Corrosion Science 177 (2020) 108946

journal homepage: www.elsevier.com/locate/corsci

Contents lists available at ScienceDirect

Corrosion Science

Corrosion and tribocorrosion mitigation of perhydropolysilazane-derived

coatings on low carbon steel

Ni Yang, Wenbo Wang, Wenjun Cai, Kathy Lu*

Check for
updates

Department of Materials Science and Engineering, Virginia Polytechnic Institute and State University, Blacksburg, VA 24061, USA

ARTICLE INFO ABSTRACT

Keywords:
Perhydropolysilazane
Silicon oxynitride
Steel

Corrosion
Tribocorrosion

Perhydropolysilazane (PHPS) is a polymer with [-SiH,-NH-],, repeating units. By pyrolysis with PHPS as a
precursor, highly adhesive and protective silicon oxynitride (SiON)-based coatings were synthesized. The for-
mation of Si—O—Si bonds increased with pyrolysis temperature. Both the hardness and Young’s modulus of the
PHPS-derived coatings were enhanced at higher pyrolysis temperatures. The PHPS-derived coatings significantly
enhanced the corrosion resistance of low carbon steel in a 0.6 M NaCl aqueous solution, especially for the

coatings with the formation of extensive Si-O-Si bonds. The PHPS-derived coating at the pyrolysis temperature of
600 °C exhibited the best resistance to corrosion and tribocorrosion.

1. Introduction

Low carbon steels (LCS), which have less than 0.20 wt% carbon
content, are very likely to be oxidized into rust when being exposed to
different corrosive conditions, such as air, moisture, or chemical com-
ponents [1,2]. In order to expand their vast applications in multiple
areas, such as automobiles [3], power plants [4], oilfields [5], and
aircrafts [6], protective coatings are necessary. In recent years, me-
tallic, polymeric, and ceramic-based coatings have been applied to the
surface of LCS and made notable gains in their corrosion resistance
[7-11]. For example, Ni-Cr alloy coatings were deposited on ST37 steel
sheets from a Cr (III)-Ni (II) bath solution and the alloy coating con-
taining 39.8 wt% Cr had the best corrosion resistance [12]. A poly-
aniline/polyvinyl chloride blended coating improved the anti-corrosion
ability compared to bare 1010 steel after exposure to saline and acidic
test media, achieving the highest charge transfer resistance values
based on the EIS measurements [13]. An adherent poly(o-toluidine)
was successfully synthesized on LCS, and the corrosion potential was
~334 mV more positive for poly(o-toluidine)-coated LCS than that of
bare LCS in a 3% NaCl aqueous solution [14]. However, a metallic
coating has an adverse environmental impact because of the toxicity
from heavy metals. Also, galvanic corrosion may occur when two dif-
ferent metallic materials are electrically coupled in a conductive en-
vironment [15]. As for polymeric coatings, the coating formation pro-
cesses are complicated and expensive. Pinholes can appear on the
surface from wear and tear, which can lead to further corrosion [16]. In
the long run, ceramic-based coatings have more advantages over

* Corresponding author.
E-mail address: klu@vt.edu (K. Lu).

https://doi.org/10.1016/j.corsci.2020.108946

metallic and polymeric ones, especially in light of their excellent wear
and corrosion resistances.

Silicon-based oxide coatings (SiO, SiOC, SiON, SiBONC, etc.) at-
tracted widespread attention for improving corrosion and degradation
resistance against high- temperature oxidation of metals [17-20]. They
provided excellent thermal stability, high-temperature strength, and
creep resistance [17,21,22]. A number of techniques have been used to
prepare silicon-based coatings, such as physical vapor deposition (PVD)
[23], chemical vapor decomposition (CVD) [24], sol-gel [25], vacuum
arc deposition [26], and plasma-spraying [27]. However, these coating
formation methods were expensive and complex. Also, the studies
mainly focused on metal degradation in high-temperature gaseous en-
vironments, especially for water vapor-containing conditions [28,29].
The PHPS coatings pyrolyzed at 800 °C showed excellent high-tem-
perature oxidation protection in Ar +H,0, Ar + O,, and Ar + CO»,
where SiON was the main contributor to the oxidation resistance [29].
There have been few studies on corrosion prevention from such coat-
ings at room temperature in aqueous systems.

A relatively low-cost and simple method is polymer-derived cera-
mics (PDCs) by pyrolysis of preceramic polymers. Compared to the
above-mentioned preparation methods, the composition, micro-
structure, and thus performance of PDCs can be widely tuned de-
pending on the polymer precursors and the pyrolysis conditions [30].
The materials prepared by the PDC route can offer enhanced physical/
chemical properties and possibly new attributes [31]. One of such
polymer precursors is perhydropolysilazane (PHPS), which is composed
of [-H,Si-NH-1,, [32,33] and has the unique ability to convert to silicon
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oxynitride (SiON), Si3Ny, or SiO, dense structures under different pyr-
olysis conditions [34,35]. A cross-linked PHPS coating on an aluminum
5086 substrate [36] showed about three orders of magnitude higher
corrosion resistance and enabled a 1000 times longer lifespan. Thus,
PHPS-derived coatings can be a great corrosion prevention solution for
LCS. Although past research has been carried out on the conversion of
PHPS to SiON coatings and the corresponding coating resistance against
oxidation has been evaluated [23,34,37-39], few reported the elec-
trochemical properties and tribocorrosion resistance of such coatings
under water immersion conditions at room temperature. Understanding
the structural evolution of different low temperature PHPS-derived
coatings and their protection effectiveness for LCS corrosion in aqueous
conditions is needed.

