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List of notations and abbreviations

Notation Detail

Al Aluminum

B Boron

Ti Titanium

Mo Molybdenum

\/ Vanadium

Cr Chromium

Cu Copper

Mg Magnesium

EMs Enhancer materials

Wt% Weight Percent

HAZ Heat Affected Zone
Abbreviation Detail

SEM Scanning Electron Microscopes
XRD X-ray diffraction

EDS Energy-dispersive X-ray spectroscopy
EOC Open Circuit Potential
EMS Enhancer materials
GTAW Gas tungsten arc welding
TIG Tungsten Insert Gas

HAZ Heat Affected Zone

RSW Resistance spot welding
Ecorr Corrosion potential

Icorr Corrosion current

RP Polarization resistance
SCE Saturated calomel electrode
UTS Ultimate tensile strength
FCC Face centered cubic

Bc The slop of the cathodic curve
Ba Slope of the anodic curve
CR Corrosion rate

Ew Equivalent length
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Abstract

Aluminum alloys are indispensable in numerous industries, especially in welding
applications, where their mechanical properties are critical. This thesis focuses on the profound
impact of grain refinement on the mechanical characteristics of aluminum alloys employed in
welding. With the growing demand for lightweight yet robust materials, aluminum alloys,
particularly Al-, have become increasingly vital in sectors such as automotive, aerospace, and
construction.

Grain refinement presents an enticing avenue for enhancing the performance of these
alloys, especially in welded structures. The study commences with an extensive review of
common grain refinement techniques utilized in aluminum alloys, emphasizing the efficacy of
various additives and processes. It then delves into the underlying mechanisms driving grain
refinement, elucidating their effects on the alloy's microstructure.

Moreover, this thesis scrutinizes the direct consequences of grain refinement on the post-
welding attributes of Al and its alloys. Leveraging advanced microscopy and characterization
methods, the research scrutinizes grain size distribution, grain boundary morphology, and defect
formation in both as-welded and post-heat-treated conditions, offering valuable insights into
microstructural evolution during welding.

In addition to structural alterations, the study explores the mechanical implications of
grain refinement in aluminum alloys. Through tensile, fatigue, and impact tests, it evaluates the
alloy's performance by comparing grain-refined specimens with conventional ones. The results
unveil the profound influence of grain size on strength, ductility, and fracture behavior,
enriching our comprehension of the alloy's mechanical response.

The findings of this thesis hold extensive ramifications for industries reliant on
aluminum alloys for welding purposes. The insights gleaned from this research can inform the
optimization of grain refinement processes, paving the way for the development of lightweight,
high-strength materials with enhanced weldability. These advancements have the potential to
revolutionize various sectors by bolstering the structural integrity and mechanical properties of
aluminum alloy-welded components, thereby contributing to safer, more efficient, and

sustainable engineering solutions.



Aluminum alloys have garnered widespread acclaim for their lightweight properties,
impressive strength-to-weight ratio, and exceptional corrosion resistance. However, there
remains room for improvement, particularly through the integration of enhancer materials. The
introduction of these enhancer materials into aluminum alloys holds the promise of enhancing
various aspects, ranging from mechanical properties like strength and hardness to augmenting
attributes such as wear resistance and thermal stability. This thesis embarks on an exploration
of the utilization of enhancer materials in aluminum alloys, investigating their profound impact
on the overall properties of these alloys. Among the enhancer materials under scrutiny are
Titanium (Ti), Boron (B), and Molybdenum (Mo).

In recent years, the landscape of aluminum alloy production has witnessed a significant
transformation, driven by the evolution of new procedures and technologies. This
transformative journey, coupled with the advent of advanced materials, has paved the way for
innovative methodologies in aluminum alloy manufacturing. One particularly noteworthy
approach involves the precise incorporation of multiple enhancer materials in specific weight
percentages into the aluminum matrix prior to solidification during the casting process. This
novel method has demonstrated remarkable efficacy in enhancing the properties of aluminum
alloys [1]. The introduction of enhancer materials into aluminum alloys can yield substantial
effects on their properties [2]. These effects manifest in both the microstructure and
macrostructure of the alloys, leading to enhancements in strength, hardness, and wear resistance
[3], along with improvements in their thermal stability. Enhancer materials play a crucial role
in significantly elevating the strength and hardness of aluminum alloys [4]. Among the most
commonly utilized enhancer materials in aluminum alloys, copper stands out. Copper readily
forms a robust solid solution with aluminum, which serves to enhance the alloy's strength and
hardness [5]. Moreover, this addition improves the alloy's resistance to corrosion, rendering it
an ideal material for applications in marine environments.

Additional enhancer materials incorporated into aluminum alloys encompass
magnesium and silicon, both of which play a vital role in elevating strength and hardness.
Furthermore, the integration of enhancer materials in aluminum alloys can lead to a notable
improvement in their wear resistance [6]. Wear resistance proves crucial in applications where
materials are exposed to abrasive or erosive forces [6]. Chromium, a frequently employed
enhancer material in aluminum alloys, serves to enhance the wear resistance of the alloy [7].

