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Abstract 

Aluminum is increasingly favored in the automotive sector for its favorable me-

chanical properties and good strength-to-weight ratio. Laser welding fnds utility 

in electric vehicle battery assemblies, while high pressure die castings (HPDC) are 

used in vehicle body construction. Nonetheless, defects pose a risk to the mechanical 

robustness of aluminum welds and cast parts. These defects include hydrogen poros-

ity, entrapped air, and externally solidifed crystals (ESCs). In this study, defects 

in die-cast and welded aluminum were investigated to understand their formation 

mechanisms and to explore methods for their prevention. 

Laser welding of aluminum and copper is commonly used in the battery assem-

blies of electric vehicles. However, aluminum is prone to forming hydrogen porosity 

when welded. The investigation of hydrogen porosity in aluminum welds involved the 

utilization of scanning electron microscope (SEM), energy dispersive spectroscopy 

(EDS), microcomputed tomography (µ-CT), and LECO® analysis. It was observed 

that the oxide layer on anodized aluminum served as heterogeneous nucleation sites 

for hydrogen porosity. Anodized aluminum can contribute to increased hydrogen 

content in the liquid phase. As liquid aluminum solidifes, hydrogen is forced into 

the melt, leading to a state of supersaturation in the liquid. This supersaturation 

prompts the nucleation and growth of hydrogen porosity. Additionally, a cellular 

automaton (CA) model was expanded to predict hydrogen porosity under diferent 
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hydrogen concentrations, laser speeds, and powers. To mitigate hydrogen porosity, 

it is necessary to either improve the cleaning process of the anodized aluminum or 

utilize an alternative corrosion-resistant material. 

Die-cast aluminum is frequently employed to reduce vehicle weight. However, the 

turbulent fow inherent in the die casting process can easily entrap air, leading to gas 

porosity. The impact of vacuum on entrapped air during die casting was investigated 

using a combination of MAGMASOFT® and ProCAST fow simulations, water ana-

log experiments, and die casting trials. The water analog experiments demonstrated 

consistent repeatability and concurred with the fow simulations. It was observed 

that the introduction of vacuum resulted in a reduction in the quantity of entrapped 

air and porosity within the samples. Samples cast with a strong vacuum, below 100 

mbar, exhibited greater density and enhanced mechanical properties compared to 

those cast with a weaker vacuum or none at all. 

Externally solidifed crystals (ESCs) are defects characterized by a distinct mi-

crostructure compared to the matrix. Two types of ESCs are commonly found in 

die-cast samples. Type I ESCs are very large dendrites, approximately 150 µm in 

size. Type II ESCs have a fner microstructure within the matrix and exhibit a clear 

boundary with it. This boundary can cause a signifcation reduction in elongation. 

The formation mechanism of ESCs was investigated using computer simulations, wa-

ter analog experiments, and die casting trials, revealing that ESCs primarily form in 

the shot sleeve after pouring. Type II ESCs form on the walls of the shot sleeve, ben-

efting from a rapid cooling rate that encourages a fner microstructure. Conversely, 

Type I ESCs form further away from the shot sleeve wall, where a slower cooling rate 

facilitates their growth into larger dendrites. Turbulence during the flling process 
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breaks up both the large Type II and Type I ESCs, pushing them into the die cavity. 

Increasing the melt temperature decreases the occurrence of ESCs in die-cast samples. 

In conclusion, this research ofers valuable insights into optimizing the performance 

of aluminum in automotive applications. 
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Chapter 1: Introduction 

Lightweighting is crucial for the automotive industry, as it can improve the fuel 

efciency and reduce the energy required for driving. Aluminum is commonly used 

for this purpose due to its higher strength-to-weight ratio compared to steel. 

Another signifcant trend in the automotive industry is the replacement of gas-

powered vehicles with electric vehicles. Aluminum’s excellent electrical conductivity 

makes it particularly desirable for use in battery joint in electric vehicles. 

However, both of these applications of aluminum encounter defects. These defects 

include air entrapment, hydrogen porosity, shrinkage porosity, inclusions, blisters, 

hot/cold cracks, externally solidifed crystals (ESCs), and keyhole collapse porosity. 

Hydrogen porosity, in particular, can manifest in both cast and welded aluminum. 

This chapter provides an overview of laser welding and high-pressure die casting of 

aluminum, highlighting these defects. Additionally, it discusses gaps in the existing 

literature on these topics. 

1.1 Laser Welding of Aluminum 

Laser welding employs a focused laser beam to raise the temperature of metals, 

allowing them to join. This technique is utilized to bond aluminum and copper foils 

for battery applications in electric vehicles. It ofers a high-quality joining method 
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with minimal distortions post-welding [3]. However, porosity can develop in the joints, 

often due to keyhole fuctuations or hydrogen entrapment within the solidifying metal 

[4]. 

Keyhole collapse, a well-documented cause of porosity in the literature, results 

in irregularly shaped porosity [5]. This phenomenon occurs during keyhole mode 

welding, a high-energy process operating at approximately 105 W/cm2 [6]. When 

the keyhole collapses, any gas present is trapped, leading porosity [7]. Additionally, 

keyhole collapse can cause air entrapment within the welds [8]. 

Porosity in welds may also stem from the evaporation of low-melting temperature 

elements such as magnesium and zinc [9]. These pores can be distinguished by a 

diminished magnesium, or other element, concentration within the weld zone [10]. 

However, in alloys containing fewer low-boiling temperature elements, this form of 

porosity is less prevalent [11]. 

1.1.1 Hydrogen Porosity in Aluminum Laser Welds 

As previously noted, hydrogen porosity is a common occurrence in both the casting 

and welding of aluminum. Typically, hydrogen pores exhibit a round shape with 

smooth edges [5], generally measuring smaller than 1 µm in diameter [10]. The 

nucleation of hydrogen pores arises from the reduction in hydrogen solubility within 

aluminum upon solidifcation [12]. Figure 1.1 showcases the variation in hydrogen 

solubility with temperature, sourced from [1] and supplemented with insights from [2]. 

According to the graph, hydrogen solubility in aluminum diminishes by approximately 

95% during the solidifcation process. Consequently, the hydrogen is expelled into the 

melt, leading to a state of supersaturation in the remaining liquid [13, 14, 5]. 
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Figure 1.1: This fgure depicts a schematic diagram illustrating the relationship 
between solubility of hydrogen in aluminum and temperature, incorporating date 
from [1] and supplementary information from [2] 
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Hydrogen porosity can reduce both the strength [15] and formability of welded 

joints [16]. Notably, researchers have observed rounded porosity on fracture surfaces 

[5]. In a separate investigation, it was noted that samples welded without shielding 

gas exhibited lower tensile strength compared to those welded with shielding gas [17]. 

This reduction in strength can be attributed to the decreased load-bearing area caused 

by porosity [18] particularly impacting the efective joint area in welding scenarios 

[4]. Consequently, reducing or eliminated porosity is crucial for achieving superior 

joint quality. 

One method to reduce porosity during welding is the use of shielding gas [17, 

19]. By enveloping the weld area, the shielding gas acts as a barrier, preventing the 

ingress of hydrogen and other atmospheric gases that might otherwise become trapped 

within the weld [17]. However, it’s noteworthy that porosity can still arise from the 

rejection of shielding gas, akin to the formation of hydrogen porosity [20]. Helium 

is often favored as a shielding gas due to its propensity to generate less porosity 

[20]. Moreover, accurately modeling the impact of shielding gas in simulations poses 

challenges, potentially complicating the precise depiction of the welding process [21]. 

The various laser parameters employed during welding signifcantly infuence the 

defects observed within the weld zone. Lowering the laser power can result in the 

formation of small porosities, yet it’s the laser speed that predominantly impacts 

porosity levels [22]. The laser power infuences the cooling rate of the weld; thus, 

higher power settings can lead to increased porosity due to reduced time for pores to 

escape before solidifcation, owing to the faster cooling rate [23]. Moreover, higher 

laser power levels entail greater metal melting during welding, [24], resulting in wider 

and deeper weld pools [25]. Conversely, increasing the laser speed generally reduces 
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porosity [22], albeit at the expense of less time for pore to escape from the weld 

pool, owing to the shorter duration of molten state [26, 25]. Paleocrassas and Tu [27] 

observed signifcant porosity in welds produced at slow laser speeds. Additionally, 

employing a laser beam that oscillates, rather than moving linearly, can enhance weld 

quality [28]. 

1.1.2 Anodized Aluminum 

Anodized aluminum is frequently used in welding due to its corrosion-resistant 

properties [29]. This material is produced through an electrochemical process involv-

ing acid, inducing the formation of a protective oxide layer [29]. The oxide layer is 

characterized by numerous pores capable of absorbing hydrogen [20], with hydrated 

aluminum oxide having the potential to release hydrogen into the molten aluminum 

during welding[11, 20]. While high-temperature formed oxide proves resistant to 

removal by heating, oxide formed during storage at room temperature can be elimi-

nated through heating [12]. Typically, prior to welding, this oxide layer is removed 

via polishing [23], resulting in diminished porosity in the fnal weld [30, 11]. 

An alternative approach involves breaking the oxide layer on the aluminum sur-

face before welding using ultrasonic vibration [31]. Researchers observed that welds 

prepared with oxide broken prior to welding exhibited reduced porosity compared 

to those without ultrasonic vibration [31]. Furthermore, if this oxide layer is not 

removed, it can be broken apart by the laser during welding, releasing hydrogen into 

the melt pool. 

The presence of an oxide layer on the welded surface can lead to a rise in porosity 

levels [32]. This is attributed to the oxide fragments broken by the laser, which can 
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serve as heterogeneous nucleation sites for porosity formation [15, 31]. According 

to classical nucleation theory, homogeneous nucleation of hydrogen porosity in pure 

aluminum is highly improbable [33]. Additionally, those oxide fragments may also 

function as initiation sites for cracks [34]. 

Extensive research has examined the correlation between aluminum oxide flms 

and hydrogen porosities, particularly in castings [35, 36, 37]. Biflms, which are folded 

oxide flms, are widely believed to contribute to porosity formation in aluminum 

castings [35]. A comparable mechanism may also be at play during the welding 

process of anodized aluminum. 

1.1.3 Cellular Automaton 

Modelling is employed to gain a better understanding of the laser welding process. 

Vital information, such as fuid fow and temperature gradients, can be challenging 

to obtain from experiments [7], but can be efectively derived through computer 

modeling. Cellular Automaton (CA) can be used to predict the porosity and grain 

structure post-processing [14]. CA utilizes both local and global equations to simulate 

the evolving grain structure during solidifcation. The CA domain is divided into 3D 

cubic cells, with each cell’s state determined by its six nearest neighbors [38]. Zhang 

et al [39] employed a lattice Boltzmann cellular automaton-fnite diference method to 

simulate gas porosity formation and movement. However, their code does not account 

for a moving heat source, which is crucial for grain growth in laser welding [39]. CA 

simulations can be integrated with fnite element analysis (FEA) and other models 

to enhance the efciency of CA code [40]. 
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Gas porosity nucleation is based on hydrogen solubility in molten aluminum, as 

discussed in Section 1.1.1. Pores nucleate when the hydrogen concentration in the 

liquid reaches the solubility limit [14]. The growth of these pores depends on the 

availability of hydrogen in the surrounding melt; when the hydrogen concentration 

falls below the local saturation level, the pores can no longer grown [14]. As grains 

grow simultaneously with the pores, they can block pore growth, leading to irregularly 

shaped pores [41]. The initial hydrogen concentration’s impact on the nucleation and 

growth of hydrogen porosity can be simulated [41]. 

1.2 High Pressure Die Casting of Aluminum 

In high-pressure die casting (HPDC), molten metal undergoes a rapid process 

where it’s poured into a shot sleeve and then injected into a die cavity with signifcant 

speed and pressure. Prior to pouring, the molten metal is degassed to reduce the 

hydrogen content [42]. This pouring process, known as dosing, involves transferring 

the metal from a furnace into a cooler shot sleeve using a ladle typically made from 

ceramic or steel [43]. Once in the shot sleeve, the metal awaits the activation of 

the plunger, which drives it into the die cavity at high velocity. The duration the 

metal spends in the shot sleeve before plunger action commences is termed the dwell 

time [43]. The high speed of metal can cause it to separate from the leading edge 

upon entering the gate, a phenomenon referred to as the spray efect or atomization. 

Figure 1.2 depicts a water analog experiment demonstrating this efect. Following 

flling, intensifcation pressure is applied to ensure the metal solidifes under high 

pressure [43]. 
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Figure 1.2: The spray efect observed in water analog experiments. 

Die casting produces thin-walled, near-net-shape castings with excellent surface 

fnish. HPDC parts are known for their outstanding mechanical properties, partic-

ularly elongation [43]. This process allows for the economical production of high-

volume cast aluminum parts. Recently, there has been a trend toward manufacturing 

large single piece castings, especially for electric vehicles. However, the high turbu-

lence, pre-solidifcation, and high velocities inherent in HPDC often result in defects 

in these parts. 

1.2.1 Partial Shots in Die Casting 

Partial Shots or short shots occur when a reduced amount of metal is cast, or when 

the plunger movement is halted before the end of the shot, resulting in an incomplete 

flling of the die casting [44]. The fow of metal is frozen, showing the fow front. 

This technique is used to observe the fow of metal during the flling process, allowing 

for comparisons with computer simulations or water analog experiments [45]. Partial 

shots are valuable for validating computer simulations and water analog experiments. 

8 



       

            

           

             

           

             

            

             

               

                

              

     

              

               

              

               

             

              

          

            

            

              

                  

 

1.2.2 Defects in Die Casting of Aluminum 

Defects are common in cast parts and include air entrapment, hydrogen porosity, 

shrinkage porosity, inclusions, blisters, hot and cold cracks, and externally solidifed 

crystals (ESCs). As casting sizes increase, the impact of these defects becomes more 

signifcant. Numerous parameters in die casting infuence the presence of defects. 

Larger castings experience more turbulent fow, which can result in a high incidence 

of defects. Additionally, controlling the temperature in larger volumes of metal is 

more challenging, which can further contribute to defects such as ESCs. The slow 

shot speed must also be carefully selected to ensure it is fast enough to minimized 

the formation of solidifed metal, known as ESCs, in the shot sleeve, but not so fast 

that it creates a crashing wave, which traps air and increases gas porosity [46]. 

Porosity in Die Cast Aluminum 

Air entrapment is a common issue in die-cast aluminum due to the turbulent fow 

of metal, which traps air [43]. Gas porosity can arise from die lubricants and the 

hydrogen content in molten aluminum [44], as well as from entrapped air during the 

flling process, especially when a wave in the shot sleeve crashes and traps air [47]. 

This gas porosity can lead to blistering during heat treatments, degrading the surface 

fnish and potentially causing the part to be scrapped [48]. Gas porosity reduces the 

efective area within a sample, potentially causing heightened stress concentrations 

in the remaining metal. Consequently, this facilitates easier formation of cracks [49]. 

Using a vacuum in die casting can reduce porosity and enhance mechanical proper-

ties by removing air from the die cavity before flling, thereby minimizing the amount 

of air that can be entrapped when the metal enters the cavity [50, 43, 44]. Cao et al 
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[51] studied the impact of vacuum on an Al-Si-Cu HPDC alloy, testing three vacuum 

levels: 500 mbar, 200 mbar, and 100 mbar. They observed that samples subjected 

to the weakest vacuum exhibited lower mechanical properties and larger porosity. 

The porosity contributed to reduced stress-bearing area, thereby lowering the tensile 

strength [51]. 

Hu et al [52] investigated an Al-12Si-Fe alloy with vacuum levels of 275 mbar, 112 

mbar, and 72 mbar. They found that stronger vacuum levels improved mechanical 

properties due to increased stress-bearing area during mechanical testing, attributed 

to fewer pores in the samples [52]. 

In another study, researchers examined vacuum die castings using absolute pres-

sures of 1013 mbar, 200 mbar, and 100 mbar with an Al-9Si-3Cu alloy [53]. They 

explained that stronger vacuum reduced the formation of eddy currents, thereby de-

creasing the mixing of gas with the molten aluminum and subsequently reducing 

entrapped air [53]. 

Niu et al [54] compared vacuum-assisted die casting to conventional die casting and 

observed decreased gas porosity in samples cast under vacuum conditions. Similarly, 

Bo et al [55] investigated the mechanical properties of aluminum alloys cast under 

diferent vacuum strengths, fnding improvements in ultimate tensile strength, yield 

strength, and elongation with the use of a vacuum [55]. 

Li et al [49] investigate the impact of vacuum on the mechanical properties of a 

Mg alloy, noting increases in tensile strength, yield strength, and elongation with the 

application of vacuum. They attributed this enhancement to the vacuum’s role in 

removing air from the cavity during casting, while the fast shot speed compressed the 
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remaining air [49]. This process resulted in reduced air mixing with the molten metal 

during the injection [49]. 

The vacuum level achieved during casting can be infuenced by varying the slow 

shot speed [56]. Cinkilic et al [42] used the varying slow shot speeds to change the 

vacuum strength during casting. This method allowed more time for vacuum levels 

to increase within the die cavity. However, this method could lead to more ESCs 

forming in the casting. 

A super-vacuum, lower than 50 mbar in strength, has been shown to signifcantly 

diminish entrapped air and improve mechanical properties [57, 58]. Dong et al [57] 

conducted HPDC trials and achieved a vacuum as strong as 19 mbar. This strong vac-

uum substantially reduced porosity and resulted in improved mechanical properties 

compared to samples produced via conventional HPDC methods [57]. 

Shrinkage porosity occurs due to the contraction of aluminum during solidifca-

tion, and feeding issues prevent additional molten metal from flling the resulting 

voids [59]. Unlike gas porosity, shrinkage porosity is often narrow and sharp, leading 

to stress concentrations and providing sites for crack nucleation [60]. These shrink-

age pores can connect to form extensive porous regions, creating pathways for crack 

propagation and reducing mechanical strength [60]. Additionally, gas porosity can 

exacerbate shrinkage porosity, as shown in simulations with pure Mg alloy [61]. Re-

searchers have found that cracks typically originate not from round gas pores, but 

from irregular shrinkage pores or combined gas-shrinkage pores [62]. This combined 

porosity negatively impacts the fnal casting by reducing the metal area available for 

stress and increasing areas of stress concentration [61]. 
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Externally Solidifed Crystals in Die Cast Aluminum 

When the metal is poured into the shot sleeve during a die casting trial, the 

shot sleeve is at a much lower temperature than the molten metal [43]. This lower 

temperature causes the solidifcation of the metal on the shot sleeve wall. Helenius et 

al [63] made an industrial sized shot sleeve to determine the heat transfer coefcient 

(HTC) and the temperature variations in a shot sleeve when molten metal is poured 

into the shot sleeve. They found that the removal of an oxide layer on the surface 

of the shot sleeve can increase the HTC and turbulence during flling can reduce the 

HTC along with entrapping air [63]. The superheat of the metal was gone around 120 

mm from the pour hole and the HTC was high at that location [63]. The solidifcation 

in the shot sleeve can lead to the formation of ESCs. 

Externally solidifed crystals (ESCs) are commonly found in die cast parts, but 

their formation mechanisms are not well understood. ESCs have a crystalline struc-

ture that is diferent from the matrix structure. Two types are commonly found in 

castings. Type I are primary alpha-Al dendrites larger than 10 µm in size [64]. While 

Type II are much larger than Type I, Type II generally have a width of 500 µm and a 

length of 1100 µm. Type II tend to have a much fner microstructure than the matrix 

and are separated from the matrix by a clear boundary. Type II are also called ”Cold 

Flakes” in the literature. 

A volume fraction of about 20% Type I ESCs is generally present in HPDC samples 

[65]. The ESCs tend to be mostly in the center of the castings [66]. Type I ESCs 

can lead to shrinkage porosity being present in the castings. Jiao et al [64] used CT 

and in-situ tensile tests to show a relationship between shrinkage porosity and ESCs. 

The presence of shrinkage porosity by ESCs can lead to a decrease in mechanical 
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properties [64]. Other research groups were more focused on the movement of ESCs 

and the forces that impact ESCs. Bi et al [67] developed a mathematical model to 

show the movement of ESCs during flling and the impact Type I ESCs have on 

the defect band. Han and Zhang [68] determined that the Magnus force causes pre-

solidifed dendrites (PSDs) to be more in the center of the casting and causes the skin 

to have fewer ESCs. The Magnus force is a force that cause the particle to be in the 

area of higher velocity [68]. Yuan et al [69] also found ESCs in the center of their 

casting and Wang and Xiong [56] also found a higher density of ESCs in the center 

of their specimens. These results agree with the results Timelli and Fabrizi found 

[66], they found fewer ESCs in the skin layer of the casting. Otarawanna et al [70] 

also found that Type I ESCs have a higher concentration in the center of the casting. 

The researchers also found that the amount of ESCs is higher closer to the gate [70]. 

Other researchers found that during the turbulent fow, the ESCs can break apart 

[68]. Smaller Type I ESCs have a lesser efect on the mechanical properties of the 

fnal casting. 

Type II ESCs have an oxide flm at the boundary [71]. The Type II ESCs can 

be reduced by increasing the shot sleeve temperature and the temperature of the 

molten metal [71]. Kopper and Monroe [71] varied the temperature in their computer 

simulations, however, they did not confrm their results with die casting trials. The 

molten metal temperature is important for Type II ESC formation because it deter-

mines how much superheat the metal has. Superheat is how high above the liquidus 

temperature the metal is cast at. A larger superheat means that more heat needs to 

be removed from the metal before it solidifes. The shot sleeve removes some heat and 

the metal starts to solidify in the shot sleeve, more solidifcation would occur with 
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Sample Yield Strength 
(MPa) 

Elongation (%) Ultimate Tensile 
Strength (MPa) 

Without Type II 159 3.3 270 
With Type II 162 1.5 221 

Table 1.1: An example of the efect of Type II ESCs on mechanical properties. 

less superheat. Timelli and Fabrizi also found Type II ESCs in their die castings and 

determined that they were formed in the shot sleeve [66]. This method of formation 

is similar to that of Type I ESCs, but the diference of formation of fne or coarse 

microstructure is not well described in the literature. 

The presence of Type II ESCs in the cast samples have a great efect on the 

mechanical properties. As seen in Figure 1.3 and Table 1.1, the elongation is greatly 

decreased when the fracture is caused by a Type II ESC. The boundary between the 

Type II ESC and the matrix creates a weak spot and can be a crack initiation spot. 

