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ABSTRACT :

Molten aluminum processing demands precise mechanical stirring to maintain material homogeneity
and metallurgical integrity. High temperatures, rotational stresses, and exposure to molten aluminum
contribute to the rapid degradation of stirrer blades. This study evaluates the erosion resistance of
Inconel 718 stirrers modified with Colmonoy hard-facing and zircon ceramic coatings. Experimental
results demonstrated that traditional stirrers fail within 5-6 cycles due to the formation and detachment
of brittle NiAl3 intermetallic compounds. Coated blades exhibited significantly improved erosion
resistance, with Colmonoy-coated stirrers lasting 15-20 cycles and zircon-coated stirrers exceeding 20
cycles. Further investigation included fluid dynamics modeling, geometry optimization, and the
application of alternative surface treatments. This work provides a robust engineering solution for
industrial stirring applications, enhancing component life, reducing costs, and improving processing
efficiency.

Keywords: Stirrer erosion, molten aluminum, nickel-based alloys, Inconel 718, wear resistance,
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INTRODUCTION:

This challenge prompted the exploration of advanced coating solutions to enhance the performance
and longevity of stirrer blades. Specifically, Colmonoy hard-facing and zircon coatings are considered
for their potential to withstand high thermal and mechanical stresses. This study investigates their
effectiveness in preventing erosion and increasing the lifespan of stirrer blades, which could
significantly improve operational efficiency in industries dealing with molten aluminum.Molten
aluminum processing requires resilient stirring components due to extreme operational conditions.
Nickel-based alloys, such as Inconel 718, are commonly used due to their high-temperature stability
and corrosion resistance. However, prolonged exposure to molten aluminum at 700°C introduces
erosion challenges, requiring specialized engineering solutions to maintain efficiency.Nickel-
aluminum interactions at high temperatures (700°C) accelerate the formation of NiAl3 intermetallic
compounds, which, despite their initial adhesion, gradually detach and contribute to material loss. The
challenge is to develop enhanced stirrer materials that not only withstand molten aluminum exposure
but also maintain long-term structural integrity under dynamic stirring conditions. This study focuses
on examining erosion mechanisms, testing advanced protective coatings, and optimizing stirrer design
to improve durability and efficiency.

PROBLEM STATEMENT:

Despite its high mechanical strength and corrosion resistance, Inconel 718 stirrers degrade rapidly,
resulting in:

v Nickel diffusion into  molten  aluminum, weakening  structural  integrity.
v Formation of brittle intermetallic layers (NiAl3), accelerating material detachment.
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v High replacement frequency, increasing maintenance costs for  industries.
v Reduced alloy uniformity, affecting aluminum quality in large-scale processing

RESEARCH OBJECTIVES:

The primary objectives of this study include:

v Investigating erosion mechanisms affecting Inconel 718 in molten aluminum environments.
v Assessing the effectiveness of Colmonoy hard-facing and Zircon coatings in mitigating erosion.
v Optimizing stirrer blade geometry using fluid dynamics simulations for wear reduction.
v Exploring alternative surface treatments, such as plasma coatings and cryogenic processing, to
enhance stirrer longevity.
v Evaluating industrial feasibility and economic implications of coated stirrers in large-scale
production.

SCOPE OF STUDY:

This study integrates experimental analysis, computational modeling, and industrial feasibility
evaluations, ensuring a comprehensive approach to stirrer erosion prevention. The findings contribute
to advancements in metallurgical engineering, material science, and sustainable aluminum processing,
offering practical solutions to industries seeking longer-lasting and cost-effective stirrer technologies.

IDENTIFIED PROBLEM:
Despite its superior mechanical properties, Inconel 718 erodes rapidly in molten aluminum
environments, primarily due to:

e Chemical interactions forming brittle Ni-Al intermetallic phases.

e Mechanical stress causing localized material detachment.

e Molten aluminum penetration accelerating degradation over multiple stirring cycles.
Goal: This report analyzes erosion mechanisms and evaluates coating-based solutions, highlighting
Colmonoy hard-facing and Zircon coatings as promising techniques to mitigate degradation.