Enhancer materials can also improve the thermal stability of aluminum alloys [8]. This is



important in applications where the alloy was subjected to high temperatures. One of the most
commonly used enhancer materials for improving thermal stability is titanium [8, 9]. Titanium
forms a strong intermetallic compound with aluminum that improves the thermal stability of
the alloy [1]. is used in aluminum alloys to improve the thermal stability of the alloy. Titanium
forms a strong intermetallic compound with aluminum that enhances the thermal stability of the
alloy [9]. The titanium also contributes to increased strength and hardness.

The incorporation of enhancer materials into aluminum alloys brings about significant
improvements in their properties, such as increased strength, hardness, wear resistance, and
thermal stability. Each of these materials imparts its unique characteristics to enhance the
overall qualities of the alloy. Understanding how enhancer materials impact aluminum alloys
allows engineers and scientists to tailor alloy compositions to meet specific application
requirements, whether it's enhancing strength, wear resistance, or thermal stability. Over the
last century, aluminum, its alloys, and micro alloys have risen to prominence as essential
construction materials in engineering, despite the complexities and costs of their extraction
process. They are widely used across a range of industrial and engineering applications due to
their attractive attributes, including a high strength-to-weight ratio, exceptional thermal and
electrical conductivity, and resistance to corrosion [10]. However, a notable drawback is their
tendency to solidify with large grain sizes in columnar structures. To address this limitation,
they are alloyed with elements like Cu, Mn, Mg, or microalloyed with enhancer elements such
as Ti, Ti-B, Mo, V, and more. In this thesis, the research delved into the impact of adding Ti,
Ti-B, and Mo to a commercially aluminum melt before solidification. The study examined
weight percentages corresponding to the peritectic limit on the phase diagrams of Al-Ti, Al-Ti-
B, and Al-Mo and investigated their effects on microstructure, mechanical properties, ultimate
tensile strength, ductility, and Vickers microhardness in the cast state. The research discovered
that the addition of any of these elements resulted in the refinement of the aluminum structure
by reducing grain size [11]. This transitioned the alloy from a predominantly columnar structure
with large grains to a fine-grain equiaxed structure. The study also investigated the influence of
these elements on the weldability of commercially aluminum using the Gas Tungsten Arc
Welding Method (GTAW). The research involved welding together twenty different
combinations of sheets with both similar and dissimilar specimens, and the results were
presented and discussed. The grain refinement process was observed to enhance resistance to
crack initiation and propagation in the weld metal. Moreover, it prevented the formation of
centerline solidification cracks, which are often found when welding aluminum and its micro

alloys without grain refiners, resulting in a columnar structure with large grain size. Various



techniques, including scanning electron microscopy (SEM), XRD, EDS, and optical
microscopy, were employed to investigate porosity, hairy cracks, and other defects visible in
photomicrographs. The photomicrographs revealed small-sized porosities and hairy cracks in a
few specimens [12]. All in all, it can be concluded that the grain refinement process for
aluminum and its micro alloys not only improved their mechanical properties, ductility, and
surface quality but also enabled the production of sound welds that would have been difficult
to achieve without grain refinement. These findings are expected to hold significant value for
engineers working in the aluminum foundry and welding industry [13].

This thesis investigates the effect of adding Titanium, Titanium plus Boron, and
Molybdenum to commercially aluminum melt, at weight percentages corresponding to the
peritectic limit on the phase diagrams of Al-Ti, Al-Ti-B, and Al-Mo, on the microstructure,
mechanical characteristics, ultimate tensile strength, ductility, and Vickers microhardness in the
cast condition. The addition of any of these elements alone caused the aluminum structure to
be refined, resulting in a transition from a predominantly columnar large-grain structure to an
equiaxed fine-grain one. The thesis also examines the impact of these elements on the
weldability of commercially aluminum using the Gas Tungsten Arc Welding Method (GTAW),
by welding twenty different combinations of sheets of similar and dissimilar specimens. The
grain refinement process improved the resistance to crack initiation and propagation in the weld
metal and prevented the formation of center-line solidification cracking that often exists in the
welding of Al and its micro alloys without grain refiners. The research presented in this study
demonstrates that the addition of enhancer materials such as Ti, Ti-B, and Mo to commercially
aluminum can enhance the weldability and quality of aluminum and its alloys. Through grain
refinement, which is achieved by adding these enhancer materials, the microstructure of the
aluminum transitions from a columnar large grain structure to an equiaxed fine grain one,
resulting in improved mechanical properties, ductility, and surface quality. Additionally, the use
of enhancer materials has been found to increase the resistance to crack initiation and
propagation in the weld metal, prevent centerline solidification cracking, and produce sound
welds that were previously unattainable without grain refinement. These findings indicate that
the use of enhancer materials in aluminum welding has significant potential for enhancing the
performance and quality of welded structures, making it an important area of research for the
aluminum foundry and welding industry. The research discussed in this study underscores the
efficacy of incorporating enhancer materials in aluminum welding processes to enhance the
microstructure and properties of aluminum and its alloys. Further exploration in this field holds

the promise of propelling advancements in welding and materials science.



