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Abstract

Roller bearings are one of the most important industrial components with a large variety of
challenging environmental applications. Under water-contaminated lubricant conditions, a pro-
tective layer of oxide forms on the surface of the most used 100Cr6 bearing steel, which helps
suppress the corrosion rate, while adding corrosion-resistant alloying elements can improve this
corrosion resistance further. Recent research suggests that the Cu alloying element in high-
carbon steels contains numerous carbide precipitates, which can help to form a stronger passive
layer and, thus, more e ective in protecting the steel against corrosion. Meanwhile, the accu-
mulation of Cu as a tramp element can degrade the quality and performance of scrap-based
steel. This limits the proportion of scrap that can be used in new products and may require
adding ore-based steel to dilute the copper content and maintain the required properties. This
study investigates the e ect of incorporating copper in high-carbon bearing steel manufactured
from scrap on enhancing long-term atmospheric corrosion resistance. The e ective usage of this
tramp element will contribute to boosting the circular economy of steel.

In this project, high-carbon bearing steel containing a high amount of Cu (0.5 wt %) was
hardened using martensitic or bainitic hardening and compared with the baseline hardened
steel with no excessive Cu. The microstructures of the steel were characterized by LOM, SEM
(EDS), XRD and XPS to study the retention/segregation of Cu. Electrochemical corrosion
tests were used to validate the prediction. Finally, LOM, SEM (EDS), XRD and XPS were
utilised to characterise the corroded surfaces.
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1 Introduction

It is a global consensus that recycling materials to the maximum extent is vital in today's
world, considering the climate change due to greenhouse gases and the rapid depletion of natural
resources. This rule also applies to the steel industry. The Dutch government has set a target
to achieve a complete circular economy by 2050 (Government of Netherlands, n.d.). A circular
economy is a production and consumption model involving sharing, leasing, reusing, repairing,
refurbishing and recycling existing materials and products for as long as possible. In this way,
the life cycle of products is extended, waste is minimised, and minimum new raw materials are
added (European Parliament, 2023). The emphasis on the circular economy model has reshaped
the production of steel from using raw materials to using steel scraps and waste (Eurofer, 2015).

Figure 1: The steel cycle for reusing and recycling steel (Eurofer, 2015).

As shown in the steel cycle in Figure 1, steel is kept in a constant loop under the new production
model by continuously reusing, remanufacturing and recycling. As of now, steel production
accounts for approximately 6 % of all global CGQ emissions, about 30 % of worldwide industrial
carbon footprints, and around 73 % of global steel production comes from the primary steel-
making route using iron ores (Columbia Business School, 2024). Making future steel products
from scrap would signi cantly contribute to environmental sustainability and circular economy.

1.1 Scrap Elements

Steel, with about 60% of all scrapped steel reused in new products and approximately 33%
recycled scrap content in new products, is by far the world's most recycled material (The World
Counts, 2018). However, using steel scrap is generally regarded as a downcycling process, in
which steels are converted into long-term products of lower quality and value relative to their
original features (Nidheesh & Kumar, 2019). The main reasons for that are the impurities
introduced through mixed scrap and the gradual accumulation of certain hard-to-remove con-



taminant elements. This is detrimental in manufacturing high-performance steel, which has a
low tolerance for chemical contamination and charge-to-charge chemical variation (Raabe et al.,
2024). Using steel scrap for high-performance steel requires well-sorted scrap to control impu-
rity elements, which a ect undesirably in steel melting, casting, and downstream production
processes, as well as the microstructure and properties of the nal products.

Bearing steel, widely used in making rolling bearings for critical applications such as aerospace,
has stringent requirements for strength, hardness, toughness, fatigue, and corrosion, low-tolerance
speci cations for alloying elements, namely Cr, Mn, Mo, and Ni, as well as low acceptance level
for critical impurities, such as Cu and Sn (Bhadeshia, 2012). There are two distinct categories
of such steel: case-hardened (CH) bearing steel with a carbon content of about 0.10{0.30 % and
through-hardening (TH) bearing steel (also known as high-carbon bearing steel) with a carbon
content of around 0.9{1.1 %, such as the 100Cr6 bearing steel (Cao et al., 2020). The focus will
be on the latter, martensitic or bainitic through-hardened bearing steels, which accounts for a
market size of around 45 % of the total global market size of 130.22 billion USD for bearing
steel in 2022 Global High Carbon Bearing Steel Market Research Report 2022-2032024).

