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Abstract: This paper carries out a study on the microstructural characteristics and mechanical
properties of phosphate layers deposited on steel reinforcements for civil constructions. Analyses
were performed on 4 sets of samples: 1 control sample (unphosphated) and 2–4 samples that
were phosphated with three different solutions. The structural and chemical analysis, as well as
the examination of the mechanical properties (surface roughness, microindentation, and scratch
resistance) of the phosphate layers deposited on steel rebars for civil constructions, was carried out.
The following conclusions were drawn from the experimental results: the coatings show flashes
of crystals deposited on the metal surface; chemical homogenization of the phosphated layers is
observed; the profiles present a higher roughness after deposition of the phosphated layers; the
indentation Young modulus and hardness values recommend the phosphating procedure to improve
the CS surface quality; the COF is three times larger for phosphated samples compared with the initial
metallic one; and scratch traces are uninterrupted, except for one zone of sample that was phosphated
with solution II, wherein the phosphated layer does not present lateral scratches or exfoliations.

Keywords: phosphating; steel rebars; mechanical properties; CS37; solutions

1. Introduction

Reinforced concrete is a structural material widely used in civil constructions such as
buildings, dams, bridges, etc. These structures involve a lot of construction effort, cost a
lot of money, and are expected to last for very long periods of time. Reinforced concrete
structures can suffer physical damage (cracking, frost, and fire, for example), chemical
damage (sulphate attack, acid attack, seawater, alkali-aggregate reaction, leaching, etc.),
and reinforcement corrosion [1–3].

Steel corrosion is the biggest threat and deterioration problem for steel reinforcement
in concrete structures worldwide. Apart from the usual corrosion problems due to general
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exposure to oxygen and moisture, the corrosion of concrete steel reinforcement can be
accelerated by two major factors, namely, chloride ion ingress and concrete carbonation [4].

In most studies, ribbed bars have been analyzed. There are a smaller number of
applications in which, due to the smaller diameter of the reinforcing bars, they are used
in a smooth form, for example in stirrups. In the case of smooth bars, in addition to
corrosion resistance [5,6], the adhesion of the bars to concrete is also monitored, which can
be substantially improved by phosphating [7,8].

In 2009, Simescu et al. analyzed in detail the corrosion behavior in an alkaline environ-
ment (the environment simulates the interstitial electrolyte of concrete at room temperature
and was based on Ca(OH)2 + NaOH + KOH + NaCl) of zinc phosphate-coated steel. They
observed that in an alkaline solution with or without chlorides, the phosphate-coated steel
specimen showed better strength than that of the non-phosphate-coated steel. During the
first days of immersion in the alkaline medium (pH = 12.6), there was a slow dissolution of
the hopeite and phosphophyllite and a strong dissolution of metallic zinc. The latter, in the
presence of calcium, forms a hydroxysinate complex, which is followed by precipitation
of calcium in the form of calcium hydroxysinate (Ca(Zn(OH)3)22H2O). Thus, a dense and
protective layer is formed. With a solution of chloride ions, at very high concentrations
exceeding the chloride threshold tolerated for the initiation of steel corrosion in alkaline en-
vironments ([Cl−]/[OH−] > 0.6), the calcium hydroxyisinate film formed by this treatment
contributes to the reduction of chloride aggressiveness and provides effective protection
against corrosion of steel reinforcements [6].

However, over time, the concrete continues to harden, and this is where carbonation
occurs; as a result, the structure becomes susceptible to corrosion [9–12].

Generalized corrosion, which uniformly affects the whole bar length, or pitting cor-
rosion, which affects a specific part of the bar, have important effects on the mechanical
behavior of the steel reinforcement bars [13].

One significant steel corrosion effect is the change in the mechanical properties of
reinforcing bars. Even though most of the investigations are not focused on this effect, steel
reinforcement corrosion yields into material mechanical properties changes [14–17].

The ability of a steel bar in terms of its mechanical performance is considered as
being unchanged during the entire lifetime of a reinforced concrete structure, according
to the Greek standard [18] as well as other appropriate European national standards. It
has been recognized [19] that chloride-induced corrosion, characterized by the continuous
occurrence of pitted regions on the steel reinforcement, leads to substantial reductions in
the bar cross-section [18].

