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Abstract

Green sand moulding continues to dominate global foundry practices, contributing to nearly 70% of
metal casting production due to its cost-effectiveness and versatility. However, casting quality is
critically dependent on gating system design, with poor layouts responsible for up to 90% of common
defects such as porosity, cold shuts, shrinkage, and inclusions. Traditional design approaches—largely
empirical and trial-based—often result in suboptimal quality, material wastage, and extended product
development cycles. This review consolidates current research on systematic gating system design,
tracing the evolution from conventional methodologies to advanced computational and data-driven
approaches. Emphasis is placed on the role of Computational Fluid Dynamics (CFD) and casting
simulation tools (e.g., MAGMASOFT, ProCAST, AutoCAST-X1) in predicting fluid flow,
solidification, and defect formation with high accuracy. Furthermore, the paper highlights the
transformative impact of Industry 4.0 technologies, including loT-enabled sensor networks, machine
learning-driven defect prediction, and digital twin-based real-time optimization. Despite these
advancements, gaps remain in multi-objective optimization frameworks, integration of artificial
intelligence for holistic gating design, and the adaptation of additive manufacturing for complex gating
geometries. This comprehensive review not only synthesizes existing knowledge but also identifies
future research directions toward achieving defect-free, high-yield, and sustainable casting practices.
Keywords: Green sand casting, gating system, CFD simulation, Industry 4.0, digital twin, defect

reduction, optimization.
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INTRODUCTION

Green sand casting contributes nearly 70% of global metal casting production due to its cost-
effectiveness and versatility [1,2]. Improper gating system design is responsible for a significant
proportion of defects such as porosity, misruns, and inclusions [3,4]. Traditional trial-and-error based
design approaches increase development time and material wastage [2,5]. A gating system serves as
the controlled pathway through which molten metal travels from the pouring basin to the mould cavity.
The design of elements such as the sprue, runner, gates, and risers governs flow turbulence,
temperature gradients, oxide formation, and gas entrapment. Reports indicate that nearly 80—90% of
casting defects—including porosity, cold shuts, misruns, and inclusions—are directly attributed to
improper gating design, underscoring the need for systematic and scientific design approaches.
Traditional gating system design methodologies rely heavily on empirical rules, foundry experience,
and repeated trial-and-error modifications. While effective for simple geometries, these conventional
methods often result in longer development cycles, material wastage, and suboptimal casting yield
when dealing with complex industrial components. For many foundries, gating-related trials consume
up to 60% of new product development time, creating bottlenecks in manufacturing productivity. In

below fig 1, gating system for green sand casting is shown.
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Fig 1: Gating System for Green sand Casting [1]

Nearly 80-90% of casting defects originate from improper gating system configuration, affecting
mould filling behavior and solidification characteristics [6—9]. Flow-related defects such as cold shuts
and misruns are strongly influenced by molten metal velocity and gating geometry [7,10]. The
introduction of Computational Fluid Dynamics (CFD) and advanced casting simulation tools has

revolutionized gating design practices. Software platforms such as MAGMASOFT, ProCAST, and
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AutoCAST-X1 enable accurate prediction of metal flow behaviour, turbulence intensity, temperature
distribution, and solidification patterns. Virtual prototyping drastically reduces design iterations,
shortens development timelines by up to 70%, and minimizes the cost of experimental trials. These
tools also support detailed analysis of multi-phase flow, oxide entrainment, shrinkage formation, and
mould—metal interaction—capabilities that were previously impossible using empirical methods
alone. With the rapid advancement of Industry 4.0 technologies, gating system design is transitioning
towards data-driven, intelligent, and adaptive frameworks. The integration of loT-enabled sensors,
machine learning algorithms, and real-time process monitoring is enabling smart foundry
environments capable of predictive quality control. Sensor data capturing temperature, pressure, and
metal flow dynamics can be fed into machine learning models to predict defects with accuracies
exceeding 85%. Additionally, digital twin platforms create real-time virtual replicas of casting
processes, allowing continuous optimization, condition monitoring, and proactive decision-making.
The application of CFD-based casting simulation tools such as MAGMASOFT, ProCAST, and
AutoCAST enables accurate prediction of molten metal flow, turbulence, and defect formation [5,10—
12]. Simulation-driven gating optimization significantly reduces trial casting and improves yield
[8,13]. In this context, there is a pressing need to consolidate emerging technologies, systematic design
methodologies, simulation capabilities, and Industry 4.0 tools into a unified framework for advanced
gating system design. This review provides a comprehensive analysis of state-of-the-art developments
in gating system modelling, simulation, optimization, and digital integration. The study also highlights
key research gaps, industrial challenges, and future opportunities for intelligent, high-performance

gating systems tailored for next-generation manufacturing environments.

