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Abstract: Four kinds of alcohol amines were tested to improve the anticorrosion performance of
the phosphoric and tannic acid (PTA)-based rust converter. The alcohol amine modified PTA rust
converters with the optimum mechanical and functional performances were used to prepare the
homogeneous single-component waterborne rust conversion-based paint. The mechanical properties
and the long-term corrosion resistance of the synthesized rust converter-based paint were investigated.
The results show that alcohol amine modified PTA rust converter can convert the rust layer into a
thick passivation film with iron tannate and iron phosphate as the main components, significantly
improving the corrosion resistance of the carbon steel. The alcohol amine D modified PTA rust
converter (RC-D) showed the best anticorrosion and rust conversion performances. The waterborne
rust conversion-based paint can convert the rust layer of steel into a blue-black and relatively flat
passivation film layer. The waterborne polymer-based paint containing 10 wt.% RC-D significantly
improves the long-term corrosion resistance of the rusty steel and the mechanical property of paint.

Keywords: rusty carbon steel; rust converter; polymer-based paint; long-term anticorrosion

1. Introduction

Steel reinforcement is highly susceptible to rust in the chloride environment [1-5],
which is an important issue that leads to the deterioration of the safety and durability of
reinforced concrete structures in marine areas [6-8]. In recent years, the development of
real estate in coastal areas has been extensive, and the shelving of the project schedule has
led to severe corrosion of exposed steel reinforcement in foundation columns, shear walls,
and post-cast belts [9-12]. Therefore, the protection of reinforced concrete structures is a
critical issue that needs to be resolved urgently in our country’s economic development.
Traditional protection methods such as increasing the compactness and thickness of the
concrete protective layer, coating anticorrosion coatings on the surface of the hardened con-
crete, and applying corrosion inhibitors can help prevent rusting of reinforcements [13-16].
Before implementing protective measures for reinforcement, the rusty surface of a corroded
reinforcement needs to be removed. However, due to corroded reinforcements being
located in the complicated and hidden regions of buildings, traditional mechanical and
manual methods can hardly remove the rust layer on the reinforcement surface. In most
previous studies [17-19], chemical converters were used to transform the active rusty layer
of steel into an inert protective layer for anticorrosion.

The most studied rust layer conversion system is the phosphoric acid-tannic acid
system, widely used in rust inhibitors and low surface rust coatings. Tannic acid is a macro-
molecular polyphenol compound [20,21]. As an essential component in rust converters
or coatings, tannic acid has an excellent anticorrosion effect when the addition amount
is 5-15 g/L [22-26]. The molecular structure of tannic acid contains multiple hydroxyl
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groups, which can form a stable chelate with Fe>* [27-30] and control the transformation of
v-FeOOH crystal phase to Fe3Oj4 crystal phase in the rust layer [31-34]. Thereby, a tannic
acid based rust converter can inhibit the electrochemical corrosion in corroded steel and
improve the corrosion resistance of rusted steel. However, as tannic acid is a weak acid,
the pH value significantly influences its molecular morphology and product structure in
solution [35,36]. Winkelmann et al. [37] claimed that tannins accelerate the corrosion pro-
cess by lowering the pH and forming complexes with iron that do not adhere to the surface.
As a medium-strength acid, phosphoric acid has a more substantial acidity that can provide
a suitable pH value for the rust converter [38]. Simultaneously, phosphoric acid and the
steel substrate undergo a phosphating reaction to form a dense phosphating layer whose
main component is FePO, [39-42], thus improving the corrosion resistance of the substrate.
In the process of chemical interaction with the rust layer, phosphoric acid can convert the
unstable rust layer into an ionic form so that a large number of hydroxyl groups contained
in tannic acid are more likely to chelate with Fe3* [43,44]. Therefore, the combination of
phosphoric acid and tannic acid (PTA) rust converters can promote the conversion process
of rust and significantly improve the corrosion resistance of steel [45-48].