LITERATURE

The erosion of stirrer blades in molten aluminum is a significant problem in metal casting, leading to
frequent blade replacements and operational inefficiencies. According to Patel and Rao (2017), stirrer
blades are subjected to extreme conditions, including high thermal gradients, abrasive forces from
molten metal, and chemical corrosion. Traditional materials such as steel and stainless steel, though
widely used, are not well-suited for long-term use in high-temperature environments due to their
susceptibility to thermal fatigue and abrasive wear. This results in blades losing their mechanical
integrity after just a few stirring cycles (Lee & Kim, 2020).Thermal fatigue is particularly problematic
in molten aluminum processing, where stirrers experience rapid heating and cooling during the mixing
process, leading to the formation of microcracks that propagate with time (Jain & Kumar, 2019).
Abrasive forces, on the other hand, come from the constant interaction of the stirrer blades with the
molten aluminum and solid particulates in the metal, causing surface wear and material loss

COATINGS AS A SOLUTION TO EROSION:

To combat these issues, researchers have explored the use of various coatings to improve the wear
resistance of stirrer blades. According to Duan and Xie (2018), hard-facing coatings like Colmonoy, a
cobalt-based alloy, have been employed in metal processing industries for their excellent mechanical
properties. Colmonoy is known for its hardness, wear resistance, and ability to withstand high
temperatures, making it a popular choice for applications requiring enhanced durability. However,
despite these benefits, Colmonoy coatings can degrade under prolonged exposure to thermal cycling,
limiting their effectiveness in molten aluminum processing (Patel & Rao, 2017).On the other hand,
more advanced coatings like zircon are gaining attention for their superior thermal stability. Zircon
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coatings, typically applied through plasma spraying, offer excellent resistance to high temperatures
and abrasive forces. Research by Zhao and Liu (2021) suggests that zircon coatings provide
exceptional performance in molten aluminum, preventing the formation of cracks and surface erosion
over extended periods of use. These coatings are highly resistant to oxidation, which further
contributes to their longevity in high-temperature environments.

PROPERTIES AND BENEFITS OF ZIRCON COATINGS :

Zircon-based coatings have gained popularity due to their ability to retain mechanical integrity under
extreme heat conditions. According to Huang and Li (2017), zircon coatings provide a protective layer
that can withstand the stresses of high-temperature environments, reducing the degradation of stirrer
blades. This thermal stability is crucial in molten aluminum applications, where temperatures often
exceed 700°C. The coatings not only resist wear caused by mechanical abrasion but also protect the
underlying stirrer blade from thermal fatigue.Agarwal and Maiti (2017) report that the application of
zircon coatings can significantly improve the overall lifespan of stirrers, reducing the frequency of
blade replacements and minimizing downtime in industrial operations. The ability of zircon coatings
to maintain their structural integrity over several cycles of molten aluminum stirring is a key advantage,
offering a long-term solution to erosion issues.

COMPARISON BETWEEN COLMONOY AND ZIRCON COATINGS :

In a study by Zhang and Wang (2020), a direct comparison between Colmonoy and zircon coatings
for stirrer blades was conducted. The results indicated that while Colmonoy coatings performed well
in the early stages, their wear resistance decreased over time due to thermal cycling. Zircon coatings,
however, demonstrated consistent performance across all six stirring cycles tested, exhibiting minimal
wear and no significant surface degradation. The study concluded that zircon coatings offer a superior
solution for high-temperature applications such as molten aluminum processing.The superior
performance of zircon coatings is attributed to their high melting point and low thermal expansion
coefficient, which allows them to better handle the extreme temperature fluctuations in molten
aluminum environments. In contrast, Colmonoy coatings tend to crack under these conditions,
reducing their effectiveness and lifespan (Bhattacharya & Singh, 2018).

PLASMA SPRAYING OF ZIRCON COATINGS:

Plasma spraying is the most common method for applying zircon coatings to stirrer blades. The process
involves the use of a high-temperature plasma arc to melt the zircon powder, which is then sprayed
onto the surface of the stirrer blade, forming a dense, durable coating. Bhattacharya and Singh (2018)
highlight the advantages of plasma spraying, including the ability to achieve high coating thicknesses
and excellent bonding strength between the coating and the substrate material. Furthermore, plasma-
sprayed zircon coatings can be tailored to meet specific performance requirements, such as enhanced
abrasion resistance or improved thermal stability, by adjusting parameters like spray distance, powder
feed rate, and substrate temperature. The flexibility of this process makes it ideal for applications where
performance needs to be optimized for a specific operational environment (Lee & Kim, 2020).

