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The increasing adoption of electric and hybrid vehicles (BEVs, HEVs, PHEVs) drives significant changes in
braking system design, introducing durability challenges related to corrosion. Specifically, stiction between Non-
Asbestos Organic (NAO) friction materials and gray cast iron discs represents a critical issue effecting the braking
reliability. This study investigates complex-forming organic corrosion inhibitors, 2,5-pyridinedicarboxylic acid
and sodium oxalate, as potential additives to mitigate this phenomenon. First, the inhibition mechanisms were
examined by evaluating the corrosion behavior of gray cast iron discs in an electrolyte solution simulating the
disc—friction material crevice. In the second part of the study, a dedicated stiction test procedure was employed
to reproduce stiction phenomena in a simulated brake assembly. After identifying a friction material formulation
exhibiting high stiction susceptibility, the influence of the investigated inhibitors on stiction forces and on the
morphological characteristics of both disc and pad surfaces was evaluated by introducing the inhibitors into the
electrolyte solution. Based on the obtained results, additional friction material formulations containing sodium
oxalate as an additive at different concentrations of 4 and 6%,, were produced and experimentally characterized.

1. Introduction

The braking system of a vehicle is typically composed of several
components, the most critical of which are the caliper, the disc, and the
brake pads. In commercial vehicles, the disc is commonly made of gray
cast iron containing type A graphite flakes embedded in a pearlitic
matrix. This material offers numerous advantages, including low pro-
duction costs, excellent tribological performance, high thermal con-
ductivity, and good damping capacity [1]. However, due to the galvanic
coupling between the iron matrix and the graphite phase, gray cast iron
is susceptible to corrosion phenomena that can potentially impair the
reliability of the braking system. Rust accumulation during prolonged
stationary periods of the vehicle can cause the static friction phenome-
non, commonly referred to as "stiction," brake judder, and stick-slip
[2-4]. In addition to the use of metallic zinc and pH-buffering agents
[5-7], corrosion inhibitors are emerging as a promising alternative for
mitigating corrosion phenomena in gray cast iron discs [8-11]. Pyridine
derivatives in particular represent a highly promising class of corrosion
inhibitors for iron and steel in acidic environments, with their inhibition
efficiency being extensively demonstrated in the literature [8,12-22].
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Physical and chemical interactions were reported to be involved in the
inhibition mechanism [21,23].

Carboxylic acid salts represent another interesting class of corrosion
inhibitors. Carboxylates are generally considered non-oxidizing corro-
sion inhibitors [24]. For iron and mild steel, the establishment of
passivity in solutions containing carboxylic acids has been shown to
depend on the presence of dissolved oxygen [25]. Reinhard et al. [25]
reported that iron passivation in air-saturated aqueous solutions of salts
of weak carboxylic acids occurs only when the solution pH lies outside
the buffering range of the corresponding conjugate acid-base pair.
Under these conditions, Fe** ions generated during the corrosion process
are retained within the electrochemical double layer and are rapidly
oxidized to Fe?® *, leading to the formation of a passive oxide layer.

The stability of this passive film is further enhanced by the formation
of intermediate complex species that adsorb onto the metal surface
[25-27]. In this context, carboxylate ions are believed to act preferen-
tially at local defects in the oxide film, where corrosion is mitigated
through a pore-plugging mechanism involving poorly soluble ferric
compounds. This effect may be further complemented by the direct
adsorption of carboxylates onto the passive film [24]. Sodium oxalate in
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this regard is an interesting compound, as it is highly available, also
from natural resources such as plants and vegetables, or as a metabolic
product of microorganisms such as Aspergillus niger [26,28]. It is
commonly used in anodization [29,30], and as a corrosion inhibitor
[31-36]. Goidanich et al. [37] also proposed the use of bio-passivation
treatments as new anti-corrosive treatments to improve the corrosion
resistance of Corten steel using Beauveria bassiana as a fungal strain
capable of forming a passive layer containing oxalate.

The use of pyridine dicarboxylic acids can combine the inhibitive
properties of pyridine derivatives and the carboxylic group. The possi-
bility of using these compounds as organic corrosion inhibitors were
comprehensively studied by Hassan et al. [22]. Chemisorption and the
formation of complexes were further reported in several papers [38].

Because of the excellent adsorption properties reported for iron-
based material [22,38], and the capacity of forming complexes with
iron ions [39], 2,5-pyridinedicarboxylic acid (2,5-PDA) was selected in
this work as a candidate corrosion inhibitor for gray cast iron. Its ability
to reduce gray cast iron corrosion was characterized using electro-
chemical techniques and free immersion analysis and compared to the
simplest dicarboxylic acid, sodium oxalate.

Finally, the effect of 2,5-PDA and oxalic acid on the stiction phe-
nomenon was assessed using the stiction test, a procedure specifically
designed to generate the stiction phenomenon in the laboratory [40].

2. Experimental procedure
2.1. Materials

Gray cast iron brake discs with the average composition based on
XRF analysis, reported in Table 1, were provided by ITT Inc. (ITT-Fric-
tion Technologies, Barge, Italy).

37%y HCl was purchased from Sigma-Aldrich and appropriately
diluted to prepare a 0.1 M HCI solution that was used as electrolytic
solution in the absence (blank) and in the presence of inhibitors. This
solution was selected to simulate the acidic environment within the
occluded cell formed at the friction material/disc interface in automo-
tive braking systems. Indeed, the assumption of local acidification at the
pad-disc interface is strongly supported by vehicle tests and in-service
evidence. In light of this, studying the effect of the inhibitors in an
acidic environment is very important to understand their behavior
under the critical conditions leading to stiction in service.