In the rust conversion system, alcohol amine compounds often exist as organic cor-
rosion inhibitors [49,50]. The use of alcohol amine compounds as corrosion inhibitors
is related to the relative facility of introducing new functional groups in their structures
and producing new compounds with high inhibitor efficiencies [51]. Furthermore, the ad-
sorption of these compounds on the metallic surface can be done by physical or chemical
adsorption, involving the electrostatic interaction between molecules and metal surface
and also the charge sharing between the metal surface (d-orbital) and the heteroatoms and
the aromatic ring of the organic molecules [52,53]. The formation of surface chelate is an
essential reason for the corrosion inhibition effect of alcohol amine compounds [54,55].
Since the heteroatoms such as N and O in the alcohol amine compounds have different
lone pairs of electrons, they can coordinate with the exposed iron atoms on the surface of
the rusty steel or the Fe?" in the hydroxide protective film, forming a chemical adsorption
layer to achieve corrosion inhibition effect [56,57]. Besides, the H atom and O atom form
an intermolecular hydrogen bond in the chelate unit structure, enhancing the stability of
the hydroxide layer, thereby enhancing protection [58]. At the same time, the addition of
alcohol amine compounds increases the alkalinity of the medium, which is conducive to
the formation of hydroxide protective film, thus producing partial corrosion inhibition.

In our previous pre-experiment, adding different kinds and amounts of alcohol amines
to the PTA-based rust converter significantly influenced the rust conversion of rusty steel.
The selected four alcohol amine compounds mainly provide alkaline environment and
polar adsorption groups and are used in conjunction with related weakly acidic PTA to
achieve a synergistic protective effect. Among them, alcohol amine A has a hydroxyl
substituent (-OH) on the main chain, alcohol amine B has two hydroxyl substituents (-OH)
on the main chain, alcohol amine C has three hydroxyl substituents (-OH) on the main
chain, and alcohol amine D has a hydroxyl substituent (-OH) and two methyl groups
(-CHs) on the main chain. The alkalinity of alcohol amine D is stronger than that of other
alcohol amines. In addition, as the number of substituents increases, the basicity gradually
decreases. From the perspective of the stability of ammonium cations, the more hydrogen
bonds formed between alcohol amine and water, the more stable the ammonium cations
formed, and the stronger the alkalinity.

In this study, in the first step, four different kinds of alcohol amines were used to
modify the original PTA rust converter for obtaining the best rust conversion performance
when applying on the rusty carbon steel. In the second step, the rust converter with the best
performance was used to prepare the waterborne polymer-based rust conversion-based
paints for rusty steel. An optimized preparation process is suggested for making the rust
conversion-based paint with the best short-term and long-term anticorrosion and rust
conversion performances.
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2. Materials and Methods
2.1. Materials

Waterborne vinylidene chloride acrylic resin (56.8%) was purchased from Shanghai
Yuanhe Chemical Co., Ltd. (Shanghai, China). Phosphoric acid (85%) was purchased from
Tianmao Chemical Co., Ltd. (Xi’an, China). Tannic acid (81%) was purchased from Ding
Shengxin Chemical Co., Ltd. (Tianjin, China). Alcohol amine A (99.9%), alcohol amine B
(99%), alcohol amine C (99%), alcohol amine D (99.9%), copper sulfate, sodium chloride,
hydrochloric acid were purchased from Xiaoshi Chemical Co., Ltd. (Ji'nan, China). Defoam-
ing agent, moisture agent, and thickening agent were purchased from Wengjiang Chemical
Reagent Co., Ltd. (Guangzhou, China). All reagents were of analytical grade unless other-
wise stated. A Q235 carbon steel sheet, with dimensions of 120 mm x 50 mm x 0.5 mm,
was exposed to the natural environment for two years. Carbon steel electrodes, with the
size of ¢ 11 mm x 15 mm, were polished with sandpaper, cleaned with ethanol, and then
immersed in the sodium chloride with a dosage of 3.5 wt.% for four weeks and exposed in
the natural environment for another two weeks. The infrared spectra of the four alcohol
amines are shown in Figure 1. The chemical composition of Q235 carbon steel is shown in

Table 1. The natural environmental conditions of Q235 carbon steel exposure are shown in
Table 2.
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Figure 1. The infrared spectra of the four alcohol amines.

