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Abstract

Chemical milling is a widely used material removal process in aerospace, electronics, and automotive manufacturing industries. The
selection of an appropriate etchant plays a crucial role in determining process efficiency, surface quality, and overall sustainability. This
review examines the comparative performance of alkaline and acidic etchants based on key parameters such as etch rate, precision, material
compatibility, waste management, and economic feasibility. The primary objective of this study is to analyze the strengths and limitations
of both etchant types to provide insights into optimizing chemical milling processes. A structured review methodology is employed, eval-
uating existing literature and industrial practices to assess the influence of etchant composition on process outcomes. The analysis high-
lights that alkaline etchants, such as sodium hydroxide and potassium hydroxide, offer high etch rates but often result in rougher surfaces
and greater undercut formation. In contrast, acidic etchants, including ferric chloride and nitric acid, provide superior surface finish, better
undercut control, and enhanced precision, making them more suitable for applications requiring fine feature definition. The study also
identifies key challenges in chemical milling, such as bath longevity, environmental impact, and waste disposal concerns. Future research
directions include the development of eco-friendly etchants, automation-driven process optimization, and hybrid etching techniques to
improve efficiency while minimizing environmental impact. The findings of this review contribute to a deeper understanding of chemical
milling processes, aiding in the selection of suitable etchants for enhanced precision, cost-effectiveness, and sustainability.
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1. Introduction

Chemical milling is a widely employed material removal technique in aerospace, automotive, and electronics industries, where precision
and surface integrity are critical. This process involves controlled chemical etching to achieve desired component geometries while
minimizing mechanical stress [1], [2]. However, the selection of a suitable etchant significantly impacts process efficiency, etch rate,
dimensional accuracy, surface roughness, and environmental sustainability [3], [4].

The primary challenge lies in understanding the trade-offs between alkaline and acidic etchants concerning their chemical reactivity,
process stability, and long-term feasibility. Existing research predominantly focuses on individual etchants or specific materials, with
limited comparative studies that systematically analyze their performance across various process parameters. Figure 1 presents the various
chemical milling process parameters.

To address this gap, this review provides a comprehensive evaluation of alkaline and acidic etchants, identifying their advantages,
limitations, and industrial relevance. The study examines key performance factors, including etch rate, precision, undercut formation,
surface finish, material compatibility, process stability, environmental impact, and economic considerations. By synthesizing available
literature and experimental insights, this review aims to establish a structured understanding of chemical milling mechanisms and their
implications for manufacturing efficiency.

The findings are expected to provide valuable insights into optimizing chemical milling operations, guiding industry professionals in
selecting appropriate etchants, and promoting sustainable etching technologies. Additionally, this review underscores the need for future
research into eco-friendly etchants, automation-driven process control, and hybrid etching techniques to enhance precision and reduce
environmental impact.

Copyright © Aditya Sandeep More et al. This is an open access article distributed under the Creative Commons Attribution License, which
v permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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Fig. 1: Chemical Milling Process Parameters.

2. Background of study and related work

2.1. Background of the study

Chemical milling is an essential material removal process widely utilized in industries such as aerospace, automotive, and electronics due
to its ability to produce intricate geometries without inducing mechanical stress. The technique relies on selective chemical dissolution
using either acidic or alkaline etchants to achieve precise material removal while maintaining structural integrity [1], [2]. Over the years,
researchers have explored various etchant compositions, process parameters, and waste management strategies to optimize chemical
milling for different materials. However, despite advancements, challenges related to process stability, etch rate control, surface quality,
environmental impact, and economic feasibility persist [1], [5], [6]. Figure 2 shows undercutting, where lateral etching extends beneath the
protective mask, thereby compromising dimensional accuracy.
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Fig. 2: Undercutting in Chemical Milling.

Acidic etchants, such as ferric chloride and nitric acid, are commonly used due to their high etching efficiency and material compatibility.
However, they present challenges related to hazardous byproducts, corrosion control, and waste disposal [5], [8]. Alkaline etchants, such
as sodium hydroxide and potassium hydroxide, offer alternative solutions, particularly for aluminum and other reactive metals. While these
etchants generate less hazardous waste, they often suffer from issues such as sludge formation, non-uniform etching, and process
inconsistency [9]. The increasing demand for sustainable and high-precision etching has led to research on eco-friendly etchants, hybrid
etching techniques, and automation-based process monitoring. Innovations such as deep eutectic solvents (DES), ionic liquids, and laser-
assisted etching have demonstrated potential in enhancing process efficiency while minimizing environmental impact [10]. However, a
comprehensive comparative analysis of existing etching techniques is still lacking, necessitating a structured evaluation of both alkaline
and acidic etchants concerning their process performance and sustainability.

