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ARTICLE INFO ABSTRACT
Keywords: The targeted removal of efficient but toxic corrosion inhibitors based on hexavalent chromium
Corrosion inhibitors has provided an impetus for discovery of new, more benign organic compounds to fill that role.

High-throughput corrosion inhibition testing
Machine learning

Corrosion inhibitor mechanisms

Organic molecules

Molecular design

Developments in high-throughput synthesis of organic compounds, the establishment of large
libraries of available chemicals, accelerated corrosion inhibition testing technologies, the
increased capabilities of machine learning (ML) methods, and a better understanding of mech-
anisms of inhibition provide the potential to make discovery of new corrosion inhibitors faster
and cheaper than ever before. These technical developments in the corrosion inhibition field are
summarized herein. We describe how data-driven machine learning methods can generate models
linking molecular properties to corrosion inhibition that can be used to predict the performance of
materials not yet synthesized or tested. The literature on inhibition mechanisms is briefly sum-
marized along with quantitative structure-property relationships models of small organic mole-
cule corrosion inhibitors. The success of these methods provides a paradigm for the rapid
discovery of novel, effective corrosion inhibitors for a range of metals and alloys, in diverse
environments. A comprehensive list of corrosion inhibitors tested for various substrates that was
curated as part of this review is accessible online https://excorr.web.app/database and available
in a machine-readable format.

1. Introduction

Catastrophic structural failures of engineered structures occur mostly due to a combination of corrosion and stress and can cause
death, injury, and major capital loss in a wide variety of industries and application areas [1]. These ongoing, short-term impacts
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coupled with economic losses due to corrosion, materials loss, failure, and aesthetic damage mean that corrosion control is extremely
important and expensive. Recent publications have listed corrosion and stress-corrosion cracking as being by far the most severe cause
of loss of longevity and integrity of metal products [3]. It has been estimated this loss equates to 3.4 % of the annual global gross
domestic product (US$2.5 trillion) [4,5]. Clearly, any progress in corrosion control will significantly improve the longevity of metal
components. According to the latest NACE report, implementing best practices in corrosion prevention could result in global savings of
15-35 % of that cost, or up to 875 billion dollars [5]. There is also a growing concern over the large amount of energy required to
extract and manufacture metals and alloys required to replace corroded components, and the greenhouse gases and pollution this
produces. For example, it was estimated by Ianuzzi and Frankel that the steel required to replace only that conservatively estimated to
be corroded, contributes 1.9 % to the total world CO, emissions [6]. Raabe et al. [3] identified ten measures that can reduce these
impacts, with corrosion control being the most effective and feasible in the short term (Fig. 1). While adequate corrosion control
measures are available, clearly there is room to reduce ongoing economic, health, and environmental impacts through the discovery of
better corrosion inhibitors.

A working definition of a corrosion inhibitor is “a substance that, when added to an environment in small concentrations, mini-
mizes the loss of metal, reduces the extent of hydrogen embrittlement, and protects the metal against pitting [7]. Corrosion inhibitors
can be used in multiple ways. Inhibitors in aqueous systems reduce corrosion by forming an adsorbed or passivation layer that acts as a
barrier, or by retarding cathodic, anodic, or both electrochemical processes. They can also be incorporated into anodic and conversion
coatings (industrially applied active barrier coatings [8,9]) and as paint pigments [10]. Chromate has been used as a nearly universal
corrosion treatment for a wide variety of metals for a century but is a teratogen, mutagen, and carcinogen [11]. Clearly, it poses an
unacceptable risk to workers. It has been estimated that workers exposed to chromate residues when aircraft are repainted have ~
250,000-fold higher risk of cancer than the public [12,13], thus the use of chromate inhibitors is being phased out in most countries.
Other highly effective corrosion inhibitors containing tin and lead also have unacceptable risks and will be banned, or their use will be
restricted due to health and safety and environmental concerns.
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Fig. 1. An impact and technology readiness diagram for measures that can be taken to improve the sustainability of metals into the future. Note that
corrosion protection ranks highest for both technological readiness and potential impact. Reproduced from Raabe et al. [3] with permission.
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1.1. The critical importance of replacing chromate corrosion inhibitors

Chromate has been targeted for removal from the metal finishing and coatings industries in many jurisdictions including Europe
and the US [13,14]. Some of these jurisdictions may have reduced usage of chromate in conversion coatings, but market reports
suggest that chromate-based inhibitors as pigments for paint coatings are a growth area (see for example [15,16]) There are specific
issues with chromate withdrawal in some aerospace applications because some parts of airframes may not be inspected for many years
and need durable and highly reliable corrosion protection applied at the start of the service life [17].