This work aims to synthesize different PHPS- derived coatings on
LCS substrates and study their protection capability against corrosion
and tribocorrosion in a 0.6 M NaCl aqueous solution. An economical
method for applying PHPS-derived coatings on LCS is presented. Effects
of pyrolysis temperatures on coating formation, coating-substrate ad-
hesion, corrosion, and tribocorrosion are investigated.

2. Materials and methods
2.1. Materials preparation and synthesis

A cold rolled LCS sheet (A366,/1008, 0.7595 mm thickness) con-
taining 99.31-99.70 wt% Fe, 0.30 — 0.50 wt.% Mn, 0.04 wt.% P, and
0.05wt.% S was cut into coupons of ~1.7 X 1.7 x 0.7 mm® and me-
chanically polished with SiC papers (Allied High-Tech Products Inc,
Compton, CA) from 320 to 1200 grit sizes, followed by polishing using
diamond pastes (Allied High-Tech Products Inc, Compton, CA) from 6
to 0.5 um sizes. The uncoated and polished steel samples were cleaned
in acetone by ultrasonic treatment and oven-dried at 80 °C for 30s. A
commercially available solution of 20 wt% PHPS in dibutyl ether was
chosen as the coating precursor (PHPS NN 120-20, Clariant Advanced
Materials GmbH, Sulzbach, Germany). Too high a concentration of
PHPS makes it less stable and susceptible to oxidation. If the con-
centration of PHPS is too low, it is not easy to form a continuous film.

A spin coating method was applied on the polished samples at
1000 rpm for 50 s, with an acceleration rate of 150 rpm/s (Easy Coater
6, Schwan Technology, China). During the spinning, a single drop of the
PHPS solution was put onto a rotating LCS sample. The spin-coated
samples were divided into three groups and the details were shown in
Table 1. Group 1 was left at room temperature, labeled as PHPS/LCS-
RT, without any heat treatment for crosslinking. Groups 2 and 3 were
both cross-linked in air and any pores from the evaporation of the
solvent or gases [40] were eliminated. Afterwards, the pyrolysis was
conducted in a muffle furnace (Thermo Scientific, Model No. F48015-
60, Waltham, MA) in air at 200 °C and 600 °C using a heating and
cooling rate of 25 °C / min~ ' with no holding time. After the pyrolysis,
Groups 2 and 3 were marked as PHPS/LCS-200°C and PHPS/LCS-
600 °C, respectively.

2.2. Characterization

The thermal profile of the pure PHPS sample without LCS was ob-
tained by thermogravimetric analysis using a Q50 TGA (TA
Instruments, New Castle, DE) from room temperature to 1000 °C at a

Table 1
Sample preparation parameters.

Group Sample ID Pre-pyrolysis Treatment Pyrolysis Temperature

1 PHPS/LCS-RT NA NA
2 PHPS/LCS-200 °C 100°C, 12 h 200°C
3 PHPS/LCS-600 °C 100°C, 12 h 600 °C
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heating rate of 10 °C/min and an air flux of 60 mL/min. The chemical
bonds of the PHPS-derived coating without LCS were measured using
Fourier Transform Infrared Spectroscopy (FTIR) (Thermo Scientific,
Waltham, MA) between 500 and 2500 cm ™! wavenumber with a re-
solution of 4cm™! and averaged between 128 scans. Two measure-
ments were repeated on each sample to ensure reproducibility for TGA
and FTIR analyses. The surface morphology and elemental distribution
of the PHPS-derived coatings before and after corrosion/tribocorrosion
tests were characterized using a field- emission scanning electron mi-
croscope (LEO 1550, Carl Zeiss Microlmaging, Inc. Thornwood, NY)
equipped with an Energy Dispersive X-Ray Spectrometer (EDS,
QUANTAX 400, Bruker AXS, Madison, WI). The cross-sections of the
PHPS-derived coatings prior to and post the corrosion tests were mea-
sured by SEM on FIB (FEI Helios 600 Nano Lab, Hillsboro, OR).

The mechanical properties of the samples were evaluated by na-
noindentation tests (Hysitron Ti900) using a standard Berkovich dia-
mond indenter following the Oliver and Pharr method [41,42]. In this
method, the slope of the unloading curve can be used to estimate the
modulus of the coating systems based on the Oliver and Pharr equation
[41,42]:

A _a=-v a-w

Eyr E E; (€))

where E. is the effective Young’s modulus, E and E; are Young's moduli
of the coating system and indenter, respectively. v and vi represent
Poisson's ratios for the coating system and indenter, respectively. The
tip-area function was calibrated using a fused quartz sample prior to
indentation. In order to minimize the substrate effect, the penetration
depth (~90 nm) was controlled at < 20 % of the total coating thickness
(~450nm), followed by a trapezoidal loading function with 5s
loading/unloading time and 2s holding time. At least 15 tests were
repeated on each sample in order to obtain an average value and
standard deviation. Atomic force microscopy (AFM) images were taken
with an AFM/Confocal/Raman integrated spectrometer (alpha500R,
WITec GmbH) using tapping mode tips under ambient conditions in the
intermittent contact mode. The spectra were recorded in a 20 X 20 um?
region. A progressive dry scratch test was carried out in air in order to
evaluate the adhesion strength between the coating and the substrate
using a diamond tip with a 12.5pum radius by a multifunctional trib-
ometer (Rtec, CA, USA). Before the progressive scratch test starts, all
samples had been immersed in a 0.6 M NaCl solution for ~15 min to
reach a stable state. The sample surfaces were subjected to a progressive
normal load from ON to 0.2N over a 3mm stroke length and at a
constant velocity of 0.05 mm/s.