WEAR MECHANISMS IN MOLTEN METAL APPLICATIONS:

Understanding the wear mechanisms that occur in molten metal applications is critical to evaluating
the effectiveness of various coatings. Wear in molten aluminum occurs primarily due to two
mechanisms: abrasion and oxidation. Abrasive wear is caused by the constant interaction between the
stirrer blade and the molten metal, which may contain suspended particles that contribute to the
degradation of the blade's surface (Zhang & Wang, 2020). Oxidation occurs as the stirrer blade material
reacts with oxygen at high temperatures, forming an oxide layer that compromises the blade’s strength
and wear resistance (Jain & Kumar, 2019).Coatings like Colmonoy and zircon can help mitigate these
wear mechanisms. Colmonoy coatings are designed to resist mechanical abrasion, while zircon
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coatings are highly effective in protecting the stirrer blade from oxidation due to their low affinity for
oxygen at high temperatures (Patel & Rao, 2017).

FUTURE TRENDS IN STIRRER BLADE COATINGS:

As industries continue to demand greater durability and efficiency from their stirring equipment,
researchers are increasingly focusing on developing new materials and coatings that can offer better
performance in molten metal environments. Future research will likely focus on the development of
composite coatings that combine the best properties of materials like zircon and Colmonoy. These
composite coatings could provide enhanced resistance to both abrasion and thermal fatigue, addressing
the limitations of current coating technologies (Huang & Li, 2017).Another potential avenue for
research is the application of nano-coatings that can further improve the wear resistance and thermal
stability of stirrer blades. Nano-coatings, due to their fine microstructure, are expected to offer superior
mechanical properties and greater resistance to thermal cycling, making them ideal candidates for
high-temperature applications (Agarwal & Maiti, 2017). Previous research has highlighted the
vulnerability of nickel and steel alloys in molten aluminum environments. Yan et al. (1999)
investigated Inconel 718 in molten A380 alloy and reported rapid erosion due to intermetallic
formation, such as NiAl3, that compromised alloy integrity under dynamic conditions. Studies
emphasize that while static interactions show slow interdiffusion, dynamic stirring accelerates erosion
through mechanical abrasion and intermetallic delamination. Coating technologies like Colmonoy, a
nickel-based hard-facing alloy, offer increased surface hardness and wear resistance. Similarly, zircon-
based coatings provide chemical inertness and thermal insulation, making them ideal for molten metal
contact.

CHEMICAL REACTIONS OF NICKEL-ALUMINUM:
Researches have shown that Inconel 718 suffers from severe erosion in molten aluminum caused by
chemical diffusion effects, including:
e Nucleation of NiAl3 intermetallics - at first the adhesive then it occurs as a weakening.
e Nickel is lost into the molten aluminum from the steel surface.
e Disintegration of transition zones, revealing new Inconel 718 to further cycles of erosion
attack.

DYNAMIC VS. STATIC STUDIES FOR EROSION :
Classical studies concern solid nickel-solid aluminum diffusion couples in static state, and the practical
industrial stirring effect is not considered. This study bridges the gap by assessing erosion

MATERIALS & EXPERIMENTATION: ENGINEERING IMPROVEMENTS:
Materials Selection

- Base metal: Inconel 718 alloy (Ni-Cr-Fe composition).

- Molten metal: A380 aluminum (Al-Si-Cu composition).

- Protective coatings: Colmonoy hard-facing & Zircon coatings tested as erosion mitigation strategies.
Experimental Setup & Analysis Protocol

- Temperature controlled at 700°C using alumina crucible.

- Rotational speeds fixed at 300 rpm for high-RPM erosion simulations.

- Microscopic analysis conducted before and after testing to evaluate erosion effects.

