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ABSTRACT

The idea for this work came from a market need to obtain coatings or sealants
that would extend the useful life of metallic materials in applications that
involve exposure to corrosive environments. The main objective of the
nanoceramic sealant studied in this work is to extend the life of metallic
fasteners. To evaluate the performance of the sealant from other perspectives,
microstructural analysis, adhesion test, micro-scale abrasive wear tests and
corrosion test were carried out. These tests were performed on samples coated
only with white zinc, which is commonly used in the fastener industry, and on
samples coated with white zinc followed by application of the nanoceramic
sealant. The application of the nanoceramic sealant contributed to the
improvement of corrosion resistance and reduction of the corrosion rate. The
corrosion rate of the sample coated with the sealant reduced by 62.2% when
compared to the sample that only went through the white zinc coating
process. The coating showed low adhesion to the substrate with the presence
of severe delamination and microcracks. This feature contributed to the low
wear resistance presented by the coating under the conditions studied in this
work. Less attention, compared to studies involving corrosion resistance, has
been given to wear resistance in the fastener industry. The results obtained in
this paper show that the study of tribological behavior is an important factor
in increasing the efficiency of fasteners applied in harsh environments.

© 2024 Published by Faculty of Engineering

1. INTRODUCTION

important in order to achieve optimal conditions
in industrial applications such as tribological

Due to industrial development, there is a need to
use more sophisticated and/or miniaturized
mechanisms. Therefore, the investigation of
processes to improve surface properties is so
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performance and corrosion resistance [1]. There
are a number of techniques to improve
corrosion resistance of metal-based components
such as coating techniques, anodic/cathodic
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protection, use of inhibitors and so on [2]. Steels,
zinc-coated steels or aluminum alloys used in
many fields such as construction, transportation,
industries and others require surface protection
to prevent environmental degradation [3]. In
fasteners industries, which is the focus of this
paper, it is common to apply a zinc coating
(conversion coating) to protect the carbon steel
of the substrate from corrosion [4]. After the
formation of the zinc coating, some organic
coating can be applied in order to achieve an
effective protection against corrosion [5,6].

Owing to the miniaturization of parts and
systems, there was a need to find a test capable of
obtaining information from the most superficial
regions of these materials [7]. The micro-scale
abrasive wear test (ball-cratering) is a well-
known technique to determine tribological
properties of surfaces. In this test, a ball is rotated
against a specimen in the presence of an abrasive
slurry [8,9]. The micro-abrasive wear test was
developed in 1996 for the tribological evaluation
of coated systems [10]. Industrially it is used to
evaluate the coating thickness of specimens [11].
This test is considered fast, cheap, easy to use,
and can be performed on small samples [12,13].
Some parameters such as wear rate (Q) and wear
coefficient (k) can be used to differentiate
abrasive wear and micro-scale abrasive wear. In
abrasive wear, wear coefficients up to 100,000
times greater than those obtained for micro-scale
abrasive wear are observed. In addition to the
rate and wear coefficient, the difference between
abrasive and micro-scale abrasive wear can be
expressed in terms of the size of the abrasive
particles. In micro-abrasive wear tests, abrasive
particles of around 5 pm or smaller are
commonly used [14-16]. The equipment used to
carry out micro-scale abrasive wear tests can
have two different configurations: I) fixed-ball
and II) free-ball. In the first case the ball is fixed
between two coaxial axes and the force is applied
by a “dead weight” system through a lever. In the
second case, the ball rests on an axis and the
applied force are the weight of the ball [7,17,18].
In the micro-scale abrasive wear test the wear
coefficient is a function of the wear crater
diameter (b), the radius of the ball (R), the sliding
distance (S) and the normal applied load (N)
according to the formula (1):

nb*
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Currently, in many applications in the fastener
industry, there is an interest in improving the
corrosion resistance of manufactured elements.
Therefore, the application of coatings is
increasingly used. Less attention, however, has
been given to the wear resistance of elements
manufactured by these industries. Thus, the aim
of this work is to investigate the micro-scale
abrasive wear behavior, the corrosion resistance
and the microstructure characteristics of a
nanoceramic sealant applied over low-carbon
galvanized steel specimens commonly used in
the fasteners industry.

