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Abstract: The Critical Raw Materials (CRMs) list has been defined based on economic importance
and supply risk by the European Commission. This review paper describes two issues regarding
critical raw materials: the possibilities of their substitution in iron-based alloys and the use of iron-
based alloys instead of other materials in order to save CRMs. This review covers strategies for
saving chromium in stainless steel, substitution or lowering the amounts of carbide-forming elements
(especially tungsten and vanadium) in tool steel and alternative iron-based CRM-free and low-CRM
materials: austempered ductile cast iron, high-temperature alloys based on intermetallics of iron and
sintered diamond tools with an iron-containing low-cobalt binder.

Keywords: critical raw materials; substitution; iron; alloy

1. Introduction

The burgeoning population and increasing industrialization are leading to an increase
in pressure on resources. Other factors such as digitalization, the transition to climate
neutrality with metals, minerals and biotic materials used in low emission technologies
and products and increasing demand from developing countries are also contributing
significantly in addition to this pressure. In order to overcome the issue of demand for
virgin materials, robust and fundamental change is required in the manufacturing process.
Organisation for Economic Co-operation and Development (OECD) forecasts that global
materials demand will more than double from 79 billion tons today to 167 billion tons in
2060 [1]. Assuming no change in the current processes would lead to fierce competition
among the nations. One such resource is a group of critical raw materials (e.g., arsenic,
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cadmium, strontium, zirconium), and the continued dependence on them will soon replace
today’s dependence on oil. The new industrial strategy of the European Union focuses on
this need of integrating secondary raw materials and has embarked upon the journey of
the green deal. This ambitious plan to integrate both primary and secondary raw materials,
in particular critical raw materials, for key technologies and strategic sectors as renewable
energy, e-mobility, digital, space and defense are one of the pre-requisites for achieving
climate neutrality [1].

Critical Raw Materials (CRM) are those, which display a particularly high risk of a
supply shortage in the next 10 years and which are particularly important for the value
chain. Due to the uncertain geopolitical environment, and during the pandemic scenario,
supply chains are disrupted considerably. This leads to adverse conditions for industrial
productivity of the member nations of the European Union. The supply risk is linked
to the concentration of production in a handful of countries, and the risk is in many
cases compounded by the low substitutability and low recycling rates of CRMs [2]. The
perpetual supply of these critical raw materials is also important for climate policy ob-
jectives and for technological innovation. For example, rare earth metals are essential
for high-performance permanent magnets in wind turbines or electric vehicles, catalytic
converters for cars, printed circuit boards, optical fibers and high-temperature supercon-
ductors. Thus, it becomes imperative to either find alternatives to these raw materials or to
bring a fundamental shift in the current manufacturing processes.

Concerned about the uninterrupted supply of these raw materials, the European
Commission launched the Raw Materials Initiative (RMI) in 2008 [3]. The policy stresses
the need to diversify and secure non-energy raw materials for EU industrial value chains.
Diversification of supply concerns reducing dependencies in all dimensions by the sourcing
of primary raw materials from the EU and third countries, increasing secondary raw
materials supply through resource efficiency and circularity and finding alternatives to
scarce raw materials.

The methodology presented here is adopted from the European Union report on
critical raw materials [4]. The first assessment conducted in 2011 identified 14 critical raw
materials (CRMs) out of the 41 non-energy, non-agricultural candidate raw materials. The
second exercise in 2014 leads to an increase in these numbers, 20 raw materials out of 54
candidates. The third attempt in 2017 identified more of these critical raw materials, as
27 CRMs were identified among 78 candidates [5]. The latest assessment conducted in
2020 covers a larger number of materials: 83 individual materials or 66 candidate raw
materials comprising 63 individual and 3 grouped materials (ten individual heavy rare
earth elements (REEs), five-light REEs and five platinum-group metals (PGMs)). Five new
materials (arsenic, cadmium, strontium, zirconium and hydrogen) have been assessed [5].

Of the 83 individual (66 candidates) raw materials assessed, the following 30 were
identified as critical in this assessment (Table 1)

Table 1. 2020 EU Critical Raw Materials list (* N 2020—CRMs in 2020, non-CRMs in 2017, ** HREEs—
heavy rare earth elements, *** LREEs—light rare earth elements, **** PGMs—platinum group metals).

Materials and Elements

Antimony (Sb) Fluorspar Magnesium (Mg) Silicon Metal (Si)

Baryte Gallium (Ga) Natural Graphite Tantalum (Ta)
Bauxite—N 2020 * Germanium (Ge) Natural Rubber Titanium (Ti)—N 2020

Beryllium (Be) Hafnium (Hf) Niobium (Nb) Vanadium (V)
Bismuth (Bi) HREEs ** PGMs **** Tungsten (W)

Borates Indium (In) Phosphate rock Strontium (Sr)—N 2020
Cobalt (Co) Lithium (Li)—N 2020 Phosphorus (P)
Coking Coal LREEs *** Scandium (Sc)

The overall results of the 2020 criticality assessment are presented in Figure 1. Critical
raw materials (CRMs) are highlighted by red dots and are located within the criticality
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zone (Supply Risk (SR) ≥ 1 and Economic importance (EI) ≥ 2.8) of the graph. Blue dots
represent non-critical raw materials.
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The key changes in the 2020 CRMs list compared to the 2014 CRMs list are the 2020
assessment-confirmed 19 CRMs from the 2014 list, whereas 8 (Baryte, Bauxite, Hf, Natural
Rubber, Sc, Ta, Ti and V) of the non-critical materials in 2014 shifted to being critical in
2020 [5]. The 2020 CRMs list includes 26 of the CRMs identified in 2017. Only helium,
which was listed in 2017, shifted out of the list. Compared to the 2017 CRM list, four
additional raw materials (bauxite, Li, Ti and Sr) are identified as critical and enter the 2020
CRMs list [5].

In the CRM list, there are several elements, which are important for the production of
the iron-based alloys. Tungsten and vanadium are used as carbide-forming elements in tool
steel. Vanadium is usually bound in MC carbides, having a cubic structure. These carbides,
due to high thermal stability, arise already in the first stage of crystallization, forming as
primary carbides. The presence of these carbides as precipitates was also proved during
heat treatment [6]. Tungsten is usually contained in M6C primary carbides having a cubic
structure, while chromium which was considered as a CRM recently, could be present
in “blocky” M7C3 carbides (hexagonal structure) and M23C6 (cubic), which could arise
during heat treatment. Cobalt is also added to high-speed steel in order to prevent thermal
degradation during the service [7].

Among the elements contained in the various grades of stainless steels (SSs), chromium
plays the fundamental role in maintaining their corrosion resistance properties in several
application fields and in corrosive exposures. At the same time, this element can be
considered a critical raw material, although the supply risks (SRs) have decreased in the
last six years within the EU from a commercial and industrial standpoint.

In general, various alloys contain Cr for increasing their corrosion resistance, both
in dry and in wet exposure conditions, but SSs are the most important ones within this
materials family. They used 74% of the Cr among the different market goods [8], therefore
it is considered a pillar of the EU economy. The EU produces 21.1% of worldwide steel
output [9], second only to China (45.5%), but it does not have easy access to the raw
materials (i.e., Ni, Cr, Mo, etc.) or sufficient resources of Cr required for producing SSs.

Because of this reason, Cr has gained attention during the last decade, becoming a
topic of supply and economic analyses, as shown in the EU reports on CRMs from 2014 to



Materials 2021, 14, 899 4 of 35

2020 [5,9,10]. It has been found inside the criticality area only in the 2014 report [9] on the
SR vs Economic Importance (EI) plot. However, it must be specified that Cr is in the border
of this area in the 2014 report and a little bit out of the border in 2017 and 2020 reports,
especially in terms of SRs. Furthermore, the result of these analyses is considered “a false
impression created by the change in methodology” [11] passing from the old report to the
new ones. Therefore, Cr remains nowadays of high strategic value for the EU processing
industry and it can still be considered a CRM.

Cr is obtained from chromite ore, refined to become ferrochromium, in particular in
the manufacturing of SSs. Concerning the ores, the highest amounts are present in South
Africa (46%), Zimbabwe, Kazakhstan and India. Ferrochromium is obtained mainly in
China (37%), which dominates the market for this material in recent years for domestic use
and exports [8]. Looking at the EU domestic sources, chromite is mainly present in Finland
(Kemi mine), while the ferrochromium production is again mainly concentrated in this
country, but also in Sweden and Germany.

Taking into account that these EU Cr sources are not sufficient, the import of the
above-mentioned materials is of crucial importance, given the EU SSs demand. The main
non-EU suppliers, as expected based on the above data, are South Africa and China, but it
must be considered that the former is a “critical country” in terms of governance, rule of
law, etc. and the latter increased the domestic use over time and applies a 20% export tax.
In general, the import of elements necessary for SSs manufacturing coming from non-EU
markets is an issue related to uncertain political stability and an exporting policy of these
countries. Consequently, the strong dependence of the EU on these market issues can be
easily understood, and the SRs of Cr cannot be neglected. This has prompted the EU to
find strategies and solutions to save the demand/use of Cr in the production of SSs or
other stainless Fe-based alloys but preserve the corrosion resistance, which represents a
huge challenge [12].

This review aims to show the ways for:

- The substitution and minimizing of the use of CRMs and chromium, which could be
also considered strategic, in iron-based alloys (steel and cast iron);

- The use of iron-based materials to substitute other CRM-containing materials.

2. Substitution and Saving of Chromium in Stainless Steel

A possible solution to reduce the consumption of Cr in the obtainment of SSs is mate-
rial recycling by the use of scraps, which can reach 60% of the industrial production [8],
even if it is complicated to sort them from those coming from more common steels, with
the consequence of producing only low-performance steels. Considering also the avail-
ability of domestic SS scraps and the low recycling rate of Cr [9], it seems to be a limiting
strategy to save Cr. On the other hand, considering the increasing demand for SSs, some
authors [13] report that the use of scraps is unavoidable, due to the large consumption
of iron ore resources and a general Cr and Ni shortage. The use of scraps determines
in the manufactured alloys the presence of more noble elements such as Cu, As and Sn
because they cannot easily be removed. The advantage is that elements such as Sn give
a significant improvement in corrosion resistance of low-Cr (14 wt.%) ferritic SSs in less
severe environments, compared to the common 18 wt.%-SSs. Alloys such as those without
Ni, Mo, Cu, but with a 16 wt.% of Cr and 0.3 wt.% of Sn gave the same corrosion resistance
as 304 SSs, saving 40% of the total Ni and Cr consumption on the production of SSs and so
reducing the external market dependence in industrial processing.

In terms of corrosion resistance, the presence of Cr in SSs, in a sufficient amount,
guarantees their strong corrosion resistance, oxidation resistance and/or heat resistance.
Typically, it ranges from 10.5 wt.% to 30 wt.% [14,15]. More specifically, reacting with
oxygen from the atmosphere, Cr determines the passivation of SSs, producing an ad-
herent, insoluble, ultrathin (1–2 nm) film that protects the alloy against corrosion, in
particular under wet conditions, where acidic species and/or chlorides-contaminated
environments are present. For stable surface passivation, the content of Cr should be at
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least 10.5 wt.% [8,14,16–18]. Furthermore, the Cr present in the bulk of SSs guarantees
self-healing properties, which enable restoring their corrosion resistance by forming a new
passive Cr-based oxide layer in the presence of oxygen in the event of surface mechanical
scratches or damage [14,17]. The formation of a Cr2O3 thin layer on SSs by Cr gives also
the necessary protection in high-temperature applications [14].

A partial substitution with limited options [9] and/or a reduction of Cr in SSs steel
alloys could be possible, maintaining the corrosion properties of these alloys [19]. It
seems that there is not a chance to completely substitute this element within the corrosion
performance of SSs [8]; it is a utopia (or “a dream” [16]) and probably remains an old
question [20] without a response, in particular in those applications, such as severe aqueous
environments where the high corrosion resistance properties of SSs are needed. Several U.S.
researchers have faced up to this question during the 1980s and 1990s because it has been
considered a fundamental issue due to the possible import vulnerability of their country in
supplying strategic materials [21], such as the situation previously discussed, coming from
EU reports on analyzing CRMs.

Dealing with the corrosion performances of metallic materials, the difference between
the resistance to oxidation in high-temperature applications (“dry corrosion”) and the resis-
tance to corrosive electrolytic aqueous environments (“wet corrosion”) has to be examined
separately on searching for alternative elements to Cr in SSs, at least for maintaining their
corrosion properties. In the obtainment of new SSs, they have to be comparable in terms of
corrosion resistance, at least to the ones typically used of the 300-series, as AISI 304 and AISI
316 passing from a content of Cr 18 wt.% to 8–12 wt.% [16,21,22], reduce the consumption
of Cr to one-third in this way. This seems to be feasible in less demanding exposure condi-
tions, but sometimes there are some possibilities also in severely corrosive environments.
In any case, this represents a hard challenge especially in wet electrochemical corrosion, to
which this review is mainly addressed.

