaning method of
the meltThe RMS values, in theaxis, are studied in a logarithmic stale types

of chartshave been used for each condition, one with the aRMS estimation from
Fiorese and Bonollo, and one with the method of Jdfiothermore, in each
chart the specimens werstidguisheth three different sets of data: one including

all the specimenaken from a settingind the other twoonsidering separately
samplesfrom left and right plate. This distinction was necessary tfrem
differencegn mechanical proprietiassesseatliring the tensile tesksach point in

the chart represents the performance of a settings compared to-msarot
square acceleration.

The datas used to construct the charts are indadablesn the appendix.

43.1 Correlation betWaeture elongation and RMS acceleration

The fracture elongation is the mechanical propriety that quantifies the ductility of a
material. The more ductile is a material, the more it can be deformed without
braking.

In Figure49 and Fgure 410 are shown the charts that compares the fracture
elongation and the RMS acceleration, for holding cleaning danafildsee sets

of data, the fracture elongation grows with the increasing values of RMS
acceleration. From the chart, it was noted that the data set built with an average of
all specimens have a trend line with a R square value of 0.58 (Fiore88) and 0.
(Jarfors). If the results from left and right plates are studied separately, the amount
of correlation changes dramaticaltgording to Fiorese method, tlght plates

have a trend line with a correlation of 0.88, which drops to 0.08 in theeleft plat
The results with the method of Jarfors are very similar, as the right plates have a
correlation index of G8vhile the left have 0.12.
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Figure4.9: Correlation between fractuedongation and aRMS (calculated
suggested by Fiorese), for Holding cleaning samples
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Figure4.10: Correlation between fracture elongation and aRbéc(lated a
suggested by Jarfgrdor Holding cleaning samples.

For transportationcleaning samplebigure 411 and Figure 42 displaythe
dependance of tHeacture elongatiowith RMS acceleratioDifferently to what

seen with samples of Holding cleaning method, thed#fisrant trend between

left and right samples right plate sampldise fracture elongation grows with the
increasing values of RMS accelerdhietrend linshavea R square value 069.
(Fiorese) and®8B(Jarfors)ln left plate sampléketrendlines are decreasiwgh

the growth of RMS acceleratipwith a correlation index close to zero in both
estimatiormethods of RMS acceleration. The average between all the samples for
transportation have a trend line with low correlation index, on{fFidr24$e) and

0,19 (Jarfors), which are lower than what has been obtained with holding cleaning

method.
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Figure4.11: Correlation between fracture elongation and aRMS (calculate
suggested bifiores@, for transportatiorcleaning samples.
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Figure4.12: Correlation between fracture elongation and aRMS (calculatt
suggested byarforg, for transportation cleaning samples.

43.2 Correlation betwasatening rate iaaekRMS acceleration

As the fracture elongation growth, the hardening rate index in the alloy decreases
(the two proprieties afaversely proportiat). Therefore, what the dispersion

chart should display, is a decrease in hardening rate index as the RMS acceleration
growth.

The comparison between hardening rate index and RMS acceleration is shown in
Figure 413 and Figure 44, for holding cleaning samplesr all three sets of data
thehardening rate index decredsekligherRMS acceleration.
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The correlation index oféhtrend lineaverage of afloldingspecimenare064
(Fiorese) and BgJarfors The results from left and right plades very different

also in this investigatiomith Fiorese method, the right plates have a trend line with

a correlation of 063 which drops to 0.0in the left plates. The results with the
method of Jarfors are very similar, as the right plates have a correlation index of
0.8 while the left have A.1
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Figure4.13: Correlation betweehardening rate indeand aRMS (calculated ¢
suggested by Fiorese), for Holding cleaning samples.
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Figure4.14: Correlation between hardening rate index and aRMS (calculat
suggested byarforg, for Holding cleaning samples.
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Figure 4.3 and Figure 46lpresents what has been obtained for transportation
cleaning. In this case, the hardening rate index decrfeashigher RMS
acceleration in all the samples from the right plates, whd#é fiiates show the
opposite trend. The R squares values in the right plates are: 0.71 with Fiorese
method and 0.65 with the method proposed by Jarfors. The correlaion ind
obtained in the left plate specimens are close to zero, indicating a very poor
correlation in this case. The average between all the specimens gave a correlation
index of 0.36 (Fiorese) and 0.29 (Jarfors). The correlation indexes obtained in
transportabn samples are lower than the ones of holding cleaning, in all three sets
of data and for both aRMS estimatizgthods
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Figure4.15: Correlation between hardening rate index and aRMS (calculatec
suggested by Fiorese), flbansportatiortleaning samples.
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Figure4.16: Correlation between hardening rate index and aRMS (calculatec
suggested byarforg, for transportation cleaning samples.