Table 1. The chemical composition of Q235 carbon steel (melting analysis).

Chemical Composition (%)
Steel Grade  Quality Grade C Si Mn S P Cr Ni Cu
<
Q235 B 0.200 0.350 1.400 0.030 0.030 030 030 0.20




Coatings 2021, 11, 1091

40f16

Table 2. Environmental data of Q235 carbon steel exposure.

CI" Deposition

SO, Deposition

Average Relative : : : :
. -1 Wettin Rainfall Sunshine Rainwater
Location = Temperature Humidity . - Rate Rate
F’C) (%) Time (h/a) (mm/a) Time (h/a) (mg/100cm?/d) (mg/100cm?/day) (PH)
Yantai 11.8 68 4049 651.9 2698.4 0.250 1.184 6.1

2.2. Preparation of Waterborne Polymer-Based Paints

Tannic acid was dispersed into glycerol and stirred for 15 min to obtain the compo-

nent A. Phosphoric acid was dispersed into the distilled water, and then penetrant agent,
followed by stirring and mixing for 20 min to obtain the component B. At 60 °C, the com-
ponents A and B were stirred at 3000 r/min for 20 min until well combined. Different
formulations were prepared using four different amines as neutralizers to obtain the alcohol
amine modified PTA rust converters named RC-A, RC-B, RC-C, and RC-D, respectively.

Then, the PTA rust converter with excellent performance was selected and added to the
waterborne vinylidene chloride acrylic resin (VDC-MA) according to different proportions
(0 wt.%, 5 wt.%, 10 wt.%, 15 wt.%, 20 wt.%), supplemented with the defoaming agent,
moisture agent, and thickening agent to obtain the waterborne polymer-based paints.
The detailed mass ratios between ingredients are shown in Table 3.

Table 3. The mass ratios of ingredients in waterborne polymer-based paints.

Alcohol Amine Modified

Group PTA Rust Converter VDC-MA Defoaming Agent Moisture Agent Thickening Agent
1# 0wt.% 1 1 %o 1 %o 1 %o
2# 5 wt.% 1 1 %o 1 %o 1 %o
3# 10 wt.% 1 1 %o 1 %o 1 %o
4# 15 wt.% 1 1 %o 1 %o 1 %o
5# 20 wt.% 1 1 %o 1 %o 1 %o

2.3. Characterization
2.3.1. Surface Observation

The surface topography of the rusty steel surface was observed by Olympus DSX1000
digital microscope (Shanghai Cinv Optical Technology Co., Ltd., Shanghai, China).

The FTIR spectra were obtained using an Iraffinity-1s FT-IR spectrometer (SHI-
MADZU, Kyoto, Japan) at room temperature.

2.3.2. Rust Conversion Performance

The copper sulfate drop test and 3.5 wt.% NaCl solution immersion test were used to
measure the rust conversion ability of amine-modified rust converters at 20 °C. The copper
sulfate dropping experiment’s method was as follows: Rust reformer was evenly brushed
on the rusty steel sheets, and a drop of copper sulfate solution was dropped on the dry
rust converter film. At the same time, a stopwatch was started to observe the time when
the liquid drops change from sky blue to light yellow or light red, which was marked as
Treq. The NaCl solution immersion test operation was as follows: The rust converters were
evenly brushed on the rusty steel sheets; after the film was dried, the coated steel plate was
put into 3.5 wt.% NaCl solution to soak, and the time of rust spots appearing on the surface
of the steel plates was recorded and marked as Trecorr-

During the soaking test, the concentration of a ferric ion in the soak solution was
measured by METASH UV-8000 spectrometer (Shanghai METASH instruments Co., Ltd.,
Shanghai, China) after soaking of 24, 48, and 72 h. For the same steel sheet immersion solu-
tion, three groups of samples were taken to test the ferric ion concentration, and the average
value of the three tests was the iron ion concentration value in the immersion solution.
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2.3.3. Basic Properties and Antipeeling Performance