Figure 1.4 shows an example of a Type II ESC present on the fracture surface. This 

is a large ESC and takes up the center of the surface. Most ESCs take up a majority 

of the fracture surface and are easily visible without an imaging. The ESC shows 

brittle fracture while the surrounding material shows evidence of ductile fracture. 

This image was taken on a SEM in order to see more detail. Usually the elongation 

is around 1% if Type II are present. Type I ESCs typically have less of an efect on 

the mechanical properties. 

Computer Modeling to Simulate Defects 

Various software programs are available to simulate the casting process, including 

fow and solidifcation dynamics. ProCAST is a fnite element modeling tool used for 
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Figure 1.3: An example of the impact Type II ESCs have on mechanical properties. 
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Figure 1.4: An example of a SEM image of a fracture surface with a Type II ESC 
present. 
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this purpose, employing the energy equation, continuity equation, and momentum 

equation to model the fuid fow and solidifcation [72]. Dou et al [46] utilized this 

software to simulate the entire HPDC process, from flling the shot sleeve to injecting 

the molten metal into the die cavity. Their fndings indicated that metal solidifed 

in the shot sleeve due to cooling along the sleeve walls [46], potentially forming 

Type II ESCs. Through computer simulations validated by HPDC trials, researchers 

determined that the optimal slow shot velocity should be between 0.4 and 0.6 m/s 

[46]. While this recommendation is specifc to their model parameters, using computer 

simulations to determine appropriate speeds highly benefcial. 

Other research groups have also utilized ProCAST to model the HPDC process, 

focusing on studying pre-solidifcation in the shot sleeve [73]. They identifed that 

the most probable location for ESCs formation is at the end of the shot sleeve near 

the wall, where the temperature gradient is the most signifcant [73]. To reduce the 

occurrence of ESCs, they suggest increasing the temperature of the molten metal [73], 

although this may introduce other challenges such as decreased die life. Additionally, 

computer modeling can be employed to simulate shrinkage porosity [74]. 

MAGMASOFT® stands as another widely utilized software for simulating the 

casting process. This fnite volume method-based software employs the Navier-Stokes 

equation, energy equation, continuity equation, and fnite diferential equation to 

model fuid fow and solidifcation dynamics [75]. Jeong et al [76] employed the soft-

ware to simulate the die casting of clutch housing products, successfully identifying 

shrinkage porosity within the castings. However, upon validation against HPDC tri-

als, they observed inconsistencies between the predicted location of shrinkage porosity 
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in the simulation and its actual occurence in the HPDC specimens [76]. While com-

puter simulations are valuable tools, their accuracy relies on validation through die 

casting trials. 

Gunasegaram et al [77] utilized the software to simulate solidifcation within the 

shot sleeve, revealing that the fraction solid in the shot sleeve before initiating the shot 

was 12.5%. Similarly, Rudack et al [78] employed the same software to investigate the 

impact of dosing time and dwell time on ESC formation in the shot sleeve. They found 

that a shorter dwell time benefts casting quality by reducing metal solidifcation in the 

shot sleeve [78]. Consequently, the researchers recommended longer dosing times and 

shorter dwell times for optimal casting quality [78]. Casting software proves invaluable 

in determining optimal dosing and dwell times tailored to specifc casting metals and 

mold geometries. However, most casting software overlook heat loss and solidifcation 

occurring in the ladle during dosing [78]. Hence, comparing the solidifcation results 

with samples from casting trials is necessary to ascertain the best dosing and dwell 

times that minimize the presence of Type I and II ESCs in the casting. 

FLOW-3D is another casting software commonly used to model die casting. The 

code is a computational fuid dynamics (CFD) code. Koru and Serçe used FLOW-3D 

to model the efect of vacuum on porosity during die casting. Wang et al [79] used 

FLOW-3D to simulate the ladle pouring into the shot sleeve. They found that there 

was not a lot of temperature loss from the ladle, but the pouring rate had an impact 

on the wave and turbulence in the shot sleeve [79]. 

Water Analog Experiments 

Water analog experiments are frequently employed to investigate fow dynamics 

during flling processes. These experiments serve to validate computer simulations 
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and provide a basis for comparison with die casting samples. Water is an efective 

analog because its kinematic viscosity at room temperature is similar to that of molten 

aluminum, resulting in comparable fow patterns [80]. To enhance visibility, food dye 

is often added to the water [81]. However, Hao et al [82] opted not to use food dye 

due to concerns that it might alter the water’s surface tension. 

in contrast, Zamora et al [83] conducted experiments with both clear and dyed 

water and found no observable diference in fow patterns. They used a device to 

detect the onset of water movement, which did not require dyed water to function 

efectively [83]. Nevertheless, dyed water facilitates easier observation of fow in video 

recordings. Additionally, another group measured the amount of entrapped air in 

the water using photoelectric switches [47], and several other methods for detecting 

entrapped air also necessitate the use of colored water. 

Cleary et al [81] employed a pressurized accumulator operating at a constant 6 

bar pressure to drive water into the mold. However, this setup posed challengers in 

controlling the speed of the water accurately due to the consistent pressure. Con-

sequently, other experimental parameters became difcult to measure, complicating 

comparisons with computer models and introducing additional issues into the design 

[81]. 

Viswanath et al [84] utilized the FLOW-3D computer simulation model to com-

plement their water analog experiments. However, they encountered discrepancies 

when comparing these experiments and simulations to magnesium die casting. The 

lower density of water compared to molten magnesium resulted in mismatched results, 

as water moved faster than molten magnesium [84]. This disparity also presents a 

challenge when comparing water analog experiments to molten aluminum casting. 
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To address this issue, some researchers, including Park [85], introduced glycerin 

into the water. Glycerin efectively reduced the density and viscosity of the water, 

bringing it closer to the characteristics of molten aluminum [85]. 

Garber [86] conducted water analog experiments to investigate the fuid move-

ment within the shot sleeve and the infuence of varying velocities on entrapped air. 

However, the study solely compared its fndings to equations predicting water fow 

and omitted comparisons to cast samples [86]. 

Hao et al [87] employed water analog experiments to study atomization phenomena 

in die casting. However, due to the signifcant diference in surface tension between 

aluminum and water, equations had to be developed to extrapolate the experimental 

results to die casting trials [87]. The ability to observe atomized fow is a notable ad-

vantage of water analog experiments, as such phenomena are challenging to visualize 

directly during die casting processes. 

1.3 Machine Learning 

Machine learning (ML) is a valuable tool for predicting complicated interactions 

between many parameters. Die casting of aluminum is a complex process that involves 

many variables. Understanding which variables are important to defect formation 

and mechanical properties can greatly beneft the die casting industry. Therefore 

using a ML model to predict defects and mechanical properties could be benefcial. 

Kopper et al [88] found that the prediction of the ultimate tensile strength using 

machine learning and neural network regression was accomplished and was better 

than traditional predicting methods. Another potential use for machine learning is 

the prediction of Type II ESCs in die-cast samples. 
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1.4 Objectives 

The main objective of this research is (1) to determine the mechanism of defect 

formation for hydrogen porosity, entrapped air, and externally solidifcation crystals 

and (2) to investigate methods to reduce the presence of these defects in aluminum 

laser welds and high pressure die casting samples. 

1.5 Organization of this Thesis 

This thesis is organized into 5 chapters. This frst chapter is the introduction 

chapter. Chapter 2 is on the welding of commercially pure aluminum and under-

standing hydrogen porosity in the welds. Chapter 3 is about entrapped air and gas 

porosity during high pressure die casting of aluminum and how the use of a vacuum 

can reduce the amount of entrapped air. Chapter 4 is also about die cast aluminum, 

but this chapter focuses on externally solidifed crystals and their formation mecha-

nism. Chapters 2 - 4 are all organized as publications with an introduction, methods, 

results, and conclusion section. Section 4.6 is organized as an introduction to machine 

learning and methods of a project using machine learning to predict the presence of 

ESCs in die cast aluminum samples. Chapter 5 is the fnal chapter and will summarize 

the conclusions of all the chapters and present future work based on this work. 
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Chapter 2: Laser Welding of Aluminum 

This is chapter that will discuss hydrogen porosity in aluminum laser welds and 

how the porosity is afected by welding anodized aluminum. FEA simulations, CA 

modeling and welding experiments are used to study the impact anodized aluminum, 

and hydrogen has on porosity formation in aluminum laser welds. 

2.1 Introduction 

Commercially pure aluminum welding fnds applications in electric vehicles for 

their battery systems. Laser welding ofers a reliable means of creating robust welds 

and stands out as an efcient technique for joining aluminum. Nevertheless, porosity 

may arise, leading to a reduction joint strength, as highlighted by [15]. Furthermore, 

the existence of porosity can diminish both the tensile shear strength [4] and the peel 

strength [34]. 

Porosity in welds results from various factors, including pores formed by keyhole 

collapse [30] and pores induced by entrapped hydrogen [4]. Hydrogen, originating 

from the atmosphere and other sources, can dissolve into the molten aluminum at 

elevated temperatures. As the aluminum cools post-welding, the solubility of hy-

drogen diminishes [13], leading to a hydrogen supersaturation in the remaining liquid 

[14]. Molten aluminum has a higher solubility limit of hydrogen than solid aluminum, 
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therefore when solidifcation occurs some of the hydrogen in the melt is rejected and 

forms gas porosity [89]. The expulsion of hydrogen from the solidifed metal results 

in it supersaturated within the liquid phase. Such supersaturation initiates the nucle-

ation and expansion of hydrogen porosity [12]. Due to the rapid cooling rates typical 

of laser welding, hydrogen becomes trapped [23], giving rise to gas porosity [90]. 

The solidifed metal acts as a barrier, preventing the bubbles from escaping the 

weld pool [91]. Han et al [28] observed that deeper weld pools led to increased poros-

ity due to prolonged bubble escape time. Nevertheless, upward-growing grains within 

the solidifying pool can air porosity expulsion given sufcient time [92]. However, 

Huang et al [19] noted slower bubble escape rates in aluminum alloys compared to 

Inconel alloys, resulting in heightened porosity. Miyagi et al [93] confrmed the pre-

dominance of hydrogen in gas pores within laser-welded pure aluminum by vacuum 

drilling into the pores. Similarly, Ono et al [32] identifed O2, H2, He, CO and CO2 in 

welds, with He (helium) originating from the shielding gas. Pastor et al [10] discov-

ered microporosity in laser-welded aluminum alloys 5182 and 5754, attributing it to 

hydrogen supersaturation. Notably, this microporosity was observed in welds where 

the helium shielding gas had been bubbled through water beforehand [10]. 

Hydrogen in molten aluminum can originate from various sources. Firstly, alu-

minum can react with water vapor in the atmosphere, yielding hydrogen [94]. More-

over, the interaction of aluminum with water vapor generates hydrogen gas and alu-

minum oxide [5]. Additionally, aluminum oxide has the potential to form a hydrate 

[11], and the oxide layer on anodized aluminum may absorb water vapor during man-

ufacturing or storage [17]. Due to aluminum oxide’s higher melting point compared 

to aluminum, it remains solid during welding [94]. However, the application of a 
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laser can destabilize hydrated aluminum, causing it to decompose and and released 

additional hydrogen into the liquid aluminum [12, 94]. Moreover, Wang et al [22] ob-

served the release of gas from SiCp/6092 aluminum matrix composites during welding, 

contributing to porosity formation. 

Aluminum oxide can act as nucleation sites for porosity [15]. Aoki et al [91] 

observed an increase in porosity in the weld region upon increasing the amount of 

aluminum oxide before welding. Similarly, Kwon et al [31] detected oxide adjacent to 

porosity in the weld zone when welding Al alloy 1060-H18 foils and tabs. Improper 

cleaning, failing to remove surface oxides prior to welding, led to porosity in weld 

joints, as Cheever et al [95] reported. Cleaning the samples before welding can remove 

surface contaminants that can introduce more hydrogen into the weld [20] and cause 

welds of poor quality [94]. 

Micro voids are frequently found alongside aluminum oxide [96]. Moreover, the 

correlation between aluminum oxide flms and hydrogen porosities is extensively doc-

umented in aluminum castings, El-Sayed et al [35] observed oxide flms to porosity in 

aluminum A365 alloy cast under reduced pressure. Similarly, Liu et al [36] discovered 

numerous pores containing aluminum oxide upon casting an Al-Si alloy. 

Grifths and Raiszadeh [37] visualized the growth of an air bubble using X-ray 

imaging in liquid commercially pure aluminum; hydrogen difusion into the pore con-

tributed to its expansion. 

Developing models to simulate porosity and analyze the impact of various laser 

parameters on hydrogen porosity can ofer valuable insights into its nucleation and 

growth. Zhou and Tsai [90] employed modeling techniques to predict porosity in laser 

welding processes. 
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A three-dimensional cellular automaton (CA) model has proven efective in pre-

dicting porosity and modeling grain structure across various applications, such as 

castings [14], ternary aluminum solidifcation [41], and assessing the infuence of cool-

ing rates [97] and other process parameters. Kang et al [23] utilized the CA-FE (fnite 

element) method to anticipate grain growth and porosity evolution during the laser 

welding of 6061 aluminum alloy. 

In a diferent approach, Zhang et al [39] employed a lattice Boltzmann-cellular 

automaton-fnite diference model to simulate hydrogen porosity nucleation and growth 

during the solidifcation of an aluminum alloy. Their study revealed a coupling be-

tween hydrogen porosity and grain growth, grains interacting with the bubbles [39]. 

Current research is dedicated to understanding keyhole porosity collapse in laser 

welding [7], high-speed camera imaging of the keyhole during [98], and simulation 

of the keyhole formation [99, 21]. However, there is relatively less focus on porosity 

resulting from entrapped hydrogen and welding anodized aluminum. 

In this study, a 3D cellular automaton model was developed to forecast hydrogen 

porosity and grain growth in laser welds. The investigation delved into the impact 

of hydrogen concentration in the liquid metal and pore nucleation density on the 

size and quantity of formed pores. Furthermore, the infuence of varying laser speed 

and power on porosity was explored through fnite element analysis (FEA) and CA 

modeling. 

Validation of the model was conducted by welding commercially pure aluminum 

and anodized aluminum tabs. Microstructure analyses, including scanning electron 
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Figure 2.1: A depiction depicting the oxide layer present on anodized aluminum. 
During welding, the laser breaks up the oxide layer, leading to the formation of frag-
mented oxide particles. These fragmented particles serve as heterogeneous nucleation 
sites for hydrogen porosity. 

microscopy, energy dispersive spectroscopy (EDS), X-ray microcomputed tomogra-

phy, and LECO analysis for hydrogen measurements, were employed to characterize 

the porosity. 

When welding anodized aluminum, the laser breaks apart the oxide layer with 

the broken oxide fragments serving as heterogeneous nucleation sites for hydrogen 

porosity. Figure 2.1 provides an illustration of this process. 

2.2 Experimental Design 

The welds were conducted using 0.2mm thick commercially pure aluminum. The 

tabs comprised bare Al 1100-O alloy and clear anodized Al 1145-H19 alloy. Both 

alloys consists of a minimum of 99.0% and 99.45% aluminum, respectively, with a 

maximum content of 0.05% Cu, Mn, Mg, Zn, Si, and Fe. A 2kW IPG YLS-2000 fber 

laser with a wavelength was 1.065µm was employed for welding, connected to a 3D 

blackbird scanner. The spot size measured 115.9µm. The laser beam was positioned 

at a 90° angle to the test plate and was focused on the top surface. Tabs were welded 
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in lap joint confguration for similar and dissimilar welds. Similar welds included bare-

to-bare tabs and anodized-to-anodized tabs. Dissimilar weld confgurations comprised 

welding a bare tab welded to an anodized tab, and vice versa. 

Figure 2.2(a) depicts the bare tabs welded together, while Figure 2.2(b) illustrates 

the anodized tabs welded together. Both confgurations were welded using a laser 

power of 668 W and a laser speed of 330 mm/s. The bare tab has a shiny top while 

the anodized layer creates a dull fnish. Figure 2.3(a) showcases a bare tab welded 

to an anodized tab, whereas Figure 2.3(b) exhibits an anodized tab welded to a bare 

tab. These welds were executed at a laser power of 668 W and a laser speed of 300 

mm/s. The weld bead in Figure 2.3(a) is missing in many locations of the weld. The 

bare tab welded to an anodized tab did not create sound welds. 

Figure 2.4(a) illustrates the channel fat fxture used for securing the tabs during 

welding, while Figure 2.4(b) depicts a cross-section of the tabs secured in the fxture. 

The laser moved along a straight path and no shielding gas was used. Laser powers 

of 668 W and 1170 W were employed, with laser speeds of 270, 300, 330, 360, and 

600 mm/s. 

The selection of laser powers and speeds aimed to assess the impact of varying 

these parameters while ensuring adequate weld penetration. Notably, the sample 

surfaces were not cleaned before welding. The welding conditions were deliberately 

chosen to induce some porosity. The aim of these experiments was to generate welds 

both with and without porosity to provide data for the CA model. As outlined in 

Section 2.1, pre-weld cleaning and the application of shielding gas are methods known 

to mitigate porosity in weld. 

27 



                  
                

     

 

Figure 2.2: Both (a) and (b) were welded using a laser power of 668 W and a laser 
speed of 330 mm/s. In, (a) two bare tabs are welded together, while in (b) two 
anodized tabs are welded together. 
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Figure 2.3: Both (a) and (b) were welded using a laser power of 668 W and a laser 
speed of 300 mm/s. In, (a) a bare tab is welded to an anodized tab, while in (b) an 
anodized tab on top is welded to a bare tab. 

Figure 2.4: (a) The channel fat fxture utilized for welding, and (b) a cross-sectional 
view of the two tabs within the fxture during welding. 
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To test the efect of moisture on the amount of porosity, some samples were 

wrapped with a damp paper towel for fve minutes prior to welding. After fve minutes, 

the excess water was toweled of before the samples were welded. To test the efect of 

removing water from the samples. Other samples were preheated in an oven at 150 

°C for 30 minutes prior to welding. 

The welded samples underwent lap-shear testing using an Instron machine equipped 

with pneumatic side action grips, operating at a crosshead speed of 1 mm/min. Gen-

eral metallographic preparation techniques were employed to cut and prepare the 

samples. Some welds were subjected to etching using Keller’s etchant. 

Characterization of porosity in the weld seams and analysis of weld material com-

position were conducted using optical microscopy, scanning electron microscopy, en-

ergy dispersive spectroscopy, and microcomputed tomography (µ-CT). The µ-CT 

utilized a voxel size of 2 µm, scanning a total length of 20 mm, with data analysis 

performed using Avizo (version 2019.2). 

Hydrogen content analysis was conducted using LECO® analysis, involving heat-

ing the sample to release hydrogen, which is then oxidized to form H2O and detected 

using an infrared detector. Two samples were analyzed for each condition and welding 

speed. For half of the anodized samples, the anodized layer was removed by grinding 

with 240-grit sandpaper. Samples were then cut to a mass of 0.25 g for analysis, with 

both ground and as-received samples being examined. 
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2.3 Simulation Methods and Procedure 

The thermal profle of the weld pool was simulated using a Finite Element Analysis 

(FEA) model. Subsequently, this thermal profle was integrated into the Cellular 

Automaton (CA) model by employing a ftting curve to match the temperature data. 

2.3.1 FEA Thermal Simulations 

The temperature profle for laser welding was obtained using SYSWELD v.17.0 

(2021.0), a commercial FEA software dedicated to welding process simulation. The 

model consisted of 103,680 three-dimensional (3-D) elements. Laser powers of 668, 

922, and 1170 W were utilized, along with laser speeds of 300 and 600 mm/s for 

comparison with experimental results. Additionally, speeds of 400 and 500 mm/s 

were employed to further explore the impact of laser processing speed. 

The shape of the weld pool was determined by analyzing optical images of the 

weld pool obtained from experimental samples, which were specifcally prepared to 

facilitate simulation. Thermal properties of pure aluminum from Simufact (2021) 

were employed for the simulation, as listed in Table 2.1. These properties, includ-

ing density, thermal conductivity, and specifc heat as functions of temperature are 

illustrated in Figure 2.5. 

Figure 2.6 depicts a top view of the weld pool temperature profle alongside a 

segment of the mesh utilized in the FEA model. 

2.3.2 CA Method Description 

A cellular automaton (CA) model was employed to forecast porosity and grain 

structure in the context of aluminum laser welding. This model originates from a 
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Figure 2.5: The properties utilized in the FEA simulation include (a) density versus 
temperature, (b) thermal conductivity versus temperature, and (c) specifc heat ver-
sus temperature. These properties were sourced from Simufact (2021). 

Figure 2.6: The top view display of the temperature profle of the weld pool for a 
specifc case from the FEA model. Additionally, the mesh utilized in the FEA model 
is visible in the image. 
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Parameter Symbol Units Value 
Melting Temperature TP K 933.47 
Density DL kg/m3 2700 
Heat of Fusion J/kg 360,000 
Specifc Heat SH J/(kg · K) 903 
Latent Heat of freez-
ing 

LF J/kg 396,000 

Thermal Conductivity TC (W/m · K) 237 
Emissivity emmissivity W/m3 0.8 
Shrinkage Pressure PS Atm 101325 
Maximum pore nucle-
ation saturation 

maxSH mL/100gAl 2.3 

Minimum pore nucle-
ation saturation 

minSH mL/100gAl 1.6 

Critical saturation cri-
terion 

NSH 1.7 

Partial coefcient of 
hydrogen 

kH 0.069 

Table 2.1: The properties of pure aluminum utilized in the simulations at standard 
room temperature. 

33 



             

             

       

            

               

               

             

        

          

             

          

              

    

         
   

                  
  

        
     

   
         

 

          
  

      
       

 
           

            

  

 
   

      
  

 

code initially developed to simulate grain structure [40] and gas porosity growth [14] 

in aluminum casting. Adaptions were made to the casting code to suit applications 

in additive manufacturing and laser welding processes. 

The model encompasses a 3D domain divided into discrete 3D cells, each contain-

ing local temperature data, and phase status [41]. The state of each cell is determined 

by that of its 6 nearest neighbors, with possible states including solid, gas, liquid, or 

a combination thereof [38]. At the global level, the model adheres to thermodynamic 

principles, difusivity, melt temperature, solidus temperature, and initial concentra-

tions. These global behaviors are encapsulated in the following equations. 