2,5-PDA (98% purity), and sodium oxalate NayC204 (99.5% purity,
powder form) were both procured from Sigma-Aldrich and used as
received without further purification. The aim of this study is to evaluate
the feasibility of using complexing inhibitors for gray cast iron discs in
automotive braking systems. The inhibitor is intended to be included in
the formulation of the friction material. In such applications, controlling
the release of the inhibitor from the friction material is inherently
challenging and, although technical solutions exist, they are proprietary
and cannot be disclosed. Therefore, a comparative approach was
adopted, in which a blank solution without inhibitors was prepared and
compared with solutions containing 2,5-PDA or sodium oxalate at an
equal concentration of 0.02 M.

2.2. Electrochemical measurements
Time-dependent potentiodynamic polarization curves were recorded

to obtain preliminary information regarding the ability of 2,5-PDA and
sodium oxalate to act as organic corrosion inhibitors for gray cast iron.
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performed after 10 min, 6 h, and 24 h of immersion in the electrolyte
with and without (blank) the inhibitor to study the variation of the in-
hibition efficiency with the time of immersion. All polarization mea-
surements were acquired using an IPS Elekroniklabor PGU-MOD-200
mA electrochemical workstation (measurement resolution/uncertainty
for potential and current is < + 0.01%, with an internal ADC potential
resolution of 1 pV and a minimum current resolution of 100 pA). Elec-
trochemical measurements were conducted using a three-electrode
setup. The gray cast iron samples were used as working electrodes
(WE), a graphite bar was the counter electrode (CE), and a 3 M KCl Ag/
AgCl electrode was employed as the reference electrode (RE). All mea-
surements were carried out using an electrochemical cell designed to
expose a 1 cm? area of the working electrode to the electrolyte. A PTFE
gasket ensured proper sealing, and a copper strip was used to electrically
connect the non-exposed surface of the working electrode to the elec-
trochemical workstation.

The gray cast iron samples were polished up to grit 2000 and cleaned
in ethanol and rinsed with deionised water before every measurement.
The potential was scanned with a scan rate of 0.2 mVs™! from
—0.75-0.00 V vs. the RE potential. Cathodic and anodic scans were
obtained separately and for a minimum of three repetitions for each
solution. The inhibition efficiency at the different times of immersion
was calculated according to the equation:

N = (1-"m.100

I
where Iy is the corrosion current density in the presence of the in-
hibitors in the electrolyte solution, while Ij is the current density in the
electrolyte without inhibitors.

Electrochemical impedance spectroscopy (EIS) was performed using
the same electrolyte solutions and experimental setup by means of an
Autolab PGSTAT 30 potentiostat (potential resolution of 30 puV and
current resolution of 0.0003% of the selected current range) at OCP in
the frequency range from 1 kHz to 0.01 Hz (8 points per decade),
applying a sinusoidal perturbation of 10 mV,ys amplitude. The imped-
ance spectra of 3 gray cast iron disc samples immersed in a 0.1 M HCl
solution in the presence of the inhibitors were monitored up to 15 days
of immersion.

2.3. Morphological and chemical analyses

The morphology and the surface chemical composition of the gray
cast iron disc after the impedance measurements were evaluated by
means of an optical stereo-microscope (ZEISS SteREO Discovery.V12)
and a field-emission microscope (FE-SEM Jeol USA JSM-7600F) equip-
ped with energy dispersive X-ray spectroscopy (EDS Oxford), which was
employed for the acquisition of images using secondary electrons and
elemental maps to study the interaction of the inhibitor with the gray
cast iron. For the visual and chemical observation of the gray cast iron
disc submerged in the solution containing 2,5-PDA, different gray cast
iron disc samples were employed for the visual and chemical assess-
ments at 7 days and the electrochemical impedance spectroscopy mea-
surements. This was performed to maintain the integrity of the
impedance measurements. Conversely, the specimens subjected to the
15-day electrochemical monitoring, in the presence of 2,5-PDA and
sodium oxalate, were subsequently utilized for morphological and
chemical characterization.

Confocal Raman spectrometer XploRa PLUS (HORIBA Scientific),

Specifically, potentiodynamic polarization measurements were employing a green laser (532 nm), a 1200 grating, and a 50X LWD
Table 1
Chemical composition of the gray cast iron disc provided by ITT Inc.
Element Fe C Si Cu Mn Cr S P Other elements TOT
Yo 94.4 2.7 1.6 0.12 0.8 0.07 0.06 0.04 0.21 100
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objective, was used to obtain information regarding the composition of
the protective layers formed on the samples submerged in the different
electrolyte solutions containing 2,5-PDA and sodium oxalate. The
spectral uncertainty was controlled via a mandatory daily calibration
using a standard silicon single-crystal reference (peak at 520.6 cm™ 1),
maintaining a spectral resolution within +1 cm™!.

For all the samples, the analyses were conducted in different spots of
the surface, keeping the power of the laser at a maximum value of
0.25 mW to avoid the induction of different phases and/or the carbon-
ization of the samples.