The impact resistance of the polymer-based paint was tested by ASTM D2794-1993,
the bending performance was tested by ISO 1519-2002, the pencil hardness was tested
following ASTM D3363-2005, and the peel resistance was tested by ASTM D3359-2009.
The tensile property of the polymer-based paint film was tested by the SMT-5000 Universal
Testing Machine (Seth Testing Equipment Co., Ltd., Zhejiang, China), which was tested
in accordance with ASTM D882-2010. The adhesive force was determined using PosiTest
AT-ATM20A adhesion tester (DeFeLsko Inspection instruments, Ogdensburg, NY, USA)
with a stand-off size of 20 mm.

2.3.4. Swelling Degree and Water Contact Angle Measurement

The polymer-based paint films were placed at room temperature for 7 days, and the
water contact angle was measured by a POAREACH JC2000D (Zhongchen Digital Technol-
ogy Equipment Co., Ltd., Hong Kong, China). The prepared films were then cut into pieces
with a size of 3 cm x 1 cm and heated in an oven at 50 °C for 24 h to remove the residual
solvent. At 25 °C, the samples were placed in DMF (N,N-dimethylformamide) for 10 min
and then taken out, and the surface solvent was dried with filter paper and weighed until
the sample quality remained unchanged. The swelling degree of samples was calculated
according to the following equation:

Q = (mg —mg)/mg 1)

where Q is swelling degree of coating and m( and m; are the mass of the sample before
swelling and after swelling equilibrium, respectively.

2.3.5. Anticorrosion Performance

The carbon steel samples coated with polymer-based paints were immersed in 50 g/L
sulfuric acid solution, 50 g/L sodium hydroxide solution, and 35 g/L sodium chloride
solution to test acid resistance, alkali resistance, and salt resistance by recording the surface
states of carbon steel every 24 h.

A PARSTAT?2273 electrochemical workstation (Princeton Applied Research, Oak Ridge,
TN, USA) was used to measure the electrochemical impedance spectra (EIS) and the linear
polarization resistance (LPR) of rusty steel electrodes. A three-electrode system was used
with rusty steel electrodes in 3.5 wt.% NaCl solution as working electrodes, the saturated
calomel electrode as the reference electrode, and the platinum electrode as the auxiliary
electrode to evaluate the anticorrosion properties of PTA rust converters and waterborne
polymer-based paints. The effective working area was 1 cm?, the test frequency was in the
range of 0.01 Hz to 10 kHz, and the excitation signal was 5 mV.

3. Results and Discussion
3.1. Rust Conwersion Capacity of PTA Rust Converters
3.1.1. Optical Surface Topography Analysis

The diagrams of the surface morphology, 3D morphology, and section morphology of
rusted carbon steel sheets treated with different composite PTA rust converters are shown
in Figure 2. The rust layer of the untreated sample has a thick grain and loose structure.
The section morphology can be divided into the brownish-red rusty layer and the steel
matrix layer. The surface roughness of the corroded steel plate after the compound rust
converter treatment is reduced, and the rusty layer is converted into the continuous smooth
and dense passivation film layer. Among the four rust converter treated rusty carbon steel
sheets, the passivation film roughness and density of the steel surface treated with RC-D
are the lowest and the best. Thus, it can be speculated that the corrosion resistance and
antipeeling performances of the RC-D are the best. The following sections discuss the
anticorrosion and antipeeling properties of rusty steel sheets treated with each composite
rust converter to verify this speculation.
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Figure 2. Morphology of rusty steel sheets treated with RC-A, RC-B, RC-C, and RC-D (x560).