2.2. Related work

Numerous studies have investigated the application of chemical milling for different materials and industrial applications. Researchers
have focused on optimizing etching parameters such as temperature, etchant concentration, and agitation to improve precision and minimize
surface defects [7], [9-14]. Advancements in chemical milling have also explored automation and real-time monitoring systems to enhance
process reliability. Al-driven predictive models and sensor-based etchant monitoring have been proposed to improve process stability and
reduce material wastage [15]. While non-chemical milling techniques like laser ablation, plasma etching, and mechanical micromachining
are widely used in advanced manufacturing, chemical milling retains several key advantages. First, chemical etching offers uniform
material removal over large areas without requiring complex motion control or thermal management. This makes it ideal for producing
thin metal components such as foils, meshes, and aerospace shims. Moreover, chemical milling is a cost-effective and scalable technique
for batch production of parts with high dimensional accuracy, particularly when intricate geometries are required. Recent advancements in
additive manufacturing (AM) have highlighted the need for effective post-processing methods to achieve high surface finish and dimen-
sional precision. Chemical milling offers a viable solution for refining AM components, particularly in removing surface roughness and
fine-tuning geometries without inducing mechanical stress. Exploring the integration of chemical milling in AM workflows could open
new pathways for hybrid manufacturing approaches that combine design flexibility with surface engineering precision [16]. Additionally,
hybrid approaches integrating electrochemical etching, plasma-assisted etching, and chemical-mechanical polishing have shown promise
in achieving superior surface quality and precision [10], [15 ]. However, these techniques often involve high capital costs and complex
control systems, limiting their widespread industrial adoption compared to chemical milling. Recent research also explores bio-based
etchants derived from plant extracts and nanoparticle-enhanced solutions, which offer improved selectivity and reduced environmental



266 International Journal of Basic and Applied Sciences

toxicity. These alternatives, although in early stages, present potential for sustainable etching with controlled reaction kinetics [17-19].
This section presents a detailed discussion of existing studies on acidic and alkaline etchants, their influence on etching performance, and
efforts to improve process efficiency and sustainability.

2.2.1. Studies on acidic etchants

Table 1 presents commonly used acidic etchants and their performance for key parameters from the literature. Studies on ferric chloride-
based etching have highlighted its effectiveness for stainless steel and copper [12], [13], but concerns regarding waste treatment and metal
ion accumulation remain unresolved. The preference for certain etchants in specific applications is primarily driven by a combination of
material compatibility, process efficiency, and economic factors. For example, ferric chloride (FeCls) is the dominant etchant for stainless
steel due to its ability to effectively dissolve iron oxides, leading to uniform material removal with minimal surface roughness [4]. Acidic
etchants, particularly ferric chloride, nitric acid, and hydrofluoric acid, are commonly used due to their high etch rates and material
compatibility [1], [2], [24], [21]. Research by various authors has demonstrated that ferric chloride provides rapid metal dissolution but
requires precise control over oxidation states to maintain etching consistency [7], [22]. Studies indicate that ferric chloride works effectively
on copper, stainless steel, and titanium but leads to excessive undercut and surface roughness issues[23]. Nitric acid, widely used for
aluminum etching, has been analyzed for its role in passivation layer removal, but concerns related to nitrate-based waste disposal remain
unresolved [1], [4], [24].

Table 1: Commonly Used Acidic Etchants and Their Performance [4], [5]

Etchants Materials Concentration Etching Temp (°C) Etch Rate (mm/min)
FeCI3 Aluminium and alloys 12-18° Bé (*) 49 0.013-0.025
Copper and alloys 42°B¢ 49 2
Steel 42°Bé 54 0.025
Nickel 42°B¢é 49 0.13-0.38
HF Titanium - - 1
Glass - - -
HNO3 Magnesium %12-15 32-49 1
Silicon -- 38-49 Very slow

(The Baumé scale, Baumé degrees (°Bé), is a hydrometer scale used to measure the density of liquids; in etchant formulation, it indicates solution concen-
tration. Baumé [Bé€] value is Bé = 145 x [(sg — 1)/sg], where sg = specific gravity).