The main problem in high-carbon bearing steel is the accumulation of copper from steel scrap

(Daehn, Serrenho, & Allwood, 2019). Copper, a tramp element from steel scrap, can be used in
weathering steels as an alloying element, but in bearing steel, it is regarded as a non-removable
impurity. This is because copper, unlike other scrap elements, is more noble than iron, so
it cannot be oxidized into slag. It also does not form sul des or phosphides stable enough

to form a slag. Hence, no method for Cu removal is currently industrially viable, resulting

in the copper remaining in the steel. The presence of the residual element is detrimental to

the mechanical properties of the high-carbon bearing steel, with studies showing that impact

toughness, hardness and ultimate tensile strength all decrease with increasing copper content
(Cavaliere, 2023; Sekunowo et al., 2014).

Hence, when producing new high-quality steel from recycled material, the current practice is to
use well-sorted scrap with low copper contamination or to dilute the charge with virgin material
based on iron ore that is very low in Cu. However, this dilution method failed to reduce the
reliance on the virgin steel produced from iron ore and is also not in line with the Dutch
Government's goal of a completely circular economy by 2050 (Government of Netherlands,
n.d.). Therefore, this study aims to increase copper tolerance in bearing steel by exploring the
possibility of using copper as an alloying element.

1.2 Copper as an Alloying Element

Studies have shown that the addition of a small amount of copper is bene cial for the corrosion
resistance of the steel. This has been proven extensively using low-carbon steel or low-alloy
steel since very early times (Hao et al., 2017; J. Hong, Lee, Kim, & Yoon, 2012; Samusawa
& Nakayama, 2019; Williams & Komp, 1965). Nevertheless, the e ectiveness of copper in
improving the corrosion resistance of high-carbon bearing steel has yet to be discovered. If
proven e ective, this could provide an alternative solution to deal with the accumulated residual
elements in bearing steels. Instead of diluting and tolerating, one can make e ective use of the
scrap elements by enhancing their positive e ects on speci ¢ properties while mitigating the
negative impacts on other properties. In this manner, residual elements are turned into alloying
elements without additional raw material or cost.

However, some scholars have pointed out the fact that copper increases the pitting corrosion
of steel, no matter the weight percentage of carbon (I. Hong & Koo, 2005; Jang et al., 2009;
Ujiro et al., 2001). The outcome is that copper produces two opposite e ects on corrosion,



enhancing pitting corrosion while suppressing uniform corrosion. The overall e ectiveness will,
therefore, be volatile due to changes in setup and working conditions. In addition, Daz et al.
(2018) states that incorporating more copper into steels with existing copper content does not
create an additional e ect on corrosion resistance. Therefore, a comprehensive understanding
of copper's corrosion mechanism is exceptionally vital.

1.3 Research Methodology

Thus far, there is no concrete proof of the e ectiveness of copper against corrosion in high-carbon
bearing steel. Hence, the project's core goal is to nd evidence of copper increasing corrosion
resistance in bearing steel and, therefore, secure a more advanced material with better corrosion
properties against challenging circumstances by turning copper from a tramp element into an
alloying element in high-carbon bearing steel. In addition, the project must be aligned with
the circular economy goal of the Dutch government (Government of Netherlands, n.d.) and the
green development ideology adopted by the majority of the society.

The research will begin with a literature review to investigate the current state of development
of copper addition in steels to gain knowledge on the working mechanism of copper, factors
that alter corrosion resistance, and possible research gaps. From there, the experimental set-up
and research questions were formulated for the study. Then, a corrosion test using the electro-
chemical polarisation method was done to analyse the e ect of copper on di erent phases of
the bearing steel. Its surface before and after corrosion was characterised by Light Optical Mi-
croscopy (LOM), Scanning Electron Microscopy (SEM), Energy Dispersive X-ray Spectroscopy
(EDS), X-ray Diraction (XRD) and X-ray Photoelectron Spectroscopy (XPS). From the re-
sults of the experiments, the e ect of copper on the corrosion of high-carbon bearing steel was
determined.



2 Literature Review

One central aspect of this literature review is to understand how copper a ects steel's corrosion
mechanism. Therefore, this section presents the main ndings about the e ectiveness and
consequences of copper against corrosion in all kinds of steel. Additional information on the
impact of copper on other properties, experimental conditions for a suitable corrosion test, and
possible heat treatment for hardening the steel are also provided.