Another issue with chromate replacement is the availability and cost of alternatives, as has been addressed by Hughes et al. 18] for
inorganic inhibitors. Any organic inhibitor must match the cost and quantity issues of chromates. Chromate chemicals used in
corrosion protection are derived from mineral chromite. However, the main reason for mining chromite is to obtain chromium for the
manufacture of ferrochrome and stainless steel. Use in this application has remained steady at around 13 M tons per annum for several
years [19]. Over a similar period, around 600,000 to 700,000 tons are converted to sodium dichromate (NayCro07) [20] thus di-
chromate is a commodity chemical. 224,000 tons were subsequently converted to chromic acid, ~50 % of which was used for metal
finishing [20]. Thus, on a purely weight for weight basis, somewhere between 112,000 — 139,000 tons of inhibitor will be required to
replace chromic acid used in industry. If replacement inhibitors are less efficient, then the amount required will be larger.

Small organic molecules offer a vast diversity of structures and properties, some of which may be potentially superior corrosion
inhibitors for industrial corrosion control and occupational health and safety needs. Organic inhibitors are widely used for multiple
industrial applications owing to their selectivity, affordability, and stability under operational conditions. While their danger to
humans is generally lower than chromate (by a factor of 10 to 20 as assessed by LDs (rats)), they are not without issues. Mercap-
tobenzothiazoles are a group of commonly studied inhibitors which perform well on a range of metals. However, 2-mercaptobenzo-
thiazole has been declared a potential carcinogen in humans by the WHO, based on studies of worker exposure [21]. There are also
environmental issues associated with organic molecules like EDTA due to its strong and persistent complexing of metal ions in natural
water [22].

Typically, organic corrosion inhibitors adsorb onto metal/oxide/hydroxide surfaces and form protective films that displace the
water and slow down the ingress of aggressive chloride ions. Efficient small organic molecule inhibitors usually contain oxygen, ni-
trogen, sulfur, and phosphorus atoms with lone electron pairs, along with moieties providing n-electrons, all facilitating adsorption
[23]. The number of organic corrosion inhibitors studied to date is approximately 1500 out of 150 million compounds catalogued in
Chemical Abstract Service database. Among these organic corrosion inhibitors none, so far, has the effectiveness and wide applicability
of chromate.

Here we review important developments likely to impact the discovery of more effective organic corrosion inhibitors. These
include automation of the synthesis and characterization of organic inhibitors, Al and machine learning, and mechanism-based in-
hibitor design. We also provide an overview of the literature on organic inhibitors for metals including copper, iron, aluminium,
magnesium, and their alloys. Specifically, we briefly summarize recent developments in high-throughput synthesis and corrosion
testing, and the use of quantitative structure-property relationships (QSPR) and advanced machine learning methods to predict the
inhibitory properties of organic compounds. The latter allows the corrosion inhibition of compounds not yet synthesized or tested to be
predicted [24-29]. Machine learning models can also be used as surrogate fitness functions for the evolutionary design of new
corrosion inhibitors with multiple desirable properties [31-33]. We provide a concise summary of current knowledge on relationships
between inhibitor structure, mechanisms of inhibition, and efficacy and perspectives for future developments. A database of corrosion
inhibitors tested for various substrates that was curated as part of this review, accessible online https://excorr.web.app/database and
is available in a machine-readable format.

2. Impact of automation on synthesis and characterization of organic inhibitors

Discovery of inorganic and organic inhibitors has traditionally followed the one-compound-at-a-time paradigm. This can be
accelerated in two ways. First, increasingly science and technology are embracing robotics and automation to dramatically increase
the number of materials that can be synthesized and tested. Second, these experimental techniques are expanding data collection by
many orders of magnitude over conventional techniques (see sect. 2.5). These data are important for training machine learning models
for discovery, design, and optimization of next generation organic corrosion inhibitors. Unlike some other important areas of science
and technology, corrosion science has been slow to adopt of these paradigm-shifting technologies. They promise to leverage valuable
prior knowledge and technology to accelerate discovery of more effective and safer organic corrosion inhibitors to replace toxic
materials that have dominated the field for decades.