2.3. Corrosion and tribocorrosion tests

Potentiodynamic polarization (PD) and electrochemical impedance
spectroscopy (EIS) tests were conducted in a naturally aerated 0.6 M
NaCl aqueous solution (pH ~6.4 * 0.3) using a Gamry Reference
600® potentiostat (Warminster, PA, USA) to measure the corrosion
behaviors of both uncoated and coated samples. At ambient tempera-
ture, a three-electrode configuration was used with the sample as the
working electrode (WE), an activated titanium mesh as the counter
electrode (CE), and a commercial silver-silver chloride electrode (1 M
KCl internal solution) as the reference electrode (RE). An exposed area
of ~1 X 1 cm? was prepared on the samples using a protective stop-off
lacquer. The PD tests were performed after 10 mins of stabilization at
open circuit potential (OCP), at a constant rate of 1 mV/s, starting at a
potential of ~ 200 mV cathodic to OCP and terminated at ~ 1.5V over
OCP.

All the EIS tests were carried out by applying an AC voltage of
10mV rms in the 100 kHz-0.01 Hz frequency range (5 points per
decade) at OCP with an equilibrium time of ~300s. The obtained data
were then fitted by a selected equivalent electrical circuit model using
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Table 2
Summary of the tribocorrosion testing parameters.
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Conditions Counterbody Test type Load (N) Sliding velocity (mm/s) Potential (V vs. Ag/AgCl)

1) Al,03 (4 mm diameter) Reciprocating 1 0.1 Start -0.1 V vs. OCP and finish 1V vs. OCP at 1 mV/s scan rate
2 Al,03 (4 mm diameter) Reciprocating 1 0.1 Under OCP

3) Diamond tip (12.5 pm radius) Single pass 0-0.2 0.05 0.4V anodic potential above OCP

Gamry E-chem software (version 7.07). The tribocorrosion tests were
performed in a 0.6 M NaCl aqueous solution at room temperature using
a multifunctional tribometer (Rtec, CA, USA) connected with a three-
electrode set-up, where the coated sample (with ~1 X 1.5 cm? exposed
area), an activated titanium mesh, and a 1 M KCl Ag/AgCl electrode
were used as the working electrode, counter electrode, and reference
electrode, respectively. Tribocorrosion tests were performed under the
following three sets of conditions, as shown in Table 2, each with 60s
duration and 3 mm stroke length:

(1) Constant load and ramping corrosion potential. The sliding test was
conducted using a reciprocating-type alumina ball (Al;03, ® 4 mm)
on a plate with a 1 N constant load. The test was carried out at a
scan rate of 1 mV/s, starting at a potential of ~ 0.1V vs. Eqp, and
terminated at 1V vs. Eyp.

Constant load and open circuit potential (OCP). The same constant
load and counter body as (1) were used while the samples moved in
a linear-reciprocal motion under OCP.

Linear ramping load and constant anodic potential. A linear
ramping load from ON to 0.2N was applied and a diamond tip
(12.5 um radius) was used as the probe to evaluate the protective
effect of the coatings.

(2

—

(3

-

Prior to each type of the tribocorrosion tests, all the samples were
immersed under OCP for ~ 15mins to reach a stable state. After the
tribocorrosion tests (1) and (2), the mass loss of the samples was ob-
tained using an analytical balance with a resolution of 0.1 mg. Before
and after measuring the mass loss, the specimen surfaces were cleaned
ultrasonically with deionized water and dried in air. All the electro-
chemical and tribocorrosion results reported were averaged from at
least three repeated tests.

3. Results and discussion
3.1. Structural evolution

PHPS is very sensitive to air and reacts with atmospheric moisture
(oxygen atom) to form Si—O bonds by hydrolysis of Si—H and Si—NH
bonds [43]. Therefore, it is difficult to directly measure the thermal
stability of liquid PHPS in an open- air condition. In this study, a gel-
like PHPS was obtained by exposing the liquid PHPS to air at room
temperature for 3h before conducting the TGA measurement. Fig. 1
indicates that the thermal evolution of PHPS in air contains three steps
with a small weight loss (< 4 wt%). During Step I, the PHPS displays a
weight loss of 3.63 % between 90 °C and 250 °C, which can be attrib-
uted to the evaporation of the remaining organic solvent and the loss of
N—H and Si—H species. It also demonstrates the importance of pre-heat
treatment of the crosslinked coating before pyrolysis in order to mini-
mize the pore formation caused by the evaporation of the solvent.
During Step II, a weight gain of ~1.06 % is observed from 250 — 460 °C.
Previous studies [34,44] suggest that such a quick weight gain before
510°C is due to the oxidation of the Si-H bonds as well as the re-
placement of residual N atoms with O atoms according to:

=Si—NH + H,0 — =Si—OH + =Si—NH, (2)

At =460°C, the weight loss should be mainly due to the con-
densation reaction of the Si—OH groups, as the silanol group has a
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N-IL and of Si-NI §C0ndensat10n of Si-OH groups
9.0 \sim :
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3
s 975}
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96.5 -
960 1 H 1 1 1
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Fig. 1. Weight change as a function of pyrolysis temperature for the air-exposed
PHPS as measured by TGA.

strong tendency to undergo self-condensation process to produce
compounds containing Si-O-Si bonds [45]:

=Si—OH + =Si—NH, — =Si—0-Si= + NH3! 3)

Considering the small weight decrease at > 600 °C, the changes in
the coating thickness are expected to be minimal, as confirmed in Fig. 2.