2. EXPERIMENTAL
2.1 Materials and coating

Samples, 6 mm thick, of AISI 1020 steel were
cut from a 25 mm diameter bar. Both samples
surface was ground and sanded with 320 grit
sandpaper for surface standardization. Two
surface condition were used, 15 samples were
zinc coated (Zn-coating) and 15 underwent the
zinc coating followed by the application of the
nanoceramic sealant (Zn + nano-coating). For
the application of the nanoceramic sealant,
after the zinc coating, the samples were placed
in a container and immersed for 40 s in a
solution of water and nanoceramic sealant
powder at room temperature. After immersion,
the solution was removed from the container
and the samples were centrifuged. Finally, the
curing process was carried out in an electrical
furnace at 180°C.

2.2 Coating characterization and corrosion
resistance

X-Ray Diffraction Analysis (XRD) was used to
determine the stoichiometry of the phases
formed after the coating processes. Cu-Ka
radiation was used, scanning angle (20) between
20° and 120° and scanning speed of 1°/min
were the measurement parameters in the
Shimadzu 6000 equipment using the
bragg/bentano configuration.

The morphology and microstructure of the
layers were evaluated using Scanning Electron
Microscopy (SEM) in a Zeiss Gemini Supra 55VP
microscope equipped with an Energy Dispersive
Spectroscopy (EDS) probe.
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The layer-substrate adhesion, in turn, was
qualitatively evaluated wusing Rockwell C
indentations according to the VDI 3198 standard
(Figure 1). According to the standard, levels HF1,
HF2, HF3 and HF4 are considered acceptable, as
the coating must withstand small loads without
microcracking or significant delamination. The
HF5 and HF6 levels characterize unacceptable
failures, that is, the coating has little adhesion in
these configurations [19].

Acceptable failure Unacceptable failure VDI 3198 test

microcracks

3 7’3.‘5:;;»—_;3,:‘\'»

delamination
P

o

Fig. 1. The principle of the VDI 3198 indentation test.

For the potentiodynamic corrosion test, 3 samples
of each surface condition were used. Corrosion
behavior was evaluated after immersion of the
samples for 1 hour in a solution with 3.5% by
weight of NaCl and distilled water at room
temperature, so that an almost stationary potential
value was obtained. A  three-electrode
electrochemical cell connected to a Gamry 3000
potentiostat was used, using an Ag/AgCl reference
electrode in a KCl-saturated medium, a platinum
counter electrode and a working electrode
(sample) with an exposed area of 1 cm? The
sequence of tests carried out was programmed
with an open circuit potential test with a test time
of 3600 seconds and a sample period of 0.5 s and a
potentiodynamic polarization test with an initial
potential of -0.3 V, final potential of -0 .6V,
acquisition rate of 1mV/s and sample period of 1 s.

2.3 Micro-scale abrasive wear tests

The micro-scale abrasive wear tests were
performed with the Phoenix Tribology TE66-SLIM
equipment. Before the beginning of each test cycle,
the AISI 52100 steel ball was conditioned through
mechanical agitation in a container with silica sand
and distilled water for 5 minutes. After
conditioning, the ball was ultrasonically cleaned in
ethyl alcohol for 10 minutes. The Zn-coating and
Zn + nano-coating samples were subjected to 3
tests under each load and abrasive slurry
concentration condition. The diameters of the
craters were optically measured in steps of 100

118

ball revolutions until 1200 revolutions, in order to
identify the steady state regime. The tests were
performed using an abrasive slurry mixture of SiO;
particles (80% between 1-5 um) by Sigma-Aldrich
and distilled water, with a concentration of
0.244g/cm?® and 0.733g/cm®, which results in a
volumetric concentration of 10% and 30%,
respectively. The normal loads were 0.49 N and
0.98 N, and the rotary speed was 70 rpm.

3. RESULTS AND DISCUSSIONS

3.1 Microstructure characterization, evaluation
of layer adhesion and corrosion resistance

As shown in Figure 2, it can be seen that XRD
results for the Zn-coating sample shows the
presence of metallic Zn and ferrite, coming from
the substrate. On the other hand, the Zn + nano-
coating sample features Zn, SiO; and Zn;SiO, in
the coating. Possibly, Zn,Si04 was formed in the
contact zone between the Zn layer and the
nanoceramic sealant layer.
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Fig. 2. XRD patterns of Zn-coating (a) and Zn + nano-
coating (b) samples.

The cross-sections of the Zn-coating and Zn +
nano-coating samples are presented in Figures 3
and 4, respectively.

