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ABSTRACT

AZ31 magnesium alloys with four different roughness values and two different grinding
directions were coated with sol-gel silica coatings to assess the influence of the initial surface
conditions of the substrates on the final coating thickness. Sol-gels were prepared from two
silicon alkoxide precursors and deposited on the surface of the magnesium substrates by the
dip-coating method. Roughness tester and scanning electron microscopy (SEM) were used to
assess the thickness of the silica coatings and the presence of defects in the coatings. Shear
stress tests were developed to study the adhesion of the coatings. An analysis of variance was
carried out to determine the implication of the substrate roughness and the direction of the
grinding lines in the final sol-gel coating thickness and its adhesion on the substrate. The
results show that the roughness has a significant influence both on the thickness and on the
adhesion of the coatings. Thus, thicker coatings were obtained on substrates with higher
roughness values, going from 2.18 pum to 1.42 um for substrate roughness values of 1.47 pm
and 0.27 pum respectively, in the case of horizontal grinding lines, and from 2.01 pum to 1.37
pum for substrate roughness values of 1.47 um and 0.27 pum respectively, in the case of vertical
grinding lines. However, the grinding direction has no significant influence on the thickness
nor the adhesion, but it has a clear influence on the formation of defects in the coatings.
Finally, the inclusion of the r parameter in the Landau-Levich equation is proposed to adjust
it, taking into account the roughness of the substrates intended to be coated and the

evaporation of solvent and water from the coating during the dip-coating.
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1. Introduction

Magnesium and magnesium alloys are arousing interest in some fields as biomedical or
automotive industries where these materials could be used for several applications due to their
properties [1-7]. Magnesium is the lightest of the structural metals and has a resistance/weight
ratio better than aluminium and steel. It has a low-density value and the lowest Young
modulus among the metals used as biomaterials, close to that of natural bone. Moreover,
magnesium is biocompatible, biodegradable, and an osteogenic material [8-10].

However, the major drawback of these materials is that magnesium is a very reactive metal
and is prone to suffer from corrosion processes, which limits its use in the previously
described fields. Some strategies are used to improve the corrosion resistance of the
magnesium alloys such as surface modifications or the application of coatings on the surface
of the magnesium substrate [11-16].

Concerning coatings, there are several technologies to create them, like high energy processes
such as HVOF [17] or low energy methods as spin-coating, dip-coating, spray coating, etc.
[18-22]. Among them, the dip-coating method has been widely used as it is simple and can be
applied on pieces in a very wide range of sizes. The combination of the sol-gel synthesis with
the dip-coating method has been deeply studied and used to generate micrometric ceramic
coatings with different properties [23-31]. The sol-gel synthesis method allows mixing
different metal alkoxide precursors to obtain hybrid coatings. In this method, the hydrolysis
and polycondensation of the colloidal particles in the initial solution (sol), create a three-
Dimensional network (gel) which, after the drying of the liquid phases inside the
interconnected network and an aging process, becomes a solid ceramic material [32, 33].
Moreover, the sol-gel process allows the addition of different substances and nanoparticles,
during the liquid synthesis, which can improve specific properties of the coatings like the

adhesion on the substrate, the hardness and toughness, or provide the underlying substrate



with corrosion resistance, biocompatibility, or bactericide properties [34-38]. This way,
coatings generated by sol-gel can be used to overcome the shortcomings of the substrates and
to enlarge the fields where the substrate material can be used.

The dip-coating method consists of the immersion of the substrate that is intended to be
coated in a dilution made of the material that is going to form the coating, and the subsequent
extraction from the dilution with a controlled withdrawal speed. During the extraction, part of
the coating material remains on the surface of the substrate creating a coating after the
evaporation of the solvent of any other process that can take place in the thin layer. For
Newtonian liquids, the thickness of this coating is a function of some properties of the fluid,
i.e., surface tension, viscosity or density, as well as a function of the gravity and the
withdrawal speed, as it is shown in equation 1, which is the Landau-Levich equation for

Newtonian liquids [22][39, 40].
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In this equation, 7 is the viscosity of the solution, v is the withdrawal speed from the solution,
p is the density of the solution, g is the gravity acceleration and y is the liquid-vapour surface
tension.