Fig. 2 (a—c) display the SEM images of the cross-sectioned samples
and the coatings are measured to be 482 = 14nm, 441 + 11 nm, and
417 + 10 nm, respectively. A maximum thickness was achieved for the
uncrosslinked sample at room temperature, due to the existence of di-
butyl ether inside the coating, consistent with the TGA data (Fig. 1) that
there is a continuous weight loss up to 3.63 %, attributing to the eva-
poration of the remaining organic solvent from 90 °C to 250 °C. This is
also consistent with the thickness change from 482nm to 441 nm from
room temperature to 200 °C. The loss of the organic solvent results in a
decrease in thickness. When the pyrolysis temperature increases to
600 °C, further thickness reduction from 441 nm to 417 nm is observed
due to the condensation of the silanol groups (with loss of water).
Overall, the change in the coating thickness is less than 13.5 % over the
temperature range studied. Fig. 2(d—f) present the surface morphologies
of the coatings. The average surface roughness decreases from
4488 = 0.18nm for the room temperature sample to
23.25 1.82nm for the 600 °C treated sample, consistent with a
previous study [46]. The surfaces of the PHPS- derived coatings become
smoother with the pyrolysis temperature increase. As discussed, most of
the dibutyl ether solvent can be evaporated from the uncured coating at
25—200 °C. When the crosslinked coating is treated at higher pyrolysis
temperatures, the outmost layer of the coating becomes smooth and
uniform due to the removal of the solvent and the crosslinking.

The structures of the coatings after different thermal processes are
shown in Fig. 3, which provides a deeper understanding of the con-
version behavior of the PHPS- derived coatings. The Si-H bonds located
at ~2250 cm ™ still exist for the PHPS/LCS-RT and PHPS/LCS-200 °C
samples and indicate that the PHPS structure has not completely
transformed into SiON yet in this temperature range. A higher pyrolysis
temperature of 600 °C leads to the complete disappearance of the Si-H
bonds. In terms of the Si-N bonds, the absorption band intensity

+
=+
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Fig. 2. (a—c) Cross-sectional SEM and (d-f) AFM surface images of the coating/LCS system at various pyrolysis temperature. (a) and (d) are for PHPS/LCS-RT sample,
(b) and (e) are for PHPS/LCS- 200 °C sample, while (c) and (f) are for PHPS/LCS-600 °C sample.
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Fig. 3. FTIR spectra of the PHPS-derived coatings treated at different tem-
peratures in air.

dramatically decreases with the increase of the pyrolysis temperature
but has not completely disappeared at 600 °C, consistent with a pre-
vious study [38]. N atoms are still present in the PHPS/LCS-600 °C
sample. At the same time, the absorption bands from the Si-O bonds are
located at 1102 and 486 cm ™! for all the samples. It means that the
conversion from PHPS to Si-O-Si is activated even at room temperature,
and a higher temperature enhances this process. The coatings do not
transform completely into SiO, under the chosen conditions, consistent
with the literature [38]. Overall, the intensity of the Si—O bonds
drastically increases while those for the Si—N and Si—H bonds decrease
over the temperature range studied.

3.2. Mechanical properties and coating adhesion

For the PHPS-derived coatings pyrolyzed at different temperatures,
the hardness and Young’s modulus are presented in Fig. 4. The hardness
of the coatings increases with the pyrolysis temperature and is con-
sistent with or higher than the literature values [47]. It is only
~0.88 GPa for the uncrosslinked coating and increases to ~1.66 GPa
for the sample pyrolyzed at 200 °C with the removal of the organic

6.0 80
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sl BwelCS  317£036 126571317 70
PHPS/LCS-RT  0.88+036  25.01+3.70
m PHPS/ILCS-200°C 1664021  32.74+246 - -
= TV PHPSILCS600°C 5224035  71.09+2.28 ] <)
a9 »n
<) =
> 30F 150 =2
3 s}
§ 2.0 40 E
< U - >OIJ
o | % g
_/ 3
1.0 i/ —=— Hardness (H) 430 >
] —e— Young's modulus (E)
0.0 _ 1 L 1 " 1 " 1 " 1 L 1 20

RT 100 200 300 400 500 600
Temperature (°C)

Fig. 4. Hardness (H) and Young’s modulus (E) of the PHPS-derived coatings on
LCS as a function of the pyrolysis temperature. The table insert shows the nu-
merical values of H and E for all samples.

solvent in the coating. With further temperature increase to 600 °C, the
hardness of the PHPS-derived system increases even higher and reaches
~5.22 GPa. As more Si—O—Si bonds form during the high-temperature
pyrolysis [44], as shown in Fig. 4, higher hardness values can be
achieved.