2.1. Stainless Steel under “Dry Corrosion” Conditions

The possible elements which are candidates to partially substitute Cr, include espe-
cially Al and/or Si in different content combinations. However, other elements are also
taken into consideration. In applications where corrosion at high temperatures occurs [22],
Cr can be replaced by the aforementioned elements. The performances of the common SSs,
AISI 304 and AISI 410 (a ferritic 12% low-chromium steel), have been compared to (8-10)Cr-
(10-14)Ni-(0-8.5)Si-(0-4)Al (wt.%) alloys, which gave better results. More specifically, alloys
containing 8% or 10% of Cr and 5% of Si were tested in hot conditions at 700 and 800 ◦C,
and an improvement of corrosion resistance and mechanical properties was achieved.

Other authors highlighted the specific efficiency of Si and Al in enhancing the high-
temperature oxidation properties of SSs [23–25], reporting, in particular, the significant role
of the only Si [24] additions and the additions of Si together with Al at 700 ◦C. Increasing
the temperature to 800 ◦C, Al considerably reduces the resistance to oxidation of these
newly tested alloys, due to the higher affinity of Al for oxygen compared to Si, promoted by
the increase in temperature, which favors the formation of aluminum oxide with respect to
the more protective SiO2 film, present in the alloys containing only Si. In other studies [26],
the efficiency of Al in improving high-temperature performances (up to 1375 ◦C) has been
shown in specific Fe–Cr alloys with a high-Cr content (40 wt.%), where a partial substitution
of this element by Al brought the formation of a protective α-Al2O3 layer. Together with Al,
microalloying with Ru (0.2 wt.%) further enhanced the corrosion properties of Fe–Cr–Al
alloys. This replacement of Cr by Al could be considered a useful way of reducing the Cr
consumption, but with the limitation not going under 20 wt.%, which impairs the oxidation
resistance and the durability of these alloys.

A protective layer of Al2O3 resulted in the key factor also for Fe–Cr–Al–Mo oxide
dispersion strengthening (ODS) alloy (commercially known as KANTHAL©, developed
by Sandvik) for corrosion resistance at high temperatures, up to 1250 ◦C, where chromia-
forming Ni-based alloys containing more Cr can reach lower application temperatures of
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1000–1100 ◦C [27]. At high temperatures, these last materials suffer from accelerated oxida-
tion and softening of grain boundaries. ODS guarantees the high-temperature strength of
Fe–Cr–Al–Mo alloys.

Mo, Cu, V, N and Ni have been proposed for partial reduction of Cr content from
18 to 9 wt.% [16,21], where Ni is necessary (up to 24 wt.%) for maintaining the austenitic
microstructure, with the consequence of increased material costs [16] due to the fluctuation
of Ni prices [28]. The complete substitution of Cr has been tried by examining Fe–Al–Mo
and Fe–Mn–Al alloys obtaining lower hot corrosion performances compared to those of
the 300-series [21,29]. Finally, Fe-31Mn-7.5Al-1.3Si-0.9C (wt.%), an austenitic SS, has been
used to obtain steel wires for high-temperature applications. It gave similar results as AISI
304 for temperatures up to 700 ◦C, but the properties were inferior at 800 ◦C [30].

2.2. Stainless Steel under “Wet Corrosion” Conditions

Passing to the review of wet corrosion performances of SSs, the replacement of Cr,
even partially, is possible but mainly in less demanding corrosive environments [16,21]. It
has been demonstrated that corrosion resistance increases with the increase in Cr content in
SSs, both in acidic and strongly chloride-contaminated environments [16,31], as expected.

To reduce Cr in the SSs, the possible strategies should take into account that the content
of this element has never been lower than 12 wt.% to find comparable performances to
AISI 304, as reported in a very old paper [32]. An amount of 2–3 wt.% of Si or Mo in these
austenitic SSs (Ni 9 wt.%) improved the corrosion performances both in H2SO4 1N and
in NaCl 1N. The results show the high tendency of passivation for active–passive metals,
such as SSs, in the acidic environment due to the reduction of critical passivation current
density, and the decrease in pitting susceptibility in NaCl 1N due to an increase in pitting
potential. It has also been reported that the addition of Al has not exceeded 1 wt.%, because
it determines a decrease in the pitting potential. The increase in this element is beneficial
for high temperature corrosion. The optimized alloy composition was 10Ni-1.5Si-1Al-2Mo
(wt.%) for achieving the same corrosion performances as 304 SS in the above-mentioned
solutions, which cannot be considered as extremely severe exposure conditions. On the
contrary, in more recent papers, SSs with a lower amount of Cr than 12 wt.% have been
investigated to study their corrosion performances. Austenitic 9Cr-12Ni based SSs, with
the addition of Mo (2–5 wt.%), V (0–2 wt.%) and Cu (0–2 wt.%), were again compared to
304 SS to substitute it [33]. They were examined in acidic environments (H2SO4, citric acid
and H3PO4), at different concentrations and temperatures and in NaCl at low (0.016 wt.%)
and high (3.56 wt.%) concentrations. In an acidic environment (general corrosion), 2 wt.%
Mo in the alloy improved the performances of these materials with respect to 304 SS; in a
neutral NaCl environment, the difference between all examined materials is unimportant.
Another example of low-Cr austenitic SSs is Fe-8Cr-16Ni-5Si-1Cu, with and without 1 wt.%
of Mo [23]. They were tested in different acidic solutions and compared again to the
corrosion performances of AISI 304. Given the low percentage of Cr in these alloys, Si and
Cu were added to maintain their high wet-corrosion resistance. These elements are ferrite
stabilizers, and therefore 16 wt.% of Ni was necessary to maintain the austenitic structure,
corresponding to a higher amount with respect to that present in 304 SS (10 wt.%). Good
results have been obtained because similar corrosion behavior was obtained and the new
alloys represent an interesting material to reduce Cr consumption, even if the necessary
increase in Ni does not correspond to a good commercial solution.

Concerning the effect of Al, a relatively recent study has been made on the effect of
this element and/or Si on ferritic SSs, with chromium ranging between 10 and 18 wt.% [34].
With not more than 12 wt.% of Cr, in an NaCl 3.5 wt.% solution, the presence of 3 wt.% of
Al increased the pitting potential, which was further increased by adding at least 1 wt.%
of Si, even if it impaired the repassivation properties of the examined SSs, which cannot
be neglected. In H2SO4 0.05 M (active corrosion), the beneficial effect of 3 wt.% of Al
and 3 wt.% of Si, added separately to the analyzed SSs, has been observed in terms of
the reduction of passive current density, up to a weight fraction of Cr equal to 16 for the
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former and independently from Cr concentration for the latter. These authors showed
the beneficial effect of Al, by a percentage higher than 1 wt.%, both in an acidic and
neutral environment contrary to the findings of the previously cited authors [23], because
it is significantly related to the Cr content in the 10–18 wt.% range, whereas these last
authors examined alloys with a lower Cr content (8 wt.%). Furthermore, these considerably
different results could also be attributed to the different types of tested SSs: austenitic [23]
vs. ferric ones in [34]. The presence of Ni being the difference between them, it can also be
considered that this element plays a role in the corrosion resistance of austenitic SSs, as
reported in the literature on retarding their corrosion, at least in mineral acids [35–37].

Considering again the role of Al, it is beneficial in the protection of new austenitic
SSs (Ni 15–18 wt.%) with low-Cr (10–11 wt.%) and high-Al (around 5 wt.%) contents,
as demonstrated in severe electrolytic environments such as concentrated HNO3, up to
the azeotropic point (65–67 wt.%). These acidic solutions are used, for example, in the
production of acrylonitrile textile fibers and nuclear fuel reprocessing [38]. Different alloys
were tested by weight loss measurements through the Huey test (ASTM A262, practice C),
consisting of their immersion for five cycles of 48 h in boiling HNO3 at the concentration of
65 wt.%. In more detail, the alloy Fe-18.27Ni-10.6Cr-4.72Al-4.98Mn-0.36Si-0.05C (wt.%; Si
must not exceed 0.5 wt.%), having an almost complete austenitic matrix, showed weight
loss comparable to 304 SSs due to the formation of a protective layer of aluminum oxide,
determining in this way the saving of about 7% of Cr.

The improvement of corrosion resistance of SSs containing Si and low Cr amounts
(8–13 wt.%) has been found by other authors [39] testing in different concentrations of
H2SO4 solutions (0.1–1 N), also in the presence of sulfates, when the sum of Si and Cr
concentration is above an atomic fraction of 14%. When this sum was above 15%, the
resistance to pitting corrosion was increased in solutions with 0.2 g/dm3 of NaCl. The
benefit of Si has not been well understood, but it seemed related to the formation of fayalite
(Fe2SiO4), which could stabilize the protective film of the studied alloys.

Ferritic SSs such as 430 (16.5 wt.%) and 409 (11.5 wt.%), which are low-Cr and Mo-free
materials, considered critical alloying elements in terms of costs, have been studied as a
potential substitution of the more expensive 316L SS in desalination plants for application
in less aggressive conditions [40].

Some authors studied the peculiar protective properties of the passive layer of ferritic
SSs such as Fe-17Cr, Fe-12Cr-5Al and Fe-13.5Cr-3.5Si (wt.%), with a small addition of
Mo, by the electrochemical cathodic reduction method, which can be correlated to their
localized corrosion resistance [41]. If these materials give similar results by means of this
method, a guarantee of similar localized corrosion properties could be supplied, and then
there is the possibility to have an investigation technique for designing alloys with lesser
amounts of Cr, replaced by Si and/or Al. Dealing with these last two elements, it must be
considered that they are ferrite phase stabilizers, therefore to promote the formation of an
austenitic phase for the obtainment of SSs with good mechanical properties, elements such
as Mn and Ni are necessary. Ni (10 wt.%) is preferred in place of Mn [19,32].

Concerning high-Cr alloys, Fe-40Cr (wt.%), considered in Section 2.1 for the heat
oxidation resistance, where Al has been found a good element to partially replace Cr, this
cannot be completely stated in wet corrosion conditions [26]. Fe-35Cr-5Al alloy gave a
similar anodic behavior of the Fe-40Cr alloy in a de-aerated 10% H2SO4 solution at 25 ◦C,
whereas a considerably lower pitting resistance has been found for the former with respect
to the latter in NaCl 3.5 wt.%. Even in this case, a Ru (0.2 wt.%) micro-addition improved
the wet corrosion resistance. Including noble metals such as platinum-group metals (PGMs)
in these alloys promotes self-passivation properties in acidic solutions: they determine the
increase in hydrogen exchange current, bringing these alloys towards passive conditions.
It was observed that the amount of Cr can be reduced, increasing the percentage of noble
elements. Ru micro-additions produced also the increase in localized corrosion resistance
in an NaCl solution for the alloys where Al replaced Cr.
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Even within duplex SSs, Fe–Cr–Mn–Al–Ni systems with low Cr (15 wt.%) and low
Ni (2 wt.%) were studied for substituting the most common Fe–Cr–Ni duplex systems.
These new duplex SSs make necessary the additions of Al (1–3 wt.%), which stabilizes
the ferritic phase and Mn (8–12 wt.%), which stabilizes the austenitic phase [42]. Good
pitting corrosion resistance has been obtained in NaCl 3.5% at 25 ◦C, which initiates in
the austenitic phase due to the presence of manganese sulfide formed by Mn present in
this phase.

The complete substitution of Cr, as already observed, is impossible for wet corrosion
and experimentally confirmed by trying to use Fe–Al–Mn (“poor man’s SSs”) alloys in
place of Fe–Cr–Ni alloys, without success [43,44].

Recently, some authors proposed new interesting lightweight SSs (6.3–6.5 g/cm3),
which have a reduced density with respect to the well-known Fe–Cr–Ni and Fe–Cr SSs
(7–8 g/cm3), maintaining their corrosion and mechanical performances [45]. They are
based on the system Fe-(20-30)Mn-(11.5-12)Al-1.5C-5Cr (wt.%), where Ni is absent. There-
fore, these Fe–Mn–Al–C systems determine also a decrease in the material costs and save a
significant amount of Cr (about 5 wt.%), where for the most common Fe–Cr–Ni systems a
minimum amount of 10.5 wt.% is requested, as reported above. Al determines the decrease
in the alloy density and the possibility of forming the aluminum oxide protective layer in
combination with the 5 wt.% of Cr; Al being a ferrite stabilizer element, in the absence of
the expensive Ni, Mn and C austenite stabilizers, must be increased up to 30 and 1.5 wt.%,
respectively. It is well-known that high-C SSs (e.g., 1.5 wt.%) promote the formation of
Cr carbides, which determine their intergranular corrosion. In these new alloys, this risk
has been eliminated by the strong decrease in Cr content with respect to that present in
the common ferritic and austenitic SSs, avoiding the formation of carbides at the grain
boundaries. These compounds form in fine ordered forms in the austenitic grain matrix,
determining thus the strengthening and the ductility of these new SSs. In terms of cor-
rosion, new leaps forward have to be made, because the pitting corrosion resistance in
NaCl 3.5 wt.% solution is comparable only to that of ferritic SSs (e.g, 430) and not to that of
austenitic SSs (e.g., 316).