Porosity initiates at random sites of a predetermined size once the atomic hydrogen 

concentration surpasses the hydrogen solubility limit [41]. Additionally, gas porosity 

can nucleate on oxide flms [14]. The alteration in porosity density is determined by 

the subsequent equation [14]. 

 
max L L 

SH 

NH CH
L 

C

SH

H N)dnH ; ( > SH
N)( ≤ SHmax−SH

min SH
L = (2.1)

dV 0 
The equation is structured as follows, where NH

max represents the maximum pore 

nucleation density, SH
max denotes the maximum pore nucleation saturation, and SH

min 

signifes the minimum pore nucleation saturation. Local parameters include CH
L for 

the local hydrogen concentration and SH
L for the local hydrogen saturation, while 

SH
N indicates the critical saturation criterion for porosity nucleation. The hydrogen 

saturation within the liquid is determined using an equation derived from Sievert’s 

Law [14]. 

r 
L P G 2760 

SH = 10(− + 2.796) (2.2)
P 0 T 
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The parameter P0 represents the standard atmospheric pressure [41]. The internal 

pressure of a gas pore, denoted as PG, is determined by the subsequent equation. 

2γ 
P G = P 0 + (2.3) 

rp 

In this equation, γ represents the surface tension at the gas/liquid interface, and 

rp signifes the radius of the pore. This formula is utilized to ascertain whether the 

pore enlarges or remains unchanged owing to the capillary pressure. 

The difusion of hydrogen is governed by the ensuing equation. Hydrogen near the 

porosity will be absorbed, prompting further hydrogen difusion into the surrounding 

melt. 

∂CH
E ∂f s 
= ∇ • (DH

E∇CH
E) + CH

E(1 − kH) − (1 − f s − fG) (2.4)
∂t ∂t 

The parameter kH represents the partition coefcient of hydrogen [41]. The frac-

tion of gas at the gas/liquid interface is determined by 

f t+∆t 
G(i, j, k) = fG

t(i, j, k) + ∆fG(i, j, k) (2.5) 

Where 

∆V (i, j, k)
∆fG(i, j, k) = (2.6)

V cell 

2.3.3 CA Model Description 

Table 2.1 presents the properties of pure aluminum utilized within the code. A 

minimum initial hydrogen concentration of 0.69 mL/100g Al was employed, as this 
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level is deemed necessary for porosity formation [96]. The initial hydrogen concen-

tration remains uniform throughout the model. Given the brief duration of the laser 

welding process, typically lasting less than a second, hydrogen is unable to escape 

the domain. Therefore, in the current model, no hydrogen from the atmosphere was 

permitted to enter the domain. 

The domain size of the CA code is 1.4 mm x 2.1 mm x 0.4 mm, with a mesh size 

of 7.5 µm. Fluid fow is not accounted for in the code initially to simplify the model, 

owing to the absence of a fuid fow, the code is not capable of accurately simulating 

the melt fow and porosity escape from the weld pool during welding. 

Furthermore, the infuence of interface air during welding is solely considered as a 

source of hydrogen, reacting with molten aluminum. However, air entrapment, which 

can be minimized through welding process control, is not addressed in the model. 

The simulation continued until the temperature of the domain fell below the melting 

point of pure aluminum. 

2.4 Simulation Results and Discussion 

2.4.1 CA Results 

Efect of Initial Hydrogen Concentration and Maximum Pore Nucleation 
Density 

The impact of varying the initial hydrogen concentration and the maximum pore 

nucleation density on the quantity and dimensions of pores was investigated using a 

3D CA model. These simulations were conducted with a laser speed of 300 mm/s 

and laser power of 668 W. 

Figure 2.7 illustrates the evolution of hydrogen concentration during solidifcation 

for the model with an initial hydrogen concentration of 1 mL/100g Al and a maximum 
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pore nucleation density of 2E9 m−3. At 0.0139 seconds since the start of welding, as 

shown in Figure 2.7(a), hydrogen is predominantly concentrated in the liquid phase. 

Subsequently, at 0.0197 seconds from the start of welding Figure 2.7(b), pores begin 

to form, represented by red spheres, with localized decreases observed in the initial 

hydrogen concentration upon pore formation. As welding progress, at 0.0278 since the 

start Figure 2.7(c), nearing the end of the process, porosity within the weld becomes 

more pronounced. Similar to the earlier stage, the formation of porosity results in 

a decrease in the localized hydrogen concentration. Finally, at the conclusion of 

welding, 0.0579 seconds after initiation Figure 2.7(d), complete solidifcation occurs, 

with porosity present in the weld and minimal hydrogen remaining in the solid metal. 

The nucleation of porosity occurs when the hydrogen concentration in the liq-

uid reaches its saturation point, after which porosity absorbs more hydrogen from 

the surrounding melt, leading to a reduction in local concentration. Consequently, 

additional hydrogen difuses towards the porosity, facilitating further growth. 

Figure 2.8 illustrates the grain structures observed in the computational analysis. 

Figures (a) and (b) depict the initial and fnal grain structures respectively, obtained 

from the CA model with an initial hydrogen concentration of 1 mL/100g Al and a 

maximum pore nucleation density of 2E9 m−3. In Figure 2.8(c), the weld zone of 

two bare tabs joined together is displayed. For visual clarity, the sample underwent 

etching to reveal the grains. The welding process was executed using a laser power 

of 922 W and a speed of 400 mm/s. In Figure 2.8(a), the grain structure prior to 

welding displays elongation along the rolling direction of the tabs. The initial grain 

structure is consistent with the grain structure seen away from the weld zone in 

Figure 2.8(c), corroborating the model’s accuracy. The fnal grain structure depicted 
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Figure 2.7: The evolution of hydrogen concentration over time for the model featuring 
an initial hydrogen concentration of 1 mL/100g Al and 2E-9 m−3 maximum pore 
nucleation density. 
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Figure 2.8: Figures (a) and (b) display the initial and fnal grain structures post-
welding respectively, for the model featuring an initial hydrogen concentration of 1 
mL/100g Al and a maximum pore nucleation density of 2E-9 m−3. Figure (c) shows 
the etched grain structure of the weld zone following welding. The weld was performed 
on two bare tabs using a laser power of 922 W and a laser speed of 400 mm/s. 

in Figure 2.8(b) demonstrates the regrowth of grains along the temperature gradient 

induced by the laser, accompanied by the presence of pores within the laser’s path. 

This outcome aligns with the observed grain structure shown in Figure 2.8(c). 

Figure 2.9 showcases the fnal grain structure for the models featuring diferent 

initial hydrogen concentrations: (a) 0.69 mL/100g Al and (b) 1 mL/100g Al. All 

models shared a maximum pore nucleation density of 2E9 m−3. Table 2.2 provides 

insight into the total number of pores in these models, with Figure 2.9(a) exhibiting 

56 pores, and Figure 2.9(b) showing 59 pores. Notably, the fgures highlight that the 

size of porosity increases with increasing initial hydrogen concentration. Elevated hy-

drogen concentration in the liquid phase facilitates enhanced hydrogen difusion and 

pore growth. Moreover, the heightened hydrogen content in the liquid phase leads 

to increased porosity nucleation due to more liquid attaining hydrogen saturation. 

The absorption of more hydrogen during sample preparation or laser heating con-

tributes to the formation of larger and more numerous pores. Hydrogen can originate 
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Figure 2.9: The ultimate microstructure of two models featuring a maximum pore 
nucleation density of 2E9 m−3 and initial hydrogen concentration of (a) 0.69 mL/100g 
Al and (b) 1 mL/100g Al. 

from ambient air or, in welding scenarios, from the anodized aluminum, wherein the 

breaking up of the oxide releases additional hydrogen. Consequently, anodized welds 

typically exhibit larger and more abundant porosities compared to bare aluminum 

welds. 

Figure 2.10 depicts the fnal grain structure alongside the porosity for models ex-

ecuted with (a) 2E7 m−3 and (b) 2E9 m−3 maximum pore nucleation density, both 

featuring an initial hydrogen concentration of 1 mL/100g Al. Table 2.2 presents the 

fnal number of pores post-solidifcation. The reduction in maximum pore nucleation 

density correlates with a decrease in the number of pores, attributed to the dimin-

ished availability of potential nucleation sites. The maximum pore nucleation density 

directly infuences the capacity for pore nucleation; for instance, the presence of ox-

ide fragments within the weld melt pool can ofer additional heterogeneous nucleation 

sites. 
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Hydrogen Concentration 
(mL/100g Al) 

Pore Nucleation 
Density (m−3) 

Total Number of 
Pores 

1 2E7 0 
0.69 2E9 56 
1 2E9 59 

Table 2.2: The results from the CA simulations, exploring the efects of diferent 
initial hydrogen concentrations and maximum pore nucleation densities. 

Figure 2.10: The concluding grain structure of two models featuring am initial hy-
drogen concentration of 1 mL/100g Al and maximum pore nucleation densities of (a) 
2E7 m−3 and (b) 2E9 m−3. 
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Efect of Laser Speed and Power 

The infuence of altering the laser speed and laser power on the predicted porosity 

by CA was investigated. All the models were conducted with an initial hydrogen 

concentration of 1 mL/100g Al and a maximum pore nucleation density of 2E9 m−3. 

Table 2.3 outlines the total pores count at the simulation’s conclusion. 

When the laser speed increases, both the energy density and the width of the 

melt pool decrease. Consequently, there is a reduction in the weld pool’s size and the 

duration it remains molten. This results in a decreased presence of hydrogen within 

the melt pool, consequently lowering the porosity in the fnal weld. Figure 2.11 

presents the fnal microstructure images for models employing varying laser speeds: 

(a) 300 mm/s, (b) 400 mm/s, (c) 500 mm/s, and (d) 600 mm/s. 

Furthermore, Table 2.3 also demonstrates the impact of laser power on the poros-

ity. Increasing the laser power augments the energy density and extends the duration 

of molten stage for the weld pool. A slower cooling rate of the weld pool allows for 

increased hydrogen difusion into the molten aluminum, thereby elevating the hy-

drogen content and subsequently the porosity. Figure 2.12 illustrates the fnal grain 

structure images for models employing varying laser powers: (a) 668 W, (b) 922 W, 

and (c) 1170 W. 

Interestingly, in Figure 2.12, there is an unexpected decrease in the size of porosity 

with increasing laser power. This contrary trend may suggest an underestimation 

in the CA model’s representation of the efect of solidifcation time alterations on 

porosity. Further investigation into this phenomenon is warranted for future research 

endeavors. When importing the temperature profle into CA, a cutof temperature 

was used to correct for some overestimation of temperature in the FEA model. This 
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Laser Speed (mm/s) Laser Power (W) Total Number of Pores 
300 669 59 
400 668 32 
500 668 23 
600 668 9 
300 922 113 
300 1170 169 

Table 2.3: The results from the CA simulations examining the efects of changing 
laser speed and power. 

cutof temperature could lead to the discrepancy in the efect of laser power, as the 

higher temperature with higher laser power could have a larger efect on the size of 

porosity. As seen in Figure 1.1 the solubility of hydrogen in aluminum increases with 

increasing melt temperature. The increase in hydrogen concentration in the melt 

would then cause an increase in the size of porosity. The use of a cutof temperature 

should be further investigated in future work. 

2.5 Experimental Results 

2.5.1 Micro-CT Results 

Figure 2.13 presents the 3D results obtained from micro-CT scanning of two welds, 

covering a total weld length of 20 mm. Figure 2.13(a) and (b) depict the anodized 

weld sample, welded with a laser power of 668 W and a laser speed of 330 mm/s, 

while Figure 2.13(c) and (d) represent the bare tabs welded together using a laser 

power of 668 W and a laser speed of 300 mm/s. The blue spheres in the images 

represent the detected porosity. 
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Figure 2.11: The fnal grain structure outcomes from laser welding with a laser power 
of 668 W and laser speeds of (a) 300 mm/s, (b) 400 mm/s, (c) 500 mm/s, and (d) 
600 mm/s. 

Figure 2.12: The fnal microstructure results from laser welding with a laser speed of 
300 mm/s and laser powers of (a) 668 W, (b) 922 W, and (c) 1170 W. 
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Sample Laser 
Speed 
(mm/s) 

Largest 
Pore 
Volume 
(mm3) 

Largest Pore Diameter 
(mm) 

Total Number of 
Pores 

Anodized 330 1.94E-3 0.155 11,558 
Bare 300 1.07E-4 0.059 89 

Table 2.4: The micro-CT fndings of both the anodized and bare welds, conducted 
with a laser power of 668 W. 

These results reveal a notable disparity in porosity between the anodized and bare 

welds, with the former exhibiting a higher porosity level. The majority of this porosity 

is attributed to hydrogen, the welds’ shallow depth precludes keyhole collapse and 

keyhole-induced porosity [99]. Table 2.4 depicts the total number of pores, revealing 

11,558 pores in the anodized weld compared to 89 pores in the bare weld. This 

substantial diference quantifes the contrast between the anodized and bare welds. 

It’s worth noting that the total number of pores detected by micro-CT exceeds 

the predictions of the CA model, indicating the presence of pores originating from 

sources other than hydrogen. Additionally, Table 2.4 presents the largest pore volume 

and diameter identifed by micro-CT. The anodized weld exhibits signifcantly larger 

porosity compared to the bare weld, suggesting higher hydrogen content and more 

nucleation sites during solidifcation. This fnding aligns with the trends observed in 

the CA results, where increasing hydrogen concentration led to larger pores, as seen 

in Figures 2.9 and 2.10. 
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Figure 2.13: The 3D results obtained from the micro-CT scan depict the following: 
(a) and (b) represent the welding of two anodized Al tabs using a laser power of 668 
W and a laser speed of 330 mm/s. (c) and (d) showcase the welding of two bare tabs 
with a laser power of 668 W and a laser speed of 300 mm/s. In these images, the 
blue spheres denote porosity. 
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Efect of Laser Power and Speed 

To explore the impact of laser power and speed on porosity within the weld pool, 

two additional welded samples were subjected to micro-CT scanning. Figure 2.14 

displays the 3D result of three anodized welds examined via micro-CT. Figure 2.14(a) 

and (b) represent a weld conducted with a laser power of 668 W and a laser speed of 

330 mm/s. Figure 2.14(c) and (d) depict a weld executed with a laser power of 1170 

W and a laser speed of 300 mm/s. Figure 2.14(e) and (f) showcase a weld performed 

with a laser power of 1170 W and a laser speed of 600 mm/s. 

Table 2.5 enumerates the largest pore volume and diameter detected in the micro-

CT results when altering the laser speed and power. An increase in laser power from 

668 W to 1170 W correlates with an increase in the diameter of the largest pore, from 

0.155 to 0.233 mm. Additionally, the number of pores escalates from 11,558 to 44,640 

with the rise in laser power. The augmentation in molten aluminum volume and 

temperature, resulting from higher laser power, enhances the likelihood of hydrogen 

difusion into the weld pool, as depicted in Figure 1.1. This increased hydrogen 

content in the liquid phase can lead to larger pores due to heightened hydrogen 

availability, facilitating pore enlargement. 

Conversely, an elevation in laser speed from 300 mm/s to 600 mm/s correlates with 

a decrease in the number of pores from 44,640 to 18,253. This reduction is attributed 

to the reduction in the size of the melt pool associated with a faster laser speed. 

This trend aligns with the fndings from the CA simulations, as shown in Table 2.3 

and Figures 2.11 and 2.12. However, in the CA results, pore size decreased with the 

increase in laser power. This discrepancy could be attributed to the presence of other 
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Laser 
Power (W) 

Laser 
Speed 
(mm/s) 

Largest 
Pore 
Volume 
(mm3) 

Largest Pore Diameter 
(mm) 

Total 
Number of 
Pores 

668 330 1.94E-3 0.155 11,558 
1170 300 6.63E-3 0.233 44,640 
1170 600 1.81E-2 0.326 18,253 

Table 2.5: The micro-CT fndings of anodized welds, subjected to variations in laser 
speed and power. 

pore types, such as shrinkage pores, which are not accounted for in the current CA 

model but are observed in the weld. 

2.5.2 Microstructure Results 

Figure 2.15(a) displays an SEM image capturing the weld zone of two bare Al 

tabs joined together. Notably, no visible porosity is observed within the weld area; 

however, the presence of weld crack tips is noted as the primary defects. Conversely, 

in Figure 2.15(b), an SEM image showcases two anodized Al tabs welded together, 

distinctly revealing the presence of porosity within the weld. It’s worth mentioning 

that both welds depicted in Figure 2.15 were welded utilizing a laser power of 668 W 

and a laser speed of 300 mm/s. 

Moving on to Figure 2.16, (a) depicts an SEM image illustrating the weld zone 

where a bare tab is welded onto an anodized tab, while Figure 2.16(b) showcases 

an SEM image portraying an anodized tab welded onto a bare tab. Similar laser 

parameters of 668 W power and 300 mm/s speed were employed for both welds 

in Figure 2.16. Notably, in Figure 2.16(a), the majority of porosity is concentrated 
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Figure 2.14: The 3D results from the micro-CT scan depict three anodized welds 
under the following laser welding parameters: (a) and (b) a laser power of 668 W 
with a laser speed of 330 mm/s. (c) and (d) a laser power of 1170 W and a laser 
speed of 300 mm/s. (e) and (f) a laser power of 1170 W with a laser speed of 600 
mm/s. In these images, the blue spheres represent the porosity. 
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Figure 2.15: The SEM images depict the weld zone of (a) two bare tabs and (b) two 
anodized tabs welded together, utilizing a laser power of 668 W and a speed of 300 
mm/s. The red box outlines the weld seam’s contour. 

within the bottom tab. This phenomenon is attributed to the reduction in the number 

of aluminum oxide layer 4 to two layers when dissimilar tabs are welded together. 

Consequently, a decrease in aluminum oxide within the weld zone leads to a reduction 

in heterogeneous nucleation sites for hydrogen porosity. The red box encircling the 

contour of the weld seam is present in both Figure 2.15 and 2.16. 

Figure 2.17 illustrates a segment of the anodized layer. In Figure 2.17(a), an SEM 

image displays the weld zone of two anodized tabs welded together using a laser power 

of 668 W and a speed of 300 mm/s. Figure 2.17(b) ofers a magnifed view of the boxed 

area in (a), focusing on the anodized layer adjacent to the weld. Figure 2.17(c)-(e) 

presents an EDS map of the region within the rectangle in (b). Figure 2.17(c) depicts 

a carbon map revealing the carbon mount. Figure 2.17(d) portrays an oxygen map, 

distinctly delineating the approximately 2.5 µm thick anodized layer. Figure 2.17(e) 
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Figure 2.16: The SEM image showcases the weld zone of (a) a bare tab welded to an 
anodized tab and (b) an anodized tab welded to a bare tab, employing a laser power 
of 668 W and a speed of 300 mm/s. The red box delineates the contour of the weld 
seam. 

showcases an aluminum EDS map highlighting both the aluminum of the weld and 

the lighter aluminum on the anodized layer. Notably, the layer within the weld pool 

is fragmented, with these oxide fragments mixing into the molten metal, thereby 

providing heterogeneous nucleation sites for hydrogen porosity. 

Figure 2.18 presents an SEM image depicting a pore alongside oxide fragments ad-

jacent to it, as observed in Figure 2.18(b) through EDS identifcation. Figure 2.18(a) 

provides a comprehensive view of the entire weld resulting from the welding of two 

anodized tabs, achieved with a laser power of 668 W and laser speed of 300 mm/s. 

In Figure 2.18(b), a magnifed section reveals a pore with a labeled oxide piece. 

It’s widely acknowledged that oxide can chemically bond with hydrogen, thereby in-

troducing more hydrogen into the molten pool. This excess hydrogen can lead to 

51 



               
                 

               
             
             

          

        

             

  

             

                   

                

               

           

             

               

                  

              

 

Figure 2.17: (a) The SEM image displays the weld joint of two anodized tabs, welded 
together using a laser power of 668 W and a speed of 300 mm/s. (b) This segment 
highlights the anodized layer in proximity to the weld. (c) An EDS map depicts the 
distribution of carbon at the specifed location. (d) The EDS map showcases the 
distribution of oxygen, emphasizing the presence of the anodized layer. (e) An EDS 
map illustrates the distribution of aluminum within the examined area. 

increased supersaturation within the molten metal, consequently promoting nucle-

ation of porosity. The oxide can also function as heterogeneous nucleation sites for 

hydrogen pores. 

Figure 2.19(a) illustrates the weld zone of two anodized tabs welded together using 

a laser power of 668 W and a speed of 300 mm/s, while Figure 2.19(b) zooms in on a 

pore within the weld zone, surrounded by oxide. This pore is linked to the crack tip 

by a line of oxide. Both Figures 2.18 and 2.19 exhibit irregular and rounded porosity. 

While the rounded porosity typically denotes hydrogen porosity, the irregular porosity 

may also result from hydrogen pores merging or being afected by growing grains. 

Moving to Figure 2.20, (a) displays the weld between an anodized tab and a bare 

tab, utilizing a laser power of 668 W and a laser speed of 300 mm/s. In Figure 2.20(b), 

a pore within the weld zone is encircled by oxide. Notably, Figure 2.20(a) showcases 
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Figure 2.18: (a) The SEM image of a weld zone from two anodized tabs welded 
together with a laser power of 668 W and a laser speed of 300 mm/s. (b) A pore with 
oxide attached to the pore. 

round porosity, characteristic of hydrogen porosity. In the upper left portion of Fig-

ure 2.20(b), a line of oxide descends from the anodized layer, akin to Figure 2.19(b). 

This line of oxide terminates at the pore, indicating that oxide fragments disrupted 

during welding can serve as heterogeneous nucleation sites for porosity. 

2.5.3 LECO Results 

To quantitatively assess the impact of hydrogen on porosity formation, the LECO 

results are presented in Table 2.6. These results pertain to the the hydrogen content 

in both bare and anodized materials before welding, revealing a signifcantly higher 

concentration of hydrogen in the anodized material. 

Table 2.7 displays the LECO results for hydrogen in the welded samples. Notably, 

the bare welded samples exhibit the lowest hydrogen content, while the anodized 

samples exhibit the highest. Samples tested after removing the anodized layer show 

a reduction in hydrogen content, indicating that the anodized layer has absorbed 
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Figure 2.19: (a) This SEM image portrays the weld zone resulting from the welding 
of two anodized tabs, achieved with a laser power of 668 W and a speed of 300 mm/s. 
(b) Presented here is a pore extracted from the aforementioned weld zone, encircled 
by oxide. 

Figure 2.20: (a) This SEM image depicts the weld zone resulting from the welding of 
an anodized tab with a bare tab, utilizing a laser power of 668 W and a laser speed of 
300 mm/s. (b) Depicted here is a pore encircled by oxide within the described weld 
zone. 
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Sample Ground or Not 
Ground 

Hydrogen Concentration 
(ppm) 

Bare Ground 0.12 
0.11 

Anodized Ground 0.39 
0.38 

Anodized Not Ground 0.46 
0.46 

Table 2.6: The LECO results for the as-received base material. 

hydrogen. This observation aligns with prior research indicating that the oxide layer 

can absorb moisture [15], which subsequently heats up during laser welding, releasing 

hydrogen into the molten aluminum. 