Besides all of these parameters, the roughness of the substrate and the direction of the
grinding lines with respect to the withdrawal direction during the dip-coating process can be
important factors affecting the final thickness of the coatings. Several authors have studied
how the roughness of the substrates intended to be coated affect different properties of the sol-
gel coatings deposited on them [41- 44].

In this research, AZ31 magnesium alloy samples with four different roughness values and two
grinding directions were studied to assess the influence of these parameters in the final
thickness of sol-gel silica coatings deposited on their surfaces by the dip-coating method.

Moreover, a new parameter was proposed to be included in the Landau-Levich equation to



adjust it with the roughness value of the coated substrate. This parameter also considers the

effect of the evaporation of the liquid phases from the coating during the dip-coating method.

2. Materials & methods

2.1 Substrate material
The composition of the AZ31 magnesium alloy plates provided by Magnesium Elektron is
shown in Table I. The plates were cut into 12x12x2.5 mm?® samples. Before coating, all the
samples were grounded with SiC grit papers. In this research, four different grinding finishing
were tested. The samples were grounded using 120 SiC, 400 SiC, 800 SiC, and 1200 SiC grit
paper sizes to obtain the four different grinding conditions. Finally, all the samples were

ultrasonically cleaned by immersion in isopropanol for 10 minutes and air-dried.

Table 1. AZ31B magnesium alloy composition in wt. %.

Al Zn Mn Si Ca Fe Ni Cu Mg
2.9 0.75 0.29 0.01 <0.005 0.004 0.0013 <0.0005 Bal.

2.2 Substrate roughness assessment
Before coating, the roughness of the magnesium substrates with different grinding conditions
was assessed using a roughness tester (Surftest Mitutoyo SJ-210). Three different
measurements were made for each grinding condition, for measuring the average roughness
(Ra) and the root mean square (Rq) of the surfaces. The roughness corresponds with the
average value measured along three different lines of 3.5 mm, perpendicular to the grinding
direction, for each sample (1SO 4287:1997).

2.3 Coating generation and deposition
The coatings used in this research consisted of monolayer hybrid inorganic-organic silica
films synthesized by the sol-gel method, from two silicon alkoxides, Tetraethyl Orthosilicate
(TEQS; Si(C;H50),4) and Methyl-triethoxysilane (MTES; CH3-Si(C,Hs0)3). These precursors

were mixed in a magnetic stirrer for 10 minutes in a molar fraction of 40 % TEOS and 60 %



MTES. Then, isopropanol and 0.1 M HCI acidulated distilled water were added to the initial
precursors mixture. The molar ratio between all the components was: 1 mol of 40 % TEQOS /
60 % MTES mixture, 5 mols of isopropanol, and 10 mols of the acidulated distilled water,
this ratio was optimized in previous research [11].

The final mixing was magnetically stirred for 2 hours at room temperature and then let stand
for 30 minutes to let the hydrolysis and polycondensation reactions in the sol to be totally
completed before coating. Figure 1 shows a diagram of the different steps in the sol-gel

synthesis.
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Figure 1. Diagram of the different steps in the sol-gel synthesis.
Once the sol was synthesized, the samples were coated by dip-coating. After immersing the
samples in the sol for 1 minute, they were extracted from the sol with a controlled speed of 35
cm/min. This withdrawal speed was established in previous research, where homogeneous,
compact, and crack-free coatings were obtained [11]. In this research, not only the influence
of the roughness in the coating thickness was studied but the influence of the direction of the
grinding lines in relation to the withdrawal direction during the dip-coating process. Thus,
two different directions were studied as it can be seen in Figure 2. The withdrawal direction
can be perpendicular to the grinding lines (horizontal lines, Figure 2a) or parallel to them
(vertical lines, Figure 2b). These two conditions were assessed for each grit finishing. All the

conditions evaluated in this research are shown in Table 1.
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Figure 2. Scheme of the two different coating modes. (a) Horizontal grinding lines and
perpendicular to withdrawal direction. (b) Vertical grinding lines and parallel to withdrawal
direction.