3.1.2. Anticorrosion Property Analysis

The Tyeq and Trecorr curves of the rusty carbon steel sheets treated with different
compound rust converters are shown in Figure 3. The T4 values of RC-A, RC-B, RC-C,
and RC-D are 172, 204, 230, and 251 s, respectively; the Trecorr Values of RC-A, RC-B, RC-C,
and RC-D are 130, 160, 180, and 210 s respectively. The concentration of Fe>* of rusty
carbon steel plates treated with different compound PTA rust converters in the soaking
solution is shown in Figure 4. The concentration of Fe** dissolved on the surface of rusty
carbon steel treated with RC-A, RC-B, RC-C, and RC-D first decreased and then increased.
Compared with the experimental group, Fe3* on the surface of the blank rusty carbon steel
plate was precipitated in a large amount after 48 h of soaking. These results indicate that
treatment with RC-A, RC-B, RC-C, and RC-D reduces the concentration of Fe3* dissolved
on the surface of rusted carbon steel, playing an excellent protective role on the rusty
carbon steel sheet. Within 72 h of soaking, the concentration of Fe** in the soaking solution
of rusty carbon steel treated with RC-D was the lowest. As a result, the RC-D showed the
best rusty conversion performance when applied on the rusty carbon steel sheet surface in
this study. The main reason is that the alkalinity of alcohol amine D is stronger than that
of other alcohol amine compounds, which is beneficial to the formation of the hydroxide
protective film. At the same time, the number of H atoms and O atoms in the alcohol amine
D is greater, which is more conducive to the formation of intermolecular hydrogen bonds
in the structure of the chelating unit, which enhances the stability of the hydroxide layer,
thereby playing a corrosion inhibition role [56-58].
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Figure 4. The Fe3* concentration of rusty steel sheets treated with RC-A, RC-B, RC-C, and RC-D at
different immersion times.

EIS images of rusty carbon steel electrodes treated with different compound rust
converters are shown in Figure 5. The highest phase angle in the low-frequency zone
of the rusty work electrodes treated with RC-A, RC-B, RC-C, and RC-D is higher than
60 degrees. After RC-D treatment, the low-frequency zone phase angle of the rusty steel
electrode is highest, and the radius of the impedance frequency response plot is the largest.
The results of electrochemical impedance spectroscopy also indicate that the anticorrosion
of RC-D-treated electrode is the best.
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Figure 5. EIS of rusty steel electrodes treated with RC-A, RC-B, RC-C, and RC-D.

3.1.3. Antipeeling Property Analysis

The adhesive strength and failure status after rusty steel sheets treat by RC-A, RC-B,
RC-C and RC-D, as shown in Figure 6. The rust layer of untreated carbon steel is mainly
composed of Fe3O4, a-FeOOH and y-FeOOH. The structure is loose and the adhesion
strength is only 0.61 MPa. When it peels off, it shows the damage between the rust layer
and the metal matrix.

10
Reference
RC-A
—_ RC-B
<
[} : ;
é I [_Jrc-D
o
)
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wn
= 4
7
)
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< 27
0

Figure 6. The adhesive strength and the failure status between passivation film and rusty steel.

After RC-A, RC-B, RC-C, and RC-D treatment, the adhesive strength between the
surface layer and the rusty carbon steel increase by 5.6 times (RC-A), 6.8 times (RC-B),
7.3 times (RC-C), and 7.8 times (RC-D) of the untreated one. Moreover, the peeling manifests
as the destruction of the epoxy adhesive and the metal substrate the passivation film,
indicating the rust converters have excellent adhesion on the rusty steel sheet surface.
Among them, the adhesion force of the corroded steel plate after RC-D treatment is up to
4.75 MPa. The main reason is that the rust layer is transformed into a thick passivation film
whose main components are insoluble substances such as iron tannate chelate and iron
phosphate [28,30], and the hydroxyl group in iron tannate chelate can adsorb the metal
matrix, thereby improving the adhesion of the corroded steel plate [43,44].
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3.1.4. Surface Chemical Composition Analysis