Hydrofluoric acid (HF) has been extensively examined for its effectiveness in magnesium and titanium etching, particularly in aerospace
component manufacturing [1], [4], [6]. However, its high toxicity and aggressive reaction rates pose challenges in handling, waste
management, and regulatory compliance [20]. Research has been conducted to explore alternative etchants or buffered HF solutions to
improve etch selectivity and process stability [20], [25]. Some studies have also investigated the impact of etchant concentration,
temperature, and agitation on etching uniformity and defect minimization in acidic etching processes.

2.2.2. Studies on alkaline etchants

Table 2 presents commonly used acidic etchants and their performance concerning key parameters from the literature. Alkaline etchants,
primarily based on sodium hydroxide (NaOH) and potassium hydroxide (KOH), have been studied as alternatives to acidic solutions due
to their better selectivity and environmentally friendly characteristics. Sodium hydroxide (NaOH) is predominantly used for aluminum
because of its rapid dissolution of aluminum oxides and the formation of soluble sodium aluminate. These preferences are not only based
on chemical reactivity but also on factors such as cost efficiency, ease of handling, and environmental impact. Research has shown that
alkaline etchants are effective in etching aluminum, silicon, and certain magnesium alloys, producing cleaner etch profiles with lower
undercut formation [26].

Table 2: Commonly Used Alkaline Etchants and Their Performance [10]

Etchants Materials Concentration Etching Temp (°C) Etch Rate (mm/min)
NaOH Aluminium 1 mol 30 0.0013

50 0.004
KOH Aluminium 1 mol 30 0.001

50 0.0025

However, their low etch rates and precipitation of metal hydroxides create challenges in maintaining etching efficiency over extended
process cycles [8]. Several studies have examined the role of additives, inhibitors, and complexing agents in alkaline etching solutions to
enhance etch uniformity and reduce sludge formation. The addition of chelating agents such as EDTA and gluconates has been explored
to prolong bath life and stabilize dissolved metal ions [8], [27-30]. Moreover, alkaline etching has been integrated with electrochemical
processes to improve etch precision and material removal control [19], [31]. Despite these advantages, the scalability of alkaline etchants
remains an issue due to difficulties in bath regeneration and waste treatment.

2.2.3. Hybrid etching techniques

Unlike conventional wet or dry methods, which often face challenges related to anisotropy, surface quality, or material compatibility,
hybrid methods integrate complementary processes to achieve improved outcomes. To overcome the limitations of conventional acidic and
alkaline etching, researchers have proposed hybrid etching techniques combining chemical milling with laser-assisted etching, plasma
etching, and electrochemical machining (ECM). Studies indicate that hybrid approaches can enhance etch precision, reduce chemical
consumption, and minimize environmental impact. Laser-assisted etching, for instance, selectively modifies surface regions to improve
etch selectivity, while ECM integrates electrical field-assisted etching to control material removal rates [9], [19], [31-33]. Recent studies
have also focused on using DES and ionic liquids as green etchants, aiming to replace hazardous chemicals like ferric chloride and
hydrofluoric acid [34-36]. Preliminary research suggests that these novel etchants exhibit high selectivity and recyclability, making them
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promising candidates for sustainable chemical milling processes. However, further investigations are required to assess their industrial
feasibility, cost-effectiveness, and compatibility with existing manufacturing systems.

2.2.4. Automation and process optimization

One of the major challenges in chemical milling is the lack of real-time process control compared to conventional CNC machining
techniques. Several studies have explored the potential of Al-driven process monitoring, predictive modeling, and real-time bath analysis
to enhance etching precision and reproducibility [13], [14], [37], [38]. Automated chemical handling systems, equipped with sensors for
pH, temperature, and metal ion concentration, have been developed to improve process stability and efficiency.

Some research efforts have also focused on closed-loop etchant regeneration systems, incorporating electrochemical metal recovery and
membrane filtration technologies to extend bath life and reduce waste generation [39-41]. While these advancements show promise, their
industrial adoption remains limited due to cost constraints and integration challenges with existing production lines. Additionally,
researchers have evaluated life cycle assessments (LCA) to compare the environmental footprint of different etching techniques,
emphasizing the need for sustainable alternatives. Future studies are expected to explore integrated waste recovery systems that allow for
continuous metal extraction and etchant reuse, thereby reducing costs and enhancing sustainability.