In the previously mentioned alloys, obtained by recycling SSs scraps which contain
Sn present as oxide with Cr oxide thus stabilizing the passive film, an improvement in
corrosion protection and in the self-healing characteristics of the manufactured alloys has
been shown [13]. On the contrary, it is necessary to pay attention to the segregation of Sn at
the grain boundaries, which could determine the embrittlement of the metallic materials.

From the analysis made so far, considering the modification of bulk alloys, there are
really effective solutions for replacing and/or reducing Cr consumption but in less de-
manding environments, especially in terms of corrosion resistance in wet conditions, apart
from the very singular case of exposure in boiling HNO3 azeotropic solution. Therefore, it
is clear that it is a huge challenge to develop SSs with suitably adjusted composition able
to face up to corrosion in severe (“extreme”) environments because positive results have
been obtained in less-demanding ones. Taking into consideration the elements reported
in this review, Al, Si and Mo play an important role in this progress of the research and
technological applications. In this context, it must be taken into account that Al and Mo are
outside the CRMs criticality area, while Si is inside it in the 2014 report on CRMs [9] but is
becoming closer to the SR border in 2017 [10] and 2020 [5] reports. Considering also the
mechanical properties and addressing the attention on the ductility of the new possible
alloys, Mn (slightly outside the CRMs criticality area in 2020 [5]) has not been excluded
from this investigation, if an austenitic matrix has to be maintained. On one hand, the use
of Ni is preferable compared to Mn not only in terms of an austenitic phase stabilizer, but
also due to its contribution to increasing the corrosion resistance of SSs, especially in acidic
environments. On the other hand, nickel’s high and fluctuating price cannot be neglected,
consequently influencing that of SSs; thus, new strategies in the development of new alloys
containing Mn are proposed [46] and could be promoted.
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A promising strategy in the direction of saving Cr and maintaining the corrosion
performances of the most common SSs is that which considers the development of new
Fe-based alloys. They have a low-Cr content in the bulk (e.g., low-alloyed common steels
or some ferritic SSs), whereas the surface has a Cr-rich coating [21] and/or other protective
coating solutions [47], containing in the bulk Mn [46] in place of Ni. Through laser and
plasma technologies or ion implantation, a surface alloying of Cr or Cr, C, N, etc.-rich
surfaces can be obtained as reported by the following examples.

An AISI 410 martensitic SS (12.2 wt.% Cr) subjected to plasma nitriding [47] at 500 ◦C,
where iron nitrides were formed in place of the CrN, showed increased corrosion properties
both in 1 vol.% HCl and NaCl 3.5 wt.%. The formation of CrN typically requires high
operating temperatures and if they are higher than 550 ◦C, the depletion of Cr in the grain
matrices occurs leading to a decrease in pitting corrosion resistance. Therefore, the tempera-
ture has to be lowered, and to make it possible, the process can be carried out in molten salt
baths, such as a KNO3 bath at 450 ◦C, to obtain less expensive Cr (13.5 wt.%)-Mn (9.1 wt.%)
austenitic SSs having a nitride protective layer, with respect to untreated Cr–Ni ones. The
formation on this SS alloy of a 3 µm thick nitride layer leads to a higher corrosion resistance
than that of untreated 304 L, comparable to untreated 316 L in NaCl 3.5 wt.%, considering
electrochemical impedance spectroscopy and potentiodynamic tests [46]. Therefore, this
technology not only allows the reduction in Cr content in the alloys but also promotes the
use of Mn in place of Ni to produce austenitic SSs for many commercial and industrial
purposes, which cannot be considered possible based on previously examined strategies.

In recent years, the high-Cr ferritic ODS steels have gained much research interest,
even if they have less workability than low-Cr (8–9 wt.%) ferritic/martensitic SSs, which in
turn do not reach the corrosion resistance of the first ones [48]. For increasing the corrosion
performances of low-Cr alloys, they were coated with a thickness of around 10 µm, using
mechanically alloyed powders having a composition of 304 or 430 SSs. Similar results
can be obtained by depositing similar materials on less noble substrates through powder
spraying technology [49]. The corrosion resistance is improved at the same or a higher
level than 316L, when a Fe-25Cr-10Mn-(<2)B-(<2)C (wt.%) alloy coating is deposited; in
addition, this alloy permits achieving also a significant increase in abrasive resistance of
the material.

Manufacturing “multi-layered steel materials” also known as Spatially Optimized
Diffusion Alloy (SODA) materials are an interesting technology for saving chromium [50].
The bulk of these materials contain small amounts of this element (around 3 wt.%), which
increase going toward the surface (more than 20 wt.%), for a thickness of about 70 µm, in
contact with the corrosive environments, therefore giving them the necessary corrosion
resistance. In addition, the low-Cr content in the bulk makes the manufacturing processing
of the SODA materials easy due to the absence of hardening promoted by this element
without significant modifications of the industrial equipment, obtaining coatings ranging
from 20 to 200 µm in thickness. If the core material is a 1.5 mm thick steel sheet and the
coating is 70 µm thick, on each side the average Cr concentration is 1.9 wt.%, saving in this
way a large amount of the element if compared to that present in the common SSs, ranging
from 10 to 20 wt.%. In particular, SODA materials do not show coating cracks and/or loss
of adhesion after 180◦ bending tests, which is a fundamental aspect for preventing the
contemporary contact of the less noble substrate together with the more noble coating in
corrosive environments.

Finally, for improving corrosion performances of SSs, there is also the possibility of
submitting them to acidic-based processes [14,15,17,51,52]: namely, passivation treatments,
even when their Cr content is equal to 18 wt.%. Passivation treatments increase their
durability and so they can be considered another strategy for saving Cr. Typically, the
passivating solutions are based on nitric acid or on a mix of this acid and hydrofluoric acid
(having also pickling properties). In light of “green chemistry” and “life cycle assessment”,
some authors studied the use of citric acid at different concentrations and temperatures,
having less environmental and human health impact concerning nitric acid [52]. This study



Materials 2021, 14, 899 10 of 35

has been made on different grade SSs to obtain by citric acid treatments similar corrosion
performances given by nitric acid passivation, but unfortunately the authors of this work
did not report any quantitative results coming from corrosion tests.

2.3. Cr as CRM in Stainless Steel—Summary

From this review, the conclusion is that the complete substitution of chromium in SSs
is impossible, or at least difficult, in terms of corrosion resistance, in particular when new
bulk alloys have to be manufactured. Within the heat oxidation resistance of SSs, Al and/or
Si are the more promising elements for replacing Cr compared to the applications on wet
corrosion, in particular in severe exposure conditions. However, within wet corrosion,
new adjustments of SS compositions are recently taking place with interesting results on
comparing the characteristics of the newly manufactured alloys to those of the 300-series
alloys. When it is technologically feasible, improving the corrosion resistance limitedly to a
surface layer/coating of low-bulk-Cr alloys, up to those with the practical absence of this
element, represents a very promising strategy for decreasing the consumption of Cr. The
manufacturing of these new materials not only maintains corrosion resistance of typical
SSs, but also guarantees good mechanical and wear performances. On the other hand,
going toward this direction, especially in terms of corrosion resistance, it has to be taken
into account that the possible noble coating or improved passivation layer must not contain
defects (e.g., cracks) during the industrial processing of the materials and/or during field
applications. In the presence of defects, different noble materials are contemporarily in
contact with corrosive environments determining their extremely unfavorable galvanic
coupling, which is responsible for selective or localized penetrating corrosion, determining
the failure of metallic components under service conditions.

3. Substitution of Critical Raw Materials in Tool Steel

Tool steel’s desired properties, such as high hardness, wear-resistance and also thermal
stability (in the case of high-speed steel and hot work tool steel), are reached by the
combination of high carbon levels, alloying and appropriate heat treatment. The alloying
elements are mainly carbide-formers (tungsten, vanadium, molybdenum and chromium).
In high-speed steel, cobalt is also used to improve the thermal stability of the tools. Among
the mentioned alloying elements, tungsten, vanadium and cobalt are nowadays listed
as critical raw materials [8]. In the 2014 CRM list, chromium was also included [9], and
this element has still to be considered strategic, as discussed above. From the economic
and sustainability points of view, substitution of the above-mentioned elements is of high
importance. A certain level of substitution can be achieved based on a deep knowledge
of the behavior of these elements during steel processing, heat treatment and service. As
mentioned above, the role of tungsten, vanadium and chromium are key elements for the
formation of hard carbides.

3.1. Rational Approach to the Substitution of CRMs in Tool Steel

Since the microstructures of steels evolve during processing and determine the prop-
erties of the final product, it is necessary to be able to describe these changes. Phase
transformations and other microstructural changes such as recrystallization, grain growth
and recovery effects may occur when the steels are subjected to specific heat treatments.
The evolving microstructure can be measured using in situ X-ray diffraction (XRD). The
experimental data are evaluated by the Rietveld method, where further techniques, e.g., the
double-Voigt peak broadening model, are used to refine the model parameters [53]. Based
on this further refinement, the transient phase fractions and dislocation densities during a
complex thermal regime can be obtained [54]. In addition, precipitation of, e.g., secondary
hardening carbides [55] or intermetallic phases can be monitored directly or indirectly by
in situ X-ray diffraction [56]. Recently, it has been shown that even processes yielding low
signal-to-noise ratio diffraction patterns can be analyzed by a parameter refinement with a
global optimizer using a Bayesian approach with a Markov Chain Monte Carlo algorithm
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instead of the standard Levenberg–Marquardt local optimization technique [57]. Therefore,
it becomes possible to monitor transient microstructures during comparatively fast heating
and cooling processes using standard laboratory in situ X-ray diffraction equipment.

High-speed steels outperform other steels due to their excellent cutting performance
and hot properties. High Temperature–X-Ray Diffraction (HT-XRD) investigations have
the potential of helping design an optimized heat treatment for improving the mechanical
properties of the steel grades and thereby coming into the possibility of avoiding CRMs.
The relative importance of the microstructural contributions to the hot properties of high-
speed steels (matrix strengthening and strengthening due to undissolved carbides) have
been investigated in a pioneering work [58] with the aim of monitoring these changes
directly by XRD. It is a challenging task to design, e.g., Co-free maraging and high-speed
steels while maintaining the mechanical properties of the Co-containing grades. Li et al. [59]
obtained ultrahigh strength steel by a high density of nanoscale precipitates with a low
lattice misfit. Fathy et al. [60] determined the optimized heat treatment for several low-
nickel cobalt-free maraging sheets of steel. All these investigations can be supported by
in-situ X-ray diffraction experiments.

As an example, the microstructural changes during heat treatment of a powder met-
allurgically produced high-speed steel S290 PM containing a considerable amount of
tungsten, and cobalt was investigated using HT–XRD. The composition of the steel grade
considered is provided in Table 2. Heat treatment was subsequently applied to high-
speed steel in order to investigate the influence of various temperatures on the evolving
microstructure (see Figure 2).

Table 2. Chemical composition of the powder metallurgically processed high-speed steel (Böhler
grade S290 PM).

Component C Si Mn Cr Mo V W Co Fe

Mass fraction in % 2.0 0.44 0.27 3.7 2.4 5.1 14.1 11.0 bal.
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Figure 2. The time–temperature curve for the in situ heat treatment during the X-ray diffraction
(XRD) measurements.

The partitioning of carbon plays a key role in the microstructure and the properties
of this high-speed steel. During heating, there is a change in the lattice parameter due to
the change of the carbon content in the steel in addition to thermal expansion. Thereby
the change in the amount of carbon in austenite is calculated [61]. The evolution of the
lattice parameter a and the derived change of mass fraction of carbon in austenite in percent
(∆wC 100 in austenite) are plotted in Figure 3. Carbon diffuses from martensite into the
austenite during heating between 200 ◦C and 400 ◦C. Carbon accumulates in austenite
during this stage. Nano-carbides are formed at temperatures higher than 400 ◦C, and thus
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the mass fraction of carbon decreases in austenite. After tempering during cooling, the
lattice parameter a of austenite follows the temperature-dependent thermal expansion
curve; i.e., the mass fraction of carbon in austenite remains almost constant.
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Figure 3. Lattice parameter a of austenite (black curve with small triangles) and change in carbon
mass fraction ∆wC (blue curve with stars) versus temperature during a heating/cooling cycle.