The effects of corrosion on the mechanical performance of reinforcing steel bars has
been studied in the literature; thus, significant effects on strength and ductility have
been found [15–17,19–28]. Studies in the field have also presented the influence of the
deterioration of steel bars embedded in concrete through corrosion on the reduction of the
bond strength between the bar and the concrete [19–21,28–30].

The structural and chemical analysis, as well as the mechanical properties (surface
roughness, microindentation, and scratch resistance) of phosphate layers deposited on steel
rebars for civil constructions was carried out.

2. Materials and Methods
2.1. Materials

Concrete steel type CS37 is a carbon steel that has a smooth profile and is hot rolled.
CS37 is most often used to make stirrups, which hold the reinforcements. The areas of use
for this steel are: concrete reinforcement, elements and structures composed of reinforced
concrete and compressed concrete, civil and industrial constructions, and the production of
stirrups for reinforced concrete structures. Compared with corrugated iron, this concrete
steel is more malleable and less rigid.

For this study, bars of CS37 with a diameter of 10 mm were purchased from a spe-
cialized warehouse and were used as a substrate for various coatings. The chemical
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composition of the steel, obtained by spark spectroscopy and given by the supplier, is
shown in Table 1.

Table 1. Chemical composition of CS37 used as substrate (wt.%).

Element C Si Mn S P Fe

wt.% 0.23 0.07 0.75 0.045 0.045 rest

2.2. Sample Preparation

The CS37 bars were cut into specimens with a size of Ø10 mm and a thickness of 3
mm. In order to obtain surfaces with new corrosion resistance properties, a layer obtained
through a chemical conversion process (phosphating) was deposited on the surface of the
samples. The samples were sanded with SiC abrasive paper, the grits used to be 400, 600,
800, 1000, and 1200. After obtaining a homogeneous surface, the samples were degreased
in an ultrasonic bath with ethyl alcohol and distilled water for 10 min and then pickled
for 15 min. Then, a layer of phosphate was deposited on the surface of the samples by
immersing them in the phosphating solution.

The samples were phosphated with three solutions, having the chemical compositions
listed in Table 2.

Table 2. The composition of the three phosphating solutions used in the experimental research.

Solution I Solution II Solution III

NaOH (7 g) NaOH (0.9 g) NaOH (0.75 g)
MgCO3 (8.5 g) NaNO2 (0.6 g) NaNO2 (0.45 g)
NaNO2 (0.4 g) Na5P3O10 (0.1 g) Na5P3O10 (0.05 g)

H3PO4 (85%, 23 mL) H3PO4 (22 mL) H3PO4 (7 mL)
HNO3 (11 mL) HNO3 (0.4 mL)

Zn (9 g) Ni (0.03 g)
Fe (0.03)

Mn (1.5 g)

The solutions used contained the following accelerators and inhibitors: HNO3, NaOH,
NaNO2, and Na5P3O10, in different amounts [14]. The phosphating stage lasted 60 min
at a temperature of 90 ◦C. In these solutions, MgCO3, Zn chips, Ni powder, Fe, Mn, and
H3PO4 were added to obtain the metallic compounds that would lead to the formation of
the phosphate layer [31]. Afterwards, the samples were rinsed with water and dried at
room temperature [32]. The scheme of the phosphating process is shown in Figure 1.
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In general, phosphate layers can be deposited on the surface of the material through
spraying or dipping processes. The method used in this experimental research was immer-
sion. Immersion is the most suitable method in this case, taking into account the size and
shape of the surface to be phosphated, as well as its subsequent use [33,34].
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2.3. Methods

The specimens used were obtained using a DEM 320A 400A-500A EDM machine
(Huayuan Road, Haidian District, Beijing, China). The samples used in the experimen-
tal research were composed of CS37 steel used for the reinforcement of reinforced
concrete structures.

The study of the morphology and chemical composition of the deposited layer was
carried out using an optical microscope (Zeiss Imager Axio a1M, Erfurt, Germany) and a
scanning electron microscope (Vega Tescan LMH II, TESCAN, Brno-Kohoutovice, Czech
Republic) equipped with an energy dispersive X-ray energy spectrometer (EDS) detector
(Bruker, X-Flash 6-10, Billerica, MA, USA).