Representative FT-IR spectra of untreated and RC-A-, RC-B-, RC-C-, and RC-D-treated
carbon steel are shown in Figure 7. In the spectrum of untreated rusty steel, the char-
acteristic absorption peaks of Fe;Oy are observed at 630 and 550 cm~!, which can be
ascribed to the vibrations of the Fe-O group [59-61]. The bands at 792 and 892 cm~! were
ascribed to the Fe-OH-Fe bending vibrations of «-FeOOH [62]. The diagnostic absorption
bands of y-FeOOH appeared at 1156 and 1022 cm ! for the in-plane and 745 cm ! for the
out-of-plane Fe-OH bending vibrations [63,64]. There are apparent absorption peaks at
3111 and 3420 cm !, corresponding to the absorbed H,O molecule or Fe-OH vibration.
The band at 1630 cm~! was assigned to H,O bending vibrations. These results support the
conjecture in Section 3.1.3. The surface rust layer of carbon steel is mainly composed of
Fe;04, x-FeOOH, and y-FeOOH, which have loose structures, leading to low adhesion.
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Figure 7. FT-IR spectra of untreated rusty steel sheet and steel sheet treated with RC-A, RC-B, RC-C,
and RC-D.

In the FTIR spectrum of rusty carbon steel sheet treated with RC-A, RC-B, RC-C,
and RC-D, the absorption peaks of 1705, 1654, and 1404 cm ™! correspond to the aromatic
ring absorption peak of tannic acid, the absorption peak of 914 cm ! is the chelate absorp-
tion peak of iron tannate, and the sharp absorption peak of P-O bond stretching vibration
of PO,% is at 1033 cm 1. The above results prove that RC-A, RC-B, RC-C, and RC-D
can transform steel rust into iron phosphate and iron tannate chelates. These results also
support the conjecture in Section 3.1.1; the rust layer of the tested rusty steel sheet has
transformed into iron phosphate and iron tannate chelates, forming a compact and smooth
protective layer.

3.2. Properties of Waterborne Polymer-Based Paints

From the above performance test results of alcohol amine modified PTA rust con-
verters, it can be seen that the characterization of RC-D is relatively excellent. Therefore,
different ratios of RC-D were added to VDC-MA to prepare waterborne polymer-based
paints, and their performance was characterized.

3.2.1. Basic Mechanical Properties

The basic physical properties of the waterborne polymer-based paints are listed in
Table 4. With the addition of RC-D, the toughness of VDC-MA increases, further increasing
the flexural resistance and impact toughness of the paint film. Adding an appropriate
amount of RC-D can dissolve the rust layer and transform it into iron tannate and other
chelate compounds to act as filler, thus enhancing the adhesion between the paint film and
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the metal matrix. However, when the amount of RC-D is higher than 10 wt.%, the adhesion

level of paint film remains unchanged.

Table 4. Basic physical properties table of waterborne polymer-based paints.

Impact Resistance = Bending Property

Cross-Hatch

Paints Code Add Amount (100 cm) @ mm) Adhesion Pencil Hardness
1# 0 wt.% Failed Failed 3 2H
2# 5 wt. % Pass Pass 1 2H
3# 10 wt.% Pass Pass 0 2H
4# 15 wt. % Pass Pass 0 2H
5# 20 wt.% Pass Pass 0 2H

3.2.2. Swelling Degree and Water Contact Angle Analysis

The swelling degrees and water contact angles of polymer-based paint films with
different amounts of RC-D are shown in Figure 8. The swelling degree of waterborne
VDC-MA film is 6.5%. As the amount of RC-D increases, the swelling degree of the
polymer-based paint films shows an upward trend, indicating that the presence of RC-D
reduces the crosslinking density of composite-based paint films. On the one hand, this may
be because the boiling point of the solvent in RC-D is higher than the film formation
temperature, and it is not completely volatilized. On the other hand, it may be because
the rust layer is dissolved and converted into chelate such as iron tannate, which, as filler,
reduces the crosslinking density of the coating, leading to an increase in the swelling
degree [27,32]. As shown in Figure 8, the water contact angle of the VDC-MA film itself is
54.36°. The water contact angles of polymer-based paint films decrease with the increase in
RC-D content, mainly because there are more hydrophilic groups in RC-D, which enhances
the hydrophilicity of the polymer-based paint films, resulting in a decrease in the water
contact angle.