Aluminum alloys are categorized based on their composition, primarily determined by
the key alloying element and other secondary elements. This composition significantly
influences the alloy's properties, including its strength, corrosion resistance, and weldability
[84]. The following are some common classifications of wrought aluminum alloys:
1xxx series: These are aluminum alloys with a minimum aluminum purity of 99%, without a
major alloying element. They are frequently employed in applications that prioritizecorrosion
resistance and high thermal conductivity, such as electrical components and heat exchangers.
2xxx series: These aluminum alloys primarily feature copper as the key alloying element. They
exhibit remarkable strength but have low corrosion resistance, rendering them suitable for
aerospace and military applications.
3xxx series: Aluminum alloys in this series are characterized by manganese as the mainalloying
element. They possess good formability, moderate strength, and excellent corrosion resistance,
making them suitable for building and construction, as well as automotive applications.
4xxx series: These aluminum alloys contain silicon as the primary alloying element. They are
commonly used in welding applications due to their low melting point and excellent fluidity.
5xxx series: These aluminum alloys have magnesium as the primary alloying element. They
offer excellent corrosion resistance, high strength, and good weldability, making them ideal for
marine and automotive applications.
6xxx series: These aluminum alloys feature both magnesium and silicon as primary alloying
elements. They possess good formability, excellent corrosion resistance, and moderatestrength,
and are widely employed in the construction, automotive, and aerospace industries.
7xxx series: These aluminum alloys consist of zinc as the principal alloying element, with minor
amounts of copper and magnesium. They provide high strength and good fatigue resistance and
are often used in aerospace and military applications [85].

The classification of aluminum alloys is based on the predominant alloying element and

the associated properties. This classification simplifies the selection of the appropriate alloy for

specific applications.



The wrought aluminum alloy designation system employs a 4-digit code to identify and
classify various types of aluminum alloys. The first digit signifies the principal alloying element
added to the aluminum alloy. This digit specifies the aluminum alloy series, ranging from 1000
to 8000 series. If the second digit deviates from O, it indicates a modification to the specific
alloy. The third and fourth digits are arbitrary numbers used to identify a specific alloy within
the series. For instance, alloy 5183 belongs to the magnesium alloy series (5xxx), with 1
indicating the first modification to the original alloy 5083, and 83 serving as its specific
identifier in the 5xxx series. The 1xxx series of aluminum alloys (pure aluminum) is the sole
exception to this numbering system. In this case, the last two digits of the alloy represent the
minimum aluminum percentage above 99%. For example, Alloy 13(50) has a minimum
aluminum percentage of 99.50%. The wrought aluminum alloy designation system is a
standardized and systematic approach for identifying and categorizing different types of
aluminum alloys based on their alloying elements and modifications. This system offers an
efficient and straightforward method for selecting the appropriate aluminum alloy for specific
applications [86-88].

The cast alloy designation system is another standardized method employed for the
identification and categorization of various aluminum alloys based on their composition [89].
Supplementary from the wrought alloys classification there is another series 8xx.x. These are
alloys of Al with tin, a low friction system used mainly in bearing and bushing applications.
This system utilizes a 3-digit-plus-decimal-point designation, as exemplified by 356.0. The first
digit (Xxx.x) in the designation denotes the primary alloying element introduced to the
aluminum alloy. For instance, 1xxx series alloys consist of pure aluminum, 2xxx series alloys
feature copper as the principal alloying element, 3xxx series alloys incorporate manganese, and
so forth. The second and third digits (xxX.x) furnish more precise details about the alloy's
composition. These digits specify the specific alloy within the series and any modifications that
have been applied to the alloy. For instance, alloy 356.0 contains silicon as the primary alloying
element, and the O indicates that it is the original composition of the alloy. The presence of a
decimal point followed by digit(s) (xxx.X) provides supplementary information regarding the
alloy's modification or casting process. The digit following the decimal point may indicate the
method employed for casting the alloy or offer additional insights into the alloy's composition.
The cast alloy designation system serves as a valuable tool for the recognition and selection of
suitable aluminum alloys for casting applications. It establishes a standardized means of

conveying information about the composition and attributes of diverse aluminum alloys,



enabling manufacturers to make well-informed decisions about material selection tailored to
their specific casting requirements [89-92].

In addition to the previously mentioned information, the second and third digits (xXX.x)
in the cast alloy designation system consist of arbitrary numbers used for the specific
identification of an alloy within the series. These digits do not signify any particular alloying
element or alteration. The number that follows the decimal point signifies whether the alloy is
intended for casting (.0) or as an ingot (.1 or .2). Additionally, a capital letter prefix is employed
to indicate a modification made to a particular alloy. For example, the alloy A356.0 features a
capital A (Axxx.x) prefix, denoting a modification of the original alloy 356.0. The number 3
(A3xx.x) signifies that it belongs to the silicon plus copper and/or magnesium series. The
number 56 (Ax56.0) identifies the specific alloy within the 3xx.x series, while the .0 (Axxx.0)
indicates its suitability for final shape casting rather than as an ingot. The cast alloy designation
system establishes a standardized means to recognize and categorize various aluminum alloys
used in casting applications. It serves as an indispensable tool for conveying information about
alloy composition and attributes, empowering manufacturers to choose the most suitable alloy

for their specific casting requirements [89-92].
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Methods & procedures of investigation in the research of
aluminum alloys