The surface profile before and after phosphating with the three solutions was deter-
mined on a Taylor Hobson FORM TALYSURF I50 system, Leicester, U.K., (sensitive tip
made of tapered diamond, investigation distance: 30 mm, Talymap-3D analysis software
package v6, 2010). Five experiments were performed on each sample, and the average
values were presented.

The microindentation tests were performed on a CETR UMT-2 Bruker tribometer,
Ettlingen, Germany using a Rockwell-type indenter with a 120◦ diamond tip and a
200-micron radius. For each type of sample, 3 microindentations were created at a maxi-
mum pressing force of 10 N. Scratch tests were performed on the phosphated surface.

3. Results and Discussion
3.1. Structural and Chemical Analysis

The structural analysis of the realized surfaces, Figure 2a–c, for all applied phosphating
cases shows a surface that is generally covered with partial deposits of compounds from
the electrolyte solutions used during the phosphating process; see Table 2.
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Figure 2. SEM micrographs of phosphated surfaces with (a) solution I, (b) solution II, and
(c) solution III.

In all three cases of proposed depositions, areas can be observed between the crystals
on the surface, called intercrystalline areas; due to them, the surface of the layer is rough,
which is specific to phosphate layers deposited through the chemical conversion process.

The results showed that the layer covering the metal substrate is not continuous, the
characteristic observed in most layers obtained by phosphating. In all cases there is an
identifiable crystalline precipitate on the surface. The size of the crystallites varies (most of
them are even several micrometers in length).

Apart from the precipitates formed on the surface, one can also see crystals in various
forms, Figure 2a–c, which mainly vary depending on the solution used for phosphating.
The dimensions of the crystallites, some cylindrical and others acicular, are approximately
5–50 µm.

Figure 3 shows the SEM images of the layer thickness obtained by phosphating with
the three solutions. The thickness of the deposited layer is ~10 µm and that of the conversion
layer is ~20–30 µm.
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and (c) solution III.

The surfaces layers obtained after phosphating procedures presents PO–based com-
pounds along with specific chemical compounds given by each solution; see Table 3.

Table 3. Chemical composition of the phosphated surfaces.

Surface Solution
I

Solution
II

Solution
III

EDS
Error %

O%
wt 19.96 38.06 33.12

2.9at 33.89 66.55 62.01

Fe%
wt 61.78 15.1 47.66

1.5at 30.05 7.56 25.56

C%
wt 14.33 - -

1.9at 32.4 - -

P%
wt 3.05 12.31 6.4

0.25at 2.68 11.12 6.2

Mg% wt 0.88 - -
0.12at 0.98 - -

Mn%
wt - - 3.6

0.11at - - 1.96

Ni%
wt - - 0.58

0.07at - - 0.3

Zn%
wt - 34.52 -

0.2at - 14.76 -
St. Dev: O: ±2.1; Fe: ±1.1; C: ±1.1; ±2.1; P: ±0.7; Mg: ±0.1; Mn: ±0.15; Ni: ±0.05; Zn: ±1.2.

According to some previous studies [35], one of the compounds that forms on the sur-
face is also phosphophyllite; for the second solution, the presence of the Zn2Fe(PO4)24H2O
phase was confirmed [15,36]. Also, for the sample phosphated with Zn, solution II, the
presence of zinc phosphate tetrahydrate, hopeite, was also observed.

Due to the introduction of Mn into the phosphate solution, solution III, another phase
that was formed was Mn2.5(HPO4)(PO4)(H2O)2 [37]. In the case of phosphating with
manganese, another element that was added was nickel in the phosphating process. Its
role is as a catalyst and for accelerating the formation of manganese phosphate crystals.
The use of Ni in the phosphating solution helps to obtain a sealed layer consisting of
regular rhombic crystals, Figure 2c. The most common type of Ni compound formed was
nickel (II) phosphate.

3.2. Surface Roughness

General aspects of the samples surface were obtained through profilometry and are
given in Figure 4. Even though it was found that the crystal size and the type of crystal
formed during phosphating are dependent on the surface roughness of the substrate,
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and this is also the case after the sandblasting process if it takes place [38], in the case of
this study, the authors aimed to obtain an increase in the surface roughness obtained by
phosphating compared with the roughness of the surface of concrete steel generally applied
in practice.
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The reason is obvious; the increase in the surface roughness of the reinforcing elements
will lead to an improvement in the adhesion of the cement matrix and to the formation of a
better adhesion between the concrete steel and the concrete matrix.