2.2.5. Environmental and waste management studies

The environmental impact of chemical milling has been a key area of study, particularly concerning waste etchant disposal, heavy metal
contamination, and sludge management. Various researchers have examined neutralization, ion-exchange purification, and zero-liquid
discharge (ZLD) technologies to mitigate chemical waste disposal issues [42-44]. Studies on bio-based neutralizing agents and green
precipitation methods have demonstrated potential in reducing hazardous byproducts, yet scalability and economic feasibility remain
concerns for industrial applications [45].

2.2.6. Research gaps and future Scope

Although significant progress has been made in chemical milling research, several gaps remain, such as limited studies on specific etchant-
metal interactions, particularly for advanced alloys and composite materials, and a lack of standardized process parameters, making cross-
comparisons between different studies challenging. There is insufficient research on hybrid etching techniques and their industrial-scale
implementation. The need for automation and Al-based process optimization to enhance precision and consistency remains unexplored.
Aspects such as environmental concerns related to waste disposal and sustainability, and eco-friendly etching alternatives require further
investigation.

Future research should focus on developing standardized testing methodologies, improving process automation, and advancing sustainable
chemical milling technologies to enhance industrial efficiency and environmental responsibility.

3. Research method

This review paper employs a systematic literature review (SLR) approach to analyze and compare the performance of alkaline and acidic
etchants in chemical milling. The methodology involves three key stages: literature collection, data extraction, and comparative analysis,
ensuring a comprehensive evaluation of existing research on chemical milling processes, their challenges, and future advancements.

3.1. Literature collection

A structured literature search was conducted using peer-reviewed journals, conference proceedings, and industrial reports from recognized
scientific databases such as Scopus, Web of Science, and Google Scholar. The selection criteria focused on studies that investigated etch
rate, surface roughness, undercut formation, waste management, and economic feasibility of chemical milling using acidic and alkaline
etchants. Only articles published in the last two decades were prioritized to ensure the inclusion of recent advancements and industrial
developments.

3.2. Data extraction and categorization

The collected literature was systematically analyzed to extract relevant data on process parameters, material compatibility, and
sustainability aspects. The extracted data were categorized based on the following key performance indicators [1], [2], [4] namely etch rate:
speed of material removal under different etching conditions, surface roughness: impact of etching on the final surface finish, undercut
formation: degree of lateral etching affecting dimensional precision, waste generation and environmental impact: volume and toxicity of
byproducts and economic feasibility: cost-effectiveness of etchants in industrial applications. A comparative mapping approach was used
to systematically evaluate the influence of etchant type (acidic vs. alkaline) on these parameters for different materials such as aluminum,
stainless steel, copper, titanium, and magnesium.

3.3. Comparative analysis and evaluation

A qualitative and quantitative comparison of alkaline and acidic etchants was conducted based on the extracted data. Studies that reported
experimental findings on etch rate, undercut, and surface integrity were carefully analyzed to establish trends and correlations between
etchant composition and material performance. Additionally, waste treatment strategies and environmental implications were assessed to
determine the sustainability of different etching approaches. The results were synthesized to identify research gaps, emerging trends, and
potential future directions for improving chemical milling processes. This structured approach ensures a holistic evaluation of chemical
milling techniques, providing insights into optimizing etching performance while addressing sustainability challenges.
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4. Results and discussion

This section presents a comparative evaluation of alkaline and acidic etchants in chemical milling, focusing on key performance indicators
such as etch rate, surface roughness, undercut formation, waste management, and economic feasibility. Moreover, process parameters
critically influence etching outcomes. For instance, elevated temperatures accelerate reaction kinetics but may compromise dimensional
control. Similarly, higher agitation levels improve mass transport yet risk over-etching. These interactions highlight the importance of
optimizing etching protocols for targeted applications, particularly when balancing precision and throughput [1],[2],[4]. The extracted data
from various studies have been systematically analyzed to identify trends, challenges, and potential improvements in the chemical milling
process.

4.1. Comparative analysis of etch performance

The results indicate that acidic etchants generally exhibit higher etch rates, making them suitable for applications requiring faster material
removal. However, they often result in higher undercut formation, impacting precision. In contrast, alkaline etchants offer better selectivity
and controlled material removal, reducing undercut, but at the cost of slower etch rates. Alkaline etchants, although highly effective for
bulk etching, often exhibit non-uniform depth profiles, particularly if process conditions such as temperature and etchant concentration are
not carefully regulated. Surface uniformity is another critical factor in evaluating etchant performance [1]. Acidic etchants are known for
their superior uniformity, as they dissolve the metal surface more evenly, reducing the likelihood of rough textures or excessive pitting.
This makes them preferable for applications requiring high surface integrity, such as printed circuit boards (PCBs) and medical implants.
Alkaline etchants often produce rougher surfaces and require additional post-processing to achieve the desired finish.