Aluminum alloy research utilizes a range of investigative techniques to examine their
characteristics and performance. These approaches commonly encompass the analysis of the
alloy's microstructure through methods like optical and electron microscopy, and
crystallographic evaluation through X-ray diffraction. Mechanical assessments, including
tensile and hardness tests, yield valuable insights into the alloy's strength and durability.
Additionally, corrosion and surface analysis methods are employed to assess an alloy's
resistance to environmental deterioration. Cumulatively, these investigative methodologies
contribute to a comprehensive comprehension of aluminum alloys, facilitating their
advancement and enhancement for diverse industrial applications.

To achieve all of these points of investigation a group of processes were done as
preparing the master, binary, ternary and quarterly alloys by adding a specific amount of Mo,
Ti alone or together and then preparing the specimens by the casting method with electrical
furnace and graphite crucible.

By these prepared specimens the tests were done as a tensile test which gives the
possibility to establish stress-strain curves, ductility, UTS and all other mechanical
characteristics for the Al, Al-0.15%Ti, Al-3%Mo, Al-0.05%Ti-0.01%B and Al-0.05%Ti-
0.01%B-0.1%Mo. By these results, the investigation can define the improvement in the
mechanical properties of the Al and its alloys.

An optical microscopy was used to identify the grains of the aluminum and the
deformation that happened in its size and shape after using the enhancers. EDS and XRD were
used to identify the specimens’ mapping and included elements.

SEM microscopy and Spectro analysis were used to tracking the welding lines in the
HAZ area and to compare the improvement on the welding process for multi combinations
specimens with reference Al vs Al specimen.

Corrosion test were tested also for the Aluminum and its alloys and were tested
according to the same hard situations explained in detail in the other chapters, where the
corrosion rate were detailed for every specimen from the prepared ( Al, Al-0.15%Ti , Al-3%Mo
, Al-0.05%Ti-0.01%B, and Al-0.05%Ti-0.01%B-0.1%Mo.

11



Grain size affection results and discussion

Grain size analysis procedure

The grain size analysis was investigated as per ASTM E112 using the software Image J
-Image processing and analysis in JAFA.

ASTM E112 line intercept method describes as an actual count of the number of the
grains intercepted by a test line or the number of grain boundary intersections with a test line,
per unit length of the test line used to calculate the mean lineal intercept length, L. L is used to
determine the ASTM grain size number, G. The precision of the method is a function of the
number of intercepts or intersection counted. A precision of better than plus/minus 0.25 % grain
size units can be attained with a reasonable effort. Results are free of bias; repeatability and
reproducibility are less than plus/minus 0.5% grain size units. Because an accurate count can
be made without need of making off intercepts or intersections, figure 4.5.

In this study, 7 lines were made for every image and the number of the grains were
counted then the average value was taken and according to this procedure the following results
were noticed:

Based on the observed results outlined, it can be concluded that the effect of adding
enhancer materials, such as titanium (Ti), boron (B) and molybdenum (Mo) alone or together
have an affection on the grain sizes and shapes. While the addition of titaniumtends to decrease
the grain size where the average grain sizes for the Al is around 17,73 Micron,and the average
grain sizes after adding 0.15% of Titanium resulted in decreases the average grain sizes to 16,21
Micron. Even though the percentage of decreasing is still low but adding this enhancer resulted
in decreasing the grains size with a percentage of 6,99%. From another side we can noticed that
adding Ti to aluminum also affect the shape of the grains and also thegrains boundaries where
it can be noticed that the grains shape are more rounded shapes and the boundaries can be
recognized with clear limits which gives indications that the mechanicalproperties such as the

hardness, surface tension and other mechanical properties can beenhanced.
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Figure 1. Al and it alloys average grain size analysis

Adding 3% Mo and based on the observed results, it can be concluded that the effect of
adding Mo as enhancer material has an affection on the grain sizes and shapes more that the
adding Ti. While the addition of Mo tends to decrease the grain size where the average grain
sizes for the Al is around 16,73 Micron, and the average grain sizes after adding 3% of Mo
resulted in decreases the average grain sizes to 14,67 Micron. The percentage of the
enhancement is much better than adding Ti, which adding this enhancer Mo resulted in
decreasing the grains size with a percentage of 7% which will reflect almost on the mechanical
properties such as the hardness, ductility, UTS and yield stress. From another side we can notice
that adding Mo to Aluminum also affect the shape of the grains and grains boundaries. It can
be noticed that the corners appearing in the Al grain shapes are disappeared the tree shape grain
size also disappear totally and the grain size became more roundly and more recognized than in
the case of Al ,and the boundaries became close to be more ovoid shapes with smaller
boundaries lengths also in some areas the boundaries can’t be recognized with clear limits which
gives indications that the enhancement in the mechanical properties can be noticed clearly upon
the investigations. The addition of 0.05%titanium, and 0.1% boron together has a much better
affection onthe grain-refining effect than Al alone or even than adding Ti or Mo alone, resulting
in smallergrain sizes. Referring to figure 1, it can be noticed that adding Ti and B decrease the
grain size that the average grain size became 14.92 Micron, which means the percentage of
enhancement is 16.91 %. From another side, it was noticed that adding 3 enhancer elements
0.05%T1i,0.01%B, and 0.1%Mo reflects the better improvement on the grain size and also on
the shapes of the grains. Adding Ti, B, and Mo decrease the average grain size with a percentage