LITERATURE REVIEW

Casting Defects Related to Gating System Design

Nearly 80-90% of casting defects originate from improper gating system configuration, affecting
mould filling behaviour and solidification characteristics [6—9]. Flow-related defects such as cold shuts
and misruns are strongly influenced by molten metal velocity and gating geometry [7,10]. Gating
system design plays a critical role in determining the overall integrity, surface quality, and dimensional

accuracy of cast components. In green sand casting, the gating system governs molten metal flow
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characteristics such as velocity, turbulence, temperature distribution, and mould filling patterns. Any
deviation from optimal gating design leads to a wide range of casting defects that directly influence
productivity, rejection rates, and manufacturing cost. Studies consistently report that nearly 80-90%
of casting defects originate from improper gating configuration, emphasizing the significance of

scientific and systematic gating design methodologies.
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Fig 2: Casting Defects Related to Gating System Design [2]

In above Fig 2, casting defects are shown. One of the most common categories of defects
associated with gating design is flow-related defects. These include cold shuts, misruns, and
surface laps, which occur when the molten metal loses temperature rapidly or enters the mould
cavity at insufficient velocity. An improperly sized sprue or excessive gating length can increase
heat loss and prevent complete cavity filling. Turbulence—often caused by straight sprues, abrupt
directional changes, or inappropriate gating ratios—Ileads to oxide film entrapment, biofilms, and
slag inclusions. These defects weaken the casting structure and significantly reduce fatigue
strength. Experimental studies have shown that high-velocity metal entering through a poorly
designed ingate can cause jetting, leading to surface roughness and localized erosion of the mould
wall. Another important category is gas-related defects, including blowholes, pinholes, and gas
porosity. These defects arise when a gating system allows excessive air aspiration due to negative
pressure zones or turbulence. A non-tapered sprue, improperly positioned runner, or excessive
choke area can cause air to mix with the molten metal, forming entrapped gas pockets during

solidification. Venting limitations in the mould aggravate this issue. Metal entering the mould at
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high momentum can also disturb the sand—binder matrix, increasing gas generation at the ingate.
Mold erosion and sand inclusion defects are also highly sensitive to gating design. High kinetic
energy of metal flow—caused by oversized sprues or lack of runner relief systems—Ieads to
washout of mould surfaces. This results in sand inclusions, rough surfaces, and dimensional
deviations. Additionally, a poorly distributed runner network can create pressure imbalances that
induce localized erosion near gates. Shrinkage-related defects, although primarily dependent on
solidification behaviour, are frequently linked to gating inefficiencies. If the gating system does
not deliver uniform flow or fails to maintain adequate feeding pressure, shrinkage porosity, micro-
shrinkage, and centreline shrinkage may develop. Improper ingate thickness, incorrect riser
placement, or excessive metal turbulence at the ingate can disrupt directional solidification,

reducing feeding efficiency.

RESEARCH BACKGROUND

Current literature reveals a significant limitation in multi-objective optimization
approaches for gating system design. While studies have addressed individual
optimization objectives such as filling time minimization, casting yield maximization, or
defect reduction, comprehensive frameworks addressing conflicting objectives
simultaneously remain underdeveloped. Most industrial applications require
simultaneous optimization of multiple competing objectives including casting quality,
production efficiency, material utilization, energy consumption, and environmental
impact. Current research lacks robust methodologies for handling these trade-offs
effectively, particularly in complex industrial casting scenarios where multiple
constraints and objectives must be balanced simultaneously. Despite the proven
effectiveness of artificial intelligence in manufacturing optimization, its application to
gating system design remains nascent. Recent studies by Ktari and Elmansori demonstrate
the potential of neural networks for bridging finite element analysis with gating system

optimization, while research on Al-powered layout optimization shows promise for VLSI
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applications. However, comprehensive Al frameworks specifically tailored for gating
system design in industrial casting applications are notably absent from current literature.
The integration of additive manufacturing technologies with gating system design
presents significant research opportunities that remain largely unexplored. While studies
demonstrate the feasibility of 3D-printed sand molds for complex gating geometries,
comprehensive research on optimizing gating designs specifically for additive

manufacturing capabilities is limited.