Faster methods of synthesis and testing clearly have major advantages over the traditional ways of performing these tasks. The
development of these technologies is driven by the recognition of the vastness of the organic chemical space in which inhibitors exist,
and the potentially large, paradigm-changing advantages that data-driven Al and machine learning methods (for which Nobel Prizes in
physics and chemistry were awarded in 2024) can bring to the field. Increased synthesis and testing rates means that a much larger part
of chemical space can be explored than by traditional methods. However, even the most optimistic projections of the capacity of these
automated methods suggest that it is possible to explore only a minute fraction of the estimated 10% organic molecules [35-36] (far
exceeding the 102! stars in our observable universe) that are synthetically accessible using the known laws of chemistry. Thus, the size
of chemistry space represents both a challenge and an opportunity for the discovery of new, safer, more effective corrosion inhibitors.
The challenge is the impossibility of exploring the whole of chemical space exhaustively, and the opportunity is that the vast chemical
space provides an almost infinite number of candidate materials, many of which will have valuable properties, if we can discover them.
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Automated methods will also generate large data sets that can be used to train machine learning models that predict properties of
new materials orders of magnitude faster than any automated experimental method. The paucity of high quality, large (> 100
compounds), chemically diverse data sets is one of the main issues holding back the wider application of data-driven machine learning
methods described below. Here we briefly summarize the main methods for synthesizing organic corrosion inhibitors and measuring
their performance and discuss the current progress towards automation, the value of Al and machine learning in discovery of new
organic corrosion inhibitors, and the potential for future improvements in this area.

2.1. High-throughput synthesis of organic compounds

The need for high-throughput (HT) synthesis was first recognized by the pharmaceutical industry around 1990 [38]. They
developed combinatorial chemistry that increased the rate of synthesis of small organic molecules by orders of magnitude compared to
traditional one-molecule-at-a-time approaches. Subsequently, click chemistry facilitated the reliable generation of large libraries of
molecules containing nitrogen heterocycles, potentially valuable corrosion inhibitors chemotypes [39], and flow chemistry has pro-
vided a pathway to efficient, safe, and at-scale synthesis of chemical compounds [40]. These are now very large and mature research
and technology areas, well covered by numerous books and reviews, see, for example [41,42], so they are not discussed further here.

Although high-throughput and combinatorial synthesis of small organic compounds is well established in the pharmaceutical
industry, it is yet to be employed in corrosion inhibition research. This is due to the lack of HT corrosion inhibition testing methods,
and the existence of very large libraries of virtual, commercially available or make-on-demand organic compounds (billions of
compounds) that can be tested or computationally screened for corrosion inhibition without requiring synthesis. An additional factor
delaying the development of HT methods for inhibitor testing is the large variety of deployment conditions of metallic structures,
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Fig. 2. The values of inhibition efficiency a) and inhibition power b) calculated for the identical set of Cu corrosion inhibitors, introduced by Kokalj
et al. [43], reproduced from [43] under Creative Commons CC-BY license. Differentiation between highly potent inhibitors is more clearly seen in
b), the inhibition power plot. ¢) Symmetrized inhibition efficiency that penalizes the negative values of inhibition efficiency, keeping all the 1,
values within 100 to 100 % range, introduced by Kokalj et al. Reproduced from [1] with permission.
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resulting in an even larger range of exposure environments and a lack of understanding of the most relevant testing conditions.

2.2. Experimental measurements of corrosion inhibition

Corrosion inhibition (CI) can be measured using a range of well-known techniques summarized below, and metrics from these
different techniques can often be compared directly to assess performance. Many studies report “inhibitor efficiency” n:

N me. 100 %.

where y and yin, are the parameters of interest (e.g., corrosion current, mass loss, hydrogen evolution, polarization resistance
derived from EIS spectra, etc.) in the absence and presence of the inhibitor respectively. Although widely used, this relationship is
highly non-linear: for low values of yi,, a small increase in inhibition causes a rapid increase in inhibition efficiency, whereas for ~
> 90 %, further reduction in corrosion only leads to a small increase in . Clearly, 1 is more useful for screening poor or modest in-
hibitors since in such cases yjny will be of a similar magnitude to y. However, its ability to distinguish between good inhibitors is poor
since yinp, may be two or more orders of magnitude smaller than y This means that several orders of magnitude difference in per-
formance between good inhibitors is squeezed into two percentile points at the top of the inhibitor range.