2.4. Stiction propensity measurements

The stiction tendency of the different friction materials produced in
this study was evaluated through the stiction test, an electrochemical
methodology patented by ITT Inc. This procedure, previously described
in detail in other studies [7,40], employs a purpose-designed electro-
chemical cell developed to induce and analyze the stiction phenomenon
under controlled laboratory conditions. Briefly, the cell is based on a
three-electrode configuration and is equipped with a clamping system
(screw) that is used to keep the gray cast iron sample in contact with a
friction material sample. A cast iron cylinder with a 1 cm diameter
embedded in epoxy resin was used as a working electrode. An electric
contact was made on the back of the gray cast iron sample in order to
provide an electrical connection to the potentiostat. To simulate the real
grit of a braking disc, the WE surface was ground with silicon carbide
grinding papers with 220 grit. An Ag/AgCl (KCl 3 M) electrode and a
graphite bar were employed as the reference and counter electrodes,
respectively. Samples of friction materials produced by ITT Inc. with a
10 mm diameter were used for stiction tests.

Although the exact composition of the friction materials used in this
study is proprietary, all formulated materials belong to the Non-Asbestos
Organic (NAO) category. These complex formulations contain 5-15%y
of solid lubricants such as MoS, and graphite, 5-15%y of abrasives
including Al;O3, ZrO9, and chromite, 5-20%y of fillers like barite and
vermiculite, and 5-20%y of fibers. The term "organic" reflects the pri-
mary use of aramid and glass fibers, whereas steel fibers are strictly
limited to concentrations below 15%y.

A pad holder was employed to ensure the contact between the pad
and the gray cast iron sample. A disc surface area slightly greater than
that of the friction material (1.5 cm diameter) was exposed to the
electrolyte, enabling the investigation of corrosion phenomena at the
interface between the two materials. A schematic representation of the
set-up is reported in Fig. 1.

A clamping system consisting of a screw and a bar was employed to
ensure a constant clamping force during stiction tests. This setup sim-
ulates the static contact between the brake disc and friction material that

MEonta=ial
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Fig. 1. Set-up adopted for the stiction test.
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is responsible for stiction in automotive braking systems.

The cast iron WE, coupled with the friction material, was subse-
quently immersed in the electrolyte solution in order to promote stic-
tion, inducing the corrosion of the cast iron sample by means of
potentiodynamic polarization. For this experimental procedure, we
deliberately decided to employ a 0.1 M NaCl solution instead of a 0.1 M
HCl solution because the testing configuration with the gray cast iron in
contact with the friction material samples promotes the formation of an
occluded cell, and there is no need to simulate an acidic environment.

The use of this electrolyte makes it possible to perform the stiction
procedure under testing conditions similar to those occurring in vehicles
during service, preserving at the same time the same chloride concen-
tration used in the electrochemical analyses.

After stiction induction, the tangential force to separate the friction
material sample from the disc sample was measured by means of a bench
dynamometer (Fig. 2). This force is referred to as the “stiction force” in
this work. The measurement of the stiction force provided a quantitative
method to evaluate the susceptibility to stiction of the friction material.
The surfaces of the gray cast iron disc and friction material samples were
also inspected by means of an optical stereo-microscope (ZEISS SteREO
Discovery.V12) after the measurements of the stiction force to evaluate
the damage of the friction material and its adhesion on the disc samples.
In order to assess the reproducibility of the results, at least 6 measures
were repeated for each sample. A non-commercial friction material
exhibiting a high susceptibility to the stiction phenomenon was
employed as the blank sample. Subsequently, a series of stiction tests
was conducted using electrolyte solutions containing the selected in-
hibitors. For sodium oxalate, the same concentration of 0.02 M adopted
for the electrochemical characterization of the inhibition mechanism
was employed, whereas 2,5-PDA was used at saturation due to its lower
solubility in neutral solutions (nominal water solubility at room tem-
perature is approximately 1.237 g/L). In selecting the concentrations,
we must consider that the pad-disc interface is a highly confined and
transient environment, in which crevice corrosion leads to progressive
acidification at the interface. For a molecule like 2,5-PDA, this local drop
in pH induces protonation, which can significantly increase its local
solubility compared to the neutral bulk solution. Therefore, the actual
concentration of active inhibitor at the disc-friction material interface is
dynamic and heavily influenced by local chemical gradients. Since
quantifying the exact instantaneous concentration at the hidden inter-
face in operando is virtually impossible, a saturated solution of 2.5-PDA
(the less soluble specie) was selected to evaluate its maximum potential
efficacy as a solution-based inhibitor. For sodium oxalate (the more
soluble specie), we used a higher concentration (0.02 M) because its
superior solubility easily allows more inhibitor to reach the interface
from the external environment.

Relying on an external solution-based inhibitor leads to a complex
protection mechanism; therefore, a secondary approach based on the
incorporation of the inhibitor directly into the friction material formu-
lation was used as the most effective strategy to guarantee its presence at
the interface exactly where and when corrosion starts, regardless of bulk
solubility limits.

For this purpose, ITT Inc. selected sodium oxalate as an additive to
modify the composition of a blank friction material due to its high

= ﬂ _
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Fig. 2. Bench dynamometer for stiction force measurements.
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solubility and lower price compared to 2,5-PDA. The blank material was
a non-commercial friction material with a known high susceptibility to
stiction.

Stiction tests for friction materials containing 4%, and 6%,, of so-
dium oxalate were carried out according to the procedure described
above. Specifically, the stiction tests adopted in this study investigate
the short-term performance of friction materials. This was motivated by
the fact that typical conditions for stiction include the activation of the
parking brake with a new friction material, such as during oversea
transfer of vehicles after the production.