RESEARCH METHODOLOGY

The green sand moulding process for casting FG260 grade grey iron (with tensile strength of 260
MPa as per IS 210:2009) requires a carefully balanced mixture of specific materials to achieve
optimal casting quality and properties. Silica sand forms the primary constituent, typically
comprising 75-85% of the mould composition, with high-quality silica (SiO2) sand containing 94-
98% purity being essential for cast iron applications. The sand grains should be predominantly sub-
angular to rounded in shape with a grain size distribution concentrated between 0.6mm to 0.15mm
(mesh sizes 30-100), ensuring adequate strength while maintaining sufficient permeability for gas
escape during casting. The AFS grain fineness number typically ranges between 50-70 for optimal
surface finish and dimensional accuracy Bentonite clay, specifically sodium bentonite with high
montmorillonite content (typically 75-85%), serves as the critical binding agent at 5-11% by
weight, providing plasticity and cohesive strength to hold sand grains together. The bentonite must
possess excellent swelling properties when hydrated, with cation exchange capacity enabling proper
activation and binding performance, while calcium bentonite may be used but requires higher
dosages due to lower swelling characteristics. Water content constitutes 2-4% of the mixture and is
precisely controlled to achieve the optimal temper point - the moisture level that provides maximum
compatibility and green strength while minimizing free water that could cause casting defects. For
FG260 casting with its chemical composition of 3.1-3.4% carbon, 1.6-2.1% silicon, 0.6-0.8%

manganese, maximum 0.15% phosphorus, and 0.06-0.12% sulfur, the mould requires adequate
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thermal stability to handle pouring temperatures around 1400-1450°C. Carbonaceous additives,
primarily coal dust or sea coal at 0-5% by weight, are incorporated to create a reducing atmosphere
that prevents metal penetration into the sand surface, improves casting finish by forming a
protective carbon layer, and enhances stripping characteristics. The coal dust must have appropriate
volatile content (20-35%), controlled ash content (typically <10%), and proper particle size
distribution to ensure effective lustrous carbon formation during casting. Additional additives may
include cereal flour (0.5-2%) to improve sand plasticity and compensate for thermal expansion, iron
oxide powder for enhanced thermal stability, graphite powder for improved surface finish, and
various organic binders like dextrin or molasses to enhance green strength. The combined material
system must achieve specific properties including green compressive strength of 80-150 KN/m?,
permeability number of 80-200 to allow proper gas escape, compatibility of 35-45% indicating
proper moisture content, and adequate collapsibility to prevent casting restrictions during
solidification. For FG260 with its target hardness range of 180-240 HB and mechanical properties
requiring controlled cooling rates, the mould materials must provide consistent thermal
conductivity and dimensional stability throughout the casting cycle. The water quality used should
have controlled Total Dissolved Solids (TDS) content, as excessive calcium ions can interfere with
bentonite activation and reduce binding effectiveness. Modern green sand systems may also
incorporate specialized additives like high-temperature resistant polymers, anti-veining agents, and
mould coatings such as HARDCOTE SF800 designed specifically for grey iron applications to
further enhance surface quality and reduce casting defects. The precise proportioning and thorough
mixing of these materials through proper mulling processes ensures the development of a
homogeneous sand system capable of producing high-quality FG260 castings with the required
mechanical properties of 260 MPa tensile strength, appropriate microstructure, and dimensional
accuracy while maintaining economic viability and environmental compliance through sand

reclamation and reuse.
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INTEGRATION OF INDUSTRY 4.0 WITH GATING DESIGN

Additive manufacturing enables the fabrication of complex sand mould and gating systems that are
difficult to produce using conventional methods [5,14]. The integration of AM with simulation-based
gating design improves dimensional accuracy and reduces lead time [10,11]. The advent of Industry
4.0 has transformed traditional manufacturing systems by integrating digital technologies,
automation, and intelligent data-driven tools. In casting processes, particularly in the design and
optimization of gating systems, Industry 4.0 offers substantial improvements in accuracy,
productivity, defect reduction, and overall process reliability. Gating design plays a crucial role in
controlling molten metal flow, minimizing turbulence, and ensuring quality casting output. By
embedding Industry 4.0 technologies—such as smart sensors, simulation tools, cyber-physical
systems (CPS), digital twins, and machine learning—the gating system can be optimized beyond
conventional empirical or trial-and-error approaches. A major contribution of Industry 4.0 lies in
advanced simulation and digital twin technologies. Digital twins create a virtual replica of the casting
system, enabling real-time monitoring and predictive analysis of melt flow behavior, choke area
design, sprue geometry, and riser—gating interactions. Through this, engineers can simulate multiple
gating configurations, predict defect formation such as turbulence, inclusions, or air entrapment, and
modify the design before any physical trials. This significantly reduces development time, material
wastage, and cost. Smart sensors integrated within mold cavities and ladles further enhance gating
design validation. Temperature sensors, flow monitoring devices, pressure transducers, and thermal
imaging systems provide real-time process data. This data helps determine whether the melt flow
matches the theoretical gating calculations and whether the metal enters the mold at optimal velocity
and temperature. Such real-time data-driven insights make the gating system adaptive and more
reliable, allowing corrections or automated adjustments during production. Industry 4.0 technologies
such as IoT, digital twins, and machine learning are transforming traditional foundry operations into
smart manufacturing systems [15]. Real-time sensor data combined with Al-based models enables
predictive defect control and adaptive gating optimization. Machine learning and artificial
intelligence (Al) algorithms are increasingly being used to optimize gating geometry. By analyzing
large datasets from previous casting cycles, Al models can correlate gating dimensions with defect
patterns, enabling predictive defect control. Algorithms such as neural networks and regression