A recently conceived inhibitor performance metric, inhibition power P, expressed as

Py 10logyg
inh

enables easier differentiation of the good inhibitors by ranking them in an unbiased way [43]. The unbiased distribution of data is also
important in the training of machine learning models for which skewed data results in lower predictive performance. This lack of
balance [44] in the data usually generates models with poor predictive performance, specifically for the minority class. Inhibition
power delivers more balanced data, hence is expected to improve the predictive power of the models. Fig. 2 illustrates the difference
between inhibition efficiency and inhibition power for the identical set of corrosion inhibitors tested on pure Cu by Kokalj et al. [43].

An alternative metric for corrosion inhibitor performance, symmetrized inhibition efficiency (Fig. 2¢), was also introduced by
Kokalj et al. [1]. It penalizes negative values of inhibition efficiency, deemphasizing the importance of large negative values that are
not always measured with the same precision (e.g. due to difficulties of accounting for change of sample surface area in hydrogen
evolution measurements or missing deeper pitting in image analysis). These values can potentially bias machine learning models:

8 nin oo

lym - 1000 otherwise; [1]
100 n

The value of inhibition efficiency and symmetrized inhibition efficiency are virtually the same in the range between 100 to 20 %,
Fig. 2¢, butny,, decreases more slowly below this, asymptoting so that no datapoint can be lower than 100 % or greater than 100 %.
Comparing the applicability of these two recent metrics, the inhibition power (Pip) is more suitable for strong corrosion inhibitors,
while symmetrized inhibition efficiency n,, is more intuitive and may be better for the datasets of modest corrosion inhibition effi-
ciency [1].

The three metrics quantify total corrosion impact without differentiating between different types of localization of corrosion attack,
a potential shortcoming. Mechanical integrity of metallic components that can be compromised by pitting, intergranular and other
types of localized corrosion, is of prime concern in practical applications. However, the existing metrics for inhibition efficiency do not
elucidate these processes because they assume a homogeneous degradation and evenly distributed corrosion attack. It has been shown
for a magnesium alloy that inhibition efficiency does not necessarily correlate with the ability of given inhibitor to prevent localized
corrosion and help retain mechanical properties of the alloy [45]. Industrially, many tests are used to assess corrosion performance of
bare metals and painted materials. Many of these tests are codified in standards such as ASTM and DIN. Often, tests are based on visual
inspections of colour changes in corrosion products or number of pits developed after a defined exposure time, see for example salt-
spray exposure according to ASTM B117, ASTM G85 and evaluation according to ASTM D1654, ASTM D714. A detailed description of
these is beyond the scope of this review, so we only summarize more common corrosion inhibition test methods here. This is because
accelerated testing is a distinct topic, ranging from cyclic outdoor tests to museum environments [46], to the auto industry [47,48],
aerospace [49,50,51,52,53,54] and infrastructure industries [55].

One of the biggest issues with accelerated testing is whether acceleration accurately mimics natural corrosion processes. Thus,
accelerated tests are often categorised into cyclic or constant stress testing, i.e., where stressors are factors like temperature, elec-
trolyte, UV exposure etc., and cyclic refers to repeated temperature cycles, or wet/dry cycles etc. Cyclic tests tend to be more realistic
predictors of performance, particularly those with wet/dry cycles [56]. This is because they account for formation of possible insoluble
corrosion products that provide protection to the substrate and allow for electrolytes to become more concentrated during drying,
facilitating more aggressive corrosion. Dante et al. [49,50] developed an accelerated dynamic corrosion test method that more
accurately predicts corrosion of bare or coated alloys and galvanic couples in operational environments. In doing so, they concluded
that the relative humidity and its cyclic variations are by far the most important factors in governing the atmospheric corrosion.

The issue of accurate mimicking of natural corrosion processes is, of course, also relevant to high-throughput testing and will
undoubtedly be the subject of further debate on how HT tests are designed. Combined stressors, such as corrosion and mechanical
impacts, widely encountered together, lead to even faster degradation of material systems in operational environments. The Boeing
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company patented two experimental testing designs combining mechanical load with corrosion attack. A cyclic flexing salt-spray
chamber [51] is able to exert cyclic mechanical stress (at a frequency between 0.1 to 60 Hz) to metallic panels in controlled salt-
fog environment. Another patent describes the perturbed oscillatory kinetics electrochemistry setup suited to record electro-
chemical response of metallic coupons before and after applying mechanical load [52].