3. Results and discussion
3.1. Time-dependent potentiodynamic polarization

Fig. 3 shows the time-dependent potentiodynamic polarization
curves after 10 min (Fig. 3A), 6 h (Fig. 3B), and 24 h of immersion
(Fig. 3C) with and without 2,5-PDA in the 0.1 M HCl solution. As shown
in Fig. 3A, 2,5-PDA already exhibits inhibitory effects after only 10 min
of immersion. Furthermore, the minimal shift in corrosion potential,
together with the reduction in cathodic and anodic current densities,
suggests a mixed-type inhibition mechanism. No significant changes in
the shape of the polarization curves are observed in the anodic and
cathodic Tafel regions when comparing the systems with and without
2,5-PDA. This behavior indicates that, after 10 min of immersion, the
inhibitive effect is likely associated with the adsorption of the inhibitor
onto the gray cast iron surface, showing a 49% inhibition efficiency
based on Tafel analysis (Table 2).

Potentiodynamic polarization measurements were subsequently
repeated after 6 h of immersion (Fig. 3B). A marked increase in corro-
sion current density is observed for the uninhibited solution, whereas
the system containing the inhibitor exhibits relatively stable behavior
(Table 2). In particular, in the presence of 2,5-PDA, no significant
variation in cathodic current density is detected between 10 minand 6 h
of immersion. Furthermore, the anodic branch reveals the emergence of
a pseudo-passive behavior which is likely associated with a secondary
inhibition mechanism involving the formation of a precipitated pro-
tective layer [8]. The pseudo-Tafel analysis adopted to calculate the
inhibition efficiency, shows an increased inhibition efficiency of 64%
after 6 h of immersion. The stability of this pseudo-passive layer was
then assessed by performing potentiodynamic polarization measure-
ments after 24 h of immersion. The results based on pseudo-Tafel
analysis are reported in Table 2, showing an increase in corrosion cur-
rent density for the sample in the solution without the inhibitor
increasing the immersion time from 10 min to 6 h and then 24 h.
Conversely, in the presence of 2,5-PDA, the protective layer formed after
6 h of immersion keeps the sample protected, showing even a slight
decrease of corrosion current density from 6 to 24 h of immersion
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(Table 2).

The same measurements were repeated using the acidic electrolyte
solution containing sodium oxalate. The potentiodynamic polarization
curves obtained after 10 min of immersion (Fig. 4A) display a reduction
of both the anodic and the cathodic current densities in the solution
containing sodium oxalate relative to the blank solution. This suggests
that, for a low immersion time, sodium oxalate acts as a mixed inhibitor
for gray cast iron. Nevertheless, the presence of a predominant anodic
behaviour becomes clear for longer immersion times of 6 h and 24 h, at
which the reduction of the anodic currents and the shift of the corrosion
potentials, 52 and 50 mV respectively, are rather marked. A pseudo-
passive range is also visible for the curves recorded after 6 and 24 h of
immersion.

Data in Table 2 clearly highlight that, similarly to 2,5-PDA, the in-
hibitor efficiency increases with the immersion time, with a remarkable
efficiency of 91% for the polarization curves acquired after 24 h of
immersion.

A plausible explanation for the differences concerning the anodic
and cathodic behaviour of 2,5-PDA and sodium oxalate may reside in the
different chemical structure of the two inhibitors. As reported in our
previous work concerning 8-HQ [8], the aromatic and pyridinic struc-
ture of 2,5-PDA may favour a stronger adsorption on the gray cast iron
disc. This adsorption may lead to the formation of an ordered template
on the surface of the gray cast iron disc, over which the growth of the 2,
5-PDA-Fe complex can evolve in a homogeneous and ordered way,
providing the formation of a compacted structure.

A similar mechanism can also be proposed for sodium oxalate,
although with some differences. The higher inhibition efficiency
observed after 10 min suggests faster adsorption, likely due to lower
steric hindrance. However, this adsorption appears to promote the for-
mation of a different surface structure that mainly hinders the anodic
reaction, without significantly affecting the cathodic proton reduction.
Overall, time-dependent potentiodynamic polarization measurements
suggest a slightly higher inhibition efficiency for sodium oxalate
compared to 2,5-PDA over the times of immersion studied in this work.

3.2. Electrochemical impedance spectroscopy

Electrochemical impedance measurements were further employed to
characterize the formation and long-term stability of the 2,5-PDA and
sodium oxalate protective films.

Fig. 5 shows the main results obtained in the form of Bode plots up to
15 days of immersion in the electrolyte solution containing 2,5-PDA
(Fig. 5A) and sodium oxalate (Fig. 5B). The spectra obtained can be
rationalized by considering, in both cases, the kinetics of the different
processes involved in the formation and evolution of the protective
layer. In the presence of 2,5-PDA in the acidic electrolyte solution, a
slight increase in the impedance module at low frequency is consistently
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Fig. 3. Time-dependent potentiodynamic polarization curves of gray cast iron in the blank solution vs. the acidic solution containing 2,5-PDA after 10 min (A), 6 h

(B), and 24 h of immersion (C).
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Table 2
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Corrosion potentials (Ecor), corrosion current densities (icorr), and inhibition efficiencies values (n) obtained from the time-dependent potentiodynamic polarization
measurements. The ¢ values are the standard deviations of each parameter for the three experiments conducted for each analysis.