The mass fraction of carbon in martensite is estimated by measuring the tetragonal-
ity; i.e., the c/a— ratio of the tetragonally distorted unit cell of martensite. It is worth
mentioning that the change of the lattice parameter in austenite allows estimating the
change of the mass fraction of carbon in austenite only, whereas the c/a—ratio is directly
proportional to the absolute mass fraction of dissolved carbon in martensite. Thus, the
carbon mass fraction in martensite by percent (∆wC 100 in martensite) is calculated from
the tetragonality c/a. The evolution of the c/a ratio and carbon mass fraction in martensite
is plotted versus temperature for a heating/cooling cycle (Figure 4).
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After quenching, a large amount of carbon is dissolved in martensite; i.e., the c/a—
ratio is high. During heating, carbon atoms up to 200 ◦C can leave martensite, and thereby
the c/a—ratio is strongly reduced. Carbon-containing clusters are likely to occur before
carbides can precipitate during this stage of the heating process. These clusters occur at
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low temperatures in martensite and to a smaller extent also in austenite. This phenomenon
is described in [62]. The diffusivities of the sluggishly diffusing substitutional components
are orders of magnitude higher in martensite than in austenite at the same temperature.
The further drop of the c/a—ratio at higher temperatures is due to precipitation of nano-
carbides or secondary hardening carbides.

These results can be compared to the temperature-dependent hardness (Figure 5). The
maximum in the hardness curve at approximately 540 ◦C can be explained by precipitation
of the above-mentioned nano-carbides measured by the decrease in lattice parameter and
by a drop of the dislocation density in martensite.
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It has been demonstrated in this work that HT-XRD is a powerful tool for the in situ
evaluation of process conditions such as tempering. Based on the experimental results,
it is possible to identify relations between the evolving microstructure and mechanical
properties. The evolution of the microstructure during the tempering process of the
S290 PM high-speed steel was revealed. It was indirectly shown that diffusion of carbon
from martensite to austenite during heating and later the precipitation of nano-carbides are
processes required to provide excellent mechanical properties to the S290 PM steel. This
steel grade contains a high number of CRMs. The next task is thus to design steels where
similar microstructural changes are expected with steels containing a reduced number of
CRMs or different composition and to compare the microstructural evolution during heat
treatment of this steel with steel grades containing a significantly reduced amount of W
and Co in future work.

The substitution of alloying elements has been carried out already in 1950–90, when
the tool steels alloyed just by chromium and high carbon level have been developed over
the world. The reason was the unavailability of tungsten. However, such steels do not
reach the properties of the above-described high-speed steel. Due to limited thermal
stability, these alloys could be used just as cold-work tool steels. At the beginning of the
21st century, there were also trials in substituting vanadium partially with niobium [63–66].
These elements form the same type of carbide (MC), while NbC is harder than VC. On
the other hand, niobium carbide tends to coarsen during metallurgical processing. Even
though a suitable manufacturing route (rapid solidification powder metallurgy) [66] and
appropriate surface treatment [67] were developed, it did not lead to a high success due to
the increasing use of niobium and its low availability, which led to its listing as a CRM. The
other possibility for substituting vanadium partially is titanium [63]. The manufacturing
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problems connected with the production of such steel are comparable with those for the
Nb-alloyed one, and hence they could be solved by the use of powder metallurgy.

3.2. Hard Coatings of Tools as a Means of Saving CRMs

Tool lifetime and resistance to high working temperatures as critical requirements
for producing cost-effective tool steels [68,69] can also be achieved by producing cheaper
tool steel, compared to the high speed steel (HSS), by applying a surface treatment such
as plasma nitriding, for example, and/or by depositing a hard coating. Moreover, this
practice has also the advantage of improving the tribological properties of the coated tool
steel [70]. Nevertheless, more importantly, the use of coating on tool steels is likely to
go in the direction of minimizing the use of the critical raw elements (CRE) such as W
and Co that are typically added to the HSS. To produce high-quality parts, a cutting tool
must have high hardness and strength at high working temperatures, sufficiently high
toughness, and wear resistance over all the possible working temperatures, which are from
room to the maximum working temperature. To reach this level of mechanical properties,
the cutting surfaces of tool steel can be coated, and thence modified by advanced physical
vapor deposition (PVD) technologies. PVD is recognized as an environmentally friendly
technique since it does not require the use of harmful chemical agents and gases. In
this context, several possible elements can be used to effectively coat tool steel to meet
the needed requirements and to reach the typical mechanical properties of HSS. These
include binary compounds, such as nitrides (TiN, CrN, NbN) which can be produced in
the form of multilayers (i.e., alternate nanometric layers of CrN and NbN), or ternary and
even four- or five-element compounds. As per the ternary coatings, a promising one is
surely the multilayer titanium boron-nitride, TiBN [70–72]. On the other hand, several
four- and five-element coatings are known to effectively harden tool steel surfaces; these
include Al-Ti-Cr nitrides, Al-Ti-Cr carbo-nitrides or Al-Ti nitrides added with another
metallic element (Si, Y, . . . ) [68,73–75]. Concerning the simplest binary coatings, their
main drawback compared with ternary or quaternary coatings is their limited oxidation
resistance, with a typical allowable working temperature of within 500 ◦C. On the other
hand, maximum hardness values of 3.5 to 5 GPa are likely to be reached in several nitride
multilayer binary systems, most of them up to 1000 ◦C (e.g., TiN/AlN [76], TiN/NbN [77],
TiN/VN [78], TiN/CrN [79], AlN/CrN [80]).

Exceptional wear resistance and hardness can be reached by quaternary advanced
coatings, such as the multilayer TiAl1-xCrxN, which mainly consist of a very high oxidation
resistance up to ~1100 ◦C and high hardness, typically one-order of magnitude greater
than the binary multilayered coatings, as H was reported to be up to 30 to 50 GPa [74].
The required stability at high working temperatures also includes grain size stability, as
in these coatings phase boundaries act as an effective barrier against defect propagation.
In this regard, the multilayer nature of complex coatings is known to ensure a sufficiently
high level of grain and layer stability against temperature cycling [74–80]. In multilayer
TiAl1-xCrxN, (Ti,Al)N nanocrystals form, and their typical size is ~5 nm; these are evenly
distributed within the coating. The exceptional high wear resistance of the multilayer TiAl1-
xCrxN coating during high-speed machining is ensured by the formation of a protective
alumina film on the cutting tool surface [81,82]. Experimental studies on the TiAl1-xCrxN
quaternary hard coating on tool steels revealed optimum thermal cycling endurances,
quite high hardness levels for wide working temperature ranges and good wear resistance
performances. These significant mechanical properties were inferred by nanoindentation,
wear and thermal cycling tests; the main results are summarized and outlined hereafter.
Experimental methods and procedures can be found elsewhere in previously published
papers by one of the present authors (Cabibbo et al.) [83–87]; thence, no changes in the
surface roughness were observed up to 800 ◦C. The external surface of quaternary TiAl1-
xCrxN (with x varying from 0.3 to 0.7) started to form scattered oxide spots whenever
continuously exposed to a temperature of 800 ◦C. Surfaces further deteriorated as the
exposure temperature rose to 1000 ◦C. Thermal cycling tests revealed the same oxidation
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behavior which started by thermal exposition from 800 ◦C of a maximum temperature
excursion. Figure 6 shows optical microscopy (OM) micrographs, which correspond to
thermal cycles simulating working conditions to which the stem valves, dies or cutting-
edge tools are typically subjected. The simulated thermal cycles were the ones reported in
Figure 7.
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It resulted that oxidation phenomena did not significantly depend on the specific
thermal cycle. Indeed, by exposing the AlTiCrxN1-x coating to high temperatures, starting
from 800 ◦C, segregation of titanium and chromium atoms toward the substrate occurred.
This thermodynamic-activated atomic segregation mechanism does involve the diffusion
of aluminum atoms to the surface. This, in turn, forms a very thin aluminum oxide
top layer. As a matter of fact, with regards to this structural modification induced by
cycling temperature, Kawate et al. [88] reported oxidation formed by Al2O3 in similar
Cr1-xAlxN and Ti1-xAlxN coating systems from ~900 ◦C and up to 1100 ◦C. Exposure
temperatures of up to 1000 ◦C promoted significant coating microstructure modifications as
nanostructured multilayers started to dissolve. Similar multilayer structural degradation on
similar coatings was also reported in [89,90]. A further possible microstructure explanation
of the concurring chemical structure modification in the AlTiCrxN1-x coating observed
from 800 ◦C is possibly related to the spinodal decomposition of the multilayered coating
structure in TiCr-rich compounds that tend to diffuse into the tool steel substrate (according
to [91]). To support these arguments, FEG-SEM–EDS analyses were performed across the
AlTiCrxN1-x coating after exposure to the minimum temperature necessary to form oxide
areas (800 ◦C). A representative such analysis is reported in Figure 8. Thus, this results in a
significant presence of Cr at the boundary between the coating and substrate (yellow line
in the EDS line scan of Figure 8).
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Apart from the observed coating surface degradation occurring from 800 ◦C cycling
or long-term (24 h) continuous exposure, a relevant technological aspect refers to the
mechanical behavior and response to the same test temperatures. This was inferred by
nanoindentation measurements on the AlTiCrxN1-x coating, to follow the hardness, H,
and local elastic modulus (reduced elastic modulus, Er) at the different test temperatures.
Figure 9 reports representative load-displacement nanoindentation curves for cycles I,
II and continuous baking (24 h) for two maximum test temperatures (800 and 1000 ◦C).
Penetration depth decreased drastically only in two conditions: namely, cycle II and
continuous baking both at the maximum temperature of 1000 ◦C.
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Figure 9. Nanoindentation load-displacement curves of AlTiCrxN1-x coating after cycles I, II (see
Figure 6), and continuous exposition to 800 and 1000 ◦C.

The resulting hardness, H, and reduced elastic modulus, Er, for the different maximum
exposition temperatures are plotted in Figure 10.

Materials 2021, 14, x FOR PEER REVIEW 18 of 36 
 

 

 
Figure 9. Nanoindentation load-displacement curves of AlTiCrxN1-x coating after cycles I, II (see 
Figure 6), and continuous exposition to 800 and 1000 °C. 

  
(a) (b) 

Figure 10. Hardness, H, (a) and Er (b) of AlTiCrxN1-x coating after thermal cycles I, II (see Figure 2), and continuous expo-
sition for 24 h to the upper temperature range (1000 °C). The corresponding behavior of the substrate tool steel is also 
reported for comparison. 

To better assess the mechanical property degradation induced by the maximum ex-
posure temperature to the AlTiCrxN1-x coating on tool steel, a technologically meaningful 
approach is given by the H/Er ratio. This quantity, indeed, provides an estimation of the 
coating’s ability to be deformed by pressure without damage [92,93]. The H/Er quantity 
refers to the ratio between the plastic work and the total work in an indentation contact, 
also referred as to the plasticity index (PI) and expressed as [25] PI = 1 − η⋅(H/Er), where η 
= 6.4. It is generally agreed that the PI represents a valid tool to assess the degree of coating 
degradation. In this regard, the H/Er trend with testing temperature can give an estimation 

Figure 10. Hardness, H, (a) and Er (b) of AlTiCrxN1-x coating after thermal cycles I, II (see Figure 2), and continuous
exposition for 24 h to the upper temperature range (1000 ◦C). The corresponding behavior of the substrate tool steel is also
reported for comparison.

Initial (as-deposited) hardness of the AlTiCrxN1-x coating is almost threefold that of
the tool steel. This tends to reduce to almost half at 1000 ◦C by the most demanding cycle
II and by continuously exposing (24 h of duration) the coating to the test temperature.
Noteworthily, hardness did not reduce significantly by applying cycle I to the coating,
as it remained unchanged at a value of 22.5 GPa (that is only 6% lower than the as-
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deposited value) for all the temperature ranges 800–1000 ◦C. Correspondingly, the tool
steel hardness reduced by some 50% regardless of the testing conditions followed (i.e.,
cycled or continuous exposition).

Under the same experimental conditions, the reduced elastic modulus, Er, of both the
coating and the substrate did not change significantly. This revealed that cycle I demanded
experimental conditions for the AlTiCrxN1-x coating as its elastic modulus did not reduce
with maximum cycling test temperatures. As already reported in the case of the hardness
comparison between the coating and tool steel substrate, Er of the coating was threefold
that of the substrate, regardless of the experimental conditions.