2.1 Advantages of Copper on Corrosion of Steel

It is almost certain that a mild amount of copper is bene cial against corrosion in steel (Hao
et al., 2017; J. Hong et al., 2012; Samusawa & Nakayama, 2019; Williams & Komp, 1965).
However, depending on the type of steel, the heat treatment, the working environment, etc.,
the e ectiveness of copper addition and the corrosion mechanism may vary. The following will
be an in-depth discussion of the advantages of copper on steel.

2.1.1 Copper vs lron

The discussion on the e ectiveness of copper begins with the most fundamental element in steel,
iron. By comparing the corrosion density of pure iron, pure copper and 20 wt% Cu iron, which
is given in Table 1, it is clear that copper is less corrosive than iron, and by adding copper to
pure iron, a signi cant improvement can be seen in the corrosion resistance of iron (EI-Egamy,
2008).

Table 1. Corrosion potential and corrosion density of di erent elements in 1.0 M NaCl solution
of pH 2 after 60 min immersion (EI-Egamy, 2008).

Sample -Ecorr (V) icorr (mA/cm2)
Pure Iron 0.578 120.2
Pure Copper 0.247 43.6
20wt% Cu Iron 0.572 715

However, steel's microstructural complexity is far above that of pure iron. Depending on the
type of steel, its phases, etc., copper's e ciency against corrosion may vary.

2.1.2 Mechanism 1: Formation of Cu-riched Passive Layer

Experiments on copper addition in steels can be dated back to as early as 1965 when then mate-
rial scientists proved that the corrosion of steel with 0.02 % Cu is 16 times faster than steel with
0.1 % Cu (Williams & Komp, 1965). This result remains valid over the years, with researchers
drilling deeper into the hidden mechanism for the observation. More recent experiments have
uncovered that the elemental Cu-enriched layer that was formed on the corroded surface of the
steel is key to restricting further corrosion. This is proven by Figure 2, the results from Auger
electron spectroscopy (AES) depth pro ling of Cu and Fe atomic concentration for 0.2 wt% Cu
steel after immersion in pH 1 NaCl solution for 1, 24 and 144 hours (Samusawa & Nakayama,
2019), with the increase in ratio of copper at depth = 0 nm over time. This inert layer will cut

o all redox reactions happening on the surface, hence improving the corrosion resistance of the
steel.



Figure 2: AES depth pro ling of Cu and Fe atomic concentration for 0.2 wt% Cu low-carbon
steel after immersion in pH 1 NaCl solution for 1, 24 and 144 hours (Samusawa & Nakayama,
2019).



The results from the polarisation curves given in Figure 3 also show that the anodic and cathodic
reactions of the 0.2 wt% Cu low-carbon steel are being suppressed (Samusawa & Nakayama,
2019). This is because the Cu-enriched layer formed on the surface of the steel is a less cor-
rosive layer that obstructs the steel's chemical structure from interacting with environmental
compounds such as oxygen, bacteria or water, which can result in corrosion. Hence, adding a
mild amount of copper is e ective against the oxidation of steel.

Figure 3: Polarisation curves for 0.2 wt% Cu steel and Cu-free steel in pH 1 NaCl solution
(Samusawa & Nakayama, 2019).

By taking a closer look into the corrosion mechanism of steels, it is noted that when a steel
specimen with Cu is exposed to a corrosive environment, the more active metals (Fe) are
preferentially dissolved prior to Cu, resulting in copper particles accumulating on the surface.
The result will be a surface layer rich in Cu. These copper particles accumulated on the
surface will corrode and form either CipO or Cu(OH) > as shown in Figure 4 (Jang et al., 2009),
with Cu,0 and Cu(OH), only observed in steels with 0.2 wt% and 0.35 wt% Cu and not in
steels without copper content. This copper oxide layer is an inert layer that will shield the
steel's surface from uniform corrosion as it suppresses the active dissolution of the ferrite phase.
However, the problem is that this protective layer cannot cover the entire steel surface. The
result of it is the encouragement of localised corrosion, which will be covered in more detail in
Chapter 2.3.1.