12 60
— M — Swelling degree —
—Q@— Water contact angle Y
1 {55 &b
(*) Q
8 S s
2 " ° 50 5
o \ o g
o0 9 =
= > o 8
T) 7 +~
s 89 ><. g
n - o
=
;. — 0— o 40 8
/ g
n =

6 T T 35

Owt% Swt% 10wt% 15wt% 20wt.%
RC-D

Figure 8. The swelling degrees and water contact angles of polymer-based paint films.

3.2.3. Tensile and Antipeeling Property Analysis

The stress—strain curves of five paint films during the tensile process are shown
in Figure 9, and the tensile strength of the VDC-MA film itself is 32 MPa. The tensile
strength of the polymer-based paint film decreases with the increase in RC-D content,
while the elongation at break increases. According to the crosslinking degree test results in
Section 3.2.2, the existence of RC-D reduces the crosslinking density of the composite-based
paints. As a result, the amount of RC-D should not be too large.
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Figure 9. The stress—strain curves of five polymer-based paint films.

The adhesive strength between the polymer-based paint film and the rusty carbon
steel sheets and the failure types in the surface peeling tests are shown in Figure 10. Before
RC-D was added, the adhesion of VDC-MA coating film was low, only 1.03 MPa. The main
reason is that the rust layer does not dissolve after coating with VDC-MA, and the polar
groups in VDC-MA cannot be directly adsorbed on the rusted steel sheet surface. With the
increase in the RC-D content, the adhesion of the coating film increased first and then
decreased. This is mainly because after adding RC-D, the polymer-based material can
dissolve the rust layer to form a chelate, thereby filling the gap, so that the polar groups in
the polymer-based material are directly adsorbed on the metal substrate surface, and the
adhesion is significantly improved [27,52,53]. However, when the RC-D content is too
large, the cross-linking density of VDC-MA will be significantly reduced, resulting in a
decrease in the continuity and adhesion of the coating film. When the RC-D to VDC-MA
ratio is 10 wt.%, the rust layer can be completely dissolved and transformed into fillers,
leading to the highest adhesive strength of 3.06 MPa.

3.06

4

2.47
225

1.74

Adhesive strength (MPa)

1.03

Owt% Swt% 10wt% 15wt% 20 wi%
RC-D
Figure 10. The adhesive strength between each polymer-based paint film and the rusty carbon steel
sheets and the failure types in the surface peeling tests.
3.2.4. Optical Surface Topography

Figures 11 and 12 show the microscopic morphology of the rusted steel sheets coated
with waterborne VDC-MA and the composite-based paint (RC-D:VDC-MA = 10 wt.%).
As shown in Figure 11a, the waterborne VDC-MA is transparent after curing, and the
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brownish-red rust layer on the steel sheet surface is relatively apparent, indicating the
waterborne VDC-MA cannot react with rust. In Figure 11b, the steel sheet’s cross-section
morphology shows a relatively visible three-layer structure, namely the underlying metal
matrix, the middle rust layer, and the VDC-MA coating on the surface. As shown in
Figure 11c, the surface roughness of the steel sheet coated with waterborne VDC-MA is
very high. Since there are many granular projections in the rust layer, the VDC-MA film
cannot be evenly distributed on the rusty steel sheet surface.

Passivation film

(a) Surface topography (b) 3D morphology (c) Section morphology

Figure 11. Morphology of rusty steel plate coated with water VDC-MA film (x560).

Passivation film

(a) Surface topography (b) 3D morphology (c) Section morphology

Figure 12. Morphology of rusty steel plate coated with composite-based paint film with the RC-D to VDC-MA ratio of

10 wt.% (x560).

In Figure 12a, the typical blue-black iron tannate is observed in the surface layer of
the rusty steel sheet coated with the composite-based paint, while the brownish-red iron
layer is not observed, which confirm that the tannic acid components in the rust converter
had reacted with the rust to form iron tannate. In Figure 12b, the steel sheet’s cross-section
morphology shows a typical double-layer structure, namely the metal substrate at the
bottom and the composite-based paint layer at the top, which confirms that the original rust
layer of the rusty steel sheet has been completely transformed into iron tannate. Therefore,
in Figure 12¢, no granular convex is seen in the three-dimensional morphology diagram of
the steel sheet, and the surface roughness is relatively low.