In the Figure 3(a), two regions were identified in
the Zn-coating cross-section: (1) Zn coating layer
and (2) steel substrate. In Figure 3(b), the presence
of Fe that appears in the image comes from the
substrate of the sample. Due to the presence of Zn,
observed in Figure 3(c), it can be considered that
the Zn layer is uniform in terms of thickness and
constant throughout the surface of the sample and
has an average thickness of 7+0.7 pm.
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Ch1
Ch1 MAG:5000x HV:15kV WD:134mm Px: 60 nm

Fig. 3. (a) SEM image of the cross-section of the Zn-
coating sample. (b)-(c) EDS mapping of Fe and Zn,
respectively.

In Figure 4(a) 3 different regions were identified,
which are: (1) nanoceramic sealant coating, (2) Zn
layer from galvanization and (3) substrate. In
addition to Fe (b) from the substrate and Zn (c), the
presence of Si (d) and O (e) in the most superficial
region of the sample is notable. In addition, there is
formation of a compact and uniform layer over the
entire surface of the sample, approximately 1pm
thick, which allows us to conclude that the sealant
layer is composed of SiO,, as evidenced in the XRD
results. It is common for nanoceramic sealants to
have low coating layer thickness, usually in the
order of nanometers, and good properties of wear
resistance, hydrophobicity, chemical resistance,
durability and UV protection [20,21].

The indentation on the Zn-coating sample, showed
in Figure 5(a), did not present any anomaly.
Adherence to steel was maintained at HF1 scale,
which is considered an acceptable level of coating
adhesion. Figure 5(b) is a magnification of the
rectangle showed in Figure 5(a). On the other
hand, the Zn + nano-coating indentation showed in
Figure 5(c), can be classified as HF6 on the
adhesion scale, which is not considered an
acceptable level of coating adhesion, i.e, it failed
the adhesion test within the established conditions
and is prone to suffer significant micro-cracking or
delamination as showed in Figure 5(d).

In order to evaluate the coating-substrate
adhesion and its brittleness [22,23]. Rockwell C
indentation tests were carried out on the Zn-
coating and Zn + nano-coating samples.

P
MAG: 5000x HV:15kV WD:11,2mm Px: 60 nm

Fig. 4. (a) SEM image of the cross-section of the Zn +
nano-coating sample. (b)-(e) EDS mapping of Fe, Zn,
Si and O, respectively.

Fig. 5. SEM micrographs of the Rockwell C adhesion
test on the Zn-coating (a) and Zn + nano-coating (c)
samples. (b) and (d) are the magnified area indicated
by the rectangle in (a) and (c), respectively.
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The curves obtained through the
potentiodynamic polarization test can be seen
in Figure 6. The results were separated
according to the surface treatment conditions
for better visualization.
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Fig. 6. Potentiodynamic polarization curves.

Analyzing the shape of the curve, it can be
stated that all conditions tested remain in a
state of degradation throughout the test.
However, for both cases, at the beginning of
the anodic polarization there is a reduction in
the current density with an increase
afterwards, this is probably due to the
formation of a relatively dense passive film
product of corrosion, which is unstable and is
removed by the ions of the solution, increasing
the current density. Xiao et al. studied the
behavior of the Al-Zn coating on steel sheets in
a corrosive environment that simulated the
marine environment and observed the same
behavior reported in the present study [24].

For the quantitative analysis of the results of
the potentiodynamic polarization curve, the
Tafel extrapolation method was used to obtain
current density and corrosion potential values
[25]. The corrosion potentials for the tested
conditions were -971 mV to Zn + nano-coating
and -995 mV to Zn-coating. Those values that
were similar to those obtained for Zn in the
study developed by Wang et al. [26]. It is
important to point out that, regardless of the
tested conditions, these measured potentials
are characteristic values of reactions with
greater activity. In addition, there is no
statistical ~ difference between the two
conditions, as can be seen in Table 1.
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Table 1. Potencial and corrosion rate adjusted by the
Tafel method.

Condition ECOIT ICOIT
(mVag/aga) (nAcm?)
Zn-coating -995 £ 35.36 5.61E+02 + 4.03E+01
Zn + nano-coating -971+14.14 2.12E+02 = 1.67E+02

When the results are analyzed, a considerable
reduction in the corrosion rate is observed. For the
Zn-coating samples, the corrosion rate is 5.61E+02
nA/cm? while for the Zn + nano-coating samples,
the corrosion rate is 2.12E+02 nA/cm?, implying a
reduction of 62.2%. Therefore, it is possible to
state that the nanoceramic sealant contributed to
the improvement of corrosion resistance and
reduction of the corrosion rate.