The Young’s moduli of the PHPS-derived coatings also show a si-
milar trend, continually increasing as a function of the pyrolysis tem-
perature. The Young’s modulus for the uncrosslinked coating is only
~25.01 GPa at room temperature. At 200 °C, the modulus reaches
~32.74GPa. At 600°C, it exhibits higher modulus values of
~71.09 GPa, due to the formation of SiON after the pyrolysis. Different
from ionic bonds, covalent bonds are predominant for the SiON system,
which has higher bonding strength and thus higher Young’s modulus.
Overall, the hardness and Young’s modulus both increase with the
pyrolysis temperature. Although broadly speaking there seems to be a
trend that hardness increases with Young’s modulus, deviation has
often been reported. In other words, a material with high hardness does
not guarantee high Young’s modulus, since the former involves plastic
(bond breaking) and the latter involves elastic (bond stretching) de-
formation. For example, Choi et al. [48] recently synthesized a flexible
(i.e., low Young’s modulus) yet hard coating for foldable displays by
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highly cross-linked siloxane hybrids. This reported ceramic-based hy-
brid coating exhibits high strength like glass, yet high flexibility and
elasticity. A coating with a higher hardness does not necessarily possess
a higher Young’s modulus at the same time.

A strongly adhesive PHPS-derived coating is desired for the surface
protection of the LCS substrate. Previous research reported that the
PHPS structure contains extensive Si-H groups and can easily react with
—OH groups from a metal surface before a strongly adhesive coating
forms [17,40,49-51]. A covalently bonded interface from the formation
of metal—O—Si bonds is responsible for the strong adhesion according
to:

Fe—OH + =Si—NH-Si= — =Fe—0—Si= + H,N-Si= @

(5)

Until now, little is known about the effect of the pyrolysis tem-
perature on the coating adhesion. Since the destruction of the covalent
bonds is at 410 — 650 °C [52], the coating adhesion could deteriorate in
this pyrolysis temperature range. However, the enhancement of atomic
interdiffusion across the coating- substrate interface promotes the ad-
hesion strength [53]. To evaluate the coating—substrate adhesion,
Fig. 5(a—c) show the changes in the friction force and coefficient of
friction (COF) under a linear ramping load. Four specific locations have
been selected to represent the gradual change of the scratch track with
a transition from coating fragmentation at a low load to complete
coating removal at a high load. At the low load stage, PHPS/LCS- RT
and PHPS/LCS-200 °C have obvious cracks, while only microcracks are
present along the edges of the scratch for PHPS/LCS-600 °C, suggesting
higher plastic deformation resistance from PHPS/LCS-600 °C. After-
wards, two critical loads, Lc; (cohesive) and Lc, (adhesive), are iden-
tified for each sample based on the surface morphology and load
function, as summarized in Table 3. L; is regarded as the load for co-
hesive failure with the start of coating chipping-up. L., is considered as
the load for adhesive failure when coating rupture occurs and a fully
exposed substrate is observed [54]. PHPS/LCS-RT is most resistant to
cohesive failure as indicated by its high L.; value, and PHPS/LCS-200 °C

Fe—OH + H,N—Si= — =Fe—0—Si= + NHj3!

(a)

Scratch direction
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Table 3
Critical loads and adhesion strength of the coated samples during the pro-
gressive dry scratch test.

Pyrolysis Le; (N) Le, (N) Adhesion strength
temperature (MPa)

RT 0.075 = 0.03 0.124 + 0.02 932.77 + 8.20
200°C 0.042 = 0.01 0.129 + 0.03 953.06 + 8.10
600 °C 0.057 = 0.02 0.115 = 0.01 895.49 = 4.21

has the highest L., to resist adhesive failure. Meanwhile, the com-
pressive stress generated during the scratch test induces noticeable
buckles parallel to the scratch track [55]. We believe that the organic
solvent in the PHPS/LCS-RT sample prevents the cohesive failure in the
layer. With increasing pyrolysis temperature, the increased cohesive
force due to crosslinking results in a brittle solid to decrease the co-
hesive strength. As a higher load is applied, part of the PHPS-derived
coating is completely worn out and the substrate is exposed, as de-
monstrated in location 4 of Fig. 5(a-c).

The adhesion strength can be calculated from the following equa-
tion and the results are given in Table 3:

H

HnR2 — Ly
Lea

F=
(6)

where H is the hardness of the substrate (~3170 N/mm?), R is the tip
radius, and L. is the critical load causing adhesive failure [56]. Table 3
shows that the adhesion strength is enhanced when the pyrolysis tem-
perature increases from room temperature to 200 °C. However, when
the pyrolysis temperature reaches 600 °C, the covalent Fe—O—Si bonds
are destructed to a certain extent, resulting in adhesion strength re-
duction. Hence, it is necessary to control the pyrolysis temperature in
order to balance the covalent bond formation and destruction between
the PHPS-derived coating and the substrate, ultimately obtaining high
adhesion strength.
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Fig. 5. (a—c) SEM micrographs of the scratch tracks and (d—f) the corresponding friction force and COF curves at different pyrolysis temperatures: (a, d) RT; (b, e)

200 °C; and (c, f) 600 °C.
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Fig. 6. Potentiodynamic polarization curves of the uncoated LCS and PHPS-coated LCS samples at (a) corrosion-only and (b) sliding conditions.