3.3. Long-Term Anticorrosion Performance of Waterborne Polymer-Based Paints

The variation curves of polarization resistance (Rp) and corrosion current density
(Icorr) of different polymer-based coatings are shown in Figure 13. As the immersion
time increases, the Rp of the VDC-MA coating continues to decrease, and Icorr continues
to increase. After immersing for three days, the I.or of the VDC-MA coating exceeds
0.01 pA/cm?, indicating that the electrode has been corroded. After adding RC-D, the R,
of the polymer-based coating is significantly increased and Ico is reduced. When the
addition amount of RC-D is 10 wt.%, the I.orr of the polymer-based coatings rises steadily
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within 30 days, and the I.orr is 0.003 pA/ cm? on the 30th day, which is much less than
0.1 pA/cm?, and the corrosion resistance is the best.
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Figure 13. Rp and Icorr of different polymer-based coatings.

The acid resistance, alkali resistance, and salt resistance of different polymer-based
coatings are shown in Table 5. After being immersed in sulfuric acid solution for 14 days,
the rust layer on the steel plate coated with VDC-MA has not been transformed, and the
bonding force between the coating and the steel plate is weak. Corrosive media can easily
penetrate into the coating and cause corrosion of the steel plate. The ability to withstand
acids, alkalis, and salts is poor. After adding RC-D, the coating exhibits good acid, alkali,
and salt resistance. When the addition amount of RC-D is 10 wt.%, there is no blistering or
cracking on the coating surface, which is consistent with the electrochemical test results.

Table 5. The acid resistance, alkali resistance, and salt resistance of different polymer-based coatings.

. Acid Resistance Alkali Resistance Salt Resistance
Paints Code Add Amount (14 Days) (28 Days) (30 Days)
1# 0wt.% Blistering Rusty Rusty
2# 5wt.% Unchanged Unchanged Rusty
3# 10 wt.% Unchanged Unchanged Unchanged
44 15 wt.% Unchanged Unchanged Unchanged
5# 20 wt.% Unchanged Unchanged Unchanged

According to the results in Section 3.2.2, the RC-D can transform iron rust into iron
tannate, making a denser and stable protective layer on the surface of the original steel
sheet. As shown in Table 5, when the RC-D to VDC-MA mass ratio is higher than 10 wt.%,
the coated rusty steel sheets show good acid, alkali, and salt resistances. These results
prove that this protective layer has excellent acid, alkali, and salt resistances.

4. Conclusions

This work studied the rust layer structure and rust conversion capacity of different
alcohol amine adjusted PTA rust converters. The effects of different alcohol amine modi-
fied PTA rust converters on the basic mechanical properties, optical surface topography,
and antistripping properties of the waterborne composite-based paints were analyzed.
Moreover, the long-term anticorrosion performance of polymer composite-based paint was
tested by electrochemical testing methods. The following conclusions can be drawn:
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(1) After treatment with RC-D, the passivation film observed on the original rusty
steel surface becomes the smoothest and densest. Besides, the RC-D rust converter shows
the best anticorrosion and antipeeling properties.

(2) The RC-D can convert the rust layer into a flat and dense protective film with iron
tannate and iron phosphate as the main components, reducing the leaching of Fe>* on
the steel surface. Thus, the alcohol amine D significantly improved the rust conversion
capacity and anticorrosion performances of the PTA rust converter.

(3) The mass ratio of RC-D and VDC-MA influences the mechanical and anticorrosion
properties of the paints. When RC-D to VDC-MA mass ratio is 10 wt.% in the composite-
based paint, the rust layer on the surface of the rusty carbon steel is wholly converted into
a blue-black and relatively flat passivation film, and the composite-based paint obtains
suitable swelling degree and water contact angle. As a result, the composite-based paint
containing 10 wt.% RC-D shows the best tensile, antipeeling, and long-term anticorrosion
performances when painted on the rusty surface of carbon steel.
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