During laser welding, upon the laser’s impact on the oxide layer, the layer will 

fracture and fragments will be propelled into the molten aluminum. Moreover, this 

fracturing of the oxide layer results in the release of entrapped hydrogen into the 

molten metal, consequently elevating the hydrogen concentration in the melt [12]. 

2.5.4 Moisture Test 

Figure 2.21 depicts optical images of the welds from the preheating and moisture 

test results. Both samples are two anodized tabs welded together using a 668 W 

laser power and a speed of 120 mm/s. Both weld zones are full of porosity and there 

does not seem to be a reduction of porosity in the preheating sample. Preheating 

the material prior to welding should remove some moisture not bonded with the 

oxide. However, from this result it does not seem like water on the surface efects the 

porosity. Similarly, the sample with water added to it does have more porosity than 
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Sample Welding Speed 
(mm/s) 

Ground or Not 
Ground 

Hydrogen Concentration 
(ppm) 

Bare 360 Ground 0.038 
0.036 

Bare 300 Ground 0.038 
0.031 

Anodized 330 Ground 0.30 
0.32 

Anodized 330 Not Ground 0.40 
0.41 

Anodized 300 Ground 0.30 
0.36 

Anodized 300 Not Ground 0.36 
0.39 

Anodized 
on top 

300 Ground 0.18 
0.20 

Anodized 
on top 

300 Not Ground 0.22 
0.22 

Anodized 
on top 

360 Ground 0.18 
0.18 

Anodized 
on top 

360 Not Ground 0.22 
0.22 

Table 2.7: The LECO results for the welded specimens. 
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Figure 2.21: The optical images of the welds from the (a) preheating test and (b) the 
moisture test. Both welds are two anodized tabs joined using a 668 W laser power 
and a speed of 120 mm/s. 

the preheating sample. Allowing the anodized material to absorb more water prior 

to welding should cause more porosity to form, however this does not seem to occur 

here. These results were repeated with other samples and they all showed similar 

results. Therefore, preheating the materials before welding is not an efective method 

for reducing porosity. 

2.5.5 Experimental Tests on Weld Strength 

Figure 2.22 presents the lap-shear test results for the four material confgurations. 

The graph depicts the average maximum load against the laser speed. The material 

confgurations tested include anodized material welded together, bare material welded 

together, anodized material welded to bare material, and bare material welded to 

anodized material, all welded with a laser power of 668 W. 
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For laser speeds of 270, 300, and 330 mm/s, the anodized material welded together 

showed the lowest average maximum loads, 237, 272, and 269 N, respectively. At a 

speed of 360 mm/s, the bare material welded on top of the anodized tab had the 

lowest average maximum load of 79 N. This is attributed to under-welding at this 

speed, causing weld failure at the interface with some material transfer. All other 

welds also failed at the interface, with the weld bead material transferring to the 

bottom sheet. 

For all assessed laser speeds, welds without anodized material achieved the highest 

average maximum loads, clearly indicating that welding anodized material reduces 

the weld’s soundness. Comparing these results to Figures 2.13, 2.15, and 2.16, it 

is likely that porosity in anodized welds causes the decrease in average maximum 

load. Tables 2.3, and 2.5 further support that higher laser speeds reduce porosity, as 

evidenced by the increased average maximum load with higher speeds, especially in 

anodized welds. 

2.6 Conclusions 

This research developed a cellular automaton model to predict the nucleation and 

growth of hydrogen porosity during laser welding of commercially pure aluminum 

tabs, intended for automotive battery applications. Aluminum tabs with a thickness 

of 0.2 mm, both bare and anodized, were welded under various process parameters. 

The results indicated that the welds of anodized tabs exhibited signifcantly more 

porosity compared to the bare tabs. 

(1) The primary cause of weld porosity is hydrogen supersaturation in the alu-

minum melt pool during welding, which can originate from reactions with water vapor 
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Figure 2.22: The average maximum load at failure for the four confgurations, welded 
with a laser power of 668 W, is plotted against the laser speed. 
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in the air or from the fragmented oxide layer on anodized aluminum. The hydrogen 

is rejected during solidifcation and causes a supersaturation in the liquid. 

(2) The presence of anodized aluminum results in heightened porosity in the welds, 

as the fragmented oxide layer served as heterogeneous nucleation sites for porosity 

during solidifcation. The elevated temperature from laser heating caused the break-

down of the oxide layer, and these fragmented pieces were subsequently incorporated 

into the bulk aluminum within the melt pool. 

(3) The outcomes of the CA modeling demonstrate that elevating the initial hydro-

gen concentration from 0.69 mL/100g Al to 1 mL/100g Al resulted in larger porosity, 

whereas an augmentation in the maximum pore nucleation density resulted in the 

formation of more porosity. By increasing the concentration of hydrogen in the liq-

uid, more hydrogen is available to be absorbed into the pores, thus allowing them to 

grow larger. 

(4) The CA model was utilized to examine the impact of laser speed and laser 

power. A rise in laser speed from 300 mm/s to 600 mm/s resulted in a decrease in 

porosity, whereas increasing the laser power from 668 W to 1170 W led to an increase 

in porosity due to the enlarged weld pool size. 

(5) The CA model used in this investigation demonstrated a generally satisfactory 

correspondence with laser welding experiments, particularly concerning the impacts 

of process parameters on porosity formation. Although the present model does not 

ofer a complete quantitative prediction of all porosity, it serves as a valuable tool 

for optimizing laser welding process parameters to mitigate or eliminate porosity 

formation induced by hydrogen in aluminum welding. 
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Chapter 3: Gas Porosity in Die Casting 

This chapter is about gas porosity in die casting parts and how the use of vacuum 

can reduce and eliminate the porosity. Water analog experiments are compared with 

MAGMASOFT® and ProCAST fow simulations to validate the location and amount 

of entrapped air within the die cavity during flling. These results are then compared 

to aluminum die cast specimens cast under various vacuum conditions. 

3.1 Introduction 

High-pressure die casting (HPDC) is a manufacturing process that produces thin-

walled and near-net shape castings, ideal for automotive and other industrial appli-

cations. In the automotive sector, HPDC produces crucial components like shock 

towers, A or B pillars, subframes, inner door panels, and even large body castings for 

electric vehicles. These die cast parts boast exceptional mechanical properties, such 

as yield strength and elongation as noted by [100]. 

However, defects such as gas porosity have the potential to diminish their me-

chanical properties [101, 102], weldability, and heat treatability. Gas trapped within 

the pores can expand when heated, forming blisters that degrade surface quality and 

renders parts unusable [48]. Gas porosity originates from various sources 1) hydro-

gen, as discussed Chapter 2; 2) reactions between molten metal and lubricants; and 
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3) entrapped air due to turbulence during metal flling. While hydrogen porosity 

can be managed through degassing treatments and reaction byproducts controlled 

with proper lubricant usage, entrapped air poses a greater challenge due to the high 

velocities involved in die casting [58, 54, 62]. 

The integration of vacuum into the die casting process ofers a solution to miti-

gate entrapped air during casting. By evacuating the air in the shot sleeve and die 

chamber during the metal injection, vacuum minimizes air within the cavity, thereby 

reducing the likelihood of air entrapment during flling [54, 103]. Numerous studies 

have explored the impact of varying vacuum levels on entrapped air [54, 104], and 

gas porosity in castings [51, 105, 106]. 

Hu et al [52] investigated the infuence of vacuum levels on ductility and porosity 

in AlSi12Fe castings, observing a decrease in the size of larger pores with increasing 

vacuum strength, measured by decreasing gas pressure. They also noted an increase 

in sample density with higher vacuum strength, along with improved repeatability 

of elongation and ultimate tensile strength [52]. Jin and Kang [75] reported fewer 

blisters formed during heat treatment for aluminum-magnesium samples cast under 

vacuum. 

Furthermore, employing a stronger vacuum termed ”super vacuum,” with a gas 

pressure lower than 50 mbar, has shown promise in further reducing gas porosity [58, 

57]. Dong et al [57] demonstrated that the use of a super vacuum enhanced the 

ductility of Al-Si-Mg-Mn die castings. By mitigating entrapped air during casting, 

vacuum application improves the elongation and strength of casting, making die-cast 

aluminum suitable for structural components [54, 51, 52, 107, 108]. 
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X-ray computed tomography (CT) serves as a powerful tool for imaging the pores 

within three-dimensional (3D) domains, ofering crucial 3D data for microstructure 

characterization. Liu et al [109] employed CT to demonstrate that fractures typically 

occur at locations where pores reach their maximum size, with samples with the 

smallest pores displaying the highest levels of ductility [109]. Li et al [62] similarly 

utilized CT to analyze pore characteristics and their correlation with fractures in 

aluminum die castings. Szalva and Orbulov [110] employed CT to investigate the 

root causes of failure in fatigue test samples, revealing that the samples cast without 

vacuum often failed due to gas porosity. 

Micro-CT provides even fner resolution for imaging porosity, as exemplifed in 

Chapter 2. Gu et al [38] highlighted the crucial infuence of cooling rate on deter-

mining secondary dendrite arm spacing and the 3D porosity morphology, including 

parameters like porosity percentage, pore volume, and pore count. Zhang et al [111] 

noted a direct correlation between the elongation of the samples and the size of the 

pores observed on the fracture surfaces. 

CT and micro-CT techniques are also instrumental in assessing the sphericity of 

porosity to diferentiate between shrinkage-induced and gas pores [38, 111]. Sphericity, 

defned as the ratio of the spherical surface area to the measured surface area of the 

pore [62]. However, while these techniques excel in characterizing porosity in fnal cast 

components, they do not ofer direct insights into the formation of porosity during 

cavity fll and the casting process itself. 

While HPDC trials can shed light on the impact of vacuum on fnal casting qual-

ity, comprehending how vacuum infuences molten metal fow within the die and 

shot system necessitates other approaches. Simulation tools like MAGMASOFT® 
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(a casting simulation package by MAGMA Gießereitechnologie GmbH, Aachen, Ger-

many), ProCAST, a fnite element based casting simulation, and others have been 

instrumental in visualizing melt fow during HPDC and identifying optimal process 

conditions [112]. However, directly validating these simulations poses challenges. 

Jin and Kang [75] employed computer simulations to model vacuum die casting 

processes, fnding agreement between their simulations and die casting specimens, 

paticularly in the reduction of porosity with the application of vacuum. Similarly, 

Gunasegaram et al [77] utilized computer modeling to investigate the solidifcation 

behavior of molten aluminum and the impact of the melt velocity on the mechan-

ical properties of aluminum castings. Their fndings align with those of Jin and 

Kang [75], demonstrating that porosity reduction enhances the mechanical properties 

of castings [77]. 

Water analog experiments serve as a valuable tool for modeling liquid fow within 

a die during the casting process [84]. This method involves using water as the casting 

fuid, which is injected into a die cavity at speeds akin to those in actual die casting 

processes. A transparent plastic plate acts as the cover die, facilitating the use of 

a high-speed camera to capture fow dynamics within the cavity and shot system. 

Since water shares a similar kinematic viscosity with molten aluminum, water analog 

experiments allow for meaningful comparison with casting trials [80]. 

However, previous water analog experiments encountered challenges in controlling 

shot speed and fll times, leading to difculty in validating computer simulations [80, 

81]. Cleary et al [81] conducted a comparative analysis of water analog experiments 

and computer simulations, revealing reasonable correlations particularly during the 

initial flling stages. Notably, vacuum application has not been integrated into prior 
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water analog experiments to investigate its infuence on the fow within the die cavity 

and shot system. 

This study compares water analog experiments with fow simulations to validate 

the locations and quantity of entrapped air within the cavity during die casting. To 

emphasize the change in entrapped air with diferent vacuum levels, a vacuum pump 

was incorporated into the water analog experimental setup. Furthermore, aluminum 

specimens cast under varying vacuum levels underwent CT scanning for comparison 

to water analog experiments and computer simulations. 

3.2 Experimental Design 

3.2.1 Water Analog Experiments 

The experimental setup, depicted in Figure 3.1 was specifcally designed and con-

structed at the Ohio State University for this investigation. To replicate the HPDC 

process, precise control over the shot speed was achieved using a linear actuator. The 

linear actuator, powers by a servo driver and motor, was controlled by an Arduino 

board programmed with GRBL (Motion Control for Makers) code. 

The plunger, crafted from a Tefon tube with a diameter of 25.4 mm and the 280.0 

mm long shot sleeve, fashioned from plexiglass, were integral components. Addition-

ally, a 3-D printed rectangular die, shown in Figure 3.2, was utilized. Figure 3.2(a) 

displays the 3-D printed die within its holder and Figure 3.2(b) is an annotated view 

with the major dimensions labeled. The rectangle die is 100 mm by 100 mm and is 

5 mm thick. 

Moreover, a scaled-down test specimen die, featured in Figure 3.3, was employed 

for water analog experiments. The specimen die was scaled down in order to ft into 
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the water analog experimental setup. Figure 3.3(a) exhibited the 3-D printed scaled 

down test specimen die within its die holder, with Figure 3.3(b) providing dimensional 

details. This test specimen die comprises of three fat plates of difering thicknesses 

(2 mm, 5 mm, and 3 mm) along with a round ASTM tensile bar measuring 6 mm in 

diameter. 

A detailed view of the runner and gate of the scaled test specimen die, with the 

dimension of the thickest part labeled, is presented in Figure 3.4. The die also has two 

large overfows as shown in Figure 3.3. Both the rectangle die and the scaled down 

test specimen die were securely positioned within an aluminum block die holder, as 

depicted in Figure 3.1, ensuring stability throughout experiments. 

Observation of fow within the die was facilitated by a clear polycarbonate plate 

cover die. High-speed videos capturing the fling process were recorded using a camera 

with a frame rate of 1000 fps. Sealing of the dies to prevent fashing was accomplished 

using clamps and an O-ring. Furthermore, a vacuum hose, connected to the top of 

the die near the overfow, was linked to a vacuum tank and pump, allowing for 

experimentation under various vacuum levels. 

In the water analog experiments, water served as the casting fuid, with added 

food coloring to enhance visibility during the flling process. To emulate the HPDC 

process accurately, a two-stage shot profle was employed, featuring slow and fast shot 

speeds set at 0.4 m/s and 1.75 m/s, respectively. 

During the vacuum phase of the experiments, a one-stage shot profle (solely a 

fast shot of 1.75 m/s) was adopted. This adjustment was necessary as the slow shot 

risked compromising the seal around the plunger, leading to a loss of the vacuum 
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Figure 3.1: The image shows components of the water analog experimental setup, 
including the servo motor, linear actuator, plunger, die holder, and the vacuum tank. 

Figure 3.2: The rectangle die is depicted as follows: (a) showcasing the 3-D printed die 
within its holder, and (b) presenting the die with major dimensions labeled, thickness 
is 5 mm. 
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Figure 3.3: The scaled down test specimen die is shown as follows: (a) displaying the 
3-D printed die within its holder, and (b) presenting the die with major dimensions 
labeled. 
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Figure 3.4: The side view of the gate and runner of the scaled down test specimen 
die is depicted. 
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Alloy Si Mg Mn Fe Sr 
AlSi7 6.9 0.16 0.43 0.17 0.009 
AlSi9 10.7 0.31 0.49 0.23 -

Table 3.1: The compositions (in weight percentage) of the alloys utilized in the high 
pressure die casting trials. These composition were determined using Spark-OES 
(Optical Emission Spectrometry). 

sealing. Three distinct vacuum levels were tested, corresponding to gas pressures of 

1 bar, 265 mbar, and 100 mbar, as measured using the vacuum pump. 

3.2.2 High Pressure Die Casting Trials 

The high pressure die casting trials were carried out utilizing a 250-ton Bühler 

Die Casting machine located at the Center for Design and Manufacturing Excellence 

(CDME) at The Ohio State University (OSU) with a Fondarex vacuum unit (Highvac 

Economy ‘C-250). Two distinct alloys were employed, as detailed in Table 3.1, these 

compositions were determined using Spark-OES (Optical Emission Spectrometry). 

One alloy, denoted as AlSi9, contained 9% silicon, while the other, termed AlSi7 

contained 7% silicon. 

Each alloy underwent casting trails under three vacuum levels. For AlSi7, the 

conditions included no vacuum, 120-mbar pressure, and 80-mbar pressure. On the 

other hand, AlSi9 was cast with no vacuum, 250-mbar pressure, and 75-mbar pressure. 

Prior to casting, the melt underwent degassing at 1 bar for 20 minutes with 

nitrogen, followed by an addition of a sodium-free cleaning and degassing fux WFSF 

71 (HA International, Westmont, IL). Subsequently, the melt was subjected to an 

additional 10 minutes of degassing with nitrogen after fux addition. The furnace 
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maintained a consistent melt temperature of 720 °C. The ejector die and shot sleeve 

temperatures were 147 °C and 184 °C, respectively, as determined by a thermal camera 

during steady-state conditions in the middle of a casting trial. Figure 3.5(a) depicts 

the full-size cast sample, while Figure 3.5(b) illustrated the full-size specimen die, 

annotated with majors dimensions. The density of the round bars were determined 

using the hydrostatic weighing method, with each round bar weighed three times in 

both water and air. At least three samples per vacuum level were measured. The 

3 mm plates were machined into tensile bars, Figure 3.6 shows the dimensions of 

the tensile bar. Subsequently, scanned using a CT machine with a voxel size of 

50µm. Two samples per condition were scanned. The machined tensile bars and 

round bars were tested using an MTC CriterionTM Model 43 tensile tester at room 

temperature, with a cross head speed of 0.005 m/s. For microstructure analysis, 

the samples were prepared following standard metallographic procedures and imaged 

with an OLYMPUS BX3M-LEDR optical microscope. 

3.3 Computer Simulations 

3.3.1 MAGMASOFT® Simulations 

MAGMASOFT® version 5.5, a fnite volume-based casting software, was em-

ployed for computer simulations of water analog experiments and HPDC trials. Wa-

ter served as the casting fuid, maintained at a constant temperature of 25°C. Refer to 

Table 3.2 for the water properties utilized in the simulation [113]. The same rectangle 

die and scaled-down test specimen die utilized in the water analog experiments were 

employed in the computer simulations. A one-stage shot profle with a shot speed 
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Figure 3.5: The full-size test specimen: (a) showcases the cast sample, while (b) 
displays the die with its major dimensions labeled. 
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Figure 3.6: The dimensions of the tensile bar that was machined from the 3 mm 
plate. 

of 1.75 m/s was used, and the shot chamber was included and simulated within the 

software. 

For the rectangle die, three vacuum strengths were examined: 1 bar, 250 mbar 

added vacuum, and 100 mbar added vacuum. Similarly, for the scaled-down test 

specimen die, vacuum strengths of 1 bar, 200 mbar added vacuum, and 100 mbar 

added vacuum were utilized. The mesh comprised 1,130,000 cells in the cavity, with 

at least three cells across the thinnest sections. 

Additionally, simulations were conducted for the full-size test specimen die used 

in the high pressure die casting trials. This simulation employed a two-stage shot 

profle with a slow-shot speed of 0.4 m/s followed by a fast shot speed of 1.75 m/s 

after a 7 second dwell time. The gate speed was 18 m/s. The mesh consisted of 

1,016,000 cells in the die cavity, with a minimum of three cells across the thinnest 

sections. An alloy akin to AlSi9 served as the casting fuid. The simulations for the 
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Temperature, °C Density, 
kg/m3 

Specifc 
J/kg · K 

heat, Thermal conductivity, 
W/m · K 

Kinematic 
viscosity, 
m2/s 

25.0 997.0 4180 0.607 8.9370e-7 

Table 3.2: The properties of water at 25° utilized in the simulations. 

full-size specimen die used vacuum strengths of 1 bar, 250 mbar added vacuum, and 

100 mbar added vacuum. Notably, 100 mbar was chosen as the strongest vacuum 

because MAGMASOFT® is unable to simulate vacuums below this threshold. 

3.3.2 ProCAST Simulations 

ProCAST is a fnite element based casting software utilized for fow simulations. 

The simulations used the full size specimen die and used Al-9% Si as the casting 

fuid. A two-stage shot profle was employed, comprising a slow shot speed of 0.4 

m/s followed by a fast shot speed of 1.75 m/s. Three diferent vacuum levels were 

simulated: no added vacuum, 261 mbar of added vacuum, and 79 mbar of added vac-

uum. Consistent with prior simulations, the shot chamber was included and modeled 

within the software. 

3.4 Results 

3.4.1 Repeatability of Water Analog Experiments 

To assess the consistency of the water analog experiments, multiple trials with 

identical shot profles and vacuum levels were conducted, each repeated at least three 

times. Repeatability of the experiments was evaluated by comparing results from 

three distinct locations during the flling process. 
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Repeatability of the Rectangular Die 

Figure 3.7 illustrates the fow patterns within the rectangle die at the start, middle 

and end stages of flling in three repeatability water analog experiments, conducted 

under a vacuum pressure of 200 mbar. Figures 3.7(a)-(c) depict the initial flling 

phase, when water frst enters the die cavity and comes into contact with the island. 

Subsequently, the water diagonally at a 45° angle to enter both sides of the cavity. 

Consistent fow patterns are observed across all three experiments during this initial 

phase. Figures 3.7(d)-(f) correspond to the near completion of flling, with water 

reaching the top of the cavity and then reversing the direction by 180° along the 

sides of the island. Air pockets are noticeable along the side of the island in all three 

scenarios, along with smaller air pockets near the bottom of the island. Figures 3.7(g)-

(i) represent the end of flling process, characterized by minimal air pockets near 

the top corners of the island. Although the air pocket to the right of the island is 

consistently present, the size of the air pocket to the left of the island varies among 

the experiments. Nonetheless, all three experiments exhibit air pockets towards the 

end of flling. 

Repeatability of the Scaled Down Test Specimen Die 

Figure 3.8 presents a summary of repeatability experiment fndings for the scaled-

down test specimen die, conducted with the addition of vacuum. Figures 3.8(a)-(c) 

depict the experiments at the initial flling stage, where water begins to enter the fat 

plates. All three experiments exhibit similar flling progress; with the 5 mm plate 

just beginning to fll, while the 3 mm and 2 mm plates remained unflled. As the 5 

mm plate is centrally located, it is anticipated to be the frst to fll. 
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Figure 3.7: Water analog repeatability experiments for the rectangle die conducted 
with an added vacuum level of 200 mbar: (a-c) at the beginning, (d-f) in the middle, 
and (g-f) at the end of three repeated experiments. 
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Figures 3.8(d)-(f) illustrate the flling process when the plates are approximately 

50% flled. Despite the 5 mm plate consistently flling to a higher level than the 2 

mm and 3 mm plates, minor variations are observed among the three experiments. 