4.1.1. Etch rate and material compatibility

Aluminum and copper show higher etch rates in acidic solutions like ferric chloride and nitric acid due to their strong oxidizing properties
[10], [12]. Stainless steel and titanium require specialized etchant compositions to achieve efficient material removal while maintaining
structural integrity [20]. Alkaline etchants, such as sodium hydroxide and potassium hydroxide, demonstrate controlled etching, especially
for materials like silicon and magnesium, which are highly reactive to acids [26], [47], [48].

4.2. Surface roughness and dimensional accuracy

Surface roughness is a critical parameter in determining the quality of chemically milled components. Studies indicate that Acidic etchants
often lead to an increase in surface roughness due to aggressive dissolution and localized variations in reaction rates. While alkaline etchants
are known for offering controlled etching and selectivity, they may still contribute to surface roughness under certain conditions due to gas
bubble formation and sludge accumulation. Therefore, their effectiveness in minimizing surface defects is context-dependent and influ-
enced by parameters such as agitation, temperature, and concentration control. Alkaline etchants, particularly those containing inhibitors,
help achieve smoother surfaces by slowing down reaction Kinetics [49]. Gas bubble formation in alkaline etching can cause localized
defects, requiring agitation techniques to ensure uniform material removal [2].

4.3. Undercut formation and process control

Undercutting occurs due to lateral etching, which can compromise the precision of chemically milled components. The analysis reveals
that acidic etchants contribute to significant undercut formation, necessitating the use of inhibitors to reduce lateral material removal.
Alkaline etchants, though offering better control, require precise process parameters such as temperature and agitation control to maintain
consistency [49]. The integration of automated monitoring systems could improve process control, enabling real-time adjustments to
optimize etching performance.

4.4. Waste management and environmental impact

One of the major drawbacks of chemical milling is the generation of toxic waste, including metal-laden etchant solutions and sludge. Key
findings suggest alkaline etchants produce metal hydroxide sludge, requiring frequent filtration and disposal [8]. Acidic etchants generate
metal-rich wastewater, necessitating advanced treatment methods such as precipitation, ion exchange, and electrochemical recovery [7].
The use of closed-loop regeneration systems for ferric chloride and nitric acid etchants has shown promise in reducing chemical
consumption and waste generation. These environmental challenges underscore the urgent need for sustainable innovations discussed in
the subsequent section. Future etching technologies must not only improve material performance but also align with stricter environmental
regulations and circular economy principles.

4.5. Economic feasibility and industrial implementation

The cost-effectiveness of chemical milling is influenced by etchant longevity, waste disposal costs, and operational efficiency. Findings
from the reviewed literature suggest that acidic etchants, while more efficient, require frequent regeneration and stricter waste treatment
measures, increasing operational costs [7]. Alkaline etchants offer better recyclability, but their tendency to form sludge leads to higher
maintenance costs [8]. The adoption of eco-friendly etchants, such as DES and ionic liquids, could significantly reduce environmental and
economic burdens. While the shift toward environmentally benign etchants such as deep eutectic solvents, bio-based acids, and ionic liquids
is crucial for sustainable manufacturing, these solutions often incur higher initial material costs and require new process validation. A
preliminary cost-benefit analysis suggests that although these green technologies may increase short-term operational expenses, they can
yield long-term savings by reducing hazardous waste treatment, minimizing regulatory compliance costs, and improving worker safety
[46].
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4.6. Future prospects, challenges, and technological advancements

Despite the extensive analysis, this review has certain limitations. The lack of standardized testing methodologies across studies limits
direct comparisons, while the focus on specific etchant-material interactions leaves many industrially relevant materials underexplored.
Additionally, the effects of key process parameters such as temperature, agitation, and inhibitor concentration require further systematic
investigation to establish precise correlations with etching performance. The industrial-scale feasibility of hybrid etching techniques
remains largely unexamined, requiring experimental validation to apply laboratory findings to large-scale applications.