To better assess the mechanical property degradation induced by the maximum
exposure temperature to the AlTiCrxN1-x coating on tool steel, a technologically meaningful
approach is given by the H/Er ratio. This quantity, indeed, provides an estimation of the
coating’s ability to be deformed by pressure without damage [92,93]. The H/Er quantity
refers to the ratio between the plastic work and the total work in an indentation contact,
also referred as to the plasticity index (PI) and expressed as [25] PI = 1 − η·(H/Er), where
η = 6.4. It is generally agreed that the PI represents a valid tool to assess the degree of
coating degradation. In this regard, the H/Er trend with testing temperature can give an
estimation of the resulting coating degradation. Figure 11 shows plots of the H/Er ratio
against thermal exposition by cycles I, II, and continuously, up to 1000 ◦C.
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As expected, the mechanical degradation described by the PI was more evident by
applying the more demanding cycle II and by continuously exposing the coating to the
maximum test temperature for 24 h. In these two latter cases, H/Er, and conversely the
PI, linearly downgraded to some 40% from 800 to 1000 ◦C. As per cycle I, the coating
downgrading with test temperature was quite low, and it resulted in approximately 10% at
its worst for the temperature range 800–1000 ◦C.

Hence, while cycle II and continuous exposition exhibited similar behavior, in the
case of cycle I, the coating ability to plastically deform without damage was retained up to
1000 ◦C.

This important experimental result showed a much better performance of the present
AlTiCrxN1-x (with x varying from 0.3 to 0.7) compared to other protective coatings, such
ternary AlTiN, AlCrN, TiAlN systems, other similar quaternary AlTiCrN coatings, and
even more complex AlTiCr5SiYN systems that can be applied to tool steels [92]. These
results can surely be considered meaningful from an industrial and applicative viewpoint.
The present AlTiCrxN1-x (with x varying from 0.3 to 0.7) can surely be considered a valid
alternative to CRE-bearing high-speed tool steels as the surface mechanical properties were
quite similar to those of most of the conventional HSS tool steels. In addition, these high
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mechanical properties were shown to be maintained up to 800 ◦C without surface oxidation
phenomena. Nevertheless, good microstructure stability and mechanical properties were
maintained also at working temperatures above 800 ◦C and by thermal cycling working
conditions. In fact, the AlTiCrxN1-x coating showed hardness and elastic modulus quite
similar to that of the CRE-containing HSS. In addition, the H/Er ratio and thence the
plasticity index PI, i.e., the ability to deform without damage, of the AlTiCrxN1-x coating
on CRE-free tool steels showed promising properties, both in cycling and in continuous
high-temperature working conditions at least up to 800 ◦C.

4. Advanced Cast Irons—Austempered Ductile Iron

In recent years, great interest has been given to the development of cast irons with
enhanced properties that could be used for different applications, especially in the auto
and heavy machinery industry. The properties of new advanced irons are comparable to
those of cast or wrought steels or even of aluminum castings regarding specific strength.
The enhancement of the cast iron properties is achieved through different additional heat
treatments, surface treatments or by the addition of different particles.

Cast iron production is at the level of 73% (76 million tons) of all castings produced
worldwide, vastly surpassing aluminum alloys (15%), steel (10%) and other alloys (2%) [93].
Between the cast irons (gray iron, malleable iron, compacted iron, white iron and ductile
iron), the use of the ductile irons stands up due to their excellent mechanical properties
and the possibility of achieving the highest strength to ductility ratio. This is possible due
to the spherical (nodular) appearance of graphite in ductile iron, which introduces the least
stress concentration and thus the least weakening of the metal matrix. Furthermore, the
metal matrix of ductile irons contains the smallest number of impurities, which further
enhances its properties. Further improvement of the ductile iron properties is achieved by
an austempering process, thus producing an austempered ductile iron (ADI).

4.1. Austempered Ductile Irons

The ADI material has a unique microstructure of ausferrite, which is a mixture of
ausferritic ferrite and carbon enriched retained austenite [94–96]. Due to this unique
microstructure, the ADI materials have a remarkable combination of high strength, ductility
and toughness, together with good wear, fatigue resistance and machinability [97–100].
Depending on austempering parameters, the ADI material can be produced with a tensile
strength from 800 MPa to 1600 MPa and elongations from 10% to 1%, respectively [97].
Consequently, the ADI materials are used increasingly in many wear-resistant and tough
engineering components in different sectors including automotive, trucks, construction,
earthmoving, agricultural, railway and military sectors [101,102].

The production of ADI materials starts from good quality ductile iron with the chemi-
cal composition (in wt.%) of 3.6% C (±0.2%), 2.5% Si (±0.2%), 0.35% Mn (±0.05%), ≤0.02%
S, ≤0.04% P, (% S × 0.76) + 0.025 ± 0.005, and the addition of other elements for better
quenching if necessary (usually for larger sections size): ≤0.60% Mn, ≤0.80% Cu, ≤2% Ni,
≤0.30% Mo [102]. Furthermore, nodularity should be ≥90%, the carbide and inclusion
content should be≤0.5% and the porosity should be≤1% [101]. The heat treatment process
consists of austenitization in the range of 850 to 950 ◦C for 0.5 to 2 h, usually followed by
quenching to austempering at temperatures from 250 to 400 ◦C, and holding at those tem-
peratures for an appropriate length of time (1 to 2 h). During austempering, the austenite
(γ) transforms into a mixture of ausferritic ferrite (α) and carbon enriched retained austenite
(γHC), i.e., into the ausferrite. If the casting is held at the austempering temperature too
long, then the carbon enriched retained austenite (γHC) starts to decompose into ferrite (α)
and carbides [94–96]. The formation of carbides in the microstructure makes the material
brittle, and hence that reaction should be avoided [96,97]. Subsequently, the optimum
mechanical properties of the ADI material can be achieved inside the processing window.
The higher austempering temperatures produce an ausferrite microstructure which is more
plate-like, with a higher amount of austenite but with less carbon content in austenite
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(1.2–1.6%C), Figure 12a. On the other hand, lower austempering temperatures produce fine
but dense ferrite plates of acicular morphology, Figure 12b. In this case, the carbon content
in austenite is higher (1.8–2.2%C), resulting in a more stable austenite. Different ausferrite
morphology gives rise to different mechanical properties. The ADI material produced at
higher temperatures is more ductile, while the ADI produced at lower temperatures has a
higher strength [97,100].
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Based on a wide range of properties which could be achieved by austempering of
unalloyed ductile iron and producing ADI material, especially considering that the material
properties can be enhanced without the application of alloying elements such as Cr, Ni,
Mo and Cu in terms of tensile, wear, cavitation erosion and ballistic properties, there
are numerous applications in which the unalloyed ADI materials could replace alloyed
wrought or cast steels, or carbide (white) cast irons highly alloyed with critical raw materials
(CRM), such as Cr, Co, Nb, W, etc.

For that reason, in the following subchapters several possible applications for replacing
materials with high amounts of the CRM with the ADI materials will be described.

4.2. Wear Properties of the ADI

Due to the excellent combination of properties, the ductile irons and the ADIs are used
for a number of applications, some of them relating to equipment exposed to abrasive wear
in mining and agricultural industries. Furthermore, the ADI materials could be used as a
replacement for high chromium (10 to 20%Cr) white cast irons. In this way, by utilization of
unalloyed material, a great impact in reducing the application of CRMs could be achieved.

To assess the wear rate of these materials, two DI (ductile irons), as well as three unal-
loyed ADI (austempered ductile iron) materials were studied [103]. The microstructure of
the DI was fully ferritic or pearlitic (designated as DI-F and DI-P), while the microstructure
of the ADI materials produced by austenitization at 900 ◦C for 2 h, and austempering at
300, 350, 400 ◦C for 1 h (designated as ADI-300, ADI-350, ADI-400) were fully ausferritic
with 16, 24.9 and 31.4% of retained austenite, respectively. The chemical composition of
DI-F and subsequent ADI materials produced from DI-F was 3.53% C, 2.53% Si, 0.347%
Mn, 0.031% Mg, 0.018% S, 0.015% P, while DI-P had a composition of 3.48% C, 2.19% Si,
0.26% Mn, 1.51% Ni, 1.57% Cu, 0.060% Mg, 0.020% S, 0.012% P. To determine abrasive wear
behavior, the pin-on-disc wear tests were performed by SiC grinding paper with grit size
P240, P500 and P800, and under 0.5, 1.3 and 2 kg loads.

The increase in the transformation temperature from 300 to 400 ◦C alters the ausferritic
morphology as well as the amount of retained austenite. The microstructure morphology
changes from needle-like (acicular) at lower austempering temperatures to a more plate-
like (feathery) morphology at higher temperatures. With microstructure, the mechanical
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properties [103] also changed, Table 3. The ferrite microstructure is soft and ductile, while
the fine acicular appearance of the ADI-300 gives high strength and hardness. On the other
hand, a large amount of austenite promotes ductility in the ADI-400.

Table 3. Mechanical properties of the DI and ADI materials used for wear test.

Material 0.2% Yield Strength
[MPa]

Tensile Strength
[MPa] Elongation [%] Un-Notched

Impact Energy [J] Hardness HV10

DI-F 314 433 27.8 144 161
DI-P 677 880 3.2 20.5 296

ADI-300 1395 1513 3.8 68 470
ADI-350 1071 1221 8.2 108 365
ADI-400 757 1042 14.2 140 306

The microstructure of ADI-300 and ADI-350 did not change after the wear test. On the
contrary, martensite formed during wear testing at 2 kg loading and P240 grit paper of the
ADI-400. The martensite was formed as a result of local pressure induced by the coarsest
grit abrasive particles and maximal loading through stress-assisted phase transformation
(SATRAM) (see Figure 13).
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The highest wear rate [103] was obtained with the ferrite ductile iron (DI-F), while the
lowest was for the hardest ADI-300, Table 4. However, ADI-400, in the case when martensite
forms, exhibits better wear resistance. It was found that the wear resistance primarily
depends on materials microstructure, corresponding hardness and transformation during
wear. In the case of ADI materials, the SATRAM phenomenon plays a major role in wear
behavior. However, the SATRAM phenomenon occurs only if appropriate conditions are
fulfilled: namely, the presence of metastable, low carbon-enriched retained austenite and
sufficient local pressure on the metal matrix.

Table 4. Dependance of the wear rates [mg/min] on applied load [kg] and paper grit (P).

Load Paper Grit DI-F DI-P ADI-400 ADI-350 ADI-300

0.5 kg P240 34.8 23.8 15.6 13.9 12.6
P500 21.8 15.5 7.7 7.2 5.3
P800 6.9 5 4 3.4 2.9

1.3 kg P240 78.3 60 35.1 * 35.6 34.7
P500 22.7 17.3 14.3 12.7 10.1
P800 17.2 13.8 8.7 7.1 5.5

2 kg P240 108.6 81 43.4 * 52 41.4
P500 57.1 36.8 18.3 16.9 14.7
P800 22 20 15.8 13.8 10.3

* Lower wear rates due to formation of martensite.
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Finally, to conclude, the microstructure transformation of ADI material gives rise to
the possibilities of replacing Cr carbide irons in some applications.

4.3. Cavitation Properties of the ADI

Cavitation is characterized by the generation and the collapse of vapour structure in
liquid, thus creating shock waves and microjet impacts which finally damage a material.
In this kind of extreme working conditions, some highly alloyed (Cr, Ni, Mo, V, Co) steels
are usually used; for that reason, finding a suitable alternative is of great importance. As
one of the possibilities, an ADI (austempered ductile iron) could be used due to a wide
range of mechanical properties (high strength, ductility, toughness, good wear and fatigue
resistance) which could be produced by appropriate heat treatment.

Cavitation behavior in water was detailed in a study on the unalloyed ADI material
(3.53% C, 2.53% Si, 0.38% Mn, 0.031% Mg, 0.015% S) obtained by 1 h austempering at 300
or 400 ◦C (ADI-300 and ADI-400) after austenitization at 900 ◦C for 2 h [104].

The microstructure of ADI materials was fully ausferritic, consisting of a mixture
of ausferritic ferrite needles and high carbon enriched retained austenite at 300 ◦C, and
plate-like (feathery) morphology at 400 ◦C. The amount of retained austenite was 16% and
31.4%, and hardness was 460 and 296 HV30, respectively.

It was found that cavitation damage for both ADI materials was initiated at graphite
nodules as well as at pit rims formed by nodule separation. Crack development has a
significant influence on cavitation erosion where crack development in ADI austempered
at 400 ◦C occurred at a later stage compared to ADI austempered at 300 ◦C.

The cavitation rate [104] for ADI-300 was 3.2, 7.5, 11.5, 18.6 and 25.1 mg for an exposure
time of 0.5, 1, 2, 3 and 4 h, respectively. The ADI-400 has a cavitation rate of 3.3, 4.3, 8.7,
15.6 and 22.2 mg for the same exposure time period. The slope for unalloyed ADI-300
corresponds to the cavitation rate of 0.1046 mg/min, while the slope of the ADI-400 is
0.0925 mg/min, so the harder ADI-300 material is less resistive to cavitation damage, while
the softer ADI-400 material has a higher resistance.

Similar to the previous case, during stress impact of cavitation bubbles, in ADI austem-
pered at 400 ◦C a low-carbon, retained, metastable reacted austenite transforms through
the SATRAM effect into martensite, hence promoting cavitation resistance.