Notably, Figure 3.8(d) shows the 5 mm plate flled higher compared to Figures 3.8(e) 

and (f). Additionally, the fll front in the 5 mm plate appears fatter in Figure 3.8(e) 

compared to Figure 3.8(d) and (f), where it is more angled. While Figures 3.8(e) and 

(f) exhibit reasonable agreement, Figure 3.8(d) displays slightly higher plate flling. 

These discrepancies, although minor underscore the challengers in maintaining precise 

alignment and control across manual experiments, highlighting the limitations of the 

water analog method. 

Figures 3.8(g)-(i) depict the fnal stages of flling, with the 5 mm plate flled and 

the 3 mm and 2 mm plates nearly flled. Overall, there is satisfactory agreement 

among the three flling profles. However, in Figure 3.8(g), flling in the 2 mm and 

the 3 mm plates lags slightly compared to the other two experiments. Entrapped 

air is visible in the gate region across all three experiments, depicted by white areas 

mixed with the green water. 

3.4.2 Efect of Vacuum in Water Analog Experiments 

Efect of Vacuum on Rectangular Die Cavity Fill 

Figure 3.9(a, d, and g) presents the results of water analog experiments conducted 

using the rectangle die without vacuum (1 bar gas pressure), while Figures 3.9(b, e, 

and h) and Figures 3.9(c, f, and i) depict the cavity fll with vacuum levels of 200 

mbar and 100 mbar gas pressure, respectively. The initial flling stage for the three 

experiments is illustrated in Figures 3.9(a)-(c), where water has just entered the 
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Figure 3.8: The water analog repeatability experiments conducted on the scaled-down 
test specimen die: (a-c) at the beginning, (d-f) in the middle, and (g-i) near the end 
of flling, when the 5mm plate is flled, across three repeated experiments. 
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cavity and comes into contact with the island. These images precede Figures 3.7(a)-

(c), capturing the moment when the water frst hits the island and begins to move 

towards the wall. Figures 3.9(d)-(f) depict the phase where water travels along the 

top of the cavity and then curls back down along the sides of the island, resulting 

entrapping air. The largest remaining air pocket is observed in Figure 3.9(d) at a 

pressure of 1 bar. As a vacuum is applied, the size of the air pocket diminishes. 

Near the base of the island, light spots indicate the presence of air mixed with the 

water. Figures 3.9(g)-(i) depict stages closer to completion, where the water wave 

has encircled air on either sides of the island and is rising towards the overfow. 

Across all three fgures, air pockets persist within the cavity. These air pockets 

diminish in size with the application of vacuum, particularly with stronger vacuum 

levels. Notably, in Figure 3.9(i), characterized by the strongest vacuum (100 mbar gas 

pressure), the remaining air pockets are the smallest among the depicted experiments. 

Consequently, a discernible trend emerges, indicating a reduction in air pocket size 

with increasing vacuum strength. 

Efect of Vacuum using Scaled Down Test Specimen Die Cavity Fill 

Figures 3.10 present the results of water analog experiments utilizing the scaled-

down test specimen die during the initial stage of flling, when the 5 mm plate is 

approximately halfway flled. Entrapped air is visible in the gate region across all three 

fgures; however, the introduction of vacuum diminished the amount of entrapped air. 

Additionally, turbulent fow results in entrapped air within all three 5 mm plates. In 

Figure 3.10(d) the plates are predominately flled, whereas the 2 mm plate exhibits 

incomplete flling in Figures 3.10(e) and (f). Entrapped air is observed in the 2 mm 

plate across all three images, yet it is absent in the gate region. Figures 3.10(g)-(i) 
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Figure 3.9: The water analog experimental results for the rectangle die using varying 
vacuum levels. (a), (d), and (g) represent experiments with no added vacuum, (b), 
(e), and (h) show results with 200 mbar of added vacuum, and (c), (f), and (i) depict 
experiments with 100 mbar of added vacuum. 
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correspond to the stage when the specimen die is fully flled. In all three experiments, 

entrapped air in the gate region is absent, though some remains visible in the 2 mm 

plate in Figures 3.10(g) and (h). Notably, the experiment utilizing the strongest 

vacuum (100 mbar gas pressure) exhibits signifcantly less entrapped air in the 2 

mm plate, indicating that the stronger vacuum efectively removes more air from the 

cavity compared to weaker vacuums. Some entrapped air is visible near the top of 

the 3 mm plate in Figure 3.10(g), yet it is notably reduced in Figures 3.10(h) and 

(i). These water analog experiments clearly illustrate the reduction in entrapped air 

when vacuum is applied to evacuate air from the cavity before flling. 

3.4.3 Efect of Vacuum in Simulations 

Efect of Vacuum Using Rectangle Die 

Figures 3.11(a) and (d) depict the MAGMASOFT® air results for the rectan-

gle die simulation without added vacuum, while Figures 3.11(b) and (e) represent 

simulations with a 200 mbar added vacuum, and Figures 3.11(c) and (f) show simu-

lations with a 100 mbar added vacuum. Figures 3.11(a)-(c) provide insight into the 

air distribution within the die cavity when it is 80% flled. Residual air is observed 

throughout the die cavity, notably in a sizeable pocket on the left side of the island. 

The introduction of vacuum leads to a reduction in the size of this pocket, mirroring 

the trend observed in Figures 3.9(d)-(f) of the water analog experiments, where sub-

stantial air pockets fank the island. It is important to note that while both water 

and air escape through the vacuum vent in water analog experiments, the simulation 

only accounts for air escaping through the vent. This discrepancy could yield slightly 

diferent results, but overall, there is reasonable alignment between the experimental 

and simulation results. Additionally, residual air beneath the island decreases with 
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Figure 3.10: The water analog results for the scaled down test specimen die show 
diferent vacuum conditions: (a), (d), and (g) are experiments without added vacuum, 
(b), (e), and (h) are experiments with 265 mbar of added vacuum, and (c), (f), and 
(i) are experiments with 100 mbar of added vacuum. (a), (b), and (c) correspond to 
the stage when the 5 mm plate is halfway flled, (g), (h), and (i) depict when the 
plates are mostly flled, and (g), (h), and (i) correspond to the completion of flling. 
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the vacuum application. Figures 3.11(d)-(f) correspond to the scenario where the 

die cavity is 100% flled, yet air remains below the island, albeit diminishing in size 

vacuum application. The air pocket on the right side of the island has migrated to 

the top of the island. Notably, simulations without vacuum exhibit a larger air pocket 

above the gate compared to the simulations with added vacuum. Although diferences 

between Figures 3.11(e) and (f) are minor and do not indicate substantial changes 

in remaining air when vacuum strength changes from 200 mbar to 100 mbar, water 

analog results exhibit more pronounced changes, particularly in Figures 3.9(g)-(i). 

Efect of Vacuum using the Scaled Down Test Specimen Die 

Figure 3.12(a), (d), and (g) depict the temperature results from the simulations 

run without added vacuum. These fgures show fow behavior of the fuid through the 

die during casting. Figure 3.12(b), (e), and (h) show the temperature results from 

the simulation with an added vacuum of 200 mbar, while Figure 3.12(c), (f), and 

(g) present results with an added vacuum of 100 mbar gas pressure. Figure 3.12(a)-

(c) correspond to when the die is 47% flled. Analogously to Figure 3.10(a)-(c), 

these results indicate the fow of fuid along the edges of the plates. Notably, in 

Figure 3.12(a)-(c), the 5 mm plate appears more flled than the 2 mm and 3 mm 

plates, despite the simulation suggesting uniform flling of all three plates. This 

disparity could be attributed to diferences in die materials: the simulation employs 

H13 die steel, while the water analog model uses a polymer die. 

Figure 3.12(d)-(f) represent the temperature results when the die is 71% flled. 

These results show mostly flled plates with some remaining air pockets. Similar to 

the water analog results in Figure 3.10(d)-(f), the 2 mm plate retains the most air 
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Figure 3.11: The simulation air results for the rectangle die are as follows: (a) and 
(d) are simulations without added vacuum, (b) and (e) represent conditions with 
200 mbar of added vacuum and (c) and (f) are simulations with 100 mbar of added 
vacuum. (a), (b) and (c) correspond to the die being flled to 80%, whereas (d), (e), 
and (f) depict the die being completely flled. 
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near the end of flling. Both the simulation and water analog results agree that air 

pockets will likely remain near the top of the 2 mm plate at the conclusion of flling. 

Figure 3.12(g)-(i) display the temperature results from when the die is 80% flled. 

Notably, there is still an air pocket visible in Figure 3.12(h) and (i) at the top of the 2 

mm plate. However, based on the results, this pockets is distinct from the one seen in 

Figure 3.12(e) and (f), as it appears to be pushed upward from lower with the plate. 

Figure 3.13(a)-(c) depict the air simulation results for the scaled-down test spec-

imen die at the onset of flling. Figure 3.13(a) depicts simulation without added 

vacuum, while Figure 3.13(b) and (c) are the simulations with 200 mbar and 100 

mbar of gas pressure, respectively. All three simulations reveal the presence of air 

within the cavity after the plates started to fll, with Figure 3.13(b) and (c) displaying 

a similar amount of air remaining in the gate. This observation aligns with fndings 

from the water analog experiments, where entrapped air is also observed in the gate 

region. Figures 3.13(d)-(f) represent the mid-flling stage when the plates are mostly 

flled. A reduction in the volume of remaining air within the gate is evident with 

vacuum application. Notably, Figures 3.13(e) and (f) display closely matched results, 

suggesting that a 100 mbar diference in vacuum pressure does not signifcantly re-

duce air content based on simulations. Figures 3.13(g)-(i) correspond to the end of 

the flling simulation, showcasing residual air in the runner across all scenarios, al-

beit with decreased volume under vacuum-assisted flling. Discrepancies between the 

simulation and water analog experiments may arise from entrapped air in the gate 

region, that is undetectable by current methods. It’s important to acknowledge that 

in the water analog experiments, the colored water might obscure the presence of air 

pockets, potentially leading to residual air remaining undetected in the runner. In 
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Figure 3.12: The simulation temperature results for the scaled-down test specimen 
die. (a), (d), and (g) correspond to simulations without added vacuum, while (b), 
(e), and (h) represent simulations with 200 mbar of added vacuum, and (c), (f), and 
(i) depict simulations with 100 mbar of added vacuum. (a), (b), and (c) show the 
temperature result when the die is 47% flled, (d), (e), and (f) show the results at 
71% flled, and (g), (h), and (i) display the results at 80% flled. 
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contrast, the simulation results utilize an x-ray view, providing comprehensive vis-

ibility of all the remaining air within the die cavity. This disparity in observation 

methods accounts for diferences in results. 

In Figure 3.13(g), a notable air pocket near the top of the round bar is observed, 

signifcantly diminished vacuum application. Furthermore, the simulation also pre-

dicts that vacuum application would eliminate any remaining air in the 2 mm plate, 

contrasting with the prediction of a small pocket of air predicted in the 2 mm plate 

without an applied vacuum. Thus, the employment of vacuum demonstrates efcacy 

in reducing entrapped air within the cavity post-flling. 

In Figures 3.14(a)-(c), the simulation air results for the cross-section of the scaled-

down test specimen die are depicted, representing the early stage of flling. The cross-

section, located at the midpoint of the 5 mm plate and the runner, ofers insight into 

the airfow dynamics. Specifcally, Figure 3.14(a) is without added vacuum, while 

Figures 3.14(b) and (c) demonstrate the efects of applying vacuum pressures of 200 

mbar and 100 mbar gas pressure, respectively. 

Efect of Vacuum using Full-Size Die 

Figure 3.15 depicts the air results obtained from simulations conducted on the full-

size test specimen die, showcasing three distinct vacuum strengths. Figures 3.15(a), 

(d), and (g) represent the simulation without added vacuum. Figures 3.15(b), (e), 

and (h) depict results with a vacuum level of 250 mbar, while Figures 3.15(c), (f), 

and (i) showcase the simulation a vacuum pressure of 100 mbar. 

Examining Figures 3.15(a)-(c), which depict the initial stage of flling, it’s evident 

that air remains in the gate region across all simulations, consistent with observations 
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Figure 3.13: The simulation air results for the scaled-down test specimen die are 
presented. (a), (d), and (g) depict simulations without added vacuum, while (b), (e), 
and (f) are simulations with 200 mbar of added vacuum. Additionally, (c), (f), and 
(i) showcase simulations with 100 mbar added vacuum. (a), (b), and (c) represent 
data from the beginning of flling, (d), (e), and (f) capture the mid-flling stage when 
the plates are mostly flled, and (g), (h), and (i) are from the end of flling when the 
die is completely flled. 
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Figure 3.14: The simulation air results for the cross-section of the scaled down test 
specimen die. In (a), no vacuum is applied, while (b) depicts the simulation with a 
200 mbar added vacuum, and (c) shows the result with a 100 mbar added vacuum. 
There images were captured during the initial stage of flling when water had just 
entered the die cavity. 

89 



             

            

           

             

               

               

           

              

   

                

            

              

               

            

              

              

             

             

            

            

          

            

              

           

 

from the scaled-down specimen die. Notably, a consistent air bubble is observed in 

the 3 mm plate, with its size decreasing with higher vacuum strength. 

As the flling progresses towards completion, represented by Figures 3.15(d), (e), 

and (f), air retention in the plates and round bars in noticeable. Particularly, Fig-

ure 3.15(d) reveals a signifcant amount of air remaining in the 3 mm plate, which 

is reduced with the introduction of a 250 mbar vacuum, as seen in Figure 3.15(e). 

This reduction corresponds well with fndings from the scaled-down specimen die 

simulations. Additionally, the presence of air in the 5 mm plate diminishes with the 

increasing vacuum strength. 

Figures 3.15(g) - (i) depict the end of flling stages. The residual air in all die 

cavities decreases with the application of vacuum. In Figure 3.15(g), a considerable 

amount of air persists within the 3 mm plate. Examination of Figures 3.15(h) and 

(i) reveals a reduction in both the quantity and size of remaining air pockets within 

the 3 mm plate, particularly notable in Figure 3.15(i). Contrasting these fndings 

with the water analog results presenting in Figures 3.10, it’s evident that there is 

signifcantly less residual air within the 2 mm plate in the simulation data. Notably, 

the water analog results displayed entrapped air in the 2 mm plate, predominantly 

observable in Figures 3.10(g) and (h). Despite this slight variance, there exists a 

fair overall agreement between the water analog results and the simulation results. 

Notably, the simulation results depicted in Figure 3.15 underscores the efcacy of 

vacuum application in reducing air entrapment within the die cavities. 

Figure 3.16(a)-(c) show the air distribution within the cross-section of the full-size 

specimen die. These images were sectioned through the middle of the 5 mm plate, 

extending through the runner and gate. Figure 3.16(a) corresponds to simulations 
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Figure 3.15: The air results obtained from simulation conducted on the full-size 
specimen die. (a), (d), and (g) correspond to simulations conducted without added 
vacuum. (b), (e), and (h) represent results obtained with a vacuum level of 250 
mbar, and (c), (f), and (i) are with a vacuum pressure of 100 mbar. (a), (b), and 
(c) capture the initial stage of flling, while (d), (e), and (f) depict the middle of the 
flling process, when the plates and round bar are flled. (g), (h), and (i) are from the 
end of the flling process, when the die is fnished flling. 
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conducted without an added vacuum, while Figure 3.16(b) and (c) represent simu-

lations with vacuum levels of 250 mbar and 100 mbar, respectively. These images 

capture the initial stage of flling, shortly after the frame represented in Figure 3.14. 

In all three images, air is observed within the runner and the fuid behind is the air, 

similar to the observations in Figure 3.14. Notably, Figure 3.16(a) exhibits more air 

within the runner compared to Figures 3.16(b) and (c). The application of vacuum 

proves efective in reducing the amount of air within the cavity during the flling 

process. 

Figure 3.17(a) depicts the total air remaining in the cavity over time for three 

vacuum levels, while Figure 3.17(b) provides a closer view toward the end of the 

flling. These plots commence at the onset of flling, following a 7-second dwell time. 

The black line represents the simulation without added vacuum, the red line denotes 

the simulation with a 250 mbar added vacuum, and the blue line corresponds to the 

simulation with a 100 mbar added vacuum. Notably, the simulation without added 

vacuum exhibits a higher remaining air mass in the cavity upon the completion of 

flling. Conversely, the simulations with added vacuum yield similar remaining air 

mass values. Table 3.3 presents the numerical data regarding the remaining air mass 

total in the cavity post-flling for the three vacuum levels. Specifcally, the simulation 

without added vacuum retains more than double the amount of air mass compared to 

the 100 mbar vacuum simulation, 47,900µg versus 20,900µg, respectively. Moreover, 

the diference between the two simulations with added vacuum is more pronounces, 

registering 24,700µg for the 250 mbar added vacuum simulation and 20,900µg for 

the 100 mbar vacuum simulation. This analysis underscores how the application of 
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Figure 3.16: The images depict simulation air results for the cross-section of the full-
size specimen die. In (a) no vacuum is applied, while (b) represents the scenario 
with 250 mbar of added vacuum and (c) depicts a simulation with 100 mbar of added 
vacuum. These images capture the early stage of flling. 
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Figure 3.17: The air mass total plotted against time for the full-size specimen die. 
Three simulations are depicted, corresponding to vacuum level of 1 bar, 250 mbar 
and 100 mbar. (a) presents the complete time span, while (b) is a magnifed view 
focusing on the latter stages the flling process. 

vacuum can reduce the residual air content post-flling, with higher vacuum levels 

leading to further reductions in air mass. 

Efect of Vacuum in ProCAST 

Figure 3.18 depicts the gas pressure results obtained from the simulation. The 

top row corresponds to the initial stage of flling, while the middle row represents 

the midway point. The bottom row depicts the scenario when the cavity achieves 

full flling. Notably, even in simulations lacking added vacuum, residual gas persists 

within the gate. In contrast to MAGMASOFT® air result, the gas pressure results 

do not indicate the presence of air remaining in the cavity after the flling process is 

concluded. 
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Figure 3.18: The simulation results for gas pressure encompass scenarios with 1 bar, 
261 mbar, and 79 mbar of added vacuum. 
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Vacuum Level (mbar) Air Mass Total 
(µg) 

1000 45900 
250 24700 
100 20900 

Table 3.3: The total air mass air mass remaining in the cavity upon completion of 
flling for the full-size specimen die. The simulations were conducted with added 
vacuum levels of 1 bar, 250 mbar, and 100 mbar. 

3.4.4 Efect of Vacuum in High Pressure Die Casting Sam-
ples 

Efect of Vacuum on Microstructure 

Figure 3.19 displays the microsctructure of the AlSi7 alloy in its as-cast state 

under varying vacuum levels: 1 bar, 120 mbar, and 75 mbar. These images reveal a 

reduction in porosity as the vacuum strength increases. Figure 3.19(a) and (d) depict 

samples cast without additional vacuum, while Figure 3.19(b) and (e) show samples 

cast with 120 mbar vacuum, and Figure 3.19(c) and (f) illustrate samples cast with 

75 mbar vacuum. These specimens were cut from the bottom of the 3 mm plate, near 

the gate. Figure 3.19(a) and (d) both exhibit gas porosity, whereas samples cast with 

vacuum exhibit signifcantly reduced gas porosity. 

Efect of Vacuum on Density 

Table 3.4 presents the density measurements of the round bars under varying 

vacuum levels, assessed via the hydrostatic weighing method. Samples cast without 

added vacuum exhibit the lowest density, indicative of porosity within the samples. 
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Figure 3.19: The optical microscope captures the 3 mm plate of the AlSi7 alloy under 
diferent vacuum conditions. In (a) and (d), the pressure is at 1 bar, while (b) and 
(e) represent 120 mbar, and (c) and (f) depict 75 mbar of additional vacuum. 
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Vacuum Level (mbar) Density (g/ml) Standard Deviation 
1000 2.65 0.11 
250 2.66 0.07 
125 2.66 0.03 
75 2.68 0.07 

Table 3.4: Density measurements of the round bars obtained via the hydrostatic 
weighing method. 

A marginal density increase is observed in samples cast with 250 mbar added vac-

uum. However, the incremental rise in vacuum strength to 125 mbar yields minimal 

improvement. Notably, samples cast with 75 mbar added vacuum demonstrate the 

highest density of 2.68 g/ml. This heightened density underscores that stronger vac-

uum conditions result in reduced porosity, as the vacuum facilitates the removal of 

air from the cavity during flling, thereby minimizing air entrapment. The theoretical 

density of aluminum is 2.699 g/ml. Even the sample cast under the strongest vacuum 

shows a density lower than this theoretical value. This diference could be attributed 

to other types porosity in the sample, such as shrinkage porosity or residual gas poros-

ity. Increasing the intensifcation pressure or employing a super-vacuum might help 

achieve a density closer to the theoretical value of 2.7 g/ml. Additionally, due to the 

error in these results the diference between the values is not that signifcant. This is 

also due to the other defects present, like shrinkage porosity, that lowers the density 

and is not impacted by vacuum. 

Efect of Vacuum on Mechanical Properties 

The machined tensile bars extracted from the 3 mm thick plates were subjected 

to tension testing to determine the impact of vacuum on their mechanical properties. 
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Vacuum Level 
(mbar) 

Yield Strength 
(MP a) 

Ultimate Tensile 
Strength (MP a) 

Elongation (%) 

1000 78 129 2.0 
120 89 179 3.5 
75 95 169 2.5 

Table 3.5: The mechanical properties of the AlSi7 alloy in the as-cast condition are 
presented for the three studied vacuum levels. 

Each condition was tested with at least three samples to establish average values for 

these properties. Table 3.5 presents the as-cast mechanical properties for the AlSi7 

alloy. The results demonstrate increases in elongation and ultimate tensile strength 

(UTS) with stronger vacuum levels, with the 75 mbar samples exhibiting the highest 

elongation and strength. Yield strength (YS) also shows improvement with increased 

vacuum, consisted with reduced porosity and higher density. 