4 3.3 Correlation between fracture energy and RMS acceleration

The fracture energy of a material gives the indication of the amount of energy
necessary to apply to brake it. It is a mechanical propriety that involves both the
tensile strength and the fracture elongation of the material, so it becomes an
interesting mehanical propriety to try to correlate with the RMS acceleration.

For holding cleaning the two correlation charts for both RMS estimation method
are in Figure 47land Figure 48L As theRMS accelerationcreases, the fracture
energy growth in all threets of thelispersiorthart.Like the previous correlation
charts, ithas been notedifferent correlation results from right to left plate
specimengAccording to Fiorese method, the right plates have a trend line with a
correlation of 0.8 which drop$o 0.®in the left plate$Vith Jarforsnethod there

are similar resultas the right plates have a correlation index ofi0d@be left
plateshavejust0.12 Theaveragbetweerall specimensasa trend line with a R
square value of G.8Fiorese)rad 0.@ (Jarfors).

69



Findings and analysis

m Holding ¢ Holding LEFT A Holding_RIGHT

y = 131,18In(x) + 475,21
R2=0,8747 R o

231000

950

(@)]

S

[¢D)

c

L

Q 900
>

3]

S 850
S
L

800
[ |
750 y = 44,928In(x) + 626,47
Rz = 0,0874 $
700
10,0 100,0
log(@aRMGgresd [M/s7]

Figure4.17: Correlation betweefracture energyand aRMS (calculated as
suggested by Fiorese), for Holding cleaning samples.
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Figure4.18: Correlation betweefracture energand aRMS (calculated as
suggested byarforg, for Holding cleaning samples.

As regards transportatiabeaning the two correlation charts for both RMS
estimation method are in Figure9dahd Figure 20. The trend showed in the
previous correlationharts is repeated: in the right plate specimens more RMS
acceleration means more fracture energy, while the left plate specimens showed a
decrease in fracture energy as the RMS acceleration grow. The correlation indexes
for right plates are 0.60 (Fioresgmation) and 0.55 (Jarfors estimation).
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For left plate specimens the trend lines have a correlation of 0.003 (Fiorese
estimation) and 0.013 (Jarfors estimation), much lower to what obtained in the left
plates.In comparison to holding cleaning methtta correlation indexes in
transportation samples are lowerll three sets of data and for both aRMS
estimationrmethods
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Figure4.19: Correlation betweefracture energyand aRMS (calculated as
suggested by Fiorese), for transportation cleaning samples.
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Figure4.20: Correlation between hardening rate index and aRMS (calculate
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4.4 Microstructural characterization
4.4.1 Alloy microstructure

One sample of the alloy microstructigedisplayed in Rige 4.21. At low
magnification it was possible to capture panoramic images of the microstructure
(Figured.21a), where it was possible to identify three zones in the samples where
the microstructure can be characterized.

In the centre of the samplésgure4.21 b) the microstructure is composed by
round white primary alpha aluminium, surrounded by the esitextic structure.
The alpha aluminum phases in this zZeeee createduring the slurry making
processbefore entering the mould

Inthe zoned at q beweenahe éentre and the border of the safiglad

4.21 c)the white alpha aluminium phasas lce distinguished in one part created
during the slurry making process (the bigger phases) and in a much smaller part
created during the solidification inside the high pressure die casltihg mo

Nearthe sample bordefFigure4.21d) the microstructuns entirelycomposed by
the alpha aluminusolidifiedafter the injection of the slurry inside theiohcand
by the eutectisiliconstructure.

Figure4.21: (a) Panoramic image of the alloy microstructurgfedent
microstructurelf) at centred) at quarterd) near the bordesf the sample.
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To have a more complete view of the alloy microstructure, an§iedtion on

the three different regions has been carried out witkstattkred electrons. In
Figure 4.22 are displayed four micrographs of the alloy (a) in the zone near the
border of the sample, (b) in a quarter of the sample, (c) and (d) in éhef¢batr
sample.

From the SEM micrographs has been noted the presence of white particles between
the eutectic structure and the primary alpha aluminium. These particles have
different morphologies in the different zones of the samples. Near the sample
border (Figure 4.22a) they appear fine and rounded; in the zone at quarter of the
sample (Figure 4.22b) they tend assume a ramified morphology; while at the centre
of the sample (Figure 4.22c) the particles assume a compacted and coarser
morphology. Figure 2@ show a detail of the microstructure in the centre of the
sample, which shows that the eutectic structure is composed by silicon needles
between the globular primary alpha aluminium.