However, it should be pointed out that ADI materials experience additional embrittle-
ment in contact with water [105] and other liquids containing even the smallest amount of
water [106]. This is more pronounced for the ADI materials austempered at lower temper-
atures and it affects elongation the most, while 0.2% yield strength is mostly unaffected.
Thus, in the condition of high stress and water contact, the ADI could fracture in the
brittle mode.

Finally, to summarize, the microstructure transformation of ADI material gives rise to
the possibilities of replacing alloyed steels in some cavitation sensitive applications.

4.4. Ballistic Properties of the ADI

The extensively used material for ballistic protection of armored vehicles is armor steel,
which contains considerable amounts of critical raw materials (CRMs), such as chromium
(up to 2%) and molybdenum (up to 1%). By replacing the steel with unalloyed heat-treated
ductile iron (austempered ductile iron—ADI material) as additional perforated armor,
considerable savings could be achieved regarding cost, weight and reduction in the use
of CRMs.

The ADI materials have the strength and hardness comparable to some types of armor
steels, while their ductility is somewhat lower. Furthermore, their density is also lower,
which, along with a lower cost, makes them an attractive engineering material. Therefore,
ADI materials can be regarded as an effective replacement for steel, particularly when a
lower ductility can be tolerated.
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The study [107] was to replace a 6 mm alloyed steel perforated plate with an unalloyed
ADI material perforated plate in order to increase the ballistic protection of the basic
steel plate.

Two types of unalloyed ADI materials were prepared, austenitized at 900 ◦C for 2 h
and austempered at 275 and 400 ◦C for 1 h (designated ADI-275 and ADI-400). The first
was harder with a higher strength, while the second had a higher ductility, Table 5. The
as-cast material was unalloyed ductile iron with a chemical composition as follows: 3.51%
C, 2.21% Si, 0.38% Mn, 0.19% Cu, 0.031% Mg, 0.035% P, 0.014% S.

Table 5. Mechanical properties of the ADI materials used for ballistic test.

Material 0.2% Yield Strength
[MPa]

Tensile Strength
[MPa] Elongation [%] Un-Notched Impact

Energy [J] Hardness HV10

ADI-275 - 1472 1 23 498
ADI-400 679 914 8 44 300

The microstructure of the ADI materials (ADI-275 and ADI-400) was fully ausferritic
consisting of a mixture of ausferritic ferrite and retained austenite. The amount of austenite
was 9.8 and 26%, respectively. Furthermore, due to the austempering temperature, two dif-
ferent morphologies of microstructures were obtained: the needle-like acicular type at the
275 ◦C austempering temperature and the more plate-like, feathery type at the 400 ◦C.

Ballistic testing specimens were assembled from heat-treated sections which were
firmly mounted on two steel frames at 400 mm from the basic 13 mm RHA (rolled ho-
mogenous armor) plate, both set at 0◦ from vertical. This arrangement was intended to
improve the basic RHA protection level from 7.92 × 57 mm SmK (Spitzgeschoss mit Kern)
hardened steel core to 12.7 × 99 mm M8 armor-piercing incendiary (API) ammunition. The
sections had thicknesses of 7 and 9 mm, and the drilled holes with a diameter of 11 mm
and ligament length of 3.5 mm (center to center distance of 14.5 mm).

The appearance of the ballistic damage to the perforated plates was different. In the
case of the ADI-275, a larger area had a fracture of approximately five to six interconnected
holes, but with small deformation. Whereas the ADI-400 fractured with pronounced inward
deformation, but on a smaller interconnected area of approximately three to four holes.
An intensive plastic deformation during the impact of ADI-400 caused a SITRAM (strain-
induced phase transformation of retained austenite into martensite) effect to occur in the
material, causing a partial brittle fracture and a lower ballistic performance.

It was found that only ADI material austempered at 275 ◦C, 7 and 9 mm thick, offers
full ballistic protection of the basic 13 mm armor steel against 12.7 mm armor-piercing
incendiary ammunition, which refers to five projectiles stopped by the basic plate. Both
the 7 mm and 9 mm perforated plates austempered at a lower temperature of 275 ◦C
producing higher hardness and lower ductility were effective in fracturing the penetrating
core, thereby significantly decreasing the chances of penetrating the basic plate.

Thus, the perforated plates made of the ADI-275 can be regarded as a more economical
replacement with similar mass effectiveness as perforated plates made of alloyed steel of a
6 mm thickness.

Further savings could be achieved by utilizing an austempered compacted cast iron
(ACGI), which does not possess spheroidal graphite but contains graphite of a short and
broad lamellar type due to a lower amount of spheroidisers/nodularisers (cerium and
magnesium) [108]. The ACGI compared to ADI material has lower production costs and a
lower amount of magnesium, thus reducing the application of CRM. However, a larger
damaged area with a greater number of interconnecting holes is likely to provide the
ACGI perforated plate poor multi-hit resistance compared to steel or the ADI perforated
plates [109], and further study is needed in order to optimize its application.
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4.5. Summary of the ADI Properties

As it is demonstrated in the aforementioned sections (Sections 4.1–4.4), the application
of unalloyed austempered ductile irons, such as advanced cast iron, has numerous possibil-
ities for different applications in order to replace or reduce the use of CRMs by substituting
alloyed steels.

The most critical parameter in optimizing ADI microstructure, and thus its application,
is the stability of retained austenite and transformation of the austenite to martensite by
the SITRAM/SATRAM effect (strain-induced or stress-assisted phase transformation of
retained austenite into martensite). The formation of martensite has a positive effect on
wear and cavitation behavior, while it hinders ballistic applications.

5. Iron-Based Materials as Solutions for CRM Substitution in Other Tool Materials

Cemented carbide, i.e., the material composed of tungsten (or another carbide) con-
nected by cobalt binder is one of the most widely applied tool materials. Due to an
excellent combination of wear resistance and fracture toughness, it finds its use in the
machining of non-ferrous metals, drilling of concrete and many other applications. Since
both tungsten and cobalt are listed as CRMs, the substitution of this material with the
simultaneous keeping of the properties is a dream of many scientists. In general, there are
three possible approaches:

- Substitution of tungsten carbide;
- Substitution of cobalt binder;
- Design of a whole-new concept of CRM-free material.

The first two approaches are described in detail in [12]. For the abrasive wear con-
ditions, the solution could be the use of intermetallics since some of them are very hard.
In recent years, the Fe–Al–Si material containing a high amount of silicon (Fe-20Al-20Si
in wt.%) was tested for wear resistance. It has been found that this material possesses
a similar or slightly better wear resistance than AISI D2 tool steel [109]. It still does not
reach the wear performance of cemented carbide and has a lower fracture toughness at
room temperature, but the material is characterized by exceptional thermal stability and
anomalous temperature dependence of yield strength and ultimate tensile strength; i.e., the
mechanical properties increase with the temperature in some intervals (400–600 ◦C) [109].

Drilling and processing of natural stone and concrete requires high-tech tools, which
can be divided into two groups. The first group comprises polycrystalline diamond
materials mainly used as inserts for drill tools. Polycrystalline diamond compact bits are
one of the most widely used oil and gas drilling tools, Figure 14.

Materials 2021, 14, x FOR PEER REVIEW 25 of 36 
 

 

The most critical parameter in optimizing ADI microstructure, and thus its applica-
tion, is the stability of retained austenite and transformation of the austenite to martensite 
by the SITRAM/SATRAM effect (strain-induced or stress-assisted phase transformation 
of retained austenite into martensite). The formation of martensite has a positive effect on 
wear and cavitation behavior, while it hinders ballistic applications. 

5. Iron-Based Materials as Solutions for CRM Substitution in Other Tool Materials 
Cemented carbide, i.e., the material composed of tungsten (or another carbide) con-

nected by cobalt binder is one of the most widely applied tool materials. Due to an excel-
lent combination of wear resistance and fracture toughness, it finds its use in the machin-
ing of non-ferrous metals, drilling of concrete and many other applications. Since both 
tungsten and cobalt are listed as CRMs, the substitution of this material with the simulta-
neous keeping of the properties is a dream of many scientists. In general, there are three 
possible approaches: 
- Substitution of tungsten carbide; 
- Substitution of cobalt binder; 
- Design of a whole-new concept of CRM-free material. 

The first two approaches are described in detail in [12]. For the abrasive wear condi-
tions, the solution could be the use of intermetallics since some of them are very hard. In 
recent years, the Fe–Al–Si material containing a high amount of silicon (Fe-20Al-20Si in 
wt.%) was tested for wear resistance. It has been found that this material possesses a sim-
ilar or slightly better wear resistance than AISI D2 tool steel [109]. It still does not reach 
the wear performance of cemented carbide and has a lower fracture toughness at room 
temperature, but the material is characterized by exceptional thermal stability and anom-
alous temperature dependence of yield strength and ultimate tensile strength; i.e., the me-
chanical properties increase with the temperature in some intervals (400–600 °C) [109]. 

Drilling and processing of natural stone and concrete requires high-tech tools, which 
can be divided into two groups. The first group comprises polycrystalline diamond ma-
terials mainly used as inserts for drill tools. Polycrystalline diamond compact bits are one 
of the most widely used oil and gas drilling tools, Figure 14.  

 
Figure 14. Inserts for drill tools drill tools, which consist of a polycrystalline diamond layer (black 
colour) on a cemented carbide substrate, inserts diameter is 12.5 mm. 

The second group contains diamond saws and grinding wheels, which are widely 
used in construction for cutting, grinding, drilling holes in masonry and concrete, cutting 
of asphalt, curbs, sidewalks, railway sleepers, concrete, stone and the demolition of build-
ings, etc.  

Figure 14. Inserts for drill tools drill tools, which consist of a polycrystalline diamond layer (black
colour) on a cemented carbide substrate, inserts diameter is 12.5 mm.



Materials 2021, 14, 899 25 of 35

The second group contains diamond saws and grinding wheels, which are widely
used in construction for cutting, grinding, drilling holes in masonry and concrete, cut-
ting of asphalt, curbs, sidewalks, railway sleepers, concrete, stone and the demolition of
buildings, etc.

In both groups of materials, cobalt is used as the basic binder material. Polycrystalline
diamonds (PCD) have been explored since the 1980s for replacing the cobalt binder with
another metallic or ceramic bonding phase [110–112].

It is much more difficult to substitute cobalt in metallic-diamond materials for saws
and grinding wheels. Building stone and construction materials are highly abrasive and
therefore require tools with the best cutting properties and high abrasion resistance. The
production of tools for the processing of building stone includes:

- Tools for extracting large rock blocks in quarries;
- Tools for cutting rock blocks;
- Tools for cutting and processing cladding and tiles;
- Stone grinding and polishing tools.

Metallic-diamond materials, constituting the working elements of the saws used in
the processing of natural stones, are most often evenly distributed on a rope, tape or disc,
Figure 15. These are wire saws, gang saws or circular saws; see Figure 16.
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Figure 16. Examples of polycrystalline diamond wires, in the figure there are various diamond wire
saws which are characterized by the number of wire beads (40–28 pcs/m) and the diameter of beads
(11.5–6.3 mm).

Wire saws have come into common use for cutting rock blocks from a deposit [113].
Gang saws are used to cut large blocks of rock to obtain plates of equal thickness [114].
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The working principle of such a saw is that it makes a reciprocating movement with
its simultaneous “falling”. These two types of saws are used in quarries. On the other
hand, circular saws are the most commonly used tools for processing natural stones [115].
Metallic-diamond materials, which are the working elements of tools used for cutting and
processing stones, should be durable and ensure operation with the lowest possible energy
consumption [116,117].

In tool operation, the matrix must ensure sufficient retention of the diamond parti-
cles, i.e., have high retention properties and wear at a rate comparable to the wear rate
of diamond particles [118]. This guarantees the appropriate speed of revealing new di-
amond particles with sharp cutting edges and thus maintaining the continuity of the
cut [117,119,120]. The matrix must maintain the diamond particles in such a way as to
prevent them from falling out, pressing in or turning during cutting. In practice, the selec-
tion of the matrix depends on many factors: the type of diamond, the size of the diamond
particles, the strength of the diamond particles, cutting conditions and the properties of
the processed material [121]. Due to the very different working conditions of metallic
diamond tools, a wide variety of materials are used as the matrix. Matrices based on cobalt,
copper, bronze, tungsten, tungsten carbide or their mixtures are in wide application. If
the matrix is too soft with low abrasion resistance, it can wear very quickly, leading to
excessive diamond dropout. When the matrix shows high abrasion resistance, the tool
surface may be polished, and the cutting process may be interrupted [118].