However, both yield strength and elongation remain lower than typical expecta-

tions for this alloy, which normally achieves a YS of 130 MPa and 8% elongation in the 

as-cast state [114]. This suggests the presence of additional defects causing complica-

tions. These samples notably exhibit signifcant shrinkage porosity due to inadequate 

intensifcation pressure during solidifcation. Additionally, there were many Type 

II Externally Solidifed Crystals present in the samples that caused the mechanical 

properties to decrease. 

Efect of Vacuum using CT Scans 

Figure 3.20 depicts the result obtained from the CT scan analysis of 3 mm plates 

machined from cast AlSi9 specimens. A comparison is made between plates from 

the specimen cast without added vacuum and the specimen cast with 80 mbar added 
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vacuum. Noticeably, the presence and size of porosity diminishes with the addition of 

vacuum. Specifcally, porosity in the grip of the tensile bar experiences a signifcant 

reduction, while porosity in the gauge region remains relatively consistent. However, 

even in the absence of added vacuum, there is minimal porosity observed in the gauge 

region, possible attributable to typical casting variations. Furthermore, simulations of 

the full-size die also reveal residual air within the 3 mm plate. In contrast, simulations 

of the scaled-down specimen die have less residual air in the 3 mm plate, aligning more 

closely with fndings from the water analog experiments. Discrepancies in porosity 

predictions may arise from diferences in viscosity and surface tension between water 

and molten aluminum. 

The CT scan results for the machined 3 mm plates of cast AlSi7 are depicted 

in Figure 3.21. Figure 3.21(a) displays the machined 3 mm plate from the casting 

trial conducted without added vacuum, while Figure 3.21(b) showcases the plate 

cast with 124 mbar added vacuum. In Figure 3.21(a) extensive porosity is evident 

throughout the sample, particularly in the grip regions. However, the addition of a 

124 mbar vacuum notable reduces porosity in the grip regions. Consequently, there 

is diminished visible porosity in these areas. Meanwhile, porosity in the gauge region 

remains relatively consistent. This reduction in porosity within the grip regions aligns 

with observations from the water analog experiments and simulations. 

Table 3.6 displays the average largest pore volumes extracted from the CT scans 

of the 3mm plates. Pore volumes for three distinct vacuum levels are provided. In 

castings produced without a vacuum, the largest pore volume measured 108 mm3 , 

signifcantly exceeding the largest pore volume observed in samples cast with a 124 

mbar vacuum. Specifcally, the largest pore volumes for samples cast with 124 mbar 
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Figure 3.20: The CT scans results depicting the machined 3 mm plate from the AlSi9 
casting trial conducted without added vacuum and with an 80 mbar added vacuum. 
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Figure 3.21: The CT scans feature the machined 3 mm plates from the AlSi7 casting 
trials. (a) corresponds to the plate cast without added vacuum, while (b) corresponds 
to the plate cast with a 124 mbar added vacuum. 
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Vacuum Level (mbar) Largest Pore Volume 
(mm3) 

1000 108 
124 6 
80 14 

Table 3.6: Average volume of the largest pore identifed in the CT-scanned 3mm 
plates. 

added vacuum and with 80 mbar added vacuum were 6 mm3 and 14 mm3 , respectively. 

The application of a vacuum reduces the size of the largest pore present in the 3 mm 

plate, by reducing the amount of air that can be trapped during cavity flling. 

3.5 Conclusions 

In this study, water analog experiments, computer simulations, and high pressure 

die casting trials were compared to assess the impact of vacuum on the entrapment 

of air and gas porosity in die-cast aluminum alloy samples. 

Water analog experiments provide a valuable technique for visualizing fuid fow 

during high pressure die casting, ofering insights that are otherwise challenging to 

observe directly in metal dies during the actual process. Despite slight diferences 

in viscosity and surface tension between water and molten aluminum, these experi-

ments yield valuable data. They demonstrate good repeatability and are relatively 

straightforward to conduct. Moreover, there is notable agreement between the water 

analog experiments and computer simulations, particularly regarding the general fow 

patterns and the impact of vacuum on entrapped air during the injection phase of 
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HPDC. This convergence suggests that numerical simulation of cavity flling serves 

as a valuable tool in the development and optimization of the HPDC process. 

The employment of vacuum proves efective in diminishing the presence of en-

trapped air and porosity in die castings, a phenomenon evident in both water analog 

experiments and simulation air results. Moreover, elevating the vacuum level demon-

strates a quantifable reduction in gas porosity within the castings. This assertion 

fnds support in the CT scan fndings of the die cast specimens, where a corresponding 

decrease in porosity within the 3 mm plate is observed with vacuum levels. 

Adding substance such as glycerin to water can alter its viscosity, potentially im-

proving the accuracy of water analog results. Furthermore, conducting additional die 

casting trials using an upgraded machine with improved control over parameters like 

shot sleeve temperature, die temperature and intensifcation pressure could provide 

deeper insights into the efects of vacuum on casting samples. 
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Chapter 4: Externally Solidifed Crystals in HPDC 

This chapter discussed the formation mechanism of externally solidifed crystals 

(ESCs) and methods to reduce their presence in die cast parts. Computer simula-

tions using MAGMASOFT® , ProCAST and FLOW-3D were compared with water 

analog experiments and die casting trials to investigate shot sleeve solidifcation and 

turbulence during flling. 

4.1 Introduction 

Externally solidifed crystals (ESCs) are microstructural heterogeneities that can 

reduce mechanical properties, particularly elongation. Two types of ESCs are present 

in the cast microstructures, as depicted in Figure 4.1. Type I ESCs are alpha-Al 

grains that are larger and coarser than other grains, typically exceeding 15 microns 

in size [69]. Type II ESCs are signifcantly larger than Type I ESCs and exhibit a 

fner structure with a distinct boundary with the matrix. This boundary is a weak 

point in the microstructure and can serve as a crack initiation site. Type II ESCs 

begin to solidify next to the boundary, resulting in the fnest microstructure near the 

boundary, which becomes coarser as the distance from the boundary increases [115]. 

These Type II ESCs are also commonly referred to as cold fakes in the literature [71]. 
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Figure 4.1: An optical image showing the two types of ESCs, with the boundary 
marked by a red line. 
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The formation mechanisms of both types of ESCs are poorly understood. It is 

believed that both types originate in the shot sleeve, but their distinct structures 

dictate vastly diferent cooling rates during formation. Type I ESCs, characterized 

by their coarse structure, necessitate a slower cooling rate, whereas Type II ESCs, 

with their fner structure, require a much faster cooling rate [116]. 

Type I ESCs have been investigated across various alloys, such as magnesium 

alloy AM60B [117], hypereutectic Al-Si alloys [65], and an AlMgSi alloy [118]. Type 

I ESCs are formed in the shot sleeve prior to injection [118, 116, 70]. Otarawanna 

et al [70] notes that these ESCs tend to nucleate on the shot sleeve walls or near the 

plunger tip due to the lower temperatures. However, the cooling rates away from 

the shot sleeve walls promote the formation of large grains, specifcally Type I ESCs 

[118, 116]. In hypereutectic Al-Si alloys, Type I ESCs are also formed in the shot 

sleeve and are referred to as ”primary silicon particles” [65]. 

Jiao et al [64] investigated how varying casting parameters afect the size of Type 

I ESCs, fnding that a decrease in the fast shot speed results in an increase in ESC 

size. They also determined that the speed of the slow shot impacts the quantity of 

ESCs present [64]. Similarly, Wang and Xiong [119] observed that the size of Type I 

ESCs increases with longer retention time in the shot sleeve. Additionally, they found 

that a slower slow shot speeds leads to more ESCs in the casting [56], as the ESCs 

have more time to grow in the shot sleeve. This fnding aligns with the results from 

the model Bi et al developed [67], which simulates Type I ESC fow during flling, and 

shows that a faster slow shot speed results in smaller ESCs due to reduced growth 

time in the shot sleeve. 
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Dou et al [72] also found that a faster slow shot reduces the number of Type I 

ESCs in the microstructure. Researchers discovered that delaying the transition to a 

fast shot signifcantly increases the number of Type I ESCs compared to an earlier 

transition point [56]. Wang and Xiong [56] concluded that slow shot speed has a 

greater efect on ESC formation than fast shot speed. Additionally, they found that 

a decrease in biscuit thickness leads to larger ESCs due to an increase in the amount 

of metal in the shot sleeve, which loses heat more slowly and thus experiences less 

solidifcation on the walls [119]. 

Another method to reduce Type I ESCs is increasing the temperature of the 

molten metal, although this can shorten die life. However, Dou et al [72] found that 

optimizing the slow shot speed can achieve comparable results. 

Die design plays a signifcant role in infuencing the presence of Type I ESCs. 

Zhou et al [104] implemented an ESC collector positioned in the runner to collect 

Type I ESCs before their entry into the die cavity. The implementation of the ESC 

collector resulted in a reduction of ESCs in the casting and improved the mechanical 

properties of the castings [104]. This highlights that since the ESCs were collected 

in the runner before entering the cavity, their formation likely occurred in the shot 

sleeve. 

Simulations have been employed to investigate the formation of Type I ESCs. Dou 

et al [120] utilized the fraction solid ProCAST result to analyze the extent of solid-

ifcation within the shot sleeve. Their fndings indicate that solidifcation typically 

occurs near the two ends of the shot sleeve [120]. Meanwhile, Hao et al [121] utilized 

CA modeling to simulate grain structure with and without Type I ESCs. The in-

vestigators discovered that in certain alloys characterized by a narrower solidifcation 
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range, ESCs exerted a signifcant impact on grain size [121]. The solidifcation range 

refers to the temperature diference between the solidus and liquidus temperatures. 

4.1.1 Type II ESCs 

Type II ESCs have received less comprehensive examination compared to Type I. 

It is believed that they originate on the wall of the shot sleeve [122, 123, 71]. The shot 

sleeve typically operates at a lower temperature than the molten metal, approximately 

300 °C compared to the melt’s temperature of around 700 °C. Consequently, when 

the metal comes into contact with the shot sleeve, it rapidly cools and solidifes. 

During solidifcation on the shot sleeve wall, an oxide skin layer forms. This skin 

layer is partially fragmented and pushed into the casting by turbulence caused by 

the movement of the plunger [109, 66]. Once injected into the die casting cavity, this 

oxide layer fails to bond with the matrix, creating a vulnerable point from which 

cracks may initiate [122]. Due to the rapid cooling rates along the shot sleeve wall, 

the resulting cold fakes possess a fner microstructure compared to the matrix [115]. 

Similar to Type I ESCs, casting parameters signifcantly infuence the size and 

quantity of Type II ESCs in the casting. Wang et al [79] determined that while the 

ladle did not signifcantly afect Type II ESCs, the duration of metal settling in the 

shot sleeve had a substantial impact on their size and number. Other researchers 

identifed that melt temperature had the greatest infuence on ESC quantity in the 

fnal casting [71]. This is because the metal’s superheat afects the solidifcation pro-

cess: higher superheat means more heat must be removed before the metal solidifes. 

Heat can be dissipated through the shot sleeve, causing the metal to solidify within 
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it and form Type II ESCs. Moreover, the speed of both slow and fast shots can afect 

Type II ESCs, by inducing turbulence that breaks them into smaller fragments. 

This study compared computer simulations, water analog experiments and die 

casting trials to determine the formation mechanisms of Type I and Type II ESCs. 

The computer simulations analyzed cooling and turbulence in the shot sleeve during 

flling. Water analog experiments, with added beads, modeled the fow of Type II 

ESCs during flling. Die casting trials with various alloys assessed the impact of 

diferent casting parameters. Tensile testing of round bars and plates evaluated the 

efect of Type II ESCs on the mechanical properties. Figure 4.2 shows the hypothesis 

for how Type I ESCs form in the molten metal in the shot sleeve and Type II ESCs 

form along the shot sleeve wall. 

4.2 Experimental Design 

4.2.1 Water Analog Experiments 

The experimental setup described in Section 3.2.1 was replicated to investigate the 

infuence of particles on fow dynamics during casting. Acrylic beads were introduced 

into the shot sleeve to observe the movement of particles during flling. The beads 

were added to the shot sleeve at two locations. They were poured through the pour 

hole near the plunger and also placed at the biscuit location near the die cavity. These 

beads were selected for their density similarity to water. Previous studies modeled 

ESCs using particles that had the same density as the liquid used during flling [67]. 

Vacuum was no applied, as both slow and fast flling speeds were tested. 
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Figure 4.2: An image depicting the formation of Type I and Type II ESCs in the shot 
sleeve. 

111 



   

             

            

           

           

             

              

            

              

             

           

   

             

              

              

           

              

           

               

                   

              

              

            

               

 

4.2.2 HPDC Trials 

High pressure die casting trials were conducted at the Center for Design and 

Manufacturing Excellence (CDME) at OSU using a LK 280-ton Die Casting Machine 

equipped with a Fondarex vacuum unit (Highvac Economy ‘C-250). Several alloys 

were cast with variations in melt temperature, shot sleeve temperature, die temper-

ature, fast shot speed, slow shot speed, and alloy liquidus temperature. The average 

parameters used in these trials are detailed in Table 4.1. Shot speeds typically varied 

by approximately 3-4 in/s per shot. The intensifcation pressure during die casting 

was recorded and typically ranged between 12,000 and 14,000 psi (82 - 96 MPa). The 

melt underwent degassing using a rotary degassing unit before casting. A total of 

approximately 1,280 samples were produced during the die casting trials conducted 

for this investigation. 

Temperature measurements of both the shot sleeve and die were performed using a 

thermal camera capable of reading temperature up to 270 °C. While the plate regions 

in the die rarely reached this temperature during the trials, the shot sleeve frequently 

reached and possibly exceeded this temperature. All casting samples were produced 

under an added vacuum of approximately 40 mbar. Table 4.2 provides the names of 

the alloys used and their respective liquidus temperatures, determined using Pandat. 

The sample cast is the same as depicted in Figure 3.5 in Section 3.2.2, featuring 

a die with three plates of varying thickness (2 mm, 3 mm, and 5 mm) and a 6 mm 

diameter round ASTM tensile bar. Some samples were allowed to solidify in the shot 

sleeve without being injected into the die cavity; these samples are referred to as 

”logs”. Additionally, partial shots were made where the plunger was manually moved 

partway after pouring the metal into the shot sleeve. The logs, biscuit, gate, and the 
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Alloy Melt Temperature 
(°C) 

Shot Sleeve 
Temperature 
(°C) 

Slow Shot 
Speed 
(in/s) 

Fast Shot Speed 
(in/s) 

NS-2 728 270 12 69 
Phase 1 737 270 12 53 
A380 692 270 12 65 
RS-3 737 270 12 52 

Table 4.1: The casting parameters typically employed in the die casting trials. 

Alloy Liquidus Temperature 
(°C) 

NS-2 602 
A380 588 
Phase 1 601 
RS-3 611 

Table 4.2: The liquidus temperatures of the alloys utilized in the die casting trials. 

sample itself were sectioned and prepared using standard metallographic preparation 

techniques. 

Both the round tensile bars and machined 3 mm and 5 mm plates were tested 

using an MTS Criterion TM Model 43 tensile tester. The samples were pulled at a 

speed of 0.005 mm/s at room temperature. Around 194 samples were tensile tested. 

For microstructural analysis, the samples were prepared using the standard metallo-

graphic preparation and were examined using an OLYMPUS BX3M-LEDR optical 

microscope. Additionally, selected samples underwent electron microscopy using a 

Thermo Scientifc Apreo SEM equipped with energy dispersive spectroscopy (EDS). 
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4.3 Simulation Methods 

All simulations were performed using the identical full-size die shown in Figure 3.5 

of Section 3.2.2. 

4.3.1 MAGMASOFT® Simulations 

MAGMASOFT® version 5.5.1. was employed to analyze the solidifcation process 

in the shot sleeve and the fow dynamics during casting. The simulations utilized the 

alloys AlSi9MgMn, and AlSi9Cu3 (A380). Melt temperatures were varied to align 

with the die casting trials, specifcally 708 °C, 703 °C, and 729 °C. Various shot speeds 

were investigated, including slow speeds of 0.3 m/s and fast speeds of 1.78 m/s and 

1.3 m/s. A fve-second dosing and dwell time were used, with a die temperature of 

200 °C. The shot sleeve temperature was varied: 200 °C, 270 °C, and 300 °C were 

utilized. Additionally, a 100 mbar vacuum was applied. The cavity mesh consisted 

of 1,314,302 cells, ensuring at least 3 elements in the thinnest regions. 

4.3.2 FlOW-3D Simulations 

FLOW-3D Cast 2023 R1, a CFD software, was also employed to analyze the 

casting fow dynamics and the solidifcation in the shot sleeve. These simulations 

focused exclusively on the alloy A380. Various parameters such as melt temperatures 

(728 °C, and 708 °C), shot sleeve temperatures (300 °C, and 200 °C), slow shot speed 

(0.3 m/s), and fast shot speeds (1.75 m/s, 1.78 m/s, and 2.5 m/s) were investigated 

in the study. The mesh in the cavity consisted of 6,030,720 cells. A constant die 

temperature of 200 °C was used. 
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4.3.3 ProCAST Simulations 

ProCAST 18.0 was also used in the comparative analysis with the previous sim-

ulations. A consistent slow shot speed of 0.45 m/s was applied across all scenarios. 

Fast shot speeds of 1 and 3 m/s were tested to assess their impact. Melt temperatures 

of 650 and 700 °C were simulated, along with a die temperature of 100 °C. The alloy 

utilized for casting AlSi9. The simulation employed 4,642,551 3D elements, ensuring 

at least three elements in the thinnest regions of the model. 

4.4 Simulation Results 

4.4.1 MAGMASOFT® Results 

As metal is poured into the shot sleeve, cooling occurs along its walls, intensifying 

as the flling progresses. Figure 4.3 illustrates the cooling pattern along the shot sleeve 

wall at a temperature of 200 °C. The initial melt temperature for this simulation was 

708 °C, using AlSi9MgMn alloy as the casting fuid, with a slow shot speed of 0.3 m/s 

and a fast shot speed of 1.78 m/s. The initial melt temperature used was 708 °C. In 

Figure 4.3, (a) depicts the start of flling, (b) shows 1.29 seconds after the beginning of 

flling, and (c) displays the end of flling, occurring 1.41 seconds after the start. As the 

flling progresses, the dark blue region, representing temperatures below the liquidus 

of the alloy, expands along the shot sleeve wall. Notably, cooling initiates from the 

bottom of the shot sleeve. By the end of flling process, the majority of the metal 

in the shot sleeve had cooled below the liquidus temperature. These observations 

highlight the formation process of Type II ESCs within the shot sleeve. 

Figure 4.4 illustrates the cooling pattern along the shot sleeve wall when the shot 

sleeve temperature 300 °C. The simulation utilized the alloy AlSi9MgMn with an 
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Figure 4.3: The temperature result of the shot sleeve at 200 °C. (a) depicts the initial 
stage of flling, while (b) represents 1.29 seconds after the start of flling, and (c) 
shows the end of flling. The initial melt temperature was 708 °C and the alloy used 
was AlSi9MgMn. 

initial melt temperature of 708 °C. A slow shot speed of 0.3 m/s and a fast shot speed 

of 1.78 m/s were employed in this study. In Figure 4.4(a) shows the beginning of 

flling, (b) displays 1.29 seconds after the start of flling, and (c) shows the end of 

flling, occurring 1.41 seconds after the start. 

Increasing the shot sleeve temperature results in reduced cooling along its walls. 

Comparatively, the images exhibit less dark blue coloration, indicating slower cooling 

with a hotter shot sleeve. The cooling still begins on the bottom of the shot sleeve, 

but with the hotter shot sleeve, less cooling occurs and there is less metal less than 

the liquidus temperature at the end of flling. The solidifcation process within the 

shot sleeve due to cooling contributed to the formation of Type II ESCs. 

The pour temperature of the molten metal signifcantly infuences the extent of 

solidifcation within the shot sleeve. Figure 4.5 presents the simulation results from 

two simulations conducted at diferent melt temperatures, depicting the cooling pat-

tern along the shot sleeve wall. Both simulations utilized the alloy A380, maintained 
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Figure 4.4: The temperature profle of the shot sleeve at 300 °C. (a) depicts the start 
of flling, (b) shows 1.29 seconds after the start of flling, and (c) displays the end of 
flling. The initial melt temperature was 708 °C and the alloy used was AlSi9MgMn. 

a shot sleeve temperature of 270 °C, and employed identical shot profles. The slow 

shot speed was set at 0.3 m/s, and the fast shot speed was 1.3 m/s. 

In Figure 4.5(a) and (d) show the beginning of flling, (b) and (e) represent 1.29 

seconds after the start of flling, and (c) and (f) display the end of flling. Fig-

ure 4.5(a) to (c) correspond to the simulation with a melt temperature of 703 °C, 

while Figure 4.5(d) to (f) correspond to the simulation with a melt temperature of 

729 °C. 

The simulation conducted at the lower melt temperature (703 °C) exhibits more 

pronounced solidifcation on the shot sleeve wall. As flling progresses, the temper-

ature of the metal decreases along the shot sleeve wall. Towards the end of flling, 

temperatures as low as 520 °C are observed along the wall in the lower melt tem-

perature simulation, well below the liquidus temperature of A380. In the simulation 

with a higher melt temperature (729 °C), less cooling is observed in the shot sleeve. 

Some metal remains above 600 °C at the end of flling. However, both simulations 

show areas of dark purple color just below the liquidus temperature, indicating that 
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Figure 4.5: The temperature result for the simulations conducted at two diferent 
melt temperatures. (a), (b), and (c) depict results from the simulation with a melt 
temperature of 703 °C. (d), (e), and (f) show results from the simulation with a 
melt temperature of 729 °C. Both simulations were conducted with a shot sleeve 
temperature of 270 °C. 

some solidifcation still occurs even with a higher melt temperature. Using a higher 

melt temperature has drawbacks; at elevated temperatures aluminum can absorb 

more hydrogen from the atmosphere, potentially leading to hydrogen porosity in the 

samples. 

A lower melt temperature results in increased solidifcation within the shot sleeve, 

leading to more ESCs being formed and pushed into the die cavity compared simula-

tions with a higher melt temperature. 