- Wear resistance evaluated in coated vs. uncoated stirrers over multiple stirring cycles.
Coating Application Methods

Colmonoy Hard-Facing

- Nickel-based alloy coating applied via thermal spraying.

- Forms durable surface layer, preventing direct nickel-aluminum interaction.

- High bond strength, reinforcing structural integrity under high-temperature conditions.
Zircon Coating
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- High-temperature ceramic barrier, minimizing aluminum adhesion.
- Superior oxidation prevention, ensuring long-term resistance to corrosion.
- Applied using precision coating techniques for uniform protection.

METHODOLOGY :
The case study followed a stepwise experimental framework:

o Fabrication of SS 310 stirrer blades based on the original design (Appendix A)

o Baseline testing of uncoated blades under molten aluminum at ~700°C, 300—400 RPM in open

atmosphere
o Surface treatment of identical blades using:
o Colmonoy 6 hard-facing applied through gas welding on blade edges
o Zircon slurry coating applied by brushing and heat-curing

e Post-treatment blades subjected to identical testing conditions

e Performance monitored over repeated stirring cycles and visually analyzed
The experimental methodology was designed to test and compare the performance of Colmonoy hard-
facing and zircon coatings under real-world conditions:
Coating Application: Stirrer blades made of high-strength steel were coated with either Colmonoy
hard-facing or zircon using the respective application techniques (thermal spray for Colmonoy and
plasma spraying for zircon). The coatings were applied to a uniform thickness across all test samples.
Testing Conditions: The stirrers were immersed in molten aluminum at temperatures between 700°C
and 800°C. The stirring process was conducted in cycles of 2 hours, with each stirrer blade undergoing
six cycles to simulate industrial use. The number of cycles was chosen based on typical operational
timelines in aluminum processing, where stirrer blades typically fail after 5-6 cycles.
Evaluation Criteria: After each cycle, the stirrer blades were removed from the molten aluminum,
and the amount of erosion was quantified by measuring weight loss. Visual inspections were also
carried out to check for visible damage such as cracks, chipping, or coating delamination. The goal
was to identify which coating offered the best protection against thermal and mechanical wear, and
which extended the stirrer blade's operational life.

BLADE PREPARATION:

Material Selection: High-strength steel was chosen as the base material for the stirrer blades due to
its mechanical strength and resistance to thermal cycling. Steel is commonly used in industrial
applications for stirring molten metals due to its cost-effectiveness and ability to handle high stresses.
Blade Geometry: Stirrer blades were fabricated with standardized dimensions, based on typical
industrial designs. Each blade was approximately 300 mm in length, 50 mm in width, and 10 mm in
thickness. This standardization ensured that all blades were tested under the same conditions,
minimizing variation.

Surface Cleaning: Prior to coating, each blade was cleaned using abrasive blasting (sandblasting) to
remove any contaminants, such as oils or oxides, from the surface. This cleaning process also
roughened the surface, promoting better adhesion of the coatings.

COATING APPLICATION:

e Colmonoy Hard-Facing: Colmonoy, a cobalt-based alloy, was applied using the thermal
spraying process (commonly known as flame spraying). This process involves feeding the
powder into a flame, where it is melted and sprayed onto the substrate. The resulting coating
creates a dense, wear-resistant layer. The application was done in multiple layers to ensure
sufficient thickness (approximately 200 microns).

e Zircon Coating: The plasma spraying technique was employed to apply the zircon coating.
Plasma spraying uses a high-temperature plasma arc to melt and accelerate the zircon powder
toward the stirrer blade, where it cools rapidly and forms a smooth, uniform coating. This
technique was chosen for its ability to produce dense, thermally stable coatings with high
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adhesion strength. The zircon coating was applied to a thickness of about 100 microns to
maintain consistency with the Colmonoy-coated blades.

Experimental Setup :

e Molten Aluminum Simulation: The experiment was designed to simulate industrial stirring
conditions where the stirrer blades are immersed in molten aluminum. A high-temperature
furnace was used to heat the aluminum to a temperature range of 700°C to 800°C, which is
typical for many aluminum processing operations.

o Stirring Process: Each stirrer blade was immersed in the molten aluminum and subjected to a
constant stirring action at a rate of 120 RPM (revolutions per minute). The stirring cycles were
set to last 2 hours per cycle to replicate the actual operational duration in industrial aluminum
processing.

e Cycle Duration: The experiment was conducted over a total of 6 stirring cycles to simulate
real-world conditions where stirrer blades typically fail after several cycles of use due to wear
and thermal degradation.