HY det | HFW |mag - [spot| WD
20.00 kV BSED|74.6 pm|4 000 x| 5.0 |11.0 mm

HY  det ‘ HFW |mag - [spot| WD B HV  det | HFW |mag - [spof| WD
20.00 KV BSED|74.6 ym|4 000 x| 5.0 [11.0 mm 20.00 kV BSED|[37.

Figure4.22: SEM micrographs of the alloy, showing white particles in the
microstructure (a) near the border, (b) at quarter, (c) at centre of the sample. Ir
(d) the eutectic microstructure in the centre of the sampemposed bgcicular Si
particles between the primary phase.
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The white particles have been analysed to determine their chemical composition
with an EDS spectrum. The results of the chemical analysis are presented in Table
4.9.

In all three morphologies has been noted a relevant percentage in weight of iron
(Fe), repectively 9.35 for the rounded phases; 10.65 for the ramified phases; and
14.55 for the compacted phases. In the phases there is also a relevant quantity of
manganese (Mn) which is 5.92 for the rounded phases; 6.56 for the ramified phases;
and 8.65 for th compacted phases. The ratio between iron and manganese was
noted to be similar in all the three morphologies, as it is 1.58 for the rounded phases;
1.62 for the ramified phases; and 1.68 for the compacted phases.

[Yowt] Mg Al Si V Cr | Mn Fe | FeMn

Rounded, | 0,15| 73,43| 10,55| 0,13| 0,46| 5,92| 9,35 | 158

phases (1)

e | 0,13| 74,12| 7,96 | 0,13| 0,46| 6,56 | 10,65| 162

%ﬁ?ﬁ;‘%ed 0,12| 65,93| 10,02| 0,15| 0,59| 8,65| 14,55| 1,68

Table4.9: EDS chemical composition of the white particles noted on the alloy
microstructure.
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4.42 Averageld fractiam different stirring speed settings

The solid fraction counting mta to assess in a quantitative way theathtfes in
microstructure through the different process parameter sditiegaunting was

done in samples with a low and a high value of stirring speed, in both holding and
transportation cleaningor each speed, the average solid fraction was alculate
on three specimem®ming from different cast® have a more representative
counting.

Table 410 sum up the resultsbtained For holding cleaning method, the average
solid fraction valuis 36.0 with a standard deviation ofid thesamples with 650
rpm stirring speedh the samples with 1100 rptirring speedhesolid fraction
valueis similar with 34.8 and a standard deviation of Th® mechanical
proprietiesin the samples that were analyziags similafor different stiring
speedstensile strengshare respectively 245 and 242 MPR@ elongations are
respectively 5.5 abdb %

For transportation cleaning method, the average solid fraction value is 38.0 with a
standard deviation of 1.3 in the samples with 650 rpnygstpaed. In the higher
stirring speed sampl€0 rpmjthe solid fraction value i8.8 and a standard
deviation oR.6. The mechanical proprieties in the anasamaglearerespectively

245 and 242 MHar tensile strengtdind respectively 5.5 @n@ %for elongation

Holding Transportation
Stirring TS Stirring TS
speed IMPa] El[%] | fs[%] speed [MPa] El [%] fs [%0]
[rom] [rpm]

650 | 245%4 | 5,5+0,5 36,0+4,0f 650 |238+8|4,9+1,2 38,0+1,3

1100 | 242+6 | 5,6+0,8| 34,8+1,5 940 |249+1|6,0+1,0| 33,0+2,6

Table4.10: Average solid fraction calculated in the samples.

In Figure 4.2 arerepresented thieendin the samplesf the solid fractionalues
for (a) holding samples and (b) transportaaomples.

For both cleaning methods ttrendsare similar. In the changing value of stirring
speedghe most difference in the values are in the center of the samples (between
1 and3 mm thicknessWwhere the 650 rpm sampliesnd linehave biggesolid

fraction valuesver the 940 and 1100 rpm trend lines.
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Figure4.23: Average solid fraction in the sampglackness. (a) Holding cleaning (
Transportation cleaning.

In Figure 4.2theaverage solid fraction and the respeftacéure elongation for
different stirring speed samples is presefteoh lower to higher stirring speed
the solid fractionvalues presenta slight decrease for both holding and
transportationThe fracture elongatioralues are 5.5 % at 650 rpm and 5.6 % at

1100 rpm for holding cleaningjereas for transportation the values start at 4.9 %
at 650 rpm and reaches 6.0 @4& rpm.