The side view of the shot sleeve illustrates where along its length solidifcation 

is more likely to occur. However, it should be noted that the side view does not 
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depict solidifcation along the bottom of the shot sleeve. Figure 4.6 displays the 

temperature results from a simulation with a melt temperature of 729 °C, a shot 

sleeve temperature of 270 °C, a slow shot speed of 0.3 m/s, and a fast shot speed of 

1.3 m/s. In Figure 4.6(a) represents the start of flling, where the entire shot sleeve 

is still hot with minimal cooling visible. Figure 4.6(b) taken at 900 ms after the start 

of flling, shows initial cooling beginning at the biscuit end of the shot sleeve. This 

simulation suggests that cooling initiates near the biscuit rather than the plunger 

end. Figure 4.6(c) captured at 1100 ms after the start of flling, reveals signifcantly 

increased cooling at the biscuit end of the plunger and some cooling starting at the 

plunger end. This view highlights that cooling in the shot sleeve occurs at both ends 

and along the bottom, as seen in Figure 4.5. 

The cooler regions of the shot sleeve, such as near the die cavity, plunger, and 

along the bottom, are probable sites for Type II ESCs formation due to solidifcation 

occurring in these areas. This temperature decrease promotes the formation of a fner 

microstructure along the boundary edge. 

Figure 4.7 presents the side view of the temperature profle of the shot sleeve 

from a simulation conducted with a melt temperature of 703 °C, a shot sleeve tem-

perature of 270 °C, a slow shot speed of 0.3 m/s, and a fast shot speed of 1.3 m/s. 

Figure 4.7(a) depicts the start of flling, where minimal cooling is observed in the 

shot sleeve. Figure 4.7(b) captured at 900 ms after the start of flling, shows some 

cooling, particularly more noticeable on the biscuit side compared to the plunger side 

due to the lower melt temperature. However, there is some cooling at the plunger 

side, which is characteristic of the lower melt temperature leading to overall cooler 

temperatures and increased solidifcation in the shot sleeve. 
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Figure 4.6: The temperature profle of the shot sleeve from the simulation conducted 
with a melt temperature of 729 °C and a shot sleeve temperature of 270 °C. (a) depicts 
the start of flling, (b) shows the situation at 900 ms after the start of flling, and (c) 
represents the condition at 1100 ms after the start of flling. 
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Figure 4.7: The temperature profle along the side view of the shot sleeve during the 
simulation with a melt temperature of 703 °C and a shot sleeve temperature of 270 
°C. (a) corresponds to the beginning of flling, (b) shows the situation at 900 ms after 
the start of flling, and (c) depicts the condition at 1100 ms after the start of flling. 

Figure 4.7(c) at 1100 ms after the start of flling, reveals signifcantly more cool-

ing. The metal near the die cavity end of the shot sleeve is predominantly cool and 

below the liquidus temperature of A380 (588 °C). In contrast, the metal closer to the 

plunger remains hotter, with some portions still above the liquidus temperature. The 

cooling and potential solidifcation occur more rapidly with a lower melt temperature. 

Therefore, using a lower melt temperature would increase the amount of ESCs formed 

in the shot sleeve due to enhanced solidifcation. 
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Figure 4.8: The velocity profles from a simulation with a slow shot speed of 0.3 m/s 
and a fast shot speed of 1.75 m/s. (a) represents the fow at the beginning of flling, 
(b) shows the simulation at 2.2 seconds after the start of flling, and (c) depicts the 
simulation close to the end of flling at 2.4 seconds after the start. 

4.4.2 FLOW-3D Results 

Figure 4.8 presents the velocity results from a simulation with a melt temperature 

of 728 °C, a shot sleeve temperature of 300 °C, a slow shot speed of 0.3 m/s, and a 

fast shot speed of 1.75 m/s. Figure 4.8(a), taken at the beginning of flling when the 

plunger is just starting to move, shows the initial stage of metal fow. In Figure 4.8(b), 

captured during the middle of flling at 2.2 seconds after the start, the metal is seen 

moving towards the casting with minimal predicted turbulence and no wave forming. 

Figure 4.8(c), near the end of flling at 2.4 seconds after the start, depicts the metal 

about to enter the die cavity without any turbulence in the shot sleeve. The metal is 

smoothly pushed into the die cavity without forming a wave, which is benefcial for 

reducing defects; however, this outcome is unexpected. The absence of turbulence in 

the shot sleeve implies that ESCs are broken up through an alternative mechanism. 
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The temperature profles were analyzed to observe cooling along the shot sleeve 

wall. Figure 4.9 illustrates the front of the shot sleeve for a simulation with a shot 

sleeve temperature of 300 °C, a melt temperature of 708 °C, a slow shot speed of 0.3 

m/s, and a fast shot speed of 2.5 m/s. Figure 4.9(a) the initial state of the simulation 

where the metal is at the melt temperature, with no visible cooling along the sides 

of the shot sleeve. In Figure 4.9(b), taken 0.77 seconds after the start of plunger 

movement, all of the liquid metal in the shot sleeve appears to be uniformly cooled, 

without a visible temperature gradient, which is not typical. The cooler shot sleeve 

is expected facilitate cooling closer to the walls, while the center of the melt remains 

hotter. 

Figure 4.9(c), captured at 2.47 seconds after the start of plunger movement as the 

metal begins to fll the die cavity, shows hotter metal along the shot sleeve wall and 

cooler metal near the center. This observation contradicts expectations and conficts 

with the result from MAGMASOFT® simulations. One possible explanation could 

be the viewing angle: the hotter metal at the edges might be from the center of the 

shot sleeve being pushed outward during plunger movement. The metal flling the 

die cavity is hot, so the cooler metal near the plunger may obscure the view of the 

hotter metal in front of it. 

These unexpected results diverge from other simulation fndings and existing lit-

erature, suggesting potential discrepancies that warrant further investigation. 

The side view of the shot sleeve was also examined to observe solidifcation at both 

ends. Figure 4.10 presents the temperature results from a simulation using a melt 

temperature of 708 °C, a shot sleeve temperature of 200 °C, a slow shot speed of 0.3 

m/s, and a fast shot speed of 1.78 m/s. Figure 4.10(a), taken at the start of plunger 
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Figure 4.9: The temperature result from a simulation with a shot sleeve temperature 
of 300 °C and a melt temperature of 708 °C. (a) show the temperature profle at the 
start of the simulation, (b) depicts the situation at 0.77 seconds after the start, and 
(c) illustrates the conditions at 2.47 seconds after the start of the simulation. 

movement, shows initial cooling near the plunger. In Figure 4.10(b), captured 1.6 

seconds after the start of flling, more pronounced cooling is evident at the plunger 

end, as well as noticeable cooling in the biscuit and runner areas. By the end of flling, 

shown in Figure 4.10(c), solidifcation near the plunger is more prominent, with the 

shot sleeve fully flled and some cooling observed along the top. Cooling along the 

top of the shot sleeve could also be a location for Type II ESC formation. The top 

of the shot sleeve has less contact with hot metal, resulting in cooler temperatures 

compared to the bottom and sides. This cooler temperature promotes nucleation of 

a fner microstructure. Additionally, the cooling metal in the biscuit area has been 

pushed into the die cavity, demonstrating how some ESCs enter the the die cavity. 

The cooling pattern observed in the shot sleeve corresponds to fndings from 

MAGMASOFT® simulations (see Figure 4.7 and Figure 4.6), which also demon-

strate substantial cooling. However, there are discrepancies in the cooling location 

between these results. MAGMASOFT® indicates initial cooling at the biscuit end, 
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Figure 4.10: The temperature results for a simulation with a melt temperature of 
708 °C and a shot sleeve temperature of 200 °C are shown. (a) is from the start of 
plunger movement, (b) is from 1.6 seconds after the start of flling, and (c) is from 
2.4 seconds after the start of flling, close to the end of flling. 

with cooling at the plunger end occurring later in the simulation. In contrast, FLOW-

3D shows more cooling near the plunger and minimal cooling near the runner. This 

variation may result in diferences when predicting the occurrence of Type II ESCs 

in diferent regions of the shot sleeve. Both ends of the shot sleeve exhibit lower tem-

peratures, aligning with expectations from the simulation outcomes. Future studies 

investigating the infuence of die temperature and plunger temperature on ESC for-

mation could ofer deeper insights into the specifc locations where Type II ESCs are 

prone to form. 

4.4.3 ProCAST Results 

Figure 4.11 presents the temperature results for a simulation with a fast shot 

speed of 3 m/s and a melt temperature of 700 °C. In Figure 4.11(a), taken at the 

start of flling before the plunger begins moving, some turbulence is visible in the shot 

sleeve. Figure 4.11(b), captured 0.1 seconds after the start, shows a wave forming 
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Figure 4.11: The temperature results for a simulation with a fast shot speed of 3 m/s 
and a melt temperature of 700 °C are shown. (a) is from the start of the simulation, 
(b) is from the middle of flling, 0.1 seconds after the start, and (c) is from the near 
the end of flling, 0.2 seconds after the start. 

in the shot sleeve and curling over. Figure 4.11(c), from 0.2 seconds after the start 

and near the end of flling, illustrates the metal about to enter the die cavity with 

signifcant turbulence. These results indicate that wave formation in the shot sleeve, 

leads to turbulence, which can entrap air and break up ESCs. These fndings contrast 

with the FLOW-3D results shown in Figure 4.8, likely due to diferences in the tur-

bulence models used by each software. The occurrence of a wave in the shot sleeve is 

extensively documented in the literature [86] and is typically considered undesirable. 

The wave can crash and trap air in the shot sleeve, potentially breaking apart Type 

II ESCs before they enter the die cavity. 

Furthermore, Figure 4.11 depicts cooling occurring within the shot sleeve. Fig-

ure 4.11(a) shows the start of flling before the plunger begins to move, with all 

visible metal still at the pouring temperature. In Figure 4.11(b), cooling appears to 

initiate at the biscuit end and extends through most of the shot sleeve, with some 

cooling also observed at the plunger end. The hottest metal is found in the wave 
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and near the plunger. In Figure 4.11(c), the metal near the die cavity begins to drop 

below the liquidus temperature. These fndings align with the results obtained from 

the MAGMASOFT® simulations, particularly Figures 4.7 and 4.6, which similarly 

indicated more pronounced cooling at the biscuit end of the shot sleeve. 

4.5 Experimental Results and Discussion 

4.5.1 Water Analog Experiment Results 

As established in Section 3.4.1, the water analog results demonstrated good re-

peatability. In this study, the application of water analog experiments was extended 

to model some aspects of solidifcation in the shot sleeve. Figure 4.12 illustrates the 

placement of beads within the shot sleeve. These beads were strategically positioned 

closer to the die cavity to ensure their movement into the cavity during the flling 

process. Conversely, beads located nearer to the plunger did not enter the cavity and 

remained within the shot sleeve and biscuit region. This observation aligns with the 

temperature results from both the MAGMASOFT® and ProCAST simulations. The 

relatively cooler die cavity, typically around 200 °C, would promote solidifcation. 

Figure 4.13 displays the results of the water analog experiments with the beads 

added. Figure 4.13(a) represents the beginning of flling, (b) the middle, and (c) the 

end. The slow shot speed was 0.3 m/s, while the fast shot speed was 1.3 m/s. In 

Figure 4.13(a), the beads are located in the gate region of both the 5 mm and 2 

mm plates. By Figure 4.13(b), the beads have moved past the gate and are flling 

the 5 mm plate, while also beginning to enter the 3 mm plate and the round bar. 

At the end of the flling process, shown in Figure 4.13(c), the beads have reached 

the top of the 5 mm plate but remain in the gate of the 2 mm and 3 mm plates. 
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Figure 4.12: The beads in the shot sleeve before plunger movement starts. 

This distribution could be attributed to the relative size of the beads compared to 

the thickness of the plates. The predominance of beads entering the 5 mm plate is 

expected, as it is centrally located in the die cavity, allowing a direct fow from the 

shot sleeve. This is corroborated in Section 3.4.1, where the 5 mm plate was the 

frst to fll. Additionally, the presences of one bead in the round bar suggests that 

some ESCs might fow into this region as well. Using smaller beads might potentially 

enable them to fow through the 2 mm and 3 mm plates as well. 

4.5.2 Microstructure of the Biscuits 

Figure 4.14(a) depicts a biscuit from the A380 trial conducted at a fast shot speed 

of 65 in/s. During tensile testing of the round bar, a Type II ESC was observed on 

the fracture surface. Optical microscope images in Figure 4.14(b) and (c) show Type 

II ESCs within the biscuit. Figure 4.14(c) is a magnifed view of the region shown in 

(b), clearly showing the ESC boundary in both images. The lower part of the images 

shows the ESC region, where a fner microstructure is evident. The microstructure 
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Figure 4.13: The water analog results with beads added: (a) depicts the start of 
flling, (b) shows the middle stage of flling, and (c) is from the end of flling. 

near the boundary appears fner and coarsens further away from it. The presence 

of Type II ESCs in the biscuit indicates that ESCs form in the shot sleeve and are 

broken up by the turbulence during flling, pushing them towards the center of the 

melt. The cooler shot sleeve wall imitates solidifcation, forming a boundary layer 

where subsequent metal solidifcation results in a fner microstructure. Metal farther 

from the boundary coarsens due to slower cooling rates away from the wall. 

4.5.3 EDS Analysis of the 5mm Plate 

After conducting water analog experiments, SEM analysis was performed on the 

5 mm plates. Figure 4.15 presents the SEM image and EDS maps of the top region of 

the A380 5 mm plate. This sample was cast with a melt temperature of 694 °C, a slow 

shot speed of 0.28 m/s, and a fast shot speed of 1.65 m/s. In Figure 4.15(a), a Type II 
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Figure 4.14: A sample from the A380 trial. (a) is an image of the biscuit, while (b) 
and (c) are optical microscope images of the biscuit showing Type II ESCs. 

ESC is visible on the right side of the SEM back-scattered image. Figure 4.15(b)-(d) 

depict results from the EDS maps. 

Figure 4.15(b) shows the aluminum map, illustrating signifcant microstructural 

diferences between the Type II ESC and the matrix. The ESC exhibits a fner mi-

crostructure with smaller dendrites compared to the matrix. Figure 4.15(c) presents 

the silicon EDS map, revealing fner silicon distribution in the ESC compared to 

the matrix, indicating that the ESC cooled at a faster cooling rate. Figure 4.15(d) 

displays the copper EDS map, showing less copper in the boundary region relative 

to both the matrix and ESC. This observation suggests that copper phases may not 

nucleate initially on the shot sleeve wall, contributing to their reduced presence in 

the boundary region. 
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Figure 4.15: The SEM and EDS map of the top of a 5 mm plate from the A380 trial. 
(a) is the SEM image of a Type II ESC. (b) is the Al EDS map, (c) is the Si EDS 
map, and (d) is the Cu EDS map. 
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4.5.4 Microstructure of the Logs 

Figure 4.16(a) displays half of the log from the NS-2 alloy trial, cast at the trial’s 

conclusion. The bump at the top left of the log image is due to the pouring of the 

metal into the shot sleeve, as the bubble is located at the pour hole. This hollow 

bubble that was commonly observed in most of the logs produced. Figure 4.16(b) 

presents the microstructure from the bottom of the log at the plunger end, while 

Figure 4.16(c) ofers a more zoom-in view. The microstructure near the wall is much 

fner compared to the areas further away. suggesting that the cooler wall promoted 

solidifcation, leading to the formation of Type II ESCs. The boundary layer would 

be at the bottom of this image, along the wall. These fndings are consistent with 

the simulation results in Figures 4.3 and 4.4 which showed the metal cooling at the 

bottom of the shot sleeve. The cooler metal would solidify, forming the Type II ESCs. 

This fner microstructure is then pushed into the die cavity during flling, leading to 

Type II ESCs in the biscuit like in Figure 4.14. 

Figure 4.17 presents the SEM results from same sample shown in Figure 4.16. 

The bottom of the images corresponds to the wall of the shot sleeve. The EDS 

maps clearly reveal fner microstructure closer to the wall. In Figure 4.17(b), the 

aluminum EDS map shows fner aluminum dendrites near the wall, which coarsen 

as they move away from it. Similarly, in Figure 4.17(c), the silicon map also has 

fner microstructure nearer to the wall. These images suggest a faster cooling rate 

along the wall, promoting a fner microstructure. The fast cooling rate encourages 

nucleation, but restricts grain growth. Type II ESCs tend to form on the wall, with 

a fast cooling rate, while Type I ESCs form further away from the wall. Near the 

top of Figure 4.17(b), a Type I ESC can be observed, indicating larger dendrites that 
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Figure 4.16: The log from the NS-2 alloy trial is shown. (a) is a picture of the plunger 
side of the log, (b) shows the microstructure along the bottom edge of the log, and 
(c) provides a zoomed-in view of the microstructure along the bottom edge of the log. 
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Figure 4.17: The SEM image and EDS maps of the bottom of a log from the NS-2 
alloy trial. (a) is the SEM image of the bottom of the log, (b) is the Al EDS map 
of the area within the rectangle in (a), and (c) is the Si EDS map of the same area 
within the rectangle in (a). 

are more likely to form at slower cooling rates away from the wall. Slower cooling 

allows dendrites more time to grow, resulting in much larger sizes compared to faster 

cooling rates. These fndings are consistent with the simulations results depicted in 

Figures 4.3 and 4.4. 

Additional images were captured further away from the shot sleeve wall. Fig-

ure 4.18 shows an SEM image and EDS maps of the microstructure from further 

away from the wall. In Figure 4.18(a), a secondary electron image shows larger 

grains compared to those in Figure 4.17. Figure 4.18(b) shows the aluminum EDS 

map of the area within the rectangle in (a), highlighting large aluminum grains. Fig-

ure 4.18(c) displays the silicon EDS map, where the silicon appears coarser than those 

in Figure 4.17(c). 
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These fgures indicate that further away from the shot sleeve wall, the cooling rate 

slows signifcantly. Type I ESCs are therefore more likely to form away from the shot 

sleeve wall in the liquid metal. Typically, during a casting trial, this metal would be 

pushed into the die cavity where it would solidify. However, some Type I ESCs may 

solidify in the shot sleeve and subsequently by pushed into the die cavity. 

4.5.5 Microstructure of Partial Shots 

Figure 4.19 depicts the partial shot log from the RS-3 alloy trial. This log was cast 

at the end of the trial by pouring the metal into the shot sleeve and manually pushing 

in the plunger partway. In Figure 4.19(a), the entire partial log is shown, with the 

plunger side on the left where the turbulence during flling is evident. Although this 

turbulence is expected during flling, it contradicts the simulation results shown in 

Figure 4.8. However, turbulence is observed in Figure 4.11, suggesting that ProCAST 

provides a more accurate solver. The turbulence in the shot sleeve contributes to the 

breakup of the Type II ESCs. 

Figure 4.19(b) presents an optical microscope image from the bottom of the log, 

revealing a fner microstructure closer to the wall of the shot sleeve. In contrast, 

Figure 4.19(c) also captures an image from the bottom of the log but shows a much 

coarser microstructure along the wall. The shot sleeve, although cooler than the 

molten metal, does not maintain uniform cooling, resulting om varying solidifcation 

patterns along the wall. Therefore, Type II ESCs are not formed uniformly across 

the shot sleeve wall; they occur primarily in cooler regions where fast cooling rates 

can be achieved. 
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Figure 4.18: The SEM image and EDS maps depict the middle section of a log from 
the NS-2 alloy trial. (a) shows the secondary electron image of the log. (b) displays 
the Al EDS map of the area inside the rectangle, and (c) shows the Si EDS map of 
the same area within the rectangle in (a). 
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Figure 4.19: The partial shot log from the RS-3 trial. In (a), a picture of the log shows 
the plunger side on the left. (b) and (c) show optical images of the microstructure 
along the bottom of the log on the plunger side. 
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Figure 4.20: The partially flled sample from the Phase 1 trial. (a) displays the 
sample, while (b) and (c) are optical images of the microstructure taken from the 3 
mm plate located within the red box in (a). 

Partial shots can also result from other methods. Figure 4.20 showcases a sample 

that was incompletely flled due to inappropriate casting parameters. Specifcally, the 

sample in Figure 4.20 was cast with a slow shot speed of 8 m/s, a fast shot speed of 12 

m/s and no intensifcation pressure. This combination of a slow fast shot speed and 

lack of intensifcation pressure caused the metal to solidify before flling the cavity. 

In Figure 4.20(a), the round bar had been removed for tensile testing, and no Type 

II ESCs were found on the fracture surface of the round bar. 

Figure 4.20(b) and (c) depict optical images taken from the 3 mm plate within 

the red box shown in Figure 4.20(a). Both images reveal prominent Type I ESCs. 

In 4.20(b), Type I ESCs are observed near the bottom of the image, while 4.20(c) 

shows a large dendrite near the top. These images are from the center of the plate. 

According to literature, Type I ESCs typically migrate towards the center of the 

casting sample and are less commonly found at the edges. 
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Melt Temperature 
(°C) 

Shot Sleeve 
Temperature 
(°C) 

Slow Shot 
Speed 
(in/s) 

Fast Shot Speed 
(in/s) 

Percent 
Type II 
ESCs (%) 

728 283 12 69 0 
703 270 12 68 28 

Table 4.3: The average casting parameters used in the die casting trials of NS-2 alloy. 

4.5.6 Mechanical Testing Results and Discussion 

ESCs are difcult to detect in the castings via non-destructive methods, like CT 

scanning, because their chemical composition is the same as the matrix. Therefore, 

mechanical testing is done to determine whether Type II ESCs are present in the 

sample. For each casting trial, diferent parameters were varied to see the efect 

of diferent parameters on whether Type II ESCs would be present on the fracture 

surface. Table 4.3 shows the average conditions used for two castings trials. The 

alloy used for these trials was NS-2 which has a liquidus temperature of 602 °C. The 

main diference between these two trials is the temperature of the molten aluminum 

and the amount of ESCs found on the fracture surface. The frst trial had a melt 

temperature of 728 °C, and the second trial had a melt temperature of 703 °C. The 

trial with the lower melt temperature had more Type II ESCs present. This is due to 

the diference of super-heat in the metal, 126 °C versus 101 °C. The greater amount 

of super-heat, means less solidifcation will occur when the metal is poured into the 

cooler shot sleeve. Therefore, less Type II ESCs will be formed in the shot sleeve and 

be pushed into the die cavity. 
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Comparing two diferent alloys cast with the same conditions except diferent 

amounts of superheat showed a similar trend. Table 4.4 shows the casting parameters 

used during a casting trial of A380, and a casting trial of NS-1. In both trials, the fast 

shot was varied and the amount of superheat used in the two trials was diferent. The 

frst two rows are with the same fast shot speed of around 51 in/s. The A380 samples 

were cast with a superheat of 109 °C and about 70 % of the samples tested had Type 

II ESCs present on their fracture surfaces. While the NS-1 samples were cast with a 

superheat of 126 °C and did not have any Type II ESCs on their fracture surfaces. 