models can recommend optimal sprue taper ratios, ingate area, and gating layout for specific alloys,
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mold materials, and casting sizes—Ileading to smarter, more robust gating designs. Cyber-physical
systems (CPS) ensure seamless integration between digital designs and shop-floor operations.
Automated pouring systems, robotic mold handling, and sensor-controlled furnaces interact with the
digital gating model to maintain consistent casting quality. IoT connectivity ensures that all
components—from melt preparation to filling—remain synchronized with the optimized gating
design. In summary, the integration of Industry 4.0 with gating design enhances casting
predictability, minimizes human error, and enables fully optimized, data-driven metal flow systems.
By leveraging digital twins, smart sensors, Al models, and CPS, foundries can achieve superior
casting quality, significantly reduced defects, and higher operational efficiency. This digital
transformation positions modern foundries to meet global competitiveness and sustainability
demands.

The casting industry is increasingly adopting Industry 4.0 technologies to transform conventional
foundry operations into intelligent, connected, and data-driven manufacturing systems. The
integration of loT-enabled sensors, cyber-physical systems, and real-time data acquisition allows
continuous monitoring of critical casting parameters such as melt temperature, pouring rate, mold
filling behaviour, and solidification patterns. Advanced analytics, machine learning, and artificial
intelligence algorithms utilize this process data to predict defects, optimize gating and riser design,
and enable proactive quality control. Digital twin technology further enhances casting operations by
creating real-time virtual replicas of molds and gating systems, facilitating predictive analysis,
process validation, and adaptive control during production. Additionally, automated pouring
systems, robotic mold handling, and smart furnaces integrated through Industry 4.0 frameworks
improve process consistency, reduce human dependency, and enhance productivity. Overall, the
application of Industry 4.0 in the casting industry enables improved casting quality, reduced rejection
rates, enhanced resource efficiency, and supports the transition toward smart, sustainable, and
globally competitive foundry operations.

Integration of Additive Manufacturing (AM) in Casting Processes

Additive Manufacturing (AM) is increasingly being integrated into the casting industry as an
enabling technology for advanced mold, core, and gating system fabrication, offering significant

advantages over conventional pattern-based methods. Through techniques such as binder jetting, 3D-
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printed sand molds and cores allow the realization of complex gating geometries, including curved
runners, optimized choke sections, and internal flow channels that are difficult or impossible to
manufacture using traditional molding processes. When combined with CFD-based simulation, AM
enables a seamless digital workflow in which optimized gating designs are directly manufactured
without geometric compromise, significantly reducing trial-and-error iterations, tooling lead time,
and development cost. The flexibility of AM supports rapid prototyping and small-batch production,
allowing foundries to quickly refine gating layouts based on simulation results or shop-floor
feedback. Furthermore, AM plays a critical role in Industry 4.0-driven foundries by ensuring digital
continuity between CAD models, simulation platforms, and physical production systems, thereby
supporting digital twins, data traceability, and intelligent process optimization. Overall, the
integration of additive manufacturing with gating system design enhances metal flow control,
reduces defects, improves casting yield, and supports the transition toward smart, sustainable, and

high-precision casting operations.

PROPOSED INTEGRATED GATING DESIGN FRAMEWORK

The efficiency and quality of metal casting processes heavily depend on the design of the gating
system, which governs molten metal flow, turbulence, heat transfer, and defect formation. To
enhance accuracy and achieve consistent casting performance, a holistic and integrated approach to
gating design is essential. The Proposed Integrated Gating Design Framework combines
computational modeling, process data acquisition, optimization algorithms, and Industry 4.0
technologies into a unified structure that supports robust, data-driven decision-making. The proposed
framework begins with requirements definition and material-process characterization, where alloy
properties, pouring temperature, mold material, part geometry, and production rate requirements are
established. This foundational stage ensures that the gating system parameters are aligned with
metallurgical and operational constraints. The next stage includes preliminary gating layout
development, where traditional design principles—such as choke area determination, sprue—runner—
ingate relationships, and flow velocity limits—are applied to generate an initial gating configuration.
Subsequently, the framework integrates advanced computational simulation, using tools such as