3.2 Tribological behavior

In order to prove that the wear crater produced
during the micro-scale abrasive wear tests
reflected the counter-body geometry, i. e., a ball
of 12.7 mm radius, the topographical analysis of
the wear craters was carried out for each
condition of the wear tests. In Figure 7 it is
shown the Zn + nano-coating condition abraded
with an abrasive slurry concentration of 0.244
g/cm? at an applied load of 0.98 N.

pm
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Fig. 7. Topographical analysis of the crater produced

in a Zn + nano-coating specimen. (a) wear crater; (b)
profile in the center of the crater.
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As can be seen from Figure 7(b), the wear crater
has a radius of 12.696 mm, thus validating the
use of Formula (1) [27,28].

The identification of the steady state regime (SSR)
of the micro-scale abrasive wear tests was
determined by analyzing the graph of the wear
coefficient (k) as a function of the sliding distance
(S). In addition, the graph of wear volume (V) as a
function of the sliding distance was used for the
verification of obtaining the SSR [29,30]. The wear
coefficient tends to a constant value as the sliding
distance increases, as shown in Figure 8(a), while
the volume of removed material (VRM) has a
linear relation with the test duration in the SSR,
please see Figure 8(b). The deviation observed
before the SSR is due to the difficulty to measure
the wear crater in the early stages of the test.
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(b)
Fig. 8. Test evolution in a Zn + nano-coating specimen

at a normal load of 0.98 N and a slurry concentration
of 0.244 g/cm?. (a) k = f(S); (b)VRM = f(S).

Due to the fact that the SSR is achieved when the
variation of the VMR as a function of the sliding
distance shows linear behavior, and R2? values
near the unit were obtained, it can be assumed
that the SSR was really achieved for all tested
conditions. Table 2 summarizes the obtained
values of the wear coefficient (k) and the linear

regression coefficient (R?) for all tested
conditions. The mean wear coefficient values
shown in Table 2 do not consider the values
before the SSR.

Table 2. Wear coefficients (k) and linear regression
coefficients (R2) for all tested conditions.

Slurr
Condition Load Conc?, ;( R?
[N] [ 3y | [mm®/Nm]
g/cm’]
Zn + nano-coating 0.49 0.244 3.86E-04 0.97
Zn + nano-coating 0.98 0.244 2.92E-04 0.97
Zn + nano-coating 0.49 0.733 6.48E-04 0.98
Zn + nano-coating 0.98 0.733 4.44E-04 0.99
Zn-coating 0.49 0.244 4.67E-04 0.99
Zn-coating 0.98 0.244 2.45E-04 0.98
Zn-coating 0.49 0.733 6.45E-04 0.99
Zn-coating 0.98 0.733 4.44E-04 0.98

According to Table 2, when the wear coefficient
results are compared between Zn-coating and Zn
+ nano-coating conditions, for the same applied
load and slurry abrasive concentration, there is
no significant change in the wear coefficient.
Thus, the nanoceramic coating seems to have no
influence on the wear resistance for the
conditions tested in this work. As observed in
Figure 5 (c) and (d), the nano-coating adhesion to
the Zn underlayer for Zn + nano-coating samples
is insufficient, resulting in a completely
detachment of the SiO; layer. As consequence, the
wear resistance between Zn-coating and Zn +
nano-coating samples are very similar due to the
decrease in the load bearing capacity [31,32].

For a direct comparison between the Zn + nano-
coating samples, it is noticed that an increase in
the applied load leads to a reduction in the wear
coefficient of 24% and 31% for abrasive slurry
concentrations of 0.244 g/cm? and 0.733 g/cm?,
respectively. A similar behavior occurs for the
Zn-coating samples, where the same increase in
the applied load leads to a reduction in the wear
coefficient of 48% and 31% for abrasive slurry
concentrations of 0.244 g/cm? and 0.733 g/cm?,
respectively. This behavior is due the fact that,
when the load increases, fewer abrasive
particles enter in the ball-sample contact region,
thus reducing the wear coefficient [12,33].

In turn, when the abrasive slurry concentration
increases, an increase of 60% and 52% is
observed in the wear coefficient for applied loads
of 0.49 N and 0.98 N, respectively, for the Zn +
nano-coating samples. For the Zn-coating samples
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the increase in the wear coefficient is 38% and
81% for applied loads of 0.49 N and 0.98 N,
respectively. As the abrasive slurry concentration
increases, more particles enter the contact region.
As these particles are larger (80% are between
1um and 5 pm) than the thickness of the Si02
layer (Zn + nano-coating samples), in greater
contractions the layer delamination is facilitated.
For thicker layers, abrasive particles would not
be able to penetrate the layer to the point of
causing delamination and consequent
acceleration of the wear process, especially in the
initial moments of the test [34].