In Table 4 are presented parameters of the roughness profile of the surfaces of the
deposited layers.
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Table 4. Parameters of the roughness profile of the surfaces of the deposited layers.

Specimen Ra
[µm] Rsk

Rq
[µm] Rku

Substrate 0.05 0.54 0.07 4.71
MgCo3 0.14 −0.14 0.17 0.17

MnZnNi 0.37 1.22 0.55 7.99
Zn 1.37 −0.01 1.67 0.57

The profiles of the surfaces of the phosphated samples confirm the inhomogeneities of
the deposits that are characteristic of this process, but they show a generally homogeneous
coverage on the entire surface, Figure 4b–d. One of the parameters most used to characterize
the profile of a surface is Ra, a dimensional unit usually given in mm or µm.

Ra represents an average value, or arithmetic mean, of the deviations of the profile
height from the mean line [35,39].

The values of the roughness profile expressed by Ra were between 0.14 µm (sample
phosphated with solution I) and 1.37 µm (sample phosphated with solution III), which
are all higher compared with the value of the metal substrate, and they can influence the
coefficient of friction, microhardness, and wear resistance of the tested samples.

The highest and lowest mean amplitude of roughness in the height direction (Rq)
were found for the sample phosphated with solution III (1.67 µm) and solution I (0.17 µm),
respectively. All Rq values obtained on the phosphated samples were higher than the
initial sample. The average surface feature values in the height direction were Rsk and Rku
(skewness and kurtosis).

Table 3 also shows the values of the asymmetry parameter (Rsk) for all samples, and
it is directly influenced by the way the phosphate layer is distributed on the surface in
relation to the average line. If the phosphate layer is mostly found above the line averages,
then the value of the asymmetry parameter is negative; if it is mostly below the average
line, then the value of the asymmetry parameter is positive.

In our case, the samples phosphated with solution I and solution III showed negative
values for the Rsk factor, and the metal substrate and the surface phosphated with solution
II had a positive one. Surfaces where asperities have been removed or that also have areas
below the midline lead to negative values for this parameter. For the sample phosphated
with solution III, the profile was very balanced, and the value of the asymmetry parameter
was very close to zero.

Surfaces that have profiles with very high peaks or where depressions are very small
show positive values for the skewness parameter [40]. From this point of view, the surface
obtained by phosphating using solution II may be more suitable for improving the adh-sion
between the metal insert bars and the cast concrete matrix in civil constructions.

The kurtosis parameter (Rku), Table 3, adds information on the shape of the profile of
the investigated surfaces. Thus, if it is within the limits of the reference length, the profile
has relatively few high peaks and depressions and a “platykurtic” profile results-Rku < 3;
the phosphated samples with solutions I and III were found in this situation; furthermore,
if on the contrary, the profile has many high peaks and deep valleys, this results in a
“leptokurtic” profile with Rku > 3.

The initial samples and the one phosphated with solution II presented an Rku pa-
rameter greater than 3, even Rku > 4. The high value of the Rku parameter for the sample
phosphated with solution II (approx. 8) recommends this procedure for obtaining a surface
with a high adhesion capacity.

3.3. Microindentation

The microindentation test was performed using the CETR UMT-2 tribometer, CETR,
Ettlingen, Germany using the Rockwell method. The initial stage of preloading, carried
out with a force of 1% of the maximum test force, was obtained in a time period ranging
between 10 s and 30 s. The maximum loading force used in this study was 9 N. A number
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of three tests were performed on the non-phosphated CS37 steel sample, the obtained
values of which are shown in Table 5 (Initial). The average value of the obtained hardness
is 1.59 GPa, the elasticity mode is 148.46 GPa, and the average value of the contact stiffness
is 5.17 µm.

Table 5. Results of the microindenting experiment.

Crt.
no.