3.3. Corrosion behaviors

Fig. 6(a) shows the typical potentiodynamic polarization (PD)
curves of the PHPS/LCS-RT, PHPS/LCS-200 °C, and PHPS/LCS- 600 °C
samples in the 0.6 M NaCl solution, at the corrosion-only condition.
Fig. 6(b) will be discussed in Section 3.4. In Fig. 6, it can be seen that
both the anodic and cathodic polarization curves of the coated samples
shift to much smaller current density values compared to that of bare
steel, indicating significantly reduced corrosion kinetics due to the
presence of the PHPS coating. In addition, E.,, decreases with in-
creasing pyrolysis temperature. The reduced E.,, indicates a slightly
more active surface at a higher temperature. For a ceramic coating
surface in an aqueous solution, corrosion involves complex processes
including ion exchange between the electrolyte and coating, hydrolysis
of network forming species (e.g., silica), and dissolution of hydrolyzed
species into the electrolyte. In the current work, we believe the change
in Eo is closely related to the coating microstructure, especially por-
osity and surface roughness. The PHPS in the current study is 20 wt% in
dibutyl ether, and the evaporation of the solvent when using such a
diluted system is more likely to cause pore formation although the pre-
pyrolysis treatment used obviously decreases the overall number of
pores. This small number of bubbles in the PHPS/LCS-600 °C sample is
likely to cause the observed cathodic shift in E.,,. However, the de-
crease of the surface roughness on the PHPS/LCS-600 °C sample makes
Ecorr more positive. Pore formation and surface roughness both affect
the value of E,,, but the former is to decrease Ecorr and the latter is to
increase the E.. It is hard to differentiate which effect is dominant.
This is why the PHPS-derived coating pyrolyzed at 600 °C has the most
negative E.,, value.

The surface morphologies of the coatings after the corrosion tests
are shown in Fig. 7 (a—c). Rough surfaces for PHPS/LCS-RT are ob-
served due to the presence of uncrosslinked gel-like PHPS. With the
temperature increase to 200 °C, the PHPS crosslinking decreases surface
irregularity. After the 600 °C pyrolysis, the extensive formation of the
Si—0—Si bonds results in a very smooth and compact surface
(Fig. 7(c)), consistent with the results in Fig. 2(d-f). There is no ob-
servable corrosion in Fig. 7(a and b) while some blister defects are seen
in Fig. 7(c). The latter may be caused by the diffusion of corrosive
species and the related stress, along with the in-plane compressive
stress in the coating due to temperature change [57].

Fig. 7 (d-f) show the cross- sectional images of the PHPS/LCS-RT,
PHPS/LCS-200 °C, and PHPS/LCS- 600 °C samples after the corrosion
tests. There is an apparent reduction in the coating thickness for PHPS/
LCS-RT and PHPS/LCS-200 °C compared with that in Fig. 2(a—c), de-
creasing by 29 % and 30 %, respectively. However, no obvious thick-
ness difference is observed for PHPS/LCS-600 °C, indicating a lower
dissolution rate. Thus, the PHPS/LCS-600 °C coating should have better

corrosion protection on the LCS substrate.

Corrosion resistance is dependent on many factors, such as micro-
structure, coating composition, surface roughness, and defect density
[36]. For the PHPS-derived coatings, it can be understood from the
following aspects. First, at low temperatures, an extensive amount of Si-
H bonds still exists in the PHPS-derived coatings, as can be derived from
Fig. 3. Second, the low crosslinking density of the PHPS coating allows
Na™ and Cl~ diffusion towards the coating- substrate interface, re-
sulting in higher corrosion rates for PHPS/LCS-RT and PHPS/LCS-
200 °C, ultimately causing the coating thickness reduction [58,59].
Third, with the pyrolysis temperature increase to 600 °C, the silanol
groups undergo a self-condensation reaction to form Si—O—Si bonds
along with the remaining Si—N bonds. This leads to a dense SiON
structure and a passivating barrier layer to slow down the corrosion
rate and coating thickness reduction [49]. Meanwhile, the hardness and
Young’s modulus both reach the maximum values for PHPS/LCS-600 °C
(Fig. 4) due to the formation of the dense SiON layer on the surface.
With the surface roughness transition from rough to smooth with the
temperature increase to 600 °C, as shown in Fig. 2(a—c), active corrosive
locations on the surface are reduced and the corrosion resistance is
improved.

Blister defects can be observed on the PHPS/LCS- 600 °C surface,
likely due to the diffusion-induced stress from the corrosive species in
the coating [57]. With the blister propagation and corrosive species
diffusion, microcracks are induced, which may form a pathway through
the coating barrier, reduce the adhesion between the coating and the
substrate, and cause the coating to delaminate [60]. However, the
thermal expansion of the polymeric coating during crosslinking is be-
lieved to be greater than the steel substrate, which should lead to
compressive residual stress after the coating formation [61] and limit
the pathways for the corrosive species to diffuse towards the interface
[62]. Overall, PHPS/LCS-600 °C has the best corrosion protection on the
LCS in the 0.6 M NaCl solution.

The EIS results are shown in Fig. 8, where the experimental data
were fitted using an equivalent circuit (EC) model shown in Fig. 8(a).
Table 4 summarizes all fitting parameters of the EC model. Such a
model has been found to be quite successful for modeling coated metal
systems [63]. In this EC model, R, is the electrolyte resistance, R;, re-
presents the resistance of ion-conducting paths in the coating, and C. is
the capacitance of the intact coating. The coating and bare metal in-
terface is modeled with R.; and a constant phase element (CPE) in
parallel, where the former represents the charge-transfer resistance, and
the later represents the non-ideal capacitive behavior of the double
layer and diffusion processes. For the bare steel sample, due to the
absence of a coating, the same EC model is used but the absence of C,.
and R,, is assumed (i.e., resembling that of a simple Randles circuit).
From Fig. 8(b-d), it can be seen that this selected model works well for
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Fig. 7. SEM surface and cross-section images of the coating/LCS systems after corrosion test: (a, d) PHPS/LCS-RT, (b, €) PHPS/LCS-200 °C, and (c, f) PHPS/LCS-