Future research should prioritize standardized experimental studies to enable cross-comparability of etchant performance. The exploration
of novel eco-friendly etchants, such as DES and ionic liquids, presents a promising alternative to conventional hazardous chemicals.
Integrating automation technologies, including Al-driven process control and real-time etchant monitoring, can significantly enhance
precision and reproducibility. Furthermore, hybrid etching methods combining chemical milling with laser-assisted, plasma, or
electrochemical machining warrant investigation to optimize process efficiency. Future research should explore the integration of environ-
mentally friendly etchants in additive manufacturing, especially for post-processing metal-printed components. This could enhance com-
patibility between subtractive and additive technologies while reducing overall environmental impact. Additionally, a life cycle assessment
of etchants could provide insights into their contribution to carbon footprint reduction across various industrial sectors.

Addressing these gaps will drive advancements in chemical milling, making it more efficient, cost-effective, and environmentally
sustainable. To address the challenges in chemical milling, emerging research is exploring hybrid etching techniques, such as combining
chemical milling with laser-assisted etching and electrochemical machining, to enhance precision and reduce chemical consumption.
Research is also being conducted into Al-driven process optimization for real-time control of etching parameters, improving reproducibility
in industrial applications. Green chemistry approaches, including biodegradable etchants, to minimize environmental impact while
maintaining high etch selectivity, is another emerging area. The growing use of hybrid materials necessitates a deeper understanding of
how chemical etchants interact with heterogeneous phases. As composites become increasingly prevalent in aerospace and electronics,
their layered structures and mixed-phase constituents pose unique challenges in etchant penetration, selectivity, and surface degradation.

4.7. Summary of findings

The comparative analysis highlights that while acidic etchants provide higher etch rates, they present challenges in precision, waste
management, and economic feasibility. Alkaline etchants offer better process control and lower environmental impact, but their
effectiveness varies depending on the material. The development of eco-friendly etching solutions and automation-driven process
improvements presents a promising direction for advancing chemical milling technology. Similarly, while hybrid techniques such as laser-
assisted etching and electrochemical machining show promise in laboratory-scale trials, their full-scale industrial adoption remains limited
due to high initial costs, integration complexity, and the need for specialized infrastructure. Table 3 presents the mapping of performance
parameters for different materials processed by chemical milling with alkaline and acidic etchants.

Table 3: Mapping of Referenced Literature with Performance Parameters for Different Materials with Alkaline and Acidic Etchants

Acidic Alkaline

Material Surface Roughness Undercut Etch Rate Surface Roughness Undercut Etch Rate
Stainless Steel [11], [21] @ [4], [21] [53] @ @
Aluminium [5], [10] @ [4], [10] [10] @ [10]
Copper [12] [49] [4], [12] @ [29], [30] [29], [30]
Magnesium [50] [50] [50] @ @ @

Nickel @ @ [4] @ @ @
Titanium [20], [51], [52] @ [20], [51], [52] [54] @ @
Silicon @ @ @ [26] [26] [26]

@ Future scope.

5. Conclusion

This review presents a comprehensive evaluation of alkaline and acidic etchants in chemical milling, analyzing their impact on etch rate,
precision, surface roughness, material compatibility, waste management, and economic feasibility. The findings indicate that acidic
etchants generally achieve higher etch rates but lead to increased undercut and waste generation, posing challenges for precision
applications. While alkaline etchants often exhibit improved selectivity, especially for aluminum-based substrates, this is not a universal
outcome. Selectivity is influenced by factors such as alloy composition, etchant formulation, and agitation level. Similarly, emerging green
alternatives like deep eutectic solvents and ionic liquids offer potential for sustainable chemical milling; however, their industrial adoption
is still limited by cost, handling complexity, and lack of large-scale performance data. Future research should focus on validating the
performance of Deep Eutectic Solvents (DES) and other emerging green etchants in real-world industrial settings. This includes testing
their effectiveness in large-scale chemical milling processes and assessing their compatibility with different materials. This study advances
the existing body of knowledge by categorizing etchants based on key performance parameters, highlighting the environmental and
economic challenges associated with conventional etching methods, and identifying critical research gaps related to etchant composition,
process automation, and sustainable alternatives. The review underscores the potential of hybrid etching techniques and automation-driven
process control in enhancing precision and sustainability in chemical milling. This review also highlights the broader implications for
regulatory compliance, particularly regarding the European REACH regulations, which increasingly mandate the use of eco-friendly and
non-toxic chemicals in industrial processes. By selecting sustainable etchants and optimizing milling techniques, manufacturers couldn’t
ensure compliance with stringent environmental regulations. Furthermore, adopting regeneration technologies can extend etchant longevity,
lowering waste disposal costs. The transition toward eco-friendly etching solutions can also help industries navigate regulatory compliance
challenges while reducing the environmental footprint of chemical milling.
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