of 19,95 % thatthe new grain size after the additional became 11,27 Micron.
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According to some studies, researches pointed that some materials used as an enhancer
may not act as an effective grain refiner in aluminum casting. Instead, it can contribute to the
growth of larger grains within the microstructure. On the other hand, the grain-refining effect
of molybdenum, titanium and boron indicate its potential as a beneficial addition to aluminum
casting. Molybdenum or titanium helps in promoting the formation of smaller and more uniform
grains during solidification, resulting in a finer microstructure. When multiple enhancer
materials are added together, including titanium, boron, and molybdenum, there may be a
synergistic effect on grain refinement. However, it is important to note that the specific

combination of enhancer materials, their concentrations, and the casting process conditions can

influence the grain size outcome. Additionally, the poison effect, which refers to the potential
variation in grain size, should be considered and accounted for in the analysis and interpretation
of the results. It is possible that some enhancer materials, either alone or in combination, may

lead to an increase in grain size rather than a refinement.

Corrosion test analysis for aluminum and its alloys

Table 1. The main electrochemical parameters of the corrosion process

Nr.crt. | Proba (Er:]CV) (Er;:\”/) I(C::x/cmz) PmV) | Be ) (F\;(prcmz) ﬁtlfn/year)
1 Al -675.59 | -650.05 | 4.951 1098 29.41 2.51 53.8
2 Al-Mo -687.40 | 690.43 | 0.937 188.92 | 27.95 11.3 10.6
3 Al-Ti -662.10 | 645.15 2.075 368.31 38.65 7.32 22.5
4 Al-Ti-B -716.00 | 722.39 2.142 245.21 45.12 7.73 23.3
5 Al-Ti-B-Mo -659.87 | 645.23 1.792 387.92 23.12 5.29 19.5

It can be observed that the open circuit potential (Eoc) values provide insights into the
electrochemical behavior of the samples. More electropositive (positive) Eoc values indicate a
"noble™ character from an electrochemical perspective. In this case, the Al-Ti-B-Mo sample
exhibits the most electropositive Eoc value (-659.87 mV), followed closely by the Al-Ti sample
(-662.10 mV). When considering the corrosion potential (Ecorr) values, more electropositive
Ecorr values are generally associated with better corrosion behavior. The Al-Ti sample shows
the most electropositive Ecorr value (645.15 mV), with the Al-Ti sample exhibiting a similar
value (-645.23 mV). A low corrosion current density (icor) is indicative of better corrosion
resistance. The Al-Mo sample demonstrates the lowest icor value (0.937 pA/cm?), suggesting
superior corrosion resistance compared to the other investigated samples. Additionally, all the
alloys show lower icor values compared to Al, indicating better corrosion behavior in the saline
solution. Polarization resistance (Rp) is a parameter that reflects the corrosion behavior of a

material. Higher Rp values indicate better corrosion resistance, while lower values suggest
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poorer corrosion behavior. Among the samples, the Al-Mo sample exhibits the highest Rp value
(11.3 kQ-cm?), signifying good corrosion behavior. Considering the corrosion rate, a lower
value signifies better corrosion behavior. The Al-Mo sample demonstrates the lowest corrosion
rate, recording a value of 10.6 um/year, indicating superior corrosion resistance compared to
the other samples. Based on the electrochemical measurements, it can be inferred that the Al-
Mo sample exhibits superior characteristics, such as the lowest corrosion current density
(indicating bettercorrosion resistance), the highest polarization resistance (suggesting good
corrosion behavior),and the lowest corrosion rate (highlighting superior corrosion resistance).
Therefore, the Al-Mosample demonstrates better corrosion behavior in the saline solution

compared to the other investigated samples.

The mechanical characteristics of the cast samples

Load-stroke curves represent the connection between the applied load on a material and
the resultant deformation or stroke. These curves serve to characterize the mechanical
properties of materials, primarily in the realm of materials testing.

Typically, the load-stroke curve comprises a series of data points or pairs, illustrating
the load imposed on the material relative to the subsequent displacement, deformation, or strain.
This curve is instrumental in determining key mechanical properties of the material, such as
yield strength, ultimate tensile strength, and elongation at the point of failure. The shape of the
load-stroke curve may exhibit variability due to multiple factors, including the material under
examination, the test type, and testing conditions. Generally, the load-stroke curve displays an
initial linear segment known as the elastic region, where the material elastically deforms in
response to the applied load.