Diamonds are impregnated in the metal matrix where the connection between the
matrix and the diamonds must be strong enough. Cobalt is the most commonly used
matrix for metal-diamond tools intended for cutting hard natural stones. It ensures tool
wear at a speed comparable to that of diamond particles, as well as very good retention
properties associated with favourable strength properties [122]. Cobalt and W–Co alloys are
used for high hardness materials such as granite. Co, Co–bronze, iron–Co and Fe–bronze
binders are used in cutting materials of moderate hardness, such as marbles. Research
on limiting the use of cobalt in diamond tools began very early at the beginning of the
21st century [123–125]. The research was carried out by large companies producing metal
bond matrices and tools for a reason similar to today’s causes. Now, the quest for new
matrix materials is motivated by the fact that cobalt is a critical raw material. Twenty
years ago, the fluctuating and still rising cobalt prices on world markets were pointed
out as the cause. Scientific research on the substitution of cobalt by a different type of
binder was also carried out due to its harmfulness to human health [126,127]. Most of
the world’s producers of diamond blades, core bits and other tools for the processing of
natural stone and construction materials use pre-alloyed powders. The sintering technique
for this type of material has changed, and the hot pressing (HP) method has become
dominant. Using this method, the sintering time was significantly reduced compared to
free sintering. Therefore, the binder powders must be pre alloyed. Products from well-
known companies include NEXT®100 (50 wt.% Cu-25 wt.% Fe-25 wt.% Co), Cobalite®

HDR (Fe-7 wt.% Cu-27 wt.% Co) and DIABASE® (45–65 wt.%)Fe-40 wt.%Cu-(20–40) wt.%
Co, KEEN® [128–131]. Most of the compositions of these commercial matrices are based
on the Fe–Cu–Co mixture, with different compositions of elements. These powders are
mixed with diamonds, then diamond saw segments are cold pressed and sintered usually
by hot pressing (HP) or free sintering techniques. The bond material is selected depending
on the material that needs to be cut. A phase diagram was developed for the Fe–Cu–Co
system at a temperature of 850 ◦C, which corresponds to the manufacturing temperature
of sintering diamond tools by the HP method [125]. Microstructural studies confirmed
that for this sintered alloy, a FeCo solid solution is embedded into a Cu matrix. The Cu
solubility is limited to about 2% at 800 ◦C [132,133]. A fairly good agreement has been
achieved between the developed thermodynamic description and experimental data from
XRD measurements and microstructure analysis found in the literature. A new correction
of the ternary Co–Cu–Fe systems has been performed using the CALPHAD method [134].
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The Fe–Co solid solution is essential for commercial matrices, which is responsible for
good tool properties because it strengthens the alloy [133]. These matrices contain most
commonly about 20% cobalt, which is still a high content, and therefore the research on
total cobalt substitution continues. The most suitable candidates for cobalt substitution are
ferrous alloys with nickel or manganese, copper, tin and carbon. New solutions of binders
are related to the Fe–Cu phase equilibrium system. The iron–copper system does not form
amorphous phases or metastable solid intermetallic compounds and has negligible mutual
solid dissolution phases in the temperature range corresponding to tool making [135,136].
However, the properties of alloys selected from the Fe–Cu system are not as good as cobalt-
containing binders [137]. Diamond tools were prepared by mixing 85 wt.% of Fe–Cu alloys
(60 wt.% elemental Fe and 40 wt.% elemental Cu) with 15 wt.% Fe-P. Tools with the Fe–P
alloy as reinforcement, have wear behaviour similar to tools with a cobalt bond [138]. Up
to 2 wt.% Si was added to the cobalt-containing binders with good results in improving the
adhesion of the bonding phase to diamond [139]. To increase the abrasion resistance of the
binder, 0.5–2 wt.% WC was introduced [140]. These two concepts were combined, and SiC
was introduced into the Fe-Cu binder. Despite good results, it was found that this binder
cannot compete with the binder with a high content of cobalt. The phase composition
and microstructure of the Fe–Cu binders are influenced by the content of copper and
these bonds are very sensitive to the heat treatment [141]. By creating solid solutions and
carbides, the iron forms a strong bond with the diamond [142]. The level of diamond
degradation caused by iron is higher than that caused by cobalt and nickel. Copper is
carbon inert and no chemical reactions with diamond are visible [143]. The studies related
to the modification of the properties of the Fe–Cu binder by introducing metal additives
continue. However, due to the limitation resulting from the diamond graphitization process,
the most commonly used additives are low-melting metals. Diamond is an allotropic
form of the element carbon with a cubic structure, which is thermodynamically stable at
pressures above 1.6 GPa at room temperature and metastable at atmospheric pressure. The
thermal resistance of natural diamond is higher than that of synthetic diamond crystals.
Additives such as Co, Ni and Fe are catalysts for the conversion of graphite to diamond,
and therefore their presence accelerates the reverse conversion. Generally, the temperature
of the graphitization process is affected by the type of binder [143,144]. TiC coatings on
diamond particle surfaces limit the graphitization process of diamond in the tools, which
is accelerated by the Fe (the catalyst of diamond transition into graphite [145]).

At present, materials are more complex: additional elements such as tin and zinc
are introduced in small amounts, for example, 48-53 wt.% Fe-40-45 wt.% Cu-1-3 wt.%
Sn-2-4 wt.% Zn, and the matrix has a suitable retention mechanism with diamond [146].
The Fe–Cu–Ni binders are another group of iron-based binders. These materials have
slightly lower strength and ductility compared to cobalt, but hardness and offset yield
strength are sufficiently high [147]. Fe–Ni–Cu–Sn–C and Fe–Mn–Cus–Sn–C alloys are
potential Co–WC substitutes for the manufacture of sintered diamond-impregnated tools
for abrasive applications [148]. The properties of these materials could be modified by
changing the milling conditions [149]. Commercial powders from the Fe–Cu–Re system
are available; research related to their application as the bond of diamond tools has shown
that the properties of these binders are not better than that of cobalt binders and could be
used for less demanding applications [150]. A separate group of actions to improve the
properties of diamond tools is the strengthening of the Fe–Cu–Ni–Sn binder by introducing
particles of hard ceramic materials. For example, this bond with 2 wt.% CrB2 has very good
tribological properties [151]. Ball-milled, sintered Fe–Ni–Cu–Sn–C, Fe–Ni–Cu–Sn–C-Al2O3
and Fe–Ni–Cu–Sn–C–Al4C3 materials showed fine-grained microstructures and significant
strengthening due to a martensitic transformation [152]. Very promising results were
obtained for the use of the dispersion strengthened Fe–Ni–Mo matrix by nanoparticles of
WC, hBN and nanotubes [153].

Historically, cobalt has been the ultimate bonding agent for polycrystalline diamond
tools. Pre-alloyed materials from the Fe–Cu–Ni system are promising as binders in tools
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intended for stone processing. This matrix, however, must be strengthened by introducing
metal additives: most often low-melting metals or particles of hard materials. These
matrices exhibit adequate abrasion resistance and diamond retention, comparable to cobalt-
containing binders.

6. Iron-Based High-Temperature Alloys as CRM Substitutes

After World War II, some European countries were facing severe problems in buying
chromium (especially low carbon ferrochrome) and deficit nickel on the free market to
cover their needs for stainless steel production and materials for high temperature (HT)
use. To overcome this shortage, Russia (formerly the Soviet Union) and the Czech Republic
(formerly Czechoslovakia) initiated a strong partnership in the 50 s between national
research institutions, universities and local industry to develop low-cost alternatives for
heat resistant steel-alloys based on intermetallics cast from accessible and cheap iron,
aluminum and carbon. These efforts resulted in the past in the materials such as Thermagal
in France, Tchugal in the Soviet Union and Pyroferal in Czechoslovakia. Very important
results were achieved in the research between 1950 and 1962, based on the numerous
research reports of J. Pluhař, M. Vyklický and H. Tůma—the scientists who initiated and
completed the research leading to the development of Pyroferal [154].

Pyroferal offered quite impressive results on high temperature corrosion resistance.
It was tested against air atmosphere, vanadium pentoxide, molten glass, carburization,
nitration and the atmosphere of natural gas cracking generators. Good results were also
described on wear resistance and hardness due to the appearance of hard and brittle alu-
minum carbide Al4C3 and perovskite phase Fe3AlC. Though Pyroferal was manufactured
only by casting, welding was an important procedure not only for producing complicated
shapes, but also for repairing the faults in casts. Unfortunately, the practical use of these
materials was limited due to various problems: e.g., the stability of the perovskite phase
in the air at room temperature (RT), substantial shrinkage during the manufacturing of
casts, conditional weldability. For welding, the components have to be heated to 650 ◦C
and held at temperature for at least another 15 min with subsequent slow cooling to RT.
These problems could not be overcome by the state-of-the-art in material science at that
time. Typical products were puddle blades of pyrite calcining furnaces, parts of clotting
furnaces, carburizing charger grids, steam furnace bars, parts of glass furnaces, rails of
tunnel furnaces and parts of fluid combustion chambers, stator blades of internal combus-
tion turbines, a carburization chamber and an experimental work holder for the cog-wheel
of a differential gear from the end of the 90 s. In the 1960s, access to chromium was not
a problem any longer, and the dust of history covered the know-how on (pre-)industrial
use of FeAl. In the half nineties of the last century, we can see the rebirth of interest in this
type of material [154]. However, after a short time, Pyroferal-type material was replaced
by materials based on FeAl and Fe3Al with a small amount of additives. It was caused by
the state of science and science possibilities, which allowed a shift to the next generation of
Fe–Al intermetallic materials.

As the additives to Fe–Al alloys, the common alloying elements of steel (chromium,
nickel, molybdenum) are considered, as well as zirconium or niobium [155]. However,
some of these elements are listed as CRMs (niobium, zirconium) or have been listed recently
and are still considered as strategic (chromium). The new approach is the addition of silicon,
forming the new generation of Fe–Al–Si alloys. Silicon strongly improves the oxidation
resistance of the Fe–Al based alloy. A very interesting fact is that the oxidation resistance
does not depend significantly on the silicon content when the level of behavio. 5 wt.% is
exceeded [156]. The mechanism, how the silicon improves the oxidation behavior, can be
summed up as the following: The Fe–Al based alloy oxidizes, forming the Al2O3 layer
with a minor amount of Fe2O3. As the material beneath the oxide layer becomes depleted
by aluminum, silicon concentrates there and a silicide layer is formed. This layer acts as
the secondary protection against the penetration of both oxygen and nitrogen [156,157].
These new alloys can be processed by innovative powder metallurgy processes (mechanical
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alloying and spark plasma sintering to reach higher mechanical properties [158]). The
compressive strength of the alloys processed by these methods exceeds 1500 MPa and even
increases with increasing temperature up to 600 MPa. Besides, the alloys achieve very
high wear resistance, comparable with heat-treated tool steel AISI D2 [109]. However, low
room temperature ductility remains a limitation to the use of these alloys, as well as many
other intermetallics.

Besides room temperature ductility, a possible limitation is also the fact that silicon,
needed for the production of these alloys, is listed as a CRM. However, it could be easily
and cheaply supplied from scrap. In addition, it solves a big recycling problem. When
recycling the Al–Si alloy castings (common casts containing pressed-in iron components,
e.g., covers containing bearings, bushings, but the best example is the car engine block),
the content of iron could become very high and hence the alloy is unsuitable for secondary
production, which causes its low price (approx. 10 times lower than aluminum). Iron
cannot easily be removed from the alloy and therefore the secondary alloy is usually just
diluted by pure primary aluminum. As an alternative, the physicochemical processes have
been developed to reduce the iron content in the secondary raw material, even though
they are not highly efficient. One such process deals with annealing of the aluminum alloy
in the semisolid state (at a temperature between solidus and liquidus temperature) for a
longer time, enabling the solid Fe–Al–Si intermetallics to settle down [159]. The Fe–Al–Si
concentrate from this process, or even the high-iron Al–Si based scrap itself, could be the
source of silicon for the production of new grades of Fe–Al–Si alloys.