A common method for assessing corrosion is weight loss, which is used in both industrial and research environments. It can be used
to assess any type of environment. Coupons are weighed before and after an experiment (preceded by removal of corrosion products
following established standards [57]), and the test measures the amount of corrosion product removed or amount of metal or alloy
remaining. Hydrogen evolution is usually only employed in Mg corrosion and inhibition research because, unlike Al, Zn, Fe, and Cu-
alloys where oxygen reduction is the main cathodic reaction, hydrogen evolution reaction is the main cathodic process during
magnesium corrosion, with oxygen reduction being secondary process [58-61]. Galvanic corrosion test methods typically start with
manufacturing galvanic test assembly panels comprising, for example, titanium or stainless-steel fasteners in aluminum alloy panels.
These are exposed to salt-spray followed by visual inspection [54], and profilometric quantification of material lost due to the galvanic
corrosion or galvanic current measurements in full immersion condition [53].

Electrochemical approaches are widely used in the research environment because they provide quantitative measures of corrosion
performance. The most common types of tests include electrochemical impedance spectroscopy (EIS), potentiodynamic and poten-
tiostatic polarization, electrochemical noise, and zero resistance ammeter (ZRA) for galvanically coupled dissimilar metals (e.g.
Boerstler et al [53]). Raw EIS data can be used for qualitative comparisons of the performance of inhibitors. Inspection of these data

d e

Fig. 3. Experimental high-throughput corrosion inhibitor screening setups. a) Multi-electrode assembly showing the layout of wire specimens.
Reproduced from Muster et al. [72] with permission; b) Multi-well corrosion inhibition setup. Reproduced from White et al. and Winkler et al.
[73,74] with permissions; ¢) Multi-channel microfluidic arrays adapted from White et al. [75]; d) Test-tubes containing of iron-thiocyanate Fe
(SCN)3 complex for spectrophotometric quantification of dissolved Fe concentration, proposed by Zabula et al. [76] reproduced with permission; e)
Automated eudiometer setup logging volume of released H, during corrosion of Mg alloys by weighing the among of displaced water adapted from
[60,77]. The insert shows the visual appearance of the Mg chips used for H, evolution measurements reproduced from Lamaka et al. [60]
with permission.
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provides an estimate of the low-frequency impedance, which is usually related to the charge transfer or polarization resistance and is a
typical performance indicator for inhibitor studies. The corrosion current is measured by potentiodynamic polarization experiments
and is used to calculate corrosion inhibition values that are comparable between samples. Other, more sophisticated techniques are
used for laterally resolved corrosion (inhibition) studies, such as the scanning vibrating electrode technique (SVET) used for inhibitor
screening for galvanically coupled dissimilar metals [62-64].

2.3. High-throughput corrosion inhibition screening

Development of high-throughput direct or surrogate methods for assessing corrosion inhibition is essential to progress this field
because collection of inhibitor performance data is the rate-determining step, not chemical synthesis. Although high-throughput
assessment methods have become the mainstay of diverse research fields, corrosion science is a slow adopter [65]. However,
encouraging progress has been made in the past 10-15 years. The most important consideration in developing these rapid methods is
how their results relate to ‘real world’ corrosion inhibition. Currently, electrochemical methods, weight loss, hydrogen evolution,
spectroscopic, and photometric methods are still being used to measure corrosion inhibition in medium- to high-throughput formats.

Seminal work by Chambers et al. employed the direct current polarization between two aerospace aluminium alloy (AA2024) wire
electrodes and a multi-electrode testing system to assess corrosion inhibition of fifty chemistries in just 9 h. The results correlated
highly with those from extended testing over 10 days [66]. They extended their work by scoring corrosion using fluorometric detection
of AI® levels [67]. They measured corrosion inhibition of 14 compounds over a wide range of initial pH values after 1-7 days [68].
They subsequently developed a system for rapidly assessing inhibition characteristics of 100 diverse chemistries using DC polarization,
cyclic voltammetry of re-deposited copper, and fluorometric detection of AI® [69,70]. Muster et al. and Garcia et al. also reported high-
throughput screening techniques for corrosion inhibitors using a multielectrode electrochemical system [71,72]. This allowed 30
electrochemical experiments per hour to be performed, facilitating rapid discovery of inhibitors that protect different metals, and
quickly identifying optimal inhibitor concentrations (Fig. 3).

Kallip and coworkers reported a novel procedure using SVET to assess corrosion inhibitors [62]. They determined the percent
corrosion inhibition efficiencies (%IE) of four inhibitors for Fe and Zn. He et al. described a high-throughput electrochemical
impedance spectroscopy (HT-EIS) method for the rapid evaluation of corrosion coatings. They developed a 12-element, spatially
addressable electrochemical platform interfaced with a commercial EIS instrument [78].