As the load incrementally rises, the material eventually reaches its yield strength, after
which it commences plastic deformation. This stage is termed the plastic region and is
distinguished by a nonlinear increase in deformation as the load intensifies. As the load is
further increased, the material eventually reaches its ultimate tensile strength, at which point it
fails catastrophically. The point at which the material fails is known as the fracture point or the
point of rupture. Load-stroke curves can be used to compare the mechanical properties of
different materials or to evaluate the effects of different processing conditions on a given
material. They are commonly used in materials testing, quality control, and product
development,and are an important tool for understanding the behavior of materials under
different loading conditions. The mechanical behavior of the base metal and prepared binary
master alloys was determined through Uniaxial tensile standard tests conducted on a universal

testing machine, by ASTM Standards. The tests were carried out at a crosshead speed of 10
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mm/ min and autographic records were obtained.
Figure 2 explain the curves that describe the load to fracture and elongation to fractureof

different aluminum alloys. It can be noticed from the resulting data:

Load vs stroke curves
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1. Load to fracture:
e aluminum requires a load of 6 kN to fracture.
e The addition of 3% Mo to aluminum increases the load to fracture by 185%,
meaning that the alloy can carry almost three times the load of aluminum before

fracturing.

e The addition of 0.05% Ti and 0.01% B to aluminum increases the load to fracture
by 208%, meaning that the alloy can carry more than three times the load of
aluminum before fracturing.

e The addition of 0.05% Ti, 0.01% B, and 0.1% Mo to aluminum increases the load
to fracture by 235%, meaning that the alloy can carry almost four times the load
of aluminum before fracturing.

2. Elongation to fracture:

e The addition of 3% Mo to aluminum increases the elongation to fracture by 145%,
meaning that the alloy can elongate more before fracturing.

e The addition of 0.05% Ti and 0.01% B to aluminum increases the elongation to
fracture by 112%, meaning that the alloy can elongate more before fracturing.

e The addition of 0.05% Ti, 0.01% B, and 0.1% Mo to aluminum increases the
elongation to fracture by 120%, meaning that the alloy can elongate more before
fracturing.

In general, it can be described as the addition of Mo, Ti, and B to aluminum can
significantly improve its load-carrying capacity and elongation to fracture. These improvements
can have important implications for the use of aluminum alloys in different applications. For
example, alloys with improved mechanical properties may be better suited for high-stress or

high-load applications.

Ductility affection

Ductility, an essential mechanical property, particularly in the context of aluminum alloys, is
intricately linked with the material's microstructure. The metallographic analysis offers
valuable insights into the ductility mechanism of cast aluminum alloys. The addition of small
quantities of Ti or Ti-B into the melt before casting can enhance the ductility of aluminum
castings. When Ti is added in isolation, its presence in the melt must exceed the peritectic
composition, approximately 0.15% by weight, to yield a satisfactory ductility effect. However,
in the presence of boron, even in trace amounts (ppm), a substantial enhancement is observed

at Ti concentrations as low as 0.005%. Optimal mechanical properties are reportedly achieved
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using Al-Ti-B master alloys with a Ti-to-B ratio of around 5. The commonly used ternary Al-
Ti-B master alloy contains 5% Ti and 1% B by weight and comprises two crystalline
intermetallic compounds: small crystallites of titanium diborideand larger crystals of TiAls.
Mass for mass, the ternary Al-5%Ti-1%B master alloy is typically

five to six times more efficient than a binary Al-Ti master alloy. Multiple mechanisms appear
to contribute to ductility, contingent on the master alloy, cast alloy, and process conditions.
Several hypotheses have been proposed to elucidate the mechanism, such as nucleation of Al

facilitated by aluminide particles, boride particles, or TiB2 particles enveloped by TiAls "duplex

particles."
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Recent discussions have also underscored the notion of local Ti-enrichment associated with
TiB2 particles, corroborating high-efficiency nucleation sites for Al grain. In this investigation,

we systematically compare the ductility properties of cast aluminum components when Mo is
added to Al-Ti-B alloy before and after introducing enhancer materials (Ti, B, and Mo) into
aluminum casting. Ductility tests are conducted on (Al, Al-Ti-B & Al-Ti-B-Mo) alloy castings,
encompassing tensile biaxial loading assessments. The true stress-strain curve and fracture
locus are scrutinized to assess the plasticity and ductility of the castings. Furthermore, a
fractographic analysis of the specimens is undertaken to comprehend the microscopic failure

mechanisms under diverse stress conditions.
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Figure 4. The impact of incorporating Mo into Aluminum, Ti, and Ti-B on their

mechanical characteristics

UTS affection

The inclusion of enhancer materials like Ti, B, and Mo in aluminum can exert a notable
impact on its mechanical characteristics, specifically its ultimate tensile strength (UTS). This

notable influence is evident in Figure 5.
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Microhardness analysis

Table 2. Microhardness test for the Al alloys and its alloys.