Electrolyte Concentration Time Ecorr 6_Ecorr icorr G_icorr n o.n
[mol-171] [mV] [mV] [mAcm 2] [mAcm 2] [%] [%]
HCI 0.1 M - 10 min —514 5 0.094 0.009 - -
6h —522 2 0.139 0.036
24h —534 10 0.300 0.028
HCI 0.1 M 0.02 10 min —492 6 0.048 0.001 49 2
+ 6h —524 1 0.050 0.022 64 16
2,5-PDA 24h —559 10 0.041 0.015 87 5
HCI 0.1 M 0.02 10 min —492 6 0.044 0.004 54 5
+ 6h —470 6 0.023 0.012 84 8
Sodium Oxalate 24h —484 8 0.027 0.001 91 1
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Fig. 4. Time-dependent potentiodynamic polarization curves of gray cast iron in the blank solution vs. the acidic solution containing sodium oxalate (Na,C04) after
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Fig. 5. Impedance measurements up to 15 days of immersion of gray cast iron samples in the electrolyte solution containing 0.02 M of 2,5-PDA (A) and sodium

oxalate (B).

observed after 1-2 days of immersion. In agreement

PDP curves, this behavior may be attributed to the formation of an
adsorbed 2,5-PDA layer, occurring in competition with other surface

processes, such as the rearrangement of the adsorbed

cast iron disc and the dissolution of iron into ionic form. The latter
process is predominant during the early stages of immersion, resulting in
a steady decrease in the low-frequency impedance modulus. Indeed, a

progressive decrease in the corrosion resistance of

observed over the subsequent seven days of immersion. In addition, the

with the presented

species on the gray

the sample can be

appearance of two distinct time constants can be identified, associated
with the response of the gray cast iron substrate and that of a mixed layer
composed of inhibitor species and corrosion products. These features are
accompanied by lower phase angle values in absolute values, indicative
of the increasing complexity of the interfacial processes. For immersion
times longer than 9 days, a progressive increase in the impedance
module at low frequency is observed, accompanied by a continuous
increase in the phase angle in absolute value. Additionally, the imped-
ance spectrum evolves toward a profile characteristic of the formation of
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a compact and more protective surface layer (Fig. 5A). Additionally, the
reduction in electrolyte conductivity, particularly evident after 15 days
of immersion, may indicate that iron ions participate in the formation of
this protective layer.

The same measurements were performed in the presence of sodium
oxalate (Fig. 5B). As observed in the previous system, an increase in the
impedance module at low frequency is detected after 1-2 days of im-
mersion. However, the values of the impedance module are consistently
higher than those obtained in the presence of 2,5-PDA. In agreement
with the polarization results, this behavior suggests a more homoge-
neous surface coverage and faster adsorption kinetics of sodium oxalate
on the gray cast iron substrate compared to 2,5-PDA.

Following this initial stage, a further increase in the low-frequency
impedance modulus is observed after 9 days of immersion. This in-
crease is accompanied by an increase in the phase angle absolute value
and a reduction in the electrolyte conductivity, as evidenced by the Bode
spectra reported in Fig. 5B. Similarly to results obtained for 2,5-PDA, the
simultaneous increase in impedance modulus and electrolyte resistance
may indicate the formation of a surface precipitate layer. This phe-
nomenon can be attributed to the interaction between dissolved iron
ions and oxalate species, leading to the formation of insoluble complexes
that deposit on the surface. Such precipitation effectively reduces the
concentration of free iron ions in the electrolyte and contributes to the
development of a protective layer on the gray cast iron surface.

Despite the higher values of the impedance module at low frequency
and the higher phase angle in absolute value for the same time (7 days)
with respect to 2,5-PDA, the precipitated protective layer can be inferred
to be less stable than that formed in the presence of 2,5-PDA considering
the trend of the spectra at longer immersion times. Indeed, while a
continuous increase in the low-frequency impedance modulus is visible
in the electrolyte containing 2,5-PDA up to 15 days of immersion, the
opposite trend is found for the solution containing sodium oxalate. In the
latter case, the impedance module does not show a sustained increase
over time, suggesting that the protective layer formed by oxalate species
is less stable and may undergo partial dissolution or restructuring during
prolonged exposure. Nevertheless, it is possible to claim that both the
inhibitors are effective in reducing the corrosion of the gray cast iron
disc for a prolonged time of immersion.

Contrary to the polarization analysis, impedance measurements were
not used to determine the inhibition efficiencies of 2,5-PDA and sodium
oxalate. This decision was based on the observation that, although the
samples exhibited similar qualitative behavior, the formation of the
adsorbed layer responsible for the protective film occurred at slightly
different immersion times for different samples. Consequently, the
impedance module at low frequency were quite different for the
different times of immersion, making it difficult to obtain a precise value
for the inhibition efficiencies. A plausible explanation for this variability
may reside in the stochastic nature of the inhibitive processes under
investigation. Indeed, following the initial adsorption of the inhibitor on
the surface of the gray cast iron disc, an important prerequisite for the
formation of a protective precipitated layer is the attainment of the
concentration of saturation for the precipitating species. This process
depends on the buildup of a sufficient concentration of dissolved iron
ions, which is intrinsically linked to the early-stage corrosion behavior
of the substrate, as well as to the adsorption dynamics of the inhibitor at
the metal-solution interface. Consequently, despite similar qualitative
behavior, fluctuations in these processes may lead to significant vari-
ability in terms of the quantitative response of the impedance spectra.

These considerations do not apply to the polarization measurements
previously discussed. Indeed, while impedance measurements study the
evolution of the system as a function of immersion time under open
circuit potential conditions, polarization analysis reflects an instanta-
neous state of the system under an externally applied perturbation. In
particular, anodic polarization measurements force the system toward
the production of iron ions, promoting the formation of the precipitated
protective layer at the metal-solution interface. As a result, the
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polarization response is less influenced by the stochastic temporal evo-
lution observed under open circuit conditions.

Despite this consideration, by comparing the measured values with
those reported in the literature for gray cast iron in the same electrolyte
in the absence of inhibitors [8,10], it can be easily inferred that both 2,
5-PDA and sodium oxalate exhibit inhibitive properties towards the
corrosion of the gray cast iron disc.