El_Holding El_Transportation —@— Holding Transportation

50

48 14
o 46
> —
= 44 12 &
S 42 S
© 40 T 10 =
@ ©
= 38 o
T 36 — 8 &
S 34 $ L
o 32 I 6 %
? 30 5
g 28 4 @©
I 26 5,5 5,6 6,0 L

24 ) 2

22

20 0

650 940 - 1100

Stirring speed [rpm]

Figure4.24: Average solid fraction and fracture elongatibroughthe
different values of stirring speeds.
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4 .43 Fracture surfaces

The analysis on the fracture surfaces were conducted comparing left and right
samples from the same cast, with evident differences in the tensile strength value,
and with possiblgresence alefects in the surface.

An EDS spectroscopic analysis was céeduo have a chemical characterization
of the defects spotted in the surfaces. The emissifrayls generated lay
electron beartroughthe samplereates peak of energy captured by the revelator.

The first sample analyzed comes from TBX cast ndmbreFigure 4.25 (a) it is
presented the left plate sample, which appears to have an inclusion nelaftthe top
corner, and a porosity in the right side. This sample had a tensile strength of 226
MPa, which is very different from 248 MPa obtained mgthteplate samples, in

Figure 4.25 (b), which had no visible defects in his fracture surface.

Porosity

Figure4.25: (a) TBX4 left plate sample with anclusion and a porosity (b) right
plate sample with no visible defects

In figure 4.26 (a) the view of the defect in detail is shown, and in Figure 4.26 (b) is
presented the image captured with BSE with the two specific point chosen to
analyze.
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. -".‘ F _;
< i
Figure4.26. BSE images of the defect noted in TBX cast number 4. (a) panor.

view of the defect, (b) defect at higher magnification, with two indicated polBD&
chemical analysis.

W
20.00 kVBSED|597 pm 500 x | 5.0 10.1 mm

The EDS spectroscopy produced spectrums which represents the peaks generated

by the chemical el ements inside the def
Figure 4.27 (a) and suggested an amount of Copper (Cu) of 8Ww21ght.iPoint
026 of the analysis is in Figure 4.26 (

(S) and Molybdenum (Mo): respectively 28.92 % and 27.60 % over the total weight.
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036 | 0.34 2892 236
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Figure4.27. Spectrum generated by (a) point "1" and (b) point "2" with the
corrensponding table indicating the weight percentage of element.

The second sample analyzed comes from TBX cast number 5. The left plate sample
is shown in Figure 4.28 (a) and has three black holes which were identified as gas
porosities, and another defect, suspected to be a oxide bifilm. The left sample had

presencefalefects and a tensile strength of 228 MPa, while the rigkapiate,

in Figure 4.28 (b), shown no evident defects in the fracture surface and reached a
higher tensile strength value of 252 MPa.
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Porosities

Figure4.28: TBX5 (a) left plate sample with porogiss, (b) right plate sample with r
visible defects

Figure 4.29ivetwo detailed images tife porosities found in the left pla@mple
in Figure 4.28 (a)

b s - e /=
F¥YW |m: WD 200 pm

3 e LA s
HV det HFW [mag = spet WD 0
20.00 kV|ETD 597 pm| 500 x | 5.0 118.4 mm

20.00 kW ETD 597 pm| 500 x \S.Q 18.4 mm

Figure4.29: Two examples oporosities captured with secondary electrisaosn TBX
cast number 5, left plate sample specimen.

The defect on théracture surface in Figure28.(a) was analyzed with back
scattered electrons and with a chemical EDS analysis. The BSE image on where the
analysis was conducted is in Figure 4,20 ¢Hyigure 4.30 (b) shows the spectrum
generated by the analysis.
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This indicates a peak in oxygen content, with an oxygen percentage of 5.40 %,
suggesting that the defect is an oxide bifilm.

(@) (b) Point

Figure4.30: (a) BSE image of thdefect in left plate sample, (b) EDS spectrun
indicating a peak of oxigen content in weight.

The third sample analyzed comes from TAX cast number 1. The left plate sample
is shown in Figure 4.31 (a) has two oxide bifilm in the surface and a texggile stre
value of 232 MPa. The right plséenple, in Figure 4.31 (b), shown a porosity and

an oxide bifilm which covers almost all the thickness, and a smaller tensile strength
value than the left sample, of 208 MPa.

(@)

'\ I

Oxide bifilms

(b)

N

Figure4.31: TAX (a) left plate sample (b) right plate sample, both with visual de
on the fracture surface.

Oxide bifilm

Porosity
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