7. Conclusions

The possibilities and strategies for partial or total substitution of critical raw materials
in iron-based alloys were comprehensively assessed and reviewed. It can be seen that most
of the elements are not so easily replaceable due to their specific functions. For example,
chromium which was recently listed as a critical raw material and still has to be considered
strategic, cannot be fully substituted in stainless steel. However, it can be suppressed by
additional mixing of aluminum and silicon. However, silicon is yet another CRM. A similar
situation exists in the case of the substitution of tungsten and vanadium in tool steel. These
carbide-forming elements could potentially be substituted by niobium or titanium, but
both of these elements are also critically listed at present. An improved understanding of
the complex transformation processes involved in the processing would allow minimizing
the use of and recycling rare earth elements. Coatings were identified as another useful way
to upgrade lower grade tools and low-Cr steel to the surface parameters of high-speed and
corrosion resistant steel, thus reducing the consumption of CRMs. In other tool materials,
iron-based alloys could be the substitutes for the cobalt binder in stone-cutting diamond
tools. New grades of iron-based intermetallics are candidates for high-temperature alloys.
Austempered ductile cast iron was presented as the material with interesting properties,
which could be a substitute for steel and other CRM-containing alloys.
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67. Novák, P.; Vojtěch, D.; Šerák, J.; Knotek, V.; Bartová, B. Duplex surface treatment of the Nb-alloyed PM tool steel. Surf. Coatings
Technol. 2006, 201, 3342–3349. [CrossRef]

68. Shim, K.H.; Lee, S.K.; Kang, B.S.; Hwang, S.M. Investigation of blanking of thin sheet metal using ductile fracture criterion and its
experimental verification. J. Mater. Process. Technol. 2004, 155–156, 1935–1942. [CrossRef]

69. Monteil, G.; Greban, F.; Roizard, X. In situ punch wear measurement in a blanking tool by means of thin layer activation. Wear
2008, 265, 626–633. [CrossRef]

70. Mayrhofer, P.H.; Mitterer, C.; Hultman, L.; Clemens, H. Microstructural design of hard coatings. Prog. Mater. Sci. 2006, 51,
1032–1114. [CrossRef]

71. Hovsepian, P.E.; Lewis, D.B.; Münz, W.-D. Recent progress in large scale manufacturing of multilayer/superlattice hard coatings.
Surf. Coat. Technol. 2000, 133–134, 166–175. [CrossRef]

72. Tkadletz, M.; Schalk, N.; Daniel, R.; Keckes, J.; Czettl, C.; Mitterer, C. Advanced characterization methods for wear resistant hard
coatings: A review on recent progress. Surf. Coat. Technol. 2016, 285, 31–46. [CrossRef]

73. Nguyen, T.D.; Kim, S.K.; Lee, D.B. High-temperature oxidation of nano-multilayered TiAlCrSiN thin films in air. Surf. Coatings
Technol. 2009, 204, 697–704. [CrossRef]

74. Kalss, W.; Reiter, A.; Derflinger, V.; Gey, C.; Endrino, J.L. Modern coatings in high performance cutting applications. Int. J. Refract.
Met. Hard Mater. 2006, 24, 399–404. [CrossRef]

75. Endrino, J.L.; Derflinger, V. The influence of alloying elements on the phase stability and mechanical properties of AlCrN coatings.
Surf. Coatings Technol. 2005, 200, 2114–2122. [CrossRef]

76. Kim, D.G.; Seong, T.Y.; Baik, Y.J. Effects of annealing on the microstructures and mechanical properties of TiN/AlN nano-
multilayer films prepared by ion-beam assisted deposition. Surf. Coat. Technol. 2002, 153, 79–83. [CrossRef]

77. Shinn, M.; Hultman, L.; Barnett, S.A. Growth, structure and microhardness of epitaxial TiN/ NbN superlattices. J. Mater. Res.
1992, 7, 901–911. [CrossRef]

78. Ali, F.; Park, B.S.; Kwak, J.S. Effect of number of bi-layers on properties of TiN/TiAlN multilayer coatings. J. Ceram. Process Res.
2013, 14, 476–479.

79. Yang, Q.; He, C.; Zhao, L.R.; Immarigeon, J.P. Preferred orientation and hardness enhancement of TiN/CrN superlattice coatings
deposited by reactive magnetron sputtering. Scr. Mater. 2002, 46, 293–297. [CrossRef]

80. Lin, J.; Moore, J.J.; Mishra, B.; Pinkas, M.; Zhang, X.; Sproul, W.D. CrN/AlN superlattice coatings synthesized by pulsed closed
field unbalanced magnetron sputtering with different CrN layer thicknesses. Thin Solid Films 2009, 517, 5798–5804. [CrossRef]

81. Reiter, A.E.; Derflinger, T.V.H.; Hanselmann, B.; Bachmann, T.; Sartory, B. Investigation of the properties of Al1-xCrxN coatings
prepared by cathodic arc evaporation. Surf. Coat. Technol. 2005, 200, 2114–2122. [CrossRef]

http://doi.org/10.1016/j.msea.2016.11.039
http://doi.org/10.1016/j.matchar.2020.110860
http://doi.org/10.1007/s11661-998-0173-3
http://doi.org/10.1016/j.msea.2017.12.109
http://doi.org/10.1002/srin.200200027
http://doi.org/10.1016/0956-716X(90)90192-J
http://doi.org/10.1002/srin.195602976
http://doi.org/10.1016/S0924-0136(96)02678-7
http://doi.org/10.1007/s11663-014-0150-8
http://doi.org/10.1081/CI-120028773
http://doi.org/10.1016/j.surfcoat.2006.07.101
http://doi.org/10.1016/j.jmatprotec.2004.04.284
http://doi.org/10.1016/j.wear.2007.12.014
http://doi.org/10.1016/j.pmatsci.2006.02.002
http://doi.org/10.1016/S0257-8972(00)00959-2
http://doi.org/10.1016/j.surfcoat.2015.11.016
http://doi.org/10.1016/j.surfcoat.2009.09.008
http://doi.org/10.1016/j.ijrmhm.2005.11.005
http://doi.org/10.1016/j.surfcoat.2005.02.196
http://doi.org/10.1016/S0257-8972(01)01543-2
http://doi.org/10.1557/JMR.1992.0901
http://doi.org/10.1016/S1359-6462(01)01241-6
http://doi.org/10.1016/j.tsf.2009.02.136
http://doi.org/10.1016/j.surfcoat.2005.01.043


Materials 2021, 14, 899 33 of 35

82. Jakubéczyová, D.; Hvizdoš, P.; Selecká, M. Investigation of thin layers deposited by two PVD techniques on high speed steel
produced by powder metallurgy. Appl. Surf. Sci. 2012, 258, 5105–5110. [CrossRef]

83. Cabibbo, M.; Ricci, P.; Cecchini, R.; Rymuza, Z.; Sullivan, J.; Dub, S.; Cohen, S. An international round-robin calibration protocol
for nanoindentation measurements. Micron 2012, 43, 215–222. [CrossRef] [PubMed]

84. Cabibbo, M.; Clemente, N.; El Mehtedi, M.; Hamouda, A.H.; Musharavati, F.; Santecchia, E.; Spigarelli, S. Constitutive analysis for
the quantification of hardness decay in a superlattice CrN/NbN hard-coating. Surf. Coat. Technol. 2015, 275, 155–166. [CrossRef]

85. Santecchia, E.; Hamouda, A.M.S.; Musharavati, F.; Zalnezhad, E.; Cabibbo, M.; Spigarelli, S. Wear resistance investigation of
titanium nitride-based coatings. Ceram. Int. Part A 2015, 41, 10349–10379. [CrossRef]

86. Fabrizi, A.; Cecchini, R.; Kiryukhantsev-Korneev, P.V.; Sheveyko, A.N.; Spigarelli, S.; Cabibbo, M. Comparative investigation of
oxidation resistance and thermal stability of nanostructured Ti-B-N and Ti-Si-B-N coatings. Prot. Met. Phys. Chem. Surf. 2017, 53,
452–459. [CrossRef]

87. Santecchia, E.; Cabibbo, M.; Hamouda, A.M.S.; Musharavati, F.; Popelka, A.; Spigarelli, S. Investigation of the Temperature-
Related Wear Performance of Hard Nanostructured Coatings Deposited on a S600 High Speed Steel. Metals 2019, 9, 332.
[CrossRef]

88. Kawate, M.; Hashimoto, A.K.; Suzuki, T. Oxidation resistance of Cr1-xAlxN and Ti1-xAlxN films. Surf. Coat. Technol. 2003, 165,
163–167. [CrossRef]

89. Choi, P.-P.; Povstugar, I.; Ahn, J.-P.; Kostka, A.; Raabe, D. Thermal stability of TiAlN/CrN multilayer coatings studied by atom
probe tomography. Ultramicroscopy 2011, 111, 518–523. [CrossRef] [PubMed]

90. Barshilia, H.; Prakash, M.S.; Jain, A.; Rajam, K.S. Structure, hardness and thermal stability of TiAlN and nanolayered TiAlN/CrN
multilayer films. Vacuum 2005, 77, 169–179. [CrossRef]

91. Forsén, R.; Johansson, M.P.; Odén, M.; Ghafoor, N. Effects of Ti alloying of AlCrN coatings on thermal stability and oxidation
resistance. Thin Solid Films 2013, 534, 394–402. [CrossRef]

92. Beake, B.D.; Fox-Rabinovich, G.S. Progress in high temperature nanomechanical testing of coatings for optimising their perfor-
mance in high speed machining. Surf. Coat. Technol. 2014, 255, 102–111. [CrossRef]

93. 48th Census of World Casting Production. Modern. Cast. 2014, 104, 17–21.
94. Sidjanin, L.; Smallman, E.R.; Young, J.M. Electron Microstructure and Mechanical Properties of Silicon and Aluminium Ductile

Irons. Acta Met. Mater. 1994, 42, 3149–3156. [CrossRef]
95. Sidjanin, L.; Rajnovic, D.; Eric, O.; Smallman, R.E. Austempering study of unalloyed and alloyed ductile irons. Mater. Sci. Technol.

2010, 26, 567–571. [CrossRef]
96. Eric, O.; Sidjanin, L.; Rajnovic, D.; Balos, S. The Austempering Kinetics of Cu-Ni Alloyed Austempered Ductile Iron. Met. Mater.

Int. 2014, 20, 1131–1138. [CrossRef]
97. Rajnovic, D.; Eric, O.; Sidjanin, L. The standard processing window of alloyed ADI materials. Kovove Mater. 2012, 50, 199–208.

[CrossRef]
98. Rajnovic, D.; Eric, O.; Sidjanin, L. Transition temperature and fracture mode of as-cast and austempered ductile iron. J. Microsc.

2008, 232, 605–610. [CrossRef]
99. Martinez, R.A. Fracture surfaces and the associated failure mechanisms in ductile iron with different matrices and load bearing.

Eng. Fract. Mech. 2010, 77, 2749–2762. [CrossRef]
100. Eric, O.; Rajnović, D.; Zec, S.; Sidjanin, L.; Jovanović, T. Microstructure and fracture of alloyed austempered ductile iron. Mater.

Charact. 2006, 57, 211–217. [CrossRef]
101. Harding, R.A. The production, properties and automotive applications for austempered ductile iron. Kovove Mater. 2007, 45, 1–16.
102. Goergen, F.; Mevissen, D.; Masaggia, S.; Veneri, E.; Brimmers, J.; Brecher, C. Contact Fatigue Strength of Austempered Ductile

Iron (ADI) in Gear Applications. Metals 2020, 10, 1147. [CrossRef]
103. Balos, S.; Rajnovic, D.; Dramicanin, M.; Labus, D.; Cekic, O.E.; Grbovic-Novakovic, J.; Sidjanin, L. Abrasive wear behaviour of

ADI material with various retained austenite content. Int. J. Cast Metals Res. 2016, 29, 187–193. [CrossRef]
104. Dojcinovica, M.; Cekic, O.E.; Rajnovic, D.; Sidjanin, L.; Balos, S. Effect of austempering temperature on cavitation behaviour of

unalloyed ADI material. Mater. Charact. 2013, 82, 66–72. [CrossRef]
105. Rajnovic, D.; Balos, S.; Sidjanin, L.; Cekic, O.E.; Grbovic Novakovic, J. Tensile properties of ADI material in water and gaseous

environments. Mater. Charact. 2015, 101, 26–33. [CrossRef]
106. Janjatovic, P.; Cekic, O.E.; Sidjanin, L.; Balos, S.; Dramicanin, M.; Grbovic Novakovic, J.; Rajnovic, D. The Effect of Water

Concentration in Ethyl Alcohol on the Environmentally Assisted Embrittlement of Austempered Ductile Irons. Metals 2021, 11,
94. [CrossRef]

107. Balos, S.; Radisavljevic, I.; Rajnovic, D.; Dramicanin, M.; Tabakovic, S.; Cekic, O.E.; Sidjanin, L. Geometry, mechanical and ballistic
properties of ADI material perforated plates. Mater. Des. 2015, 83, 66–74. [CrossRef]

108. Balos, S.; Radisavljevic, I.; Rajnovic, D.; Janjatovic, P.; Dramicanin, M.; Eric-Cekic, O.; Sidjanin, L. Ballistic Behaviour of
Austempered Compacted Graphite Iron Perforated Plates. Def. Sci. J. 2019, 69, 571–576. [CrossRef]
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Alloying on High-Temperature Strength of Fe3Al-Based Iron Aluminides. Molecules 2020, 25, 4268. [CrossRef]

156. Novák, P.; Nová, K. Oxidation Behavior of Fe-Al, Fe-Si and Fe-Al-Si Intermetallics. Materials 2019, 12, 1748. [CrossRef] [PubMed]
157. Novák, P.; Zelinková, M.; Šerák, J.; Michalcová, A.; Novák, M.; Vojtěch, D. Oxidation resistance of SHS Fe-Al-Si alloys at 800 ◦C in
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