White et al. described a novel multi-well method for high-throughput testing of corrosion inhibition based on image analysis of
corrosion surfaces generated after exposure to inhibitor-containing electrolyte (Fig. 3b) [73,74]. Up to 88 simultaneous corrosion
inhibition tests could be carried out on a single plate, plus positive and negative controls. After a 24 h assessment period and using the
AA2024-T3 aerospace alloy, the amount of white corrosion product was used to assess the extent of corrosion. Corrosion inhibition was
assessed using a novel, robust, computerized image processing method. Shi et al. reported a similar automated system for corrosion
assessment using optical imaging that showed a linear relationship between the apparent grey value of the image and the depth of
corrosive pitting in the specimen.[79].

A spectroscopic method for studying metal dissolution using multi-channel microfluidic arrays was reported by White et al. (Fig. 3¢)
[75]. They employed inductively coupled plasma atomic emission spectroscopy to determine Al and Cu levels, visual inspection, and
image analysis of pits to quantify the relative performance of AA2024-T3 corrosion inhibitors under flowing electrolyte conditions in
10 parallel channels. The flow conditions accelerated corrosion up to 15-fold, resulting in shorter experimentation times. Different
chemistries could also be readily investigated through parallel experimentation. Analogously, Zabula et al. [76] (Fig. 3d) determined
the amount of dissolved iron formed during corrosion by spectrophotometric measurements of the colour intensity of iron-thiocyanate
Fe(SCN)3 complex and used this to quantify the inhibition due to the presence of corrosion inhibitors.

For reactive metals like magnesium, hydrogen evolution can also be used to measure corrosion inhibition or acceleration properties
of molecules. Here, fixed amounts of Mg-alloys with large (180 — 550 cm?/g) surface areas were exposed to a corrosive agent with, or
without added inhibitor or accelerant. Magnesium dissolution and hydrogen evolution occur during aqueous magnesium corrosion.
The amount of hydrogen evolved over a given time was used to quantify the performance of inhibitors. Lamaka et al. reported a
medium- to high-throughput testing rig that used hydrogen evolution to measure the performance of organic inhibitors of magnesium
corrosion (Fig. 3e)[60]. They reported the inhibiting properties of 151 chemical compounds on AZ31, AZ91, AM50, WE43, ZE41, and
Elektron 21 Mg alloys, and three grades of pure magnesium, generating ~ 2000 corrosion inhibition values. The large surface area and
rapid corrosion in the absence of oxygen in these experiments made it possible to ignore the significant contribution of the oxygen
reduction reaction (ORR) to Mg corrosion under atmospheric conditions [80] or in air-equilibrated electrolytes [59,81].

Encouragingly, most of these rapid inhibition measurement methods are amenable to substantial scale up. This should be an active
area of research going forward, together with more substantial validation of the methods under real world operating conditions.

2.4. Potential impact of additive manufacturing technologies

Additive manufacturing (3D printing) is having a large impact in many areas of science, technology and commerce [82]. Metals and
alloys can now be deposited by additive manufacturing processes like powder sintering, cold spray, laser, laser powder bed fusion,
thermal inkjet printing, electron beams, and wire arc melting [83-89]. These AM approaches provide two types of opportunities. First,
new metal alloys can be produced using conventional compositions but with different properties due to the rapid cooling associated
scanned beam (laser, electron) processing. Second, they can potentially be used to simulate microstructures of conventionally man-
ufactured materials.
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Indeed, in the former case, there is a considerable body of work emerging on the corrosion behaviour of electron and laser beam AM
materials [90]. Note that, in this area, the range of metal alloys investigated has been narrow due to the limited number of metal
powders that are available commercially. Summaries of the types of materials that have been produced, their microstructures and
mechanical properties are available [85,91]. For example, SS316L steel manufactured using laser powder bed fusion (LPBF) has been
extensively studied. It has been shown that the microstructure of the as-manufactured material is fundamentally different from
conventionally manufactured (CM) material. AM materials exhibit better mechanical properties (microhardness, yield strength, tensile
strength), and similar elongations [92-96]. The corrosion behaviour is also fundamentally different because the microstructure is
different. Specifically, LPBF SS316L steel has an extensive dislocation cell structure that captures Mn and S (and other elements) thus
inhibiting the formation of MnS, which leads to higher breakdown potentials than CM SS316L steel [93,97 98]. These microstructural
features may require special inhibitors to interact with the dislocation structures or the Mn and S trapped in them, for example.