The above is the rst and primary mechanism for copper against corrosion in steel and is
valid for all kinds of steel. In summary, the formation of a Cu-enriched layer that protects its
underlying structure from reacting with the environment limits uniform corrosion. However,
the non-uniform characteristic of the layer can be detrimental in terms of promoting localised
corrosion (I. Hong & Koo, 2005; Jang et al., 2009; Ujiro et al., 2001). Hence, the overall
e ectiveness of this mechanism is the combined e ect of both restricting uniform corrosion and
encouraging pitting corrosion.



Figure 4: XPS spectra of 0 wit%, 0.2 wt% and 0.35 wt% Cu-containing steels (Jang et al., 2009).



2.1.3 Mechanism 2: Suppression of Galvanic E ect between Di erent Phases

The second mechanism relates to the nano-sized copper particles deposited on the surface of
the steel (Hao et al., 2017). These nano-sized particles can be seen when comparing the SEM
images, EDS analysis results and XRD patterns of Cu-free and 0.27 wt% Cu steels immersed
in pH 0.85 NaCl solution at 30 £ 2 °C for 288 h, as shown in Figure 5. Its ability to weaken
the galvanic e ect between di erent phases leads to the higher corrosion resistivity of steel.

Figure 5. SEM images, EDS analysis results and XRD patterns of Cu-free and 0.27 wt% Cu
steels immersed in pH 0.85 NaCl solution at 3@ 2 °C for 288 h (Hao et al., 2017).

For example, most carbon steel contains at least two phases: ferrite and cementite. The presence
of the cementite phase will accelerate the corrosion of the adjacent ferrite phase, boosting the
galvanic e ect. However, the nano-sized copper particles deposited on the surface of the steel



can hinder and thus weaken the continuously enhanced galvanic e ect between the ferrite and
the cementite phases, improving the steel's corrosion resistance (Hao et al., 2017). In addition,
micro-galvanic cells are formed between the Cu enrichment layer and the substrate during
corrosion. With longer immersion time, more nano-sized Cu particles are accumulated at the
surface, resulting in higher hydrogen over-potential suppressing the cathodic hydrogen evolution
reaction. Therefore, the corrosion rate decreases with increasing immersion time (J. Hong et
al., 2012).

Table 2 gives copper's working mechanism in di erent steel types. It can be seen that both
mechanisms will be available in all di erent kinds of steel.

Table 2: Mechanisms working in di erent steel types

Steel type Mechanism 1 Mechanism 2
Low-carbon steel Yes Yes
Low-alloy steel Yes Yes
High-alloy steel Yes Yes
Medium-carbon steel Yes Yes
High-carbon steel Yes Yes

In conclusion, during the corrosion of the copper-containing steels, the preferential dissolution

of the ferrite phase, the accumulation of the cementite phase, the deposition of nano-sized Cu
particles and the formation of a Cu-enriched layer on the steel surface will all occur. However,
Cu segregation is undesirable in steel as it compromises the mechanical properties. The details
are discussed in Chapter 2.5.1. Hence, a balance needs to be established between enhancing the
corrosion resistance and preserving the mechanical strength of the steel.

2.2 Factors A ecting E ectiveness of Copper in Steel

The mechanism for copper against corrosion in steel is highly subjective to the heat treatment,
the phases present in the steel, the working temperature and environment, the alloying element,
etc. Therefore, in order to gain a brighter picture of the story, a detailed analysis is done of the
factors that could a ect the e ectiveness of copper in steel.

2.2.1 Heat Treatment

Material scientists have proven that the heat treatment process is crucial to the e ectiveness of
copper. Any change in the parameters will greatly impact the corrosion resistance of steel with
copper content. Hence, it is vital to fully understand how each step of the heat treatment can
alter the nal outcome of the corrosion test.

Using the temperature before quenching as an example, keeping other heat treatment steps
unchanged, the selection of this temperature can directly impact the e ciency of copper (Ya-
manaka et al., 2021). As seen from the SEM, electron probe micro-analyzer (EPMA) elemental
map and XPS pro les of steel quenched from 800 and 110€C shown in Figure 6 and Figure
7d and j, there is a much higher percentage of copper accumulation at the surface when the
temperature before quenched is increased from 800 to 110G. At 800 °C, Cu particles exist only
on the matrix, while at 1100 °C, Cu atoms exist on both the martensitic matrix and the carbide
phase. As a result, the local electrochemical potential di erence between the carbide phase
and the martensitic matrix dropped due to enhanced Cu accumulation at the surface, therefore
decreasing the corrosion rate by suppressing micro-galvanic corrosion between the constituent
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