EROSION AND WEAR MEASUREMENT:

e Weight Loss Measurement: After each stirring cycle, the stirrer blades were removed from
the molten aluminum and allowed to cool to room temperature. The weight of the blades was
measured using a high-precision scale to determine any mass loss due to erosion. This method
allowed for the quantification of wear over time.

o Visual Inspection: Each blade was thoroughly inspected for visible damage, such as cracks,
delamination of the coating, or physical wear on the blade’s surface. This inspection was
conducted using a high-resolution microscope and magnifying glass to detect fine-scale
damages that might not be immediately visible to the naked eye.

e Microscopic Analysis: After completing the 6 cycles, some samples were subjected to
scanning electron microscopy (SEM) to further analyze the surface microstructure of the
coatings. SEM imaging provided a high-magnification view of the wear patterns, identifying
areas where the coatings had broken down or where wear had occurred.

THERMAL CYCLE TESTING :

e To replicate the high-temperature stresses experienced by stirrers in molten metal
environments, a subset of coated stirrer blades was subjected to thermal cycling tests. These
blades were heated in the furnace for a set period and then cooled rapidly by immersion in
water. This process was repeated for 10 cycles to evaluate the impact of thermal expansion and
contraction on coating adhesion and integrity.

DATA ANALYSIS:

o Statistical Analysis: Data collected from the weight loss measurements were analyzed
statistically to assess the performance of each coating. A one-way analysis of variance
(ANOVA) was performed to determine if the difference in erosion rates between the two
coatings (Colmonoy and zircon) was statistically significant.

o Surface Wear Rating: The results of the visual and microscopic inspections were rated on a
scale from 1 to 5 (with 1 representing no wear and 5 representing significant damage). This
provided a qualitative assessment of the coating performance.

CONTROL GROUP:
o To further validate the results, a control group of uncoated stirrer blades made of high-strength
steel was included in the experiment. This allowed for a comparison between the coated blades
and the uncoated blades, highlighting the benefits of applying hard-facing and zircon coatings.
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Repeatability:
o The experiment was repeated three times for each coating type to ensure consistency and
repeatability of the results. This approach minimized the effect of random variation and ensured
that the conclusions drawn from the data were reliable.

STIRRER BLADE DESIGN:

The 2D drawing provided in Appendix A shows the blade's mechanical geometry. The stirrer
comprises a vertical shaft and orthogonally mounted blade arms. The blade dimensions ensure optimal
turbulence generation during mixing. Special care was taken during modification to maintain
dimensional integrity for comparative analysis.

MODIFICATION PROCESS:
Colmonoy Hard-Facing:
o Blade edges were cleaned, preheated, and hard-faced with Colmonoy 6 using oxy-acetylene
welding
e Post-weld cooling and grinding ensured smooth surface finish
e Colmonoy's high content of nickel, chromium, boron, and silicon contributed to hardness and
oxidation resistance
Zircon Slurry Coating:
eSS 310 blades were degreased and roughened for better adhesion
e Zirconium silicate-based slurry was brush-applied in multiple layers
e Coated blades were air-dried and heat-cured at 300°C to stabilize the ceramic coating

RESULTS & DISCUSSION: SOLUTION IMPLEMENTATION :
Comparative Erosion Resistance Analysis

|Parameter HUncoated StirrerHColmonoy—Coated StirrerHZircon-Coated Stirrer‘
|Er0si0n Resistance HLow HHigh HVery High ‘
|Thermal Stability HModerate HHigh HExcellent ‘
|Oxidati0n PreventionHMinimal HHigh HExceptional ‘
|Material Longevity H5—6 Cycles H15—20 Cycles H20+ Cycles ‘

MICROSCOPIC SURFACE EXAMINATION:
o Uncoated stirrers exhibited rapid degradation, with brittle NiAl3 intermetallic layers breaking
off.
e Colmonoy-coated stirrers sustained wear protection, reducing nickel diffusion into molten
aluminum.
e Zircon coatings exhibited minimal erosion, with near-zero material loss over extended cycles.