3.3. Optical and FE-SEM/EDX characterization

Optical observation and composition analysis were further con-
ducted to confirm the interpretation suggested from the electrochemical
measurements. Fig. 6 shows the condition of the gray cast iron disc
surface following the impedance measurements at 7 days (Fig. 6A) and
15 days of immersion (Fig. 6B). Fig. 6A seems to suggest that precipi-
tation over the surface of the gray cast iron disc starts even before 7 days
of immersion in the presence of 2,5-PDA. Nevertheless, as the magnified
image of the surface shows, the formation of a crystalline precipitate
layer is still incomplete, and red scarlet crystalline precipitates are
separated by yellowish zones in which corrosion products are still
visible.

Fig. 6B shows the surface of the gray cast iron disc after the 15 days
impedance measurements. As correctly suggested from the impedance
spectra, the surface appears to be completely covered with the red
scarlet crystalline product that was only partially covering the surface
for a shorter time of immersion.

Fig. 7 presents the qualitative EDX analysis of the red scarlet pro-
tective layer. The EDX elemental maps indicate that the primary ele-
ments constituting the layer are carbon, oxygen, and iron. In addition,
nitrogen is detected and appears to be relatively homogeneously
distributed throughout the layer.

The average thickness of the protective layer is approximately
100 um based on cross-section measurements. Nevertheless, spatial
variations in thickness are also observed; specifically, the area with no
signals reported in Fig. 7 in the maps of the individual elements can be
associated with a local thickness discontinuity of the protective film.

Table 3 summarizes the semi-quantitative chemical composition
obtained by EDX analysis of the area shown in Fig. 7. The elevated
concentrations of nitrogen and carbon provide clear evidence of the
presence of 2,5-PDA on the surface of the gray cast iron sample. More-
over, the corresponding carbon and nitrogen signals overlap with those
of iron and oxygen in the entire crystalline layer. These observations
support the hypothesis of the formation of a precipitated complex
involving 2,5-PDA and iron ions.

The same analysis was further conducted for the disc with the solu-
tion containing sodium oxalate. Fig. 8 illustrates the surface condition of
the gray cast iron disc after 15 days of immersion following the elec-
trochemical impedance spectroscopy measurements. The formation of a
yellowish crystalline layer is clearly evident on the sample surface
following immersion in the acidic solution containing sodium oxalate
(Fig. 8A).

In contrast to the results obtained with 2,5-PDA, the protective layer
in the presence of sodium oxalate was already clearly detected and
verified by its electrochemical barrier properties after 7 days of im-
mersion (Fig. 5B); therefore, Fig. 8 only reports the gray cast iron disc
surface after 15 days of immersion. A higher-magnification image ob-
tained by FE-SEM is reported in Fig. 8B. In analogy with the system
containing 2,5-PDA, sodium oxalate appears to promote the formation
of a crystalline layer on the surface of the gray cast iron disc. However,
in this case the crystals of the deposit exhibit a significantly different
structure compared to that observed in the presence of 2,5-PDA.

EDX qualitative elemental maps acquired on a crystalline spot of the
surface film is reported in Fig. 9. The presence of a homogeneous dis-
tribution of iron, carbon, and oxygen, as reported in the maps of the
singular element (Fig. 9B-D), can explain the effect of sodium oxalate on
the anodic current densities in terms of the formation of an insoluble
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Fig. 7. FE-SEM secondary electron image of the crystalline complex formed after 15 days of immersion of a gray cast iron sample in a 0.1 M HCl solution 0.02 M of
2,5-PDA (A), EDX elemental maps of the single elements captured from the surface (B for carbon, C for nitrogen, D for the oxygen, and E for iron).

Table 3
Semi-quantitative results obtained from area-integrated EDX analysis.
Inhibitor Element Yow c
2,5-PDA Fe 42 0.2
[¢] 32 0.1
C 23 0.1
N 3 0.1
Sodium oxalate o 49 0.4
Fe 38 0.5
C 13 0.2

complex between oxalate ions and ferrous ions. In this regard, the
chemical composition of a FeC204 complex, with a weight percentage of
39% Fe, 17% C, and 44% O strongly resembles the atomic weight per-
centage obtained from the semiquantitative analysis reported in Table 3.
This suggests that the immersion in the 0.1 M HCI solution containing
0.02 M of sodium oxalate leads to the formation of a protective layer of
FeC204.

3.4. Raman characterization

To confirm the proposed hypothesis, Raman spectroscopy measure-
ments were further conducted, comparing the protective layers with the
Raman spectra of the respective inhibitors in powder. The results are
reported in Fig. 10. Raman analyses were conducted on the different
areas of the gray cast iron disc samples after 7 days of immersion for 2,5-
PDA and 15 days of immersion of sodium oxalate. In this last case,
measurements at 7 days were not considered because of the fastest
formation of the protective layer on the surface of the gray cast iron disc.

From the analysis reported in Fig. 10A, it is possible to claim with
certainty the involvement of the inhibitor in the yellowish area
(Fig. 6A), as well as in the red scarlet one (Fig. 6A). In this first case, the
appearance of new peaks at 732 and 1144 cm ™! could be connected with
the direct interaction between the organic molecule and the gray cast
iron corrosion products in the proximity of the substrate. Specifically,
the presence of these peaks may be tentatively assigned to ring defor-
mation modes in proximity to the metal surface and to the initial
coupling with iron ions, predominantly constituted of Fe?>" ions gener-
ated by the initial anodic dissolution of cast iron in the acidic solution.
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Fig. 8. Stereomicroscope image of a gray cast iron disc sample immersed for 15 days in a 0.1 M HCl solution 0.02 M of sodium oxalate (A), FE-SEM magnified image

of the crystalline deposit on the surface of the gray cast iron disc (B).
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Fig. 9. FE-SEM secondary electron image of the crystalline complex formed after 15 days of immersion of a gray cast iron sample in a 0.1 M HCI solution 0.02 M of
sodium oxalate (A), EDX elemental maps of the single element captured from the surface (B for carbon, C for oxygen, D for iron).