The diference in superheat greatly changed the amount of ESCs in the samples, due 

to less solidifcation in the shot sleeve. The bottom two rows in Table 4.4 were casting 

with a faster fast shot speed of around 67 in/s. While the two fast shot speeds are 4 

in/s diferent, that amount is very small and is only about 0.1 m/s, so it is considered 

to be a similar speed. However, the superheat of the two trials shows more diference. 

The diferent amount of superheat led to the A380 samples having 50 percent of 

samples with Type II ESCs on the fracture surface, compared to the NS-1 samples 

having no Type II ESCs on the fracture surface. This is in agreement with the 

literature, especially Kopper and Monroe [71], who found the melt temperature had 

the greatest impact on solidifcation using computer simulations. These results are 

also in agreement with the computer simulation results shown in Figure 4.5. Those 

results use the same conditions and melt temperatures and show a greater decrease 

in temperature along the shot sleeve wall with a decrease in melt temperature. This 

decrease in temperature promotes solidifcation and can lead to Type II ESCs forming 

in the shot sleeve. 
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Alloy Superheat 
(°C) 

Shot Sleeve 
Temperature 
(°C) 

Slow Shot 
Speed 
(in/s) 

Fast Shot 
Speed 
(in/s) 

Percent 
Type II 
ESCs (%) 

A380 109 270 11 51 70 
NS-1 126 270 12 52 0 
A380 106 270 11 65 50 
NS-1 127 270 11 69 0 

Table 4.4: The average casting parameters used in the die casting trials of A380 and 
NS-1 alloys. 

The impact of melt temperature and superheat can be seen for the same alloy cast 

in two diferent die casting trials with diferent melt temperatures. Table 4.5 shows 

the mechanical properties cast with diferent melt temperature. Both samples were 

the NS-2 alloy and were cast with a slow shot speed of 0.3 m/s, and a fast shot speed 

of 1.7 m/s. The liquidus temperature of this alloy is 602 °C This means that the alloy 

with a melt temperature of 729 °C had a superheat of 127 °C, while the other sample 

had a super heat of 101 °C. The sample with the higher melt temperature has higher 

elongation and ultimate tensile strength. This is because the sample with the lower 

melt temperature had a Type II ESC present on the fracture surface. The Type II 

ESC cause the elongation and ultimate tensile strength to decrease. The Type II ESC 

was able to form due to the lower melt temperature that allowed more solidifcation 

in the shot sleeve. It should be noted that the yield strength is very similar in the 

two samples and it does not appear that the Type II ESC has an impact on the yield 

strength. 

The mechanical properties of the same alloys cast with the same conditions can 

difer due to the presence of Type II ESCs. Figure 4.21 shows the stress-strain graphs 
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Melt Temperature Yield Strength 
(MPa) 

Elongation (%) Ultimate Tensile 
Strength (MPa) 

729 154 3.5 285 
703 151 1.9 241 

Table 4.5: The mechanical properties from two NS-2 alloy casting trials. These 
samples were both cast with a slow shot speed of 0.3 m/s and a fast shot speed of 1.7 
m/s. 

With or without Yield Strength Elongation (%) Ultimate Tensile 
Type II ESC (MPa) Strength (MPa) 
Without Type II 
ESC 

148 4.16 252 

With Type II 
ESC 

123 1.88 189 

Table 4.6: The mechanical properties from the Phase 1 alloy casting trial. These 
samples were both cast with a slow shot speed of 0.3 m/s and a fast shot speed of 2.1 
m/s. 

and Table 4.6 shows the mechanical properties of two Phase 1 alloy samples cast with 

the same parameters. The samples were cast with a slow shot speed of 0.3 m/s and 

a fast shot speed of 2.1 m/s. The melt temperature was 674 °C and the shot sleeve 

temperature was 265 °C. Due to the presence of a Type II ESC, one of the samples 

has much lower properties. The elongation changes from 4.16% to 1.88% because of a 

Type II ESC. However, the casting parameters that were studied in this investigation 

are very similar between the two samples, so the reason one sample has an ESC and 

the other does not still needs to be investigated further. 
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Figure 4.21: The stress-strain graphs of two samples from the Phase 1 alloy casting 
trial. 
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With or without Yield Strength Elongation (%) Ultimate Tensile 
Type II ESC (MPa) Strength (MPa) 
Without Type II 
ESC 

122 4.83 239 

With Type II 
ESC 

109 1.46 170 

Table 4.7: The mechanical properties from the Phase 1 alloy casting trial. These 
samples were both cast with a slow shot speed of 0.3 m/s and a fast shot speed of 2.8 
m/s. 

The mechanical properties from two more samples from the same casting trial are 

shown in Table 4.7. These samples were cast with a slow shot speed of 0.3 m/s and 

a fast shot speed of 2.8 m/s. The melt temperature was 675 °C and the shot sleeve 

temperature was 270 °C. Compared to the previous samples the fast shot speed is 

much faster and can cause more turbulence. In general, the properties are lower at 

a faster fast shot speed. The presence of a Type II ESC causes a large decrease in 

mechanical properties, especially elongation. However, the reason one sample had an 

ESC and the other did not is not known. There is still more to learn about Type II 

ESCs and another casting parameter not studied in this investigation is possibly the 

cause. 

4.6 Machine Learning 

This section is about the potential for using machine learning to predict the pres-

ence of Type II ESCs in die cast samples. A preliminary study on using machine 

learning to predict the presence of Type II ESCs in die cast samples was conducted. 
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4.6.1 Introduction 

High Pressure Die Casting is a complex process with many diferent variables. 

Especially in industry, many parts are produced every hour and stopping due to 

defects can have major impacts on production [88]. Therefore machine learning can 

be benefcial in determining what parameters are more important and how to change 

the parameters to ensure quality parts. 

As shown in Section 4, Type II ESCs harm the mechanical properties of die cast 

parts and are impacted by numerous casting parameters. Due to the large variety of 

parameters, machine learning (ML) is seen as a solution to designing ESC free parts. 

Previous researchers have used machine learning and artifcial intelligence (AI) to 

better understand various defects in the casting process [124]. Kopper et al [88] used 

machine learning to predict the ultimate tensile strength of tensile bars based on 

various parameters in die casting. Other researchers studied the impact of processing 

parameters on the formability of magnesium sheet [125]. 

Using the die casting trials from the previous section a preliminary study on using 

machine learning to predict the presence of Type II ESCs was conducted. While the 

data collected is limited previous studies have found success using a limited dataset 

as well [125]. Machine learning is better for small datasets than using deep learning 

models [88]. 

4.6.2 Methods 

To determine the presence of Type II ESCs in the castings tensile tests were 

conducted on round tensile bars, machined 3 mm plates and 5 mm plates. The 
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Superheat 
(°C) 

Melt 
(°C) 

Temperature Slow Shot Speed 
(m/s) 

Fast Shot Speed 
(m/s) 

Percent 
ESC (%) 

109 697 0.28 1.29 70 
106 694 0.28 1.65 50 

Table 4.8: Two rows of cleaned data from the A380 trial. 

extension was measured using an extensometer, with a speed of 0.005 mm/s. All 

samples were tested in the as-cast condition. 

If an ESC is present in the sample, the fracture will occur at that location. Nine 

diferent alloy compositions were cast with varying casting parameters, including 

liquidus temperature, melt temperature, shot sleeve temperature, slow shot speed, 

fast shot speed, intensifcation pressure, and die temperature. At least three samples 

per condition were tested. The cleaned machine learning dataset used in this study 

is detailed in Appendix A. Samples were grouped by similar casting parameters, 

and the percent of Type II ESCs in each group was calculated. Table 4.8 shows an 

example of two rows of data from one of the A380 alloy casting trials, which has 

a liquidus temperature of 588 °C. The machine learning analysis also utilized shot 

number, and vacuum pressure. In total, the dataset includes 11 columns of data and 

37 observations. 

4.7 Conclusions 

This study compared computer simulations, water analog experiments, and high 

pressure die casting trials to evaluate the infuence of diferent die casting parameters 

on the formation of externally solidifed crystals in die-cast aluminum alloy samples. 
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The investigate parameters included liquidus temperature, superheat amount, melt 

temperature, shot sleeve temperature, slow shot speed, and fast shot speed. These 

parameters were varied to observe their impact on the quantity of Type II ESCs. 

Additionally, die temperature, shot number, vacuum strength, and intensifcation 

pressure were monitored. These parameters were kept relatively consistent through-

out the die-casting trials. 

The computer simulations revealed cooling takes place within the shot sleeve and 

highlighted turbulence during the flling process. Both increasing the shot sleeve 

temperature and raising the melt temperature proved efective in minimizing solidif-

cation within the shot sleeve. While both MAGMASOFT® and Flow-3D simulations 

indicated cooling within the shot sleeve, they difered on where the most signifcant 

cooling occurred. MAGMASOFT® suggested more cooling near the die cavity and 

biscuit, whereas Flow-3D indicated greater cooling adjacent to the plunger. Addition-

ally, MAGMASOFT® indicated cooling occurring at the bottom of the shot sleeve, 

whereas the Flow-3D results showed minimal cooling of the metal along the shot 

sleeve walls. 

The simulations were also utilized to simulate turbulence in the shot sleeve during 

flling. Only the ProCAST results depicted a wave forming in the shot sleeve. In con-

trast, Flow-3D indicated the metal being pushed into the die cavity smoothly without 

turbulence or wave formation. However, the partial shot did exhibit turbulence in the 

shot sleeve. Previous studies have demonstrated that turbulence occurs in the shot 

sleeve during flling [86]. This turbulence can break apart ESCs before they enter the 

die cavity. 
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Water analog experiments demonstrated that particles originating closer to the die 

cavity and biscuit are more prone to being pushed into the die cavity during flling. 

These particles are also more likely to enter the 5 mm plate positioned at the center 

of the sample. 

In the samples from the die casting trials, a fner microstructure was observed 

on the shot sleeve walls, and Type II ESCs were found in the biscuit of the casting 

samples. Type II ESCs solidify on the shot sleeve wall and are broken up by turbulence 

during flling. The fast cooling rate promotes a fner microstructure, which leads 

to a shell along the shot sleeve wall. During flling the plunger pushes the fner 

microstructure shell into the die cavity. Conversely, Type I ESCs solidify farther 

from the shot sleeve wall, where the cooling rate is slower, promoting the growth of 

larger grains. Type I ESCs are also pushed into the die cavity during flling, where 

turbulence can also break them up. 

Mechanical testing results indicated that when the superheat was below 110 °C, 

Type II ESCs were more likely to appear on the fracture surface. Both die casting 

trials and computer simulations demonstrated that increasing the metal temperature 

is a crucial method for reducing the amount of Type II ESCs in die cast samples. 

Further die casting trials are required to determine the signifcant parameters in-

fuencing Type II ESC formation. Additionally, investigating the formation locations 

of Type I ESCs would be advantageous. Better understanding of ESC formation 

mechanisms of ESCs will facilitate reducing ESC amount occurrence in die-cast parts 

and improvement of their mechanical properties. 

Machine learning shows promise for advancing the understanding of ESC for-

mation mechanisms and predicting ESC formation in die-cast samples. Expanding 
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machine learning models to include other die casting machines and die cavity shapes 

could greatly beneft the die casting industry. 
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Chapter 5: Summary and Future Work 

Defects in both welded and cast aluminum have been studied, with their formation 

mechanisms identifed and methods to avoid them examined. Hydrogen porosity, 

air entrapment, and externally solidifed crystals negatively impact the mechanical 

properties of aluminum parts. Understanding these defects is essential for enhancing 

the use of aluminum in lightweight applications. This chapter will summarize the 

conclusion from the previous three content chapters and provide suggestions for future 

research to further understand and mitigate these defects. 

5.1 Summary and Conclusions 

5.1.1 Hydrogen Porosity in Laser Welds of Aluminum 

The efect of anodized aluminum on hydrogen porosity in aluminum laser welds 

was investigated using a cellular automaton model. Welding was performed on 0.2 

mm thick aluminum tabs, both bare and anodized, with varying laser powers and 

speeds. The results showed signifcantly higher porosity in welds made with anodized 

aluminum tabs compared to those with bare tabs. Anodized aluminum can introduce 

more hydrogen into the welds, leading to hydrogen supersaturation in the liquid metal. 

This supersaturation can cause hydrogen porosity to nucleate and grow. Additionally, 
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the aluminum oxide layer can served as heterogeneous nucleation sites for hydrogen 

porosity. 

To reduce porosity in laser welds, several strategies can be employed: cleaning the 

material prior to welding, using shielding gas during welding, and opting for other 

corrosion resistant materials. Substituting anodized aluminum with alternatives like 

nickel-coated aluminum might also help in reducing hydrogen porosity in the welds. 

The CA model aligns well with the results from the welding experiments. The 

efects of varying laser speed, power, and hydrogen concentration produced compara-

ble outcomes in both the model and experiments. Increasing the laser speed resulted 

in less porosity in the weld zone due to a reduction in the melt pool size and the 

duration it remains molten. Conversely, increasing the laser power had the opposite 

efect, leading to more porosity in the weld zone. Higher laser power increases the 

energy density, raising the temperature of the molten aluminum and creating more 

liquid metal. This higher temperature allows more hydrogen to dissolve in the liquid, 

resulting in larger porosity. Additionally, increasing the hydrogen concentration in 

the liquid aluminum provides more hydrogen for difusion into the pores, enabling 

them to grow larger. This efect was observed in the model by increasing the initial 

hydrogen concentration, which led to larger pores. 

5.1.2 Air Entrapment in High Pressure Die Casting 

The impact of vacuum on entrapped air during High Pressure Die Casting of 

aluminum was investigated using water analog experiments, computer simulations 

and HPDC trials. The computer simulations generally aligned well with the water 

analog experiments in terms of fow behavior and the efect of vacuum during the 
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flling process. Both methods indicated that the addition of a vacuum reduced the 

amount of air bubbles and entrapped air. Furthermore, a stronger vacuum proved 

more efective at minimizing entrapped air compared to a weaker vacuum. 

Samples from the HPDC trials, cast both with and without the addition of a vac-

uum, were analyzed using density measurements, mechanical testing, and CT scans. 

The results showed that using a vacuum during die casting increased the density, 

tensile strength and elongation of the samples. The microstructure analysis also re-

vealed a reduction in porosity with the addition of a vacuum. CT scans confrmed 

this reduction in porosity between vacuum die cast samples and those cast without a 

vacuum. Samples cast with the strongest vacuum exhibited the highest density and 

yield strength. Overall, the use of a vacuum during die casting signifcantly improves 

the quality and soundness of the cast parts. 

5.1.3 Externally Solidifed Crystals in Die Casting 

The formation mechanism of externally solidifed crystals (ESCs) and methods 

to mitigate their presence in aluminum high-pressure die castings were investigated. 

Type II ESCs form when the metal is poured into the shot sleeve and begins to solidify. 

The cooler shot sleeve promotes a fast cooling rate and a fner microstructure. As the 

metal solidifes on the shot sleeve wall, a boundary layer forms. During flling, this 

solidifed metal layer is broken up by turbulent fow and spraying, and fragments are 

injected into the die cavity. 

The study compared computer simulations, water analog experiments, and HPDC 

trials with diferent casting parameters. Generally, the computer simulations aligned 
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with the die casting results. Both indicated that higher melt temperatures decreased 

Type II ESCs by reducing solidifcation within the shot sleeve. 

5.1.4 Machine Learning for ESCs Prediction 

Machine learning can be used to predict the presence of Type II ESCs in die cast-

ings. Machine learning can determine the impact of multiple die casting parameters 

have on the formation of Type II ESCs. 

5.2 Future Perspectives 

5.2.1 Hydrogen Porosity in Aluminum Welds 

Although shielding gas was not used in these experiments, future research on its 

efectiveness in reducing porosity would be valuable. Specifcally, investigating the use 

of shielding gas when welding anodized aluminum could be benefcial. If protective 

gas reduces porosity welded anodized aluminum, this material could see increased use 

in battery applications. 

Further development of the CA model would be highly benefcial. Comparing 

the model with a broader range of experimental data, including various laser speeds 

and powers, would enhance its accuracy. Incorporating diferent types of porosity, 

such as shrinkage or keyhole collapse porosity, would improve the model’s utility. 

Additionally, integrating fuid fow dynamics and enabling the escape of hydrogen 

bubbles from the weld pool would signifcantly advance future studies. 

5.2.2 Entrapped Air in Aluminum Die Casting 

Conducting more water analog experiments would be benefcial for understanding 

the impact of vacuum. Improved sealing would allow the use of a two-stage shot 
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profle, better aligning with the die casting trials. Additionally, adding another liquid 

into the water used in these experiments to better match the viscosity and surface 

tension of molten aluminum would enhance the accuracy of the results. 

Additional die casting trials with varying vacuum levels would be benefcial for a 

better understanding of the vacuum’s efect. As shown in Section 3.4.4, the samples 

cast in this project had numerous defects that could be eliminated with better con-

trol of casting conditions. Conducting a die casting trial with controlled parameters 

while only varying the vacuum level would provide clearer insights into the vacuum’s 

impact. Testing a super-vacuum could also reveal further improvements in density 

and mechanical properties. Furthermore, using a micro-CT machine to examine the 

porosity near the fracture surface and within the sample before fracture would provide 

valuable data. 

5.2.3 Externally Solidifed Crystals in Aluminum High Pres-
sure Die Castings 

Type II ESCs are very detrimental to mechanical properties. Further work to 

better understand which die casting parameters have the most impact would be ben-

efcial. More die castings with varying shot sleeve temperatures would prove useful 

in understanding ESCs formation. Other die casting parameters including but not 

limited to cycle time, biscuit thickness, cavity fll time, fast shot transition location, 

dwell time, dosing time, and ladle pour time should be noted and studied further. 

While these parameters were not studied in this investigation they are still relevant 

to the formation of Type II ESCs. 

The water analog experiments can be improved by adding diferent shaped and 

sized particles. The addition of a thin layer of some substance at the bottom of the 
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shot sleeve could serve as a model for the Type II ESCs forming in the shot sleeve. 

Additionally, testing a variety of slow shot speeds and fast shot speeds, similar to the 

ones tested during die casting would allow for more comparison to die casting results. 

Further work also needs to be done to understand how Type I ESCs form. While 

not as harmful to mechanical properties as Type II, their formation mechanism should 

still be studied. 

5.2.4 Machine Learning for Defect Prediction in Die Casting 

Machine learning holds signifcant promise for predicting defects in die-cast sam-

ples. Future work would include expanding the database to encompass various ma-

chines and dies. Furthermore, conducting additional die casting trials with changing 

more parameters would enhance prediction capabilities. Collaboration with industry 

partners and leveraging industry data would greatly advance and refne the prediction 

models. 

Models from the scikit-learn library should be used. Additionally, regression mod-

els should be studied due to the objective of this project. 

5.2.5 Outlook 

Aluminum die casting and welding hold signifcant potential across various indus-

tries. Despite the need for better understanding and control of defects, the growing 

trends of lightweighting and electric vehicles present numerous opportunities for alu-

minum. Welding aluminum to other metals, such as copper, is particularly crucial 

for applications in electric vehicles, which are expected to see a rise in production 
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in the coming years, thereby increasing in the demand for welded aluminum com-

ponents. Additionally, the trend towards light-weighting is anticipated to expand, 

further enhancing the potential use of die-cast aluminum. 

Already, large single-piece castings for electric vehicles are being produced, under-

scoring the importance of improving defect understanding. Advancements in this area 

will positively impact the utilization of aluminum in both electric and light-weight 

vehicles, and bolstering its outlook across other industries as well. 
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Appendix A: Type II Machine Learning Data 

The cleaned dataset used in the Machine Learning model. Each table is for each 

alloy used. The vacuum used is between 31-50 mbar. The super-heat is the melt 

temperature minus the liquidus temperature. The liquidus temperatures for the alloys 

used are listed in Table 4.2. 

Descriptor Range Unit 
Melt Temperature 671-729 °C 
Superheat 70-128 °C 
Slow Shot Speed 8-12 in/s 
Fast Shot Speed 14-219 in/s 
Intensifcation Pressure 0-17193 psi 
Die Temperature 150-205 °C 
Percentage of ESCs Present 0-75 % 

Table A.1: The data for the Phase 1 alloy used in Machine Learning. 
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Descriptor Range Unit 
Melt Temperature 688-697 °C 
Superheat 100-109 °C 
Slow Shot Speed 11-12 in/s 
Fast Shot Speed 51-113 in/s 
Intensifcation Pressure 12000 psi 
Die Temperature 185-209 °C 
Percentage of ESCs Present 50-100 % 

Table A.2: The data for the A380 alloy used in Machine Learning. 

Descriptor Range Unit 
Melt Temperature 704-743 °C 
Superheat 86-125 °C 
Slow Shot Speed 11-12 in/s 
Fast Shot Speed 51-52 in/s 
Intensifcation Pressure 12000-18750 psi 
Die Temperature 115-170 °C 
Percentage of ESCs Present 0 % 

Table A.3: The data for the EZCAST alloy used in Machine Learning. 

Descriptor Range Unit 
Melt Temperature 728-729 °C 
Superheat 126-127 °C 
Slow Shot Speed 11-12 in/s 
Fast Shot Speed 52-69 in/s 
Intensifcation Pressure 13500-13637 psi 
Die Temperature 170-190 °C 
Percentage of ESCs Present 0 % 

Table A.4: The data for the NS-1 alloy used in Machine Learning. 
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Descriptor Range Unit 
Melt Temperature 703-730 °C 
Superheat 101-128 °C 
Slow Shot Speed 11-12 in/s 
Fast Shot Speed 21-169 in/s 
Intensifcation Pressure 12700-13702 psi 
Die Temperature 185-265 °C 
Percentage of ESCs Present 0-28 % 

Table A.5: The data for the NS-2 alloy used in Machine Learning. 

Descriptor Range Unit 
Melt Temperature 726-727 °C 
Superheat 124-125 °C 
Slow Shot Speed 11-12 in/s 
Fast Shot Speed 52-69 in/s 
Intensifcation Pressure 13326-13702 psi 
Die Temperature 173-180 °C 
Percentage of ESCs Present 0 % 

Table A.6: The data for the NS-3 alloy used in Machine Learning. 

Descriptor Range Unit 
Melt Temperature 737-738 °C 
Superheat 127 °C 
Slow Shot Speed 12 in/s 
Fast Shot Speed 50-53 in/s 
Intensifcation Pressure 12716-12977 psi 
Die Temperature 198-205 °C 
Percentage of ESCs Present 0-50 % 

Table A.7: The data for the RS-1-3 alloys used in Machine Learning. 
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