Figures 9 and 10 shows the wear craters of Zn-
coating and Zn + nano-coating, respectively, for
an applied load of 0.98 N and an abrasive slurry
concentration of 0.733 g/cm?>.

Once the presence of Fe atoms - Figures 9(c) and
10(c) - is detected, it is possible to state that the
AISI 1020 steel substrate is exposed during the
wear process. Furthermore, there is no presence
of Zn atoms inside the wear craters, as observed
in Figures 9(d) and 10(d). Thus, it can be stated
that both the zinc layer and the nanoceramic
coating are completely removed after a sliding
distance of approximately 100 meters.

Fig. 9. (a) Wear crater of Zn-coating sample abraded
at 098 N and 0.733 g/cm® (a); (b) higher
magnification of the rectangle showed in (a); (c)-(f)
EDS mapping of Fe, Zn, Si and O, respectively.
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In Figure 9(e) and (f) the presence of Si and O
atoms, respectively is attributed to the
embedment of SiO; abrasive particles from the
slurry since it seems to be a greater
concentration of these elements inside the
wear crater than outside. In ductile materials,
the attachment of abrasive particles results in
the decrease of the abrasive wear coefficient
[35,36].

Otherwise, in Figure 10(e) and (f), the
presence of Si and O atoms outside the wear
crater is related to the SiO. coating layer
formed during the nanoceramic coating
process and is in good agreement with the
XRD results showed previously. The SiO; layer
is delaminated even in regions outside the
wear crater.

Fig. 10. (a) Wear crater of Zn + nano-coating sample
abraded at 0.98 N and 0.733 g/cm? (a); (b) higher
magnification of the rectangle showed in (a); (c)-(f)
EDS mapping of Fe, Zn, Si and O, respectively.

In Figures 9(b) and 10(b) a higher magnification
of the rectangles showed in Figures 9(a) and
10(a) is presented. As can be noted, the main
wear mechanism observed was grooving
abrasion due to the presence of grooves in the
sliding wear direction (upright). Despite this
fact, some indentations marks are also observed
along the grooves.
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The occurrence of grooving or rolling abrasion in
micro-scale abrasive wear tests is closely related
to the sliding distance. Usually, due to the fact that
the tests are conducted with constant applied load,
the decrease in contact pressure and,
consequently, the severity of the test, there is a
variation in the wear mechanisms [11] with a
tendency to occur rolling abrasion [37]. Despite
the abrasive slurry concentration being kept
constant during the test, with the decrease in
contact pressure due to the increase in the
projected area of the wear crater, there is a
decrease in the load per abrasive particle with the
increase in the sliding distance [15,38]. The
decrease in the load per abrasive particle then
favors the occurrence of the rolling-abrasion
mechanism [39]. Therefore, the wear mechanism
observed in this work can be described as
grooving-abrasion with the tendency of occurring
rolling-abrasion for longer sliding distances.

4. CONCLUSIONS

Microstructural analysis, evaluation of layer
adhesion, corrosion resistance and micro-scale
abrasive wear test were carried out in order to
evaluate the performance of a comercial
nanoceramic sealant deposited on galvanized
AISI 1020 steel. After the tests, the following
conclusions can be drawn:

e The nanoceramic sealant adhesion to the
substrate failed the adhesion test within the
established conditions and is prone to suffer
significant micro-cracking and/or
delamination;

e The corrosion rate of the Zn + nano-coating
sample reduced by 62.2% when compared to
the Zn-coating sample;

e There is no significant change in the wear
coefficient between Zn-coating and Zn +
nano-coating samples for the same micro-
scale abrasive wear conditions;

e Independent of the sample condition, an
increase in the applied load resulted in
decrease of the wear coefficient, while an
increase in the abrasive slurry concentration,
increases the wear coefficient;

e The wear mechanism observed is grooving-
abrasion with the tendency of occurring
rolling-abrasion for longer sliding distances.

It is important to carry out tests applying
corrections to the deposition parameters in
order to guarantee adhesion and a greater layer
thickness. Therefore, a direct comparison with
the results presented in this work will help to
understand the problems and probably align the
processes to justify the use of the studied
coating. One option is to change the base coating
of the current galvanization to zinc-iron as it has
greater mechanical resistance.
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