Conversely, a more structured spectra can be seen in the red scarlet areas
(red spectra in Fig. 10A). A major indicator of this chemical transition is
the marked shift of the main peaks of the 2,5-PDA powder and their
sharpening compared to the spectra in yellow areas. The transition from
the yellowish to the reddish morphology is consistent with the oxidation
of Fe?* to Fe*.

The same analyses were conducted on the protective layer formed on
the gray cast iron disc in the solution containing sodium oxalate after 15
days of immersion. In this case, in agreement with the EDX analysis, the
Raman spectra of the protective layer in Fig. 10B can be confidently
assigned to iron (II) oxalate dihydrate. Specifically, the prominent and
sharp peak observed at 1467 cm ™ can be assigned to the very strong CO
stretching mode reported for solid iron (II) oxalate [41]. Similarly, the
peak at 912 cm ™! matches the vibration mode of the CO\CC coupled
identified in the literature [41]. Besides, the absence of multiple
high-frequency bands in the 1600-1700 cm™! region is a sign that the

significant presence of iron (III) oxalate species can be excluded, con-
firming that the interaction between the sodium oxalate solution and the
cast iron substrate yields a well-defined, crystalline iron (II) oxalate
passivating film [41].

3.5. Stiction test measurements

A non-commercial friction material (blank), strongly susceptible to
the stiction phenomenon, was selected in order to assess the effect of 2,5-
PDA and sodium oxalate on the stiction phenomenon. Stiction tests were
first conducted on this material in a 0.1 M NaCl solution and compared
with stiction tests performed with the inhibitors added in the electrolyte
solution. Table 4 reports the average value of the stiction force and the
standard deviation obtained based on six different measurements.

The average stiction force is 92 N for stiction tests performed in
0.1 M NaCl solution, confirming the very high susceptibility of the blank
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Fig. 10. Raman spectra of 2,5-PDA powder in comparison with the spectra of the yellowish and the red areas highlighted in Fig. 6 (A); Raman spectra of sodium

oxalate powder and of the protective layer highlighted in Fig. 8 (B).

Table 4

Average stiction forces obtained after the induction of the stiction phenomenon
(Fs) with the relative standard deviations (¢ _F;) for stiction test conducted with
the inhibitor in the electrolyte solution.

Friction Material Electrolyte solution Fs 6 _Fs
[N] [N]
Blank NaCl 0.1 M 92 15
NaCl 0.1 M + 2,5-PDA saturation 24 8
NaCl 0.1 M + Sodium Oxalate 0.02 M 19 9

friction material employed in this work.

After stiction and detachment from the friction material sample, the
surface of the rotor sample exhibits abundant corrosion products and
portions of friction material sticking on the rotor surface (Fig. 11A). In
particular, the adhesion of the friction material is marked at the pe-
riphery of the contact region with the friction material due to the spe-
cific assembly of the samples that strongly favours crevice corrosion in
this region. The friction material sample exhibits severe damage after
stiction with some portions of material removed during the detachment
from the rotor (Fig. 11B). These correspond to the residuals of friction
material that are visible on the rotor sample (Fig. 11A). Moreover, red
corrosion products are visible also on the surface of the friction material,
as a result of the strong corrosion of the gray cast iron during the stiction
test. The morphology of the rotor and friction material after the stiction
test indicates that a high stiction force is associated with severe damage
of the friction material.

The same test performed in 0.1 M NacCl solution was repeated in the
same electrolyte containing 2,5-PDA at saturation and 0.02 M sodium
oxalate. Fig. 12 reports the stiction force measured in the presence of the
inhibitors. Fig. 12A and Fig. 12C display the morphology of the rotor
samples, and Fig. 12B and D that of the friction material samples after
detachment. The stiction forces are 24 and 19 N, respectively, for the
stiction tests carried out in the solution containing 2,5-PDA at saturation
and 0.02 M sodium oxalate, which are significantly lower than those
measured in the solution without inhibitors. This indicates that the high
susceptibility to stiction of the friction material is strongly reduced by
the addition of complexing inhibitors in the testing electrolyte. This is
associated with a very limited amount of friction material transferred on
the rotor surfaces (Fig. 12A and C) and very low damage of the friction
materials (Fig. 12B and D). These preliminary results indicate that the
introduction of the inhibitor in the friction material could effectively
reduce its susceptibility to stiction phenomena, even for the highly
susceptible friction material that was deliberately selected for this work.

Finally, sodium oxalate was selected in order to investigate the direct
addition into the blank friction material. Blank friction materials con-
taining 4 and 6%,, sodium oxalate in place of barium sulfate were pro-
duced. Considering the concentrations explored in this study, this
substitution was kept at a minimal percentage relative to the substantial
total amount of barium sulfate in the blank mix. Given this minor
fraction, the replacement does not significantly alter the hydrophobic-
ity, thermal stability, or mechanical properties of the pad. Therefore,
sodium oxalate does not compromise the properties of the friction ma-
terial, acting solely as active inhibitor. Consequently, stiction tests were

Fig. 11. Gray cast iron disc (A) and blank friction material samples after the stiction measurements (B).