600 °C.

fitting the experimental results of the Bode and Nyquist plots. The Bode
plot shows a larger impedance modulus |Z| at the low-frequency limit
for all PHPS coated LCS samples than that of bare LCS. Consistent with
the PD results, this means that the PHPS coating is highly effective in
mitigating corrosion for LCS. Fig. 8(c) shows that the phase angle of
PHPS/LCS-600 °C remains close to 90° for most of the high frequency
range covered in the measurements, indicating a good capacitive re-
sponse and high corrosion resistance. It should be noticed that two well-

separated semicircles are observed in the Nyquist plot of the PHPS/LCS-
RT sample. The first semicircle is likely related to the properties of the
PHPS-derived coating, and the second corresponds to the corrosion
process happening at the substrate/coating interface [64]. In Fig. 8(d),
the semicircle in the high frequency region of PHPS/LCS-600 °C is
larger than the corresponding semicircles of all other samples, in-
dicating its highest corrosion resistance, in agreement with the PD test
results. In Table 4, the EIS test fitting parameters show that both R, and
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Fig. 8. (a) Equivalent electrical circuit, (b—c) Bode and (d) Nyquist diagrams obtained for bare LCS and PHPS coated LCS in the 0.6 M NaCl solution. Inset in (b)
shows symbol legends for all data plotted in (b)-(d). Experimental results in (b-d) are fitted with model in (a) as dashed lines. Model fitting parameters are listed in
Table 4.
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Table 4

Summary of all fitting parameters for the equivalent circuit model in Fig. 8(a).
Sample Ro R, Ree Ce Y n CPE

(Qcm?) (Qcm?) (Qcm?) (Fem™2) (em~3%"Q) (Fem ™25 ™)

Bare LCS 12.23 NA 670 x 1072 < /p > NA 6.29 x 107* < /p > 0.91 445x107°< /p>
PHPS/LCS-RT 13.99 1.01 x 10* 2.56 x 10° 6.65x107° < /p> 225x107°< /p> 0.88 2.05x107°< /p>
PHPS/LCS-200°C 12.31 2.26 x 10* 3.78 x 10° 6.06 x 107° < /p > 1.77 X 107> < /p> 0.75 1.64x 107 °< /p>
PHPS/LCS-600 °C 14.32 4.78 x 10* 6.57 x 107 495x107°< /p> 1.40 x 10°° < /p> 0.87 1.40 x 10°° < /p >

R increase with the pyrolysis temperatures for the three coated sam-
ples. Uncoated LCS samples have the lowest R, of ~6.70 x 107>
Q-cm?. PHPS/LCS-600 °C exhibits the highest R, and R, which means
that the coating after 600 °C pyrolysis possesses the highest resistance
to the transfer of electrons across the metal surface. The impedance of
the CPE is defined as

PR
T Y (jo) )

where Y is a constant, j is the imaginary unit, w is the angular frequency
of the sinusoidal signal, and n is an exponent in the range of
0 < n < 1. The calculated values of CPE of all coated samples are
~1.40—2.05 x 10~ °F/cm?, as listed in Table 4, which is similar to the
double layer capacitance of ~ 10° F/cm? in literature [65].

3.4. Tribocorrosion behaviors

Fig. 6(b) shows the potentiodynamic polarization curves under 1 N
constant load sliding in the 0.6 M NaCl solution. Compared to Fig. 6(a),
sliding causes the corrosion potential and current density of the bare
LCS to shift towards the right corner, suggesting the breakdown of the
natural surface oxide layer of the bare LCS. Among all the samples, the
electrochemical behaviors of the bare LCS are still the most active ones.
Although the current density of the PHPS-derived coatings has a similar
transformation as that of the bare LCS, i.e., the corrosion current den-
sity is increased by wear, their corrosion potential shifts to more posi-
tive values than that of the pure corrosion condition. At the anodic
branch of PHPS/LCS-200 °C and PHPS/LCS- 600 °C, an active-passive
type of behavior is observed due to the effect of wear. However, the
anodic behaviors of PHPS/LCS-RT seem to be similar to those of the
bare LCS because part of the coating was removed by sliding. Fig. 9(c)
shows that the mass loss of PHPS/LCS-600 °C is the least, indicting its
best tribocorrosion resistance.

The variation of OCP of all specimens was recorded during the tri-
bocorrosion tests as shown in Fig. 9(a). The dashed lines mark the start
and end of the test. Before the indenter probes the surface, the OCP
remains almost constant at their respective values. While this stationary
status of all the specimens is broken and the potential drops after the
load is applied (i.e., depassivation), the potential shift of PHPS/LCS-RT
is the most extensive (~188.3mV), followed by PHPS/LCS-200 °C
(~88.7mV) while the shift of PHPS/LCS-600°C was the least (~
7 mV). Typically, the negative shift of OCP during tribocorrosion in-
dicates that the surface layer is thermodynamically less stable with a
weakened protective effect. Once the tribocorrosion test is finished, the
potential of the samples is almost restored to their initial OCP values,
indicating a repassivation of the worn area. Interestingly, the potential
shift of bare LCS is only around 5.7 mV, even less than that of PHPS/
LCS-600 °C. Indeed, the potential of active metals is not sensitive to
sliding because of the lack of surface passivity [66], which is in good
agreement with their electrochemical behaviors. Fig. 9(b) shows that
the values of COF under OCP during tribocorrosion tests decrease in the
order of PHPS/LCS-RT, PHPS/LCS-200°C, and PHPS/LCS- 600 °C,
consistent with their mass loss tendency, as shown in Fig. 9(c).