Young’s
Indentation

Module
[GPa]

Hardness
[GPa]

Maximum
Load
[N]

Maximum
Displacement

[µm]

Contact Stiffness
[N/µm]

Contact
Area
[µm2]

In
it

ia
l Point 1 92.55 1.63 8.99 5.31 7.76 5517.57

Point 2 212.19 1.54 9.00 5.12 16.56 5856.25
Point 3 140.64 1.62 8.99 5.07 11.33 5559.55

Average 148.46 1.59 8.99 5.17 11.88 5644.45

So
lu

ti
on

I Point 1 150.64 1.54 9.02 5.27 12.36 5866.21
Point 2 126.15 1.63 9.02 5.12 10.27 5539.07
Point 3 187.87 1.46 9.03 5.41 15.34 6166.61

Average 154.89 1.54 9.02 5.27 12.65 5857.29

So
lu

ti
on

II Point 1 86.29 0.98 9.02 8.17 9.33 9181.95
Point 2 100.39 1.13 9.00 7.12 10.02 7974.12
Point 3 167.28 1.38 9.00 5.72 14.26 6507.06

Average 117.98 1.16 9.01 7.01 11.21 7887.71

So
lu

ti
on

II
I Point 1 221.41 1.42 9.02 5.52 17.89 6377.38

Point 2 118.57 1.69 8.99 5.00 9.53 5335.96
Point 3 103.51 1.42 9.02 5.84 9.18 6337.26

Average 147.83 1.51 9.01 5.45 12.20 6016.86

The specific graph of the sample with the values closest to the average ones, Figure 4,
shows a residual deformation of about 4.72 µm, which is the system behaving plastically
without the appearance of macrocracks.

The elasticity modulus and hardness values are in accordance with the graph presented
in the Figure 5, where it can be seen that the initial sample shows the lowest maximum
deformation and solution III shows the highest value. The initial sample had an average
hardness of 1.595 GPa with an elasticity modulus of 148.46 GPa, and the solution II samples
had a hardness of 1.165 GPa with a Young modulus of 117.98 GPa, which were lower than
the solution I and III samples.
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Depth indentions, Figure 5, are mostly in the phosphated cover layer (usually 20–30µm [41])
with a higher depth for the samples phosphated with the second solution (solution II).
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Both layers obtained after phosphating with solution I and III presented indentation Young
modulus values near the metallic CS material fact, which is considered a great advantage
for the mechanical properties of the deposited material. The hardness values presented
a homogeneous layer in all cases, and there was a smaller hardness value for the sample
phosphated with solution II. From a contact stiffness point of view, the sample phosphated
with the second solution presented the best results, with a value smaller than the metallic
substrate. Nevertheless, all samples have similar values; see Table 5.

3.4. Scratch Resistance Analysis

The purpose of the scratch tests was as a preliminary evaluation of the coefficient of
friction of the surface of the investigated samples and for a determination of the adhesion
of the external phosphate layer to the metal substrate [42]. Scratch tests were performed
over a length of 11 mm for all samples and showed a differentiated behavior between the
metallic material and those with phosphated layers; see Figure 6. The variation of stress
and friction were used to obtain and plot the COF (coefficient of friction). The variation
of the coefficient of friction of the metal substrate, which can be considered a background
signal, is added for the samples with phosphated layers and the behavior of each of the
layers obtained depending on the solution used (I, II, or III). Apart from a sudden decrease
in the coefficient of friction of the sample phosphated with solution III, blue color in the
variation graph in Figure 6, the samples showed a similar behavior. The decrease in the
COF value in this case, very close to the values obtained on the metal substrate, may be
due to the partial interruption of the phosphate layer in that area.
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The larger variation in the COF values on the phosphated samples is obviously due to
the layer of phosphate partially diffused in the metal substrate and partially deposited on
the surface due to the ceramic nature of these layers, which is more brittle compared with
the metal substrate.

In the first 2–3 mm of the scratch, Figure 6, it can be seen that the samples phosphated
with solutions II and III had a COF slightly higher than that of the metal substrate to
distinguish it from the sample phosphated with solution I, which has a higher COF over
this distance.

After increasing the scratch stress and possibly breaking through the phosphated layer
on the surface of the construction steel, the three samples showed similar behavior but
with slightly higher values for the sample phosphated with solution II. Even if the external
phosphate layer was penetrated by the test indenter, the metal substrate had an upper layer
in which the phosphate layer had diffused and which presents a higher COF compared
with the substrate in its initial state.