Specimen Hv 1 Hv 2 Hv 3 Hv 4 Hv 5 Averege Hv
Al 46,50 | 50,10 47,90 48,30 48,80 48,32

Al-Ti 77,5 76,6 68,4 75,1 73,6 74,24
Al-Mo 89,2 86,5 87 90,6 88,7 88,40
Al-Ti-B 114,40 | 94,10 107,40 113,80 115,10 108,96
Al-Ti-B-Mo 124,07 | 124.2 120,30 121,50 120,30 121,54

It can be noticed from table 2. that added enhancer materials to aluminum can affect the
hardness in high percentage, where adding 5% Ti can decrease the hardness to more than 230%,
and adding 3 % Mo alone decreases the hardness to 135% and almost the same for addingTi+ B
to the Aluminum, however adding 4 enhancer materials was reported enhancing in the hardness

by increasing the value around 5%.

Aluminum alloy welding results and discussions

The welding of aluminum alloys is a challenging process due to the tendency for these
materials to crack and develop other defects during solidification. However, the addition of
certain alloying elements such as Titanium (Ti), Boron (B), and Molybdenum (Mo) can enhance
the welding properties of aluminum alloys.

Ti can form stable intermetallic compounds with Aluminum, which can enhance the
strength, ductility, and toughness of the weld. Ti can also act as a grain refiner, resulting in a
more uniform microstructure and improved mechanical properties. Boron can improve the
hardness and wear resistance of aluminum alloys, but can also have a negative effect on the
grain size and casting process. Thus, the amount of Boron added to the alloy should be carefully
considered to avoid adverse effects on the properties of the material. Molybdenum can improve
the strength and toughness of aluminum alloys, resulting in a more ductile and crack-resistant
weld. Mo can also reduce the formation of defects such as porosity and improve the
microstructure of the weld. When added together, Ti, B, and Mo can have a synergistic effect

on the welding properties of aluminum alloys. The precise combination of these elements can

lead to a refined microstructure, improved mechanical properties, and reduced formation of
defects. However, it is important to note that the addition of these alloying elements should be
carefully controlled to avoid negative effects on the casting process or other properties of the
material. Further research is needed to fully understand the impact of these alloying elements

on the welding properties of aluminum alloys.
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Overall, the addition of Ti, B, and Mo to aluminum alloys can enhance the welding
process by improving the quality of the weld, reducing the formation of defects, and enhancing

the mechanical properties of the material.

Final conclusions, elements of originality and futureperspectives

In this study, the effect of adding enhancer materials, namely titanium (Ti), boron (B),
and molybdenum (Mo), on the properties of aluminum alloys has been thoroughly investigated.
The focus was primarily on the ductility, load-carrying capacity, mechanical properties, and
welding characteristics of the alloys. The results obtained from standard tensile tests conducted
by ASTM Standards provided valuable insights into the impact of these enhancer materials on
aluminum alloys.

The investigation revealed that the addition of Ti, B and Mo alone or together to
aluminum led to significant improvements in the mechanical properties for the Aluminum. It is
demonstrated that the maximum elongation percentage and maximum reduction in area
percentage increased with the inclusion of Ti, B and Mo. The enhancement of the yield stress
and the ultimate tensile stress also improved by a significant value, signifying the beneficial
effect of Ti, B and Mo on enhancing the overall ductility of the alloy are appeared, but this
improvement in the ductility values can’t be connected directly with the affection of the
enhancers and more research can be focus about this result. which is how the ductility improved
in the time that the grains become fines.

Moreover, the subsequent addition of Mo to the aluminum alloy refined by Ti-B
exhibited even more promising results. The maximum elongation percentage increased by
26.53%, while the maximum reduction in cross-sectional area increased by 25%. This
demonstrated the synergistic effect of combining multiple enhancer materials to further improve
the ductility of the aluminum alloy.

Additionally, the investigation delved into the influence of these enhancer materials on
the ultimate tensile strength (UTS) and hardness of the aluminum alloys. It was found that the
addition of Ti had a positive effect on the UTS. However, the amount of Ti added needed to
surpass the peritectic composition of approximately 0.15% by weight to achieve a satisfactory
ductility effect. The inclusion of B in small amounts, particularly in combination with Ti, also
resulted in a substantial increase in the UTS, enhancing it by approximately 210%.

Furthermore, the addition of Mo to the aluminum alloy was observed to increase its UTS
by up to 185%. The exact effect of Mo on the UTS appeared to be influenced by various factors,
including the concentrations of other alloying elements and the specific processing conditions

employed.
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Interestingly, the combined addition of Ti, B, and Mo in specific quantities exhibited a

remarkable effect on the UTS, raising the value by approximately 240%. This demonstrated the

potential for optimizing the mechanical properties of aluminum alloys by carefully controlling
the composition of enhancer materials.

In terms of hardness, the investigation revealed that the addition of Ti, Mo, and Ti-B
individually led to an increase in hardness. Adding Mo or Ti alone resulted in small
improvement in the hardness, However, when all three enhancers’ materials were added
together, a notable increase (almost double) in hardness values was observed.

The findings of this study not only shed light on the mechanical properties of aluminum
alloys but also explored the impact of enhancer materials on their welding characteristics. It
was observed that the addition of Ti, B, and Mo had the potential to improve the welding
properties of aluminum alloys, which are often susceptible to defects and cracking during the
solidification process.