Regarding the second opportunity that AM presents, it might be possible to create a large number of small area samples of different
alloys and metals for subsequent high-throughput corrosion testing. AM can also create gradients of two or more metal alloys [86] that
could also be tested in high-throughput methods, thus expanding the number of metallic systems available for corrosion inhibition
studies. New developments in multi-materials AM promise unprecedented control over these systems [99]. For example, a new multi-
metal AM technique called electrohydrodynamic redox printing (EHD-RP) overcomes the limitations of small-scale multi-metal AM,
allowing direct printing and mixing of multiple, high-quality metals from a single nozzle with high spatial resolution [100].

As additive manufacturing is increasingly adopted because of its parsimonious use of materials, versatility, and low cost for pro-
totyping, the study of corrosion in additively manufactured metals and alloys, and the use of AM to screen larger numbers of these
materials for effective corrosion inhibitors will undoubtedly increase markedly in the near future.

2.5. Advances in physicochemical characterization for screening

While it may be possible to manufacture artificial microstructures using AM manufacturing processes, an alternative for high-
throughput investigations of inhibitor interactions with metals is extensive characterization of the surfaces before and after inhibi-
tor exposure. Here the focus is on obtaining excellent data on inhibitor interactions at the micron scale. This has two advantages over
3D printing: (i) it does not require prior knowledge of the microstructure that is needed to devise the scanning pattern program that
allows 3D printers to produce realistic microstructures and (ii) large data mapping (centimetres) can be done at micron scale reso-
lution. In the case of aluminium alloys, this means that hundreds of thousands of intermetallic particles can be characterized in a single
experiment (Al-alloys typically have a few hundred thousand particles/cm?) [101-103]. This provides primary information, such as
their elemental composition, as well as secondary information about their spatial relationships (such as clustering of intermetallic
particles that can lead to more active corrosion initiation sites). This approach would be useful for many alloys that have heteroge-
neous microstructures such as iron and magnesium alloys. Another technique, Electron Backscatter Diffraction, can provide both
elemental and structural characterization over large areas of a surface. This means that structural information on intermetallic par-
ticles and the matrix in which they are imbedded can be obtained in great detail. Moreover, large scale characterisation can be
performed prior to and after exposure to corrosion inhibitors, thus providing site-specific information on inhibitor interactions with
the microstructure of the surface at a statistical level. In principle, the information derived from these large-scale characterisation
studies can be coupled with scanning electrochemical techniques to provide spatially resolved information on composition and
electrochemical activity. This has already been done on much smaller scales [104]. The information gained from these studies may
well provide important metrics for assessment of inhibitor interactions with metallic surfaces.

Some of the earliest research on intermetallic particles effects was done on aluminium alloys, which have a highly heterogeneous
microstructure comprised of many small intermetallic particles embedded in an aluminium alloy matrix (see for example Table 3). For
example, Boag et al. [105] measured 82,000 phase domains in 18,000 particles in a 2 mm 2 mm area of AA2024-T3 alloy. These
studies ultimately led to the identification of new structures for some of AA2024-T3 intermetallic particles, plus an assessment of the
electrochemical potential differences between the particles and the matrix [104]. On a smaller scale, LaCroix et al. [106,107] reported
the composition and electrochemical activity of over 300 S-phase particles in AA2024-T3. In other work, Cawley and Harlow [108]
investigated the influence of 3D clustering on AA2024-T3 using image analyses on large areas of material. They found that clustering of
intermetallic particles had an important role in pit initiation. Similarly, Mao et al., [109] did extensive modelling of optical micro-
graphs to develop realistic 3D microstructures of intermetallic particle distributions in AA7075 plate. Chen et al. [110] also performed
large scale microstructural characterization and devised a method for generating statistically similar surfaces for modelling.

The breadth of application for these techniques is, however, limited by the intrinsic resolution of the techniques and the amount of
data they produce. Resolution is primarily determined by the probe size and the excitation volume. Generally, the best current res-
olution is of the order of a few hundred nanometres, with most being around the micron scale. Hence, these large area/volume ap-
proaches miss many of the smaller features such as segregation at grain boundaries, decoration of dislocation structures, hardening
precipitates, and very small inclusions (see section 5 for further details on these microstructural features).