finite volume—based mold filling analysis and solidification modeling. These simulations evaluate
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molten metal behavior, heat gradients, gas entrapment risks, hotspot formation, and predicted defect
locations. By iteratively adjusting gating dimensions and geometry, engineers can refine the design
before physical trials. Simulation outputs form the basis for the next phase: data-driven optimization.
In this optimization stage, machine learning and multi-objective algorithms are employed to balance
casting quality, material utilization, and cycle time. Algorithms such as genetic optimization,
regression modeling, and neural networks analyze historical and simulated data to recommend
optimal gating parameters. These tools support automated exploration of alternative gating

configurations, reducing dependency on empirical knowledge and minimizing design iterations.

Requirements Definition
and Material-Process
Characterization

.

Preliminary Gating
Layout Development

Advanced Computational
Simulation |
Sensor-Based
Feedback Systems J
Cyber-Physical Systems
and Digital Twins

Fig 3 : Proposed framework for the system [3]

The framework further incorporates sensor-based feedback systems during actual casting operations.
Real-time data from thermocouples, flow sensors, and mold-mounted pressure sensors validate
whether the molten metal flow matches the predicted behaviour. Deviations detected during pouring
are logged and processed through the framework’s analytics module, enabling adaptive control and
continuous refinement of the gating system. To ensure seamless operation, the proposed framework
integrates cyber-physical systems (CPS) and digital twins. A digital twin of the gating design
continuously synchronizes with real-time shop-floor data, allowing predictive adjustments and

proactive defect avoidance. This closed-loop interaction transforms gating design into a dynamic,
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continuously improving system rather than a static pre-production activity. Overall, the Proposed
Integrated Gating Design Framework enhances casting reliability by combining classical gating
design principles with modern simulation, optimization, and Industry 4.0 technologies. It ensures a
structured, iterative, and intelligent approach that reduces defects, increases process stability, and
achieves higher productivity. This integrated framework provides a pathway for foundries seeking
to transition from conventional practices to smart, data-driven casting environments.
CONCLUSION

The design of an efficient and scientifically optimized gating system remains a cornerstone in
achieving high-quality castings, particularly within green sand moulding processes that dominate
global foundry operations. This comprehensive review highlights how gating system design has
evolved from empirical, experience-driven rule-of-thumb approaches to highly sophisticated,
simulation-supported, and data-driven methodologies. Traditional design techniques, though
foundational, are increasingly insufficient for addressing the complex performance requirements,
diverse alloy systems, and intricate geometries demanded by modern industries. As casting defects
continue to originate predominantly from improper gating configurations, establishing systematic,
quantifiable, and repeatable gating design practices is essential for operational excellence. Emerging
computational tools have significantly transformed gating design analysis. Advanced CFD-based
mold-filling and solidification simulations allow engineers to visualize flow patterns, predict
turbulence, detect defect-prone zones, and optimize gating ratios and geometries with scientific
precision. These digital tools have drastically reduced trial-and-error cycles, lowering development
time and costs while enhancing yield and consistency. Integrating multi-objective optimization
techniques and machine learning algorithms further elevates design quality by enabling automated
exploration of vast solution spaces, uncovering non-intuitive design improvements that would
otherwise remain undetected.

The incorporation of Industry 4.0 technologies marks the next leap in gating system innovation.
Smart foundries equipped with IoT sensors, real-time process monitoring, and adaptive process
control are redefining how gating systems are implemented and validated. Digital twins of gating
and mold-filling processes provide a dynamic, continuously updated virtual replica that enhances

predictive accuracy, process stability, and proactive quality assurance. Machine learning techniques
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capable of correlating process conditions with defect formation present new opportunities for defect
prediction, anomaly detection, and autonomous corrective action. The Proposed Integrated Gating
Design Framework presented in this study consolidates these advancements into a structured, holistic
methodology that spans initial design, simulation, sensor-driven validation, and continuous
optimization. This integrated framework not only bridges the gap between theoretical knowledge
and industrial application but also provides a roadmap for foundries transitioning toward smart
manufacturing paradigms. Overall, it is evident that the fusion of computational modeling,
experimental validation, and Industry 4.0-driven intelligence offers unprecedented potential to
enhance casting quality, reduce defects, and streamline production cycles. As global manufacturing
continues to prioritize sustainability, cost efficiency, and digital transformation, the adoption of
advanced gating system design methodologies will play a pivotal role in shaping the next generation

of casting and foundry technologies.
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