M. Motta et al.

Materials Today Communications 55 (2026) 115810

Fig. 12. Stereomicroscope image of the gray cast iron disc that was in contact with the blank friction material in the 0.1 M NaCl 2,5-PDA saturated solution post
detachment (A), Stereomicroscope image of the blank friction material that was in contact with the gray cast iron disc in the 0.1 M NaCl solution 2,5-PDA saturated
solution post detachment (B), Stereomicroscope image of the gray cast iron disc that was in contact with the blank friction material in the 0.1 M NaCl 0.02 M sodium
oxalate solution post detachment (C), Stereomicroscope image of the blank friction material that was in contact with the gray cast iron disc in the 0.1 M NacCl solution

0.02 M sodium oxalate solution post detachment (D).

conducted on these materials in a 0.1 M NaCl electrolyte solution free of
inhibitors (Table 5).

The average stiction force of the friction materials containing sodium
oxalate is 28 N for the friction material with 4% of sodium oxalate and
11 N for that with 6% of sodium oxalate. This is significantly lower than
the value obtained for the reference friction material (Table 5). The
stiction test protocol utilized at the University of Udine is strictly
correlated and validated with vehicle field tests. In automotive appli-
cations, a residual force below 20 N is universally considered a "stiction-
free" condition, as it does not cause any perceptible brake damage, noise,
or operational issues upon vehicle restart.

With reference to the stiction tests carried out in this work, it is
possible to conclude that sodium oxalate is a viable inhibitor for the
control of the stiction phenomenon in automotive braking systems.
Besides, an increase of the content of sodium oxalate in the friction
formulation (from 4% to 6% by weight) results in a further reduction of
the stiction force. Fig. 13 reports the images of the discs and friction
materials following the stiction force measurements.

No visible traces of the green/yellow FeC204 complex can be visibly
detected in the case of the sodium oxalate inhibitor directly added to the

Table 5

Average stiction forces obtained after the induction of the stiction phenomenon
(Fs) with the relative standard deviations (¢ _F;) for stiction test conducted with
sodium oxalate as additive in the blank friction material.

Friction Material Electrolyte solution Fs 6 _Fs
[N] [N]
Blank NaCl 0.1 M 92 15
4%, Sodium Oxalate NaCl 0.1 M 28 8
6%,, Sodium Oxalate NaCl 0.1 M 11 3

10

friction material. However, no evidence of corrosion or fragments of
friction material can be identified on the surface of the grey cast iron
samples. The scratching of the sample surface due to grinding is still
evident after the stiction test; besides, no significant damage to the 4%-
Sodium Oxalate and the 6%-Sodium Oxalate friction material samples
can be detected after the stiction test. Although FeC20. complexes were
not detected directly on the disc surface, this does not rule out the
chemical inhibition mechanism discussed above for sodium oxalate.
Commercial friction materials are highly complex multi-component
systems that contain, among other ingredients, steel fibres. It is highly
probable that the sodium oxalate reacts locally with the iron fibres in-
side the porous matrix of the pad. This reaction likely forms a localized
complex that acts as a "plugging" agent (similarly to the mechanism
documented for zinc additives in friction materials [7]), sealing the
surface pores of the pad and physically blocking the penetration of
external disc corrosion products. Due to the vast number of constituents
in commercial formulations, isolating this intra-porous phase directly is
inherently difficult; therefore, confirming its precise nature would
require dedicated studies on simplified model materials.

4. Conclusions

This work investigated the inhibitive properties of complex-forming
organic corrosion inhibitors and their effect on the stiction phenomenon
in automotive braking systems. Specifically, the beneficial effects of 2,5-
PDA and sodium oxalate on cast iron corrosion. From this study, we can
finally conclude that:

o PDP analyses revealed that 2,5-PDA exerts a mixed inhibitory action,
forming a pseudo-passive layer after 6 h. A similar mechanism was
observed for sodium oxalate; however, its lower steric hindrance
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Fig. 13. Stereomicroscope image of the gray cast iron disc that was in contact with the 4%,,-Sodium Oxalate friction material in the 0.1 M NaCl solution post
detachment (A), Stereomicroscope image of the gray cast iron disc that was in contact with the 6%,,-Sodium Oxalate friction material in the 0.1 M NaCl solution post
detachment (B), Stereomicroscope image of the 4%,,-Sodium Oxalate friction material that was in contact with the gray cast iron disc in the 0.1 M NacCl solution post
detachment (C), Stereomicroscope image of the 6%,,-Sodium Oxalate friction material that was in contact with the gray cast iron disc in the 0.1 M NacCl solution post
detachment (D).

appears to favor stronger adsorption and a protective layer that
primarily reduces anodic current density. EIS analyses confirmed this
stronger adsorption for sodium oxalate. Conversely, 2,5-PDA
required longer immersion times before forming a crystalline pro-
tective precipitate layer, though this layer ultimately appeared more
stable during prolonged immersion.

Stiction tests revealed that the introduction of these inhibitors into
the electrolyte drastically reduced the stiction force between the gray
cast iron rotor and the friction material, decreasing it from 92 N to
approximately 20 N, while also preventing damage to the friction
material. Friction materials produced with the incorporation of so-
dium oxalate at a concentration of 4%,, showed comparable results,
whereas a negligible residual stiction force of 11 N was observed for
friction materials containing 6%, sodium oxalate.

When incorporated directly into the friction material, sodium oxalate
suppressed stiction without forming a visually apparent yellow
complex on the surface of the gray cast iron disc.
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