Both static and kinetic friction have different values if they refer to the coefficient of
friction. Static friction is the resistance encountered when two objects are at rest and try
to move [43]. It prevents objects from sliding against each other until a certain force is
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applied to overcome it. The force required to initiate the motion is known as the static
frictional force. Kinetic friction, also known as sliding friction, occurs when frictional force
opposes the motion of an object. The kinetic friction force is generally less than the static
friction force. For example, for a brick sliding on a wooden table, the coefficient of kinetic
friction is 0.5, so to keep the brick moving at a constant speed, we will need a force that
is at least equal to half the weight of the bricks [44–46]. On the other hand, the coefficient
of static friction for the same case is approximately 0.6. In both cases, the friction force is
oriented in the direction opposite to the movement of the object. If a material has a friction
coefficient lower than 0.1, then that material is considered a lubricating material [47]. The
friction coefficients obtained for the phosphated samples, Table 6, showed three times
higher values (0.49 for the phosphated samples with solutions I and III, respectively, 0.44
for the phosphated sample with solution II) compared with the average value obtained on
the metal substrate (0.15).

Table 6. Micro-scratch test results of deposited layers (average values).

Solution Fx [N] CoF

Initial 0.84 0.15
Solution I 2.86 0.49
Solution II 2.59 0.44
Solution III 2.94 0.49

Scratch marks on sample surfaces without phosphating are shown in Figure 7a, and
those with phosphating with various experimental solutions are shown in Figure 7b–d.
The variations in the friction coefficient obtained by the scratch test are confirmed by the
SEM images of the traces, Figure 7a–d, but also by the distribution of the elements on the
surface in Figure 7a–d. Structurally, the traces are similar, having approximately the same
thickness of approximately 75–80 µm and without interruptions. There is one exception,
namely the sample phosphated with solution II, Figures 6c and 7c, where the phosphate
layer can be observed after scratching.
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In neither case was a coarse crack of the phosphate layer observed when they were
scratched; see Figure 7. All phosphate layers were pierced and removed by the scratch test.

The element distributions confirm the diffusion of the elements from the phosphating
solution in the upper part of the metal substrate during deposition, with the same elements
being present on the scratch marks where the external phosphate layer was mechanically
removed by the force of the indenter. The samples phosphated with solution II (Figure 8c)
shows areas where the phosphate layer resisted the external scratching stress and was not
completely removed by the indenter. This occurs despite the lower microhardness on the
surface, but with better elasticity of the phosphate layer.
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4. Conclusions

Improving the adhesion and surface properties of construction steel bars is one of the
main concerns of companies involved in civil construction, based on material deposition
losses or corrosion occurring during operation that can lead to catastrophic building
collapses and even loss of human life. Part of the problems can be solved by applying
a fast and cheap solution to improve the materials’ quality, namely phosphating. Three
different solutions were used to obtain phosphated layers on a construction steel substrate
in terms of acceptable costs and time. The main conclusions drawn from the experimental
results are:

• SEM micrographs highlight the appearance of crystals in various forms (the smaller
sizes of these crystals (5–25 µm) can be seen on the samples phosphated with solution
I and II, having a cylindrical shape, and the largest are obtained with solution III, the
crystals of which are larger (30–50 µm) and have an acicular shape);

• Samples phosphated with solution I and solution III show negative values for the Rsk
factor, and the metal substrate and the surface phosphated with solution II show a
positive one. For the sample phosphated with solution III, the profile is very balanced,
and the value of the asymmetry parameter is very close to zero;

• The initial sample shows the lowest maximum deformation, and the sample phos-
phated with solution III shows the highest value. The initial sample has an average



Coatings 2024, 14, 182 12 of 14

hardness of 1.595 GPa with an elasticity modulus of 148.46 GPa, and the phosphated
samples with solution II have a hardness of 1.165 GPa with a Young modulus of
117.98 GPa, which are lower than the solution I and III phosphated samples;

• The friction coefficient obtained for the phosphated samples presents three times
higher values (0.49 for the phosphated samples with solutions I and III, respectively,
0.44 for the phosphated sample with solution II) compared with the average value
obtained on the metal substrate (0.15);

• The sample phosphated with solution II shows areas where the phosphate layer
resisted the external scratching stress and was not completely removed by the indenter.

By analyzing the results obtained for the CS37 steel samples phosphated with the
solutions presented, we can appreciate that the best results for the tests performed were
obtained on the phosphated samples with solution II. We can state that the solution that has
9 g of Zn in its composition can be used to obtain steel rebars for use in civil constructions
with improved surface properties.
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