Outside of corrosion, large characterization datasets are being generated for a range of applications by new detectors and the use of
synchrotron sources [111]. Apart from allowing exploration of much larger parts of organic chemical space, high throughput corrosion
inhibition methods can generate much larger datasets. They are, therefore, ideally matched to the capabilities of Al and machine
learning methods. The combination of large datasets with deep learning methods is a rapidly emerging area of research [112].



D.A. Winkler et al. Progress in Materials Science 149 (2025) 101392
3. Impact of inhibition mechanisms on design and discovery of organic corrosion inhibitors

The scope of this review is confined to organic inhibitors. However, it is important to note that organic inhibitors are not the only
potential replacements for chromate. There are numerous inorganic inhibitors and compounds that include an inorganic component
(usually a cation) with an organic component (usually anion) whose properties are outside the scope of this review.

Organic compounds with molecular weights below 1000 Da are one of the most promising classes of materials for replacing toxic
chromate inhibitors for the following reasons. The size of the accessible chemistry space described above provides vast scope for the
discovery of novel, effective organic inhibitors [113]. Organic molecules exhibit very high structural, physiochemical, and redox
property diversity, important for effective corrosion control for different metals and alloys and exposure scenarios. Many compounds
will have acceptable mill costs and compatibility with components of coatings and treatments. Proof of concept experiments have
demonstrated their potential as corrosion inhibitors. Additionally, there are large libraries of organic compounds commercially
available for experimentation. As discussed above, these libraries plus the increasing capabilities of automated high-throughput
chemical synthesis [114,115], and corrosion inhibition assessment will provide large, rich data sets that can be used to train ma-
chine learning models used to discover or design new, more effective corrosion inhibitors [116,117]. Also, as foreshadowed, other
data-driven methods like design of experiments[118], statistical QSPR modelling[119], and evolutionary methods [31,32] will
become essential to fully exploit data from high throughput synthesis and screening methods, allowing the exploration of much larger
regions of chemical space for ‘islands of utility.

Organic corrosion inhibitors largely function by forming films or by inhibiting cathodic or anodic processes, or both. Independently
of which reaction is suppressed, most organic inhibitors act by surface adsorption and precipitate film formation (Fig. 4), akin to
inorganic chromates, phosphates, and nitrites, the best-known oxide film-forming inhibitors [120]. Molecules exhibiting a strong
affinity for metal surfaces often exhibit good inhibition efficiency. However, an optimal value of adsorption energy should not be
exceeded. Otherwise, a corrosion inhibitor might turn into a corrosion promoter, as reported by Kokalj, Fig. 5 [121].

Anodic inhibitors perform two main functions, slowing the reaction rate of anodic dissolution and generating sparingly soluble
reaction products that form thin films over the anode. Fig. 6.1 shows a potentiostatic polarization plot illustrating the behaviour of an
anodic inhibitor. As the anodic reaction is modulated by the inhibitor, the corrosion potential (Eo) of the metal is shifted to more
positive values, and the corrosion current (I.o;) decreases in the presence of the inhibitor.

Cathodic inhibitors also inhibit corrosion via two main processes, disrupting the cathodic oxygen reduction reactions and
generating reaction products that precipitate selectively at cathodic sites. Fig. 6.2 shows an example of a polarization curve of a metal
with a solution of a cathodic inhibitor. When the cathodic reaction is affected, the corrosion potential E,,, is shifted to more negative
values. Fig. 6.3 illustrates a theoretical potentiostatic polarization curve showing the effect of a mixed (anodic and cathodic) organic
inhibitor. With inhibitor, the corrosion potential E.q; remains the same, but I decreases. Inhibitors with functional groups that
suppress both anodic and cathodic reactions are the most desirable.

So far, the discussion has centred on inhibitors may operate largely by a single mechanism. In reality, many organic inhibitors have
more than one mechanism of interaction with a surface. The introduction of heteroatoms, such as S, N, and O containing lone pair
electrons, into organic ring structures often improves the binding capacity (Fig. 7). The electron density around these atoms depends
on the electronic configuration of the entire molecular structure and promotes chemisorption of these heteroatoms.

As illustrated in the examples of machine learning modelling of organic corrosion inhibition later in the text, quantum mechanical
density functional theory (DFT) calculations can provide valuable information about surface interactions of individual molecules and
functional groups. Bonding to a surface may also depend on the separation between heteroatoms, as well as the type and number of
intermediate atoms. These types of factors are captured more strongly by molecular descriptors used in machine learning and Al
models than those derived from DFT calcula