To further assess the protection capability of the PHPS-derived
coatings under simultaneous mechanical and chemical attacks. The
friction force, COF, and current variation of the coated samples and

bare LCS during the tribocorrosion test in the 0.6 M NaCl aqueous so-
lution are shown in Fig. 10. The samples have been exposed to air under
a linear ramping load at 0.4 V anodic potential. The current for PHPS/
LCS-600 °C is ~2 orders lower than that of PHPS/LCS-RT and PHPS/
LCS-200°C, and ~5 orders of magnitude lower than that of the bare
LCS. At the beginning of the tests, the current shows almost no change.
This means that the surface is still protective. Some COF spikes can be
observed for all the samples, particularly for the bare LCS, due to the
extremely low normal load since COF is derived from the friction force/
normal load [67]. As the load progressively increases, the friction force
and COF linearly increase until a current increase is observed, sug-
gesting coating failure. The normal load that causes the dramatic cur-
rent increase is considered as the critical load. The failure time of
PHPS/LCS-RT and PHPS/LCS-200°C is ~34s and 36s respectively,
corresponding to the critical load of ~0.11N and ~0.12N, respec-
tively. It is worth noting that there are two critical loads for PHPS/LCS-
600 °C. The first critical load of ~0.05N appears at ~ 155, resulting in
a slightly increased current. This current rise is caused by the blister
defects on the surface, which has been demonstrated in Fig. 10(d). With
the load increase, the actual coating failure occurs at ~ 52, which
corresponds to the second critical load of ~0.17 N. At the end of the
test, the current gradually shifts towards the original state because of
surface passivation.

The surface morphology of the wear tracks after tribocorrosion at
different conditions and elemental (Si, O, N, and Fe) distributions at the
failure locations under 0.4 V anodic potential are presented in Fig. 11.
PHPS/LCS-RT and PHPS/LCS-200 °C show coating rupture failures and
almost delamination. At all the conditions studied, the shedding area
caused by the wear track obviously decreases with increasing pyrolysis
temperature, indicating improved wear resistance at higher pyrolysis
temperatures. Higher oxygen concentrations are shown on the exposed
LCS substrates. Since there is no coating delamination in the first failure
location for PHPS/LCS-600 °C, the oxygen concentration of the second
failure location is shown and the value is 27.02 + 0.34 at.%, which is
lower than that of PHPS/LCS-RT (58.86 * 1.96 at.%) and PHPS/LCS-
200°C (59.33 = 1.84 at.%), suggesting a lower corrosion rate for
PHPS/LCS-600 °C [68]. The formation of a Si—O—Si network layer
hinders oxygen diffusion.

From the electrochemical kinetics point of view, the coating should
remain stable under an applied potential for corrosion protection. When
an excessive load is applied, the protection may be destroyed, resulting
in the current increase [66]. The critical loads for PHPS/LCS-RT and
PHPS/LCS-200 °C approach that for adhesion failure; and their failure
time in the tribocorrosion test is earlier than that of the dry progressive
scratch test. This means that PHPS/LCS-RT and PHPS/LCS-200 °C fail
due to corrosion-induced adhesion loss. At the same time, the hardness
of PHPS/LCS-RT and PHPS/LCS-200 °C is weakened under the corro-
sion attack. Several cracks over the failure locations provide corrosion
pathways between the corrosive NaCl solution and the fresh LCS sur-
face, resulting in the current increase. With regard to PHPS/LCS-600 °C,
the first critical load should be ignored due to the extremely low current
variation. The second critical load (~0.17N), which induces the
coating failure, is higher than that leading to the adhesion failure. The
failure time is delayed to ~52s. Thus, the PHPS/LCS- 600 °C coating
layer is most effective for corrosion protection. In addition, local
coating defects and blisters can give rise to substrate dissolution
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negative value in the x-axis indicates the time before the progressive scratch test.

through reaction with oxygen and further increase hydroxyl con-
centration outside the defects/blisters, causing film delamination and
blister growth [69]. At the surrounding of the failure location, ob-
viously broken blisters with the exposed substrate can be seen in PHPS/
LCS-600 °C.

4. Conclusions

In this study, the pyrolysis temperature plays a significant role in the
microstructure evolution and corrosion protection of the PHPS-derived
coatings. The average surface roughness of the coating decreases while
the hardness and Young’s modulus increase with the pyrolysis tem-
perature, due to the formation of Si—O—Si bonds. The PHPS-derived
coating acts as an effective layer on LCS in a chlorine environment,

especially for the sample pyrolyzed at 600 °C. The corrosion kinetics of
coated LCS is significantly reduced compared to that of the bare LCS.
The protection efficiency of the PHPS/LCS- 600 °C coating is better than
that of the PHPS/LCS-RT and PHPS/LCS-200 °C coatings. The PHPS-
derived coatings have a significant effect on the tribocorrosion re-
sistance improvement of low carbon steel. PHPS/LCS-600 °C has the
best performance due to its the highest hardness and best corrosion
resistance. The PHPS-derived coatings can be used for corrosion pro-
tection of metals in automotive industry, coastal infrastructure, naval
systems, among others.

Data availability

The raw data required to reproduce these findings are available to
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