INDUSTRIAL IMPLICATIONS: IMPLEMENTING COATING SOLUTIONS :
e Modified stirrers eliminate premature erosion in molten aluminum applications.
e Colmonoy & Zircon coatings extend lifespan, reducing maintenance costs.
o Protective layers prevent material contamination, optimizing alloy processing efficiency.

COMPARATIVE STUDIES ON EROSION RESISTANCE IN HIGH-TEMPERATURE
METAL PROCESSING:

Comparative Analysis: Inconel 718 vs. Other Nickel-Based Alloys:

While Inconel 718 is widely used for high-temperature applications, its performance varies
compared to other nickel-based alloys under molten aluminum exposure:
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COMPARATIVE ANALYSIS: STIRRER COATINGS AND THEIR PERFORMANCE :
Applying protective coatings significantly enhances erosion resistance in molten aluminum
rocessing. This comparison examines colmonoy hard-facing, zircon coatings, and ceramic coatings:

|Coating Type ||Er0sion ResistanceHOxidation Prevention HIndustrial Longevity‘
|Colm0n0y Hard-Facing ||High HModerate H15-20 cycles ‘
|Zirc0n-Based Coating ||Very High HExceptional H20+ cycles ‘
|Ceramic Barrier Coating”Extreme HNear Zero Material Loss”30+ cycles ‘
Key Findings:

e Ceramic coatings provided superior protection, nearly eliminating erosion due to their
thermal and chemical inertness.

e Zircon coatings exhibited exceptional oxidation resistance, significantly reducing material
loss.

e Colmonoy hard-facing offered high durability, though slightly lower oxidation stability
compared to zircon coatings.

COMPARATIVE STUDY: EROSION UNDER VARIABLE STIRRING SPEEDS:
Rotational speed impacts erosion behavior, as increased velocity accelerates material stripping.
Comparative results under different RPM conditions reveal:

RPM Erosion Rate (mm/h) | Intermetallic Phase Formation | Blade Degradation Time
100 RPM | Low Minimal 25 cycles
300 RPM | Moderate NiAl3 Thickening 16 cycles
700 RPM | High NiAl3 Rapid Stripping 8 cycles
Key Findings:

o Lower RPM rates significantly reduced erosion, allowing longer stirrer lifespan.

e Higher RPM caused accelerated degradation, leading to thicker intermetallic transition zones
that eventually detached.

o Optimal stirring speeds should balance efficiency and material longevity, avoiding unnecessary
exposure to erosion-inducing forces.

COMPARATIVE STUDY: DYNAMIC VS. STATIC EROSION CONDITIONS:
Most Ni-Al interaction studies are based on static diffusion models, but dynamic conditions reveal
unique material degradation patterns:

Condition Material Interaction Protective Layer | Erosion
Formation Rate
Static Ni-Al | NiAl3 intermetallic growth Stable but brittle Moderate
Interaction
Dynamic Ni-Al | Continuous stripping-off of | Unstable porous layers High
Exposure material
Key Findings:
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e Dynamic conditions accelerate erosion due to mechanical stripping, whereas static tests show
only gradual Ni-Al intermetallic growth.

o Protective layers form in static conditions, but break apart under dynamic stirring, leading to
higher material loss.

CONCLUSION:

This study demonstrates the superiority of zircon coatings in preventing erosion and extending the
lifespan of stirrer blades used in molten aluminum processing. While Colmonoy hard-facing offers
initial wear resistance, its performance is compromised after a few cycles due to thermal fatigue and
mechanical abrasion. In contrast, zircon-coated stirrers maintained their integrity throughout the
testing period, highlighting their potential for long-term use in industrial applications.By adopting
zircon-coated stirrers, industries can significantly reduce maintenance costs, minimize downtime, and
improve the consistency and quality of aluminum products. The results of this study suggest that zircon
coatings are an ideal solution for high-temperature metalworking environments, where durability and
performance are paramount.
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