In terms of grain sizes, the investigation revealed that the addition of Ti, Mo, and Ti-B
individually or together decrease the grainsizes and improve the grain limits and the grain
shapes which led to an increase in hardness as we mentioned above and also to improve almost
all the mechanical properties. Adding the three elements resulted in smaller grains than adding
two elements or one element alone resulted.

The results obtained from this investigation demonstrated the significant influence of
adding enhancer materials, such as Ti, B, and Mo, on the properties of aluminum alloys. The
addition of these enhancer materials had a positive effect on the ductility, load-carrying
capacity, UTS, hardness, and welding characteristics of the alloys. The combined addition of
Ti, B, and Mo exhibited a synergistic effect, further enhancing the desired properties of the
aluminum alloys. These findings have important implications for the design and development
of aluminum alloys for various applications. The ability to tailor the composition of enhancer
materials can provide opportunities for optimizing the mechanical properties of aluminum
alloys, making them more suitable for high-stress or high-load applications.

In conclusion, the comprehensive investigation into the effects of enhancer materials,
including titanium (Ti), boron (B), and molybdenum (Mo), on aluminum alloys has provided
valuable insights into enhancing their mechanical properties and performance. The study
revealed significant improvements in ductility, load-carrying capacity, ultimate tensile strength
(UTS), hardness, and welding characteristics of the alloys with the addition of these enhancer
materials. Particularly noteworthy was the synergistic effect observed when combining Ti, B,

and Mo, which resulted in further enhancements in the desired properties of the aluminum
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alloys.

These findings hold important implications for the design and development of aluminum
alloys for various applications, offering opportunities to optimize their mechanical properties
for high-stress or high-load environments. Future research directions could explore alternative
combinations of enhancer materials, delve deeper into mechanistic understanding, tailor alloys
for specific applications, utilize advanced processing techniques, and emphasize sustainability.
By continuing to advance our understanding and utilization of aluminum alloys with enhancer
materials, researchers can unlock new possibilities for their use across diverseindustries,
contributing to the development of advanced materials with improved performance and
environmental sustainability. This study lays the groundwork for further exploration and
innovation in the field of aluminum alloy development, paving the way for future advancements
in materials science and engineering.

In summary, this thesis presents several innovative contributions that significantly
advance the understanding and utilization of aluminum alloys, particularly in the context of
enhancing their properties through the addition of enhancer materials. These elements of
originality include:

a. Introducing a novel concept of testing and assessing the effects of enhancer materials,
such as Ti, B, and Mo, either individually or in combination, within the framework of aluminum
casting manufacturing. By exploring these enhancer elements, this thesis lays the groundwork
for the development of more advanced aluminum alloys, thus contributing to the advancement
of materials science in the industrial field.

b. Identifying new alloy compositions, notably the Al-Ti-B and Al-Ti-B-Mo alloys, and
investigating their potential in combination with surface modification techniques to improve
corrosion resistance. These novel strategies offer promising alternatives for mitigating
corrosion risks in aluminum alloys, addressing a significant challenge in industrial applications.

c. Recognizing the importance of aluminum alloys in various industrial sectors, the
thesis delves into the electrochemical behavior of different alloy compositions under diverse
environmental conditions, including high corrosion testing and exposure to high tensile loads.
This thorough investigation expands our understanding of aluminum alloy performance in real-
world scenarios, informing the development of alloys tailored to specific application
requirements.

d. Employing rigorous testing procedures in the laboratory using certified sources and
adhering to necessary requirements, thereby ensuring the credibility and integrity of the

research outcomes. This commitment to scientific rigor enhances the reliability of the findings
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and strengthens the validity of the conclusions drawn.

Validating the results through sophisticated analytical techniques, including SEM, EDS, and
XRD analyses, performed using certified devices. By leveraging these advanced analytical
methods, the study not only confirms the experimental results but also provides deeper insights
into the microstructural characteristics and phase compositions of the investigated alloys,
thereby enhancing the novelty and significance of the research outcomes.

In conclusion, the innovative contributions presented in this paper underscore the
importance of advancing our understanding of aluminum alloys and their enhancement through
novel materials and techniques. By addressing key challenges and exploring new avenues for
alloy development, this research paves the way for the continued innovation and optimization
of aluminum alloys for diverse industrial applications, ultimately contributing to the
advancement of materials science and engineering.

Future research in this field could focus on investigating the specific mechanisms
through which these enhancer materials influence the microstructure and properties of
aluminum alloys. Additionally, exploring the potential synergistic effects of other combinations
of enhancer materials and their concentrations would provide valuable insights into further
enhancing the properties of aluminum alloys. Overall, this study contributes to the
understanding of the effects of enhancer materials on aluminum alloys, providing a foundation
for the development of advanced materials with improved mechanical properties and enhanced
performance in various industrial applications. The investigation into the effects of enhancer
materials on aluminum alloys has opened up several avenues for future research and
exploration. Some potential future perspectives include optimization of enhancer material
combinations, mechanistic understanding, alloy design for specific applications and advanced

processing techniques.
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