Table 1. Sample conditions.

Sample name Grinding Grinding lines
120 H SiC 120 grit paper Horizontal
400 H SiC 400 grit paper Horizontal
800 H SiC 800 grit paper Horizontal
1200 H SiC 1200 grit paper Horizontal
120V SiC 120 grit paper Vertical
400V SiC 400 grit paper Vertical
800V SiC 800 grit paper Vertical
1200 V SiC 1200 grit paper Vertical

After the dip-coating, a heat treatment consisting of drying at 100 °C for 24 hours followed by

a sintering treatment at 200 °C for 24 hours was applied as the final step.
2.4 Scanning electron microscopy

Once the samples were coated, scanning electron microscopy (SEM — HITACHI S3400N)

was used to characterize the coatings on the different samples. Micrographs were taken with

the samples tilted 60 ° with respect to the horizontal plane inside the SEM to evaluate the

thickness and the integrity of the coatings, looking for cracks and defects. Moreover, SEM

was used to assess the surface of the substrates after the shear stress tests.



2.5 Hydrophobicity assessment
Before coating, contact angle tests were carried out by the sessile drop technique [45] and
using a goniometer (RAME-HART 200-F1). Distilled water droplets were deposited on the
surface of the metallic substrates with different grinding conditions. Macrographs of the
droplets were taken at 10 s, 30 s, and 60 s after the deposition, to evaluate the contact angle of
water on the different AZ31 substrates.

2.6 Coating adhesion test
The adhesion of the coatings on the samples with the different grinding conditions was
assessed by shear tests (Zwick / Roel type 8594.60 testing machine). 1 cm? of every coating
was glued to an uncoated substrate (Figure 3) using the bi-component epoxy adhesive
Loctite® EA 9466. In all cases, the orientation of the test was in the extraction direction.
Therefore, the substrates with horizontal grinding lines were glued with the lines
perpendicular to the shear stress direction. On the other hand, the samples with vertical

grinding lines were glued with the lines parallel to the shear stress direction.
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Figure 3. Scheme of the set-up used in the shear tests to evaluate the adhesion of the coatings.
2.7 Analysis of variance

Analysis of variance was carried out [46] to study the significance of the substrate roughness

and the direction of the grinding lines used as factors on the values of coating thickness,

which was the studied variable. The values obtained with this analysis were the combination

of the squares (SS), the degrees of freedom (DF), the F-ratio (F), the probability of null

hypothesis H, (p), and the percentage contribution of each factor.



To assume the null hypothesis H, means that the factor studied has no significance on the
variable. To know if each factor has significance on the variable, the parameter p is used to
accept or reject the null hypothesis. Thus, if p < a, where a = 0.05, then the null hypothesis
can be rejected and the alternate hypothesis H,, that the factor has a significance on the
variable, can be accepted.
3. Results

3.1 Roughness
Figure 4 shows the different roughness parameters (Ra, Rq) for the AZ31 substrates treated
with the four different SiC grit papers. As expected, lower roughness values were obtained on
the surface of the AZ31 samples for the grit papers with the finer grain size. Moreover, the
deviation values were also smaller for the lower roughness values, obtained using 800 and
1200 grit papers. Thus, the Ra values obtained for each grit paper were: 1.47 um for 120 grit,
1.03 um for 400 grit, 0.42 um for 800 grit, and 0.27 pm for 1200 grit.
Rq values were slightly higher than Ra values indicating that the average amplitude from the

mean line is higher than the average of peaks and valleys in the height direction.
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Figure 4. Roughness values of the magnesium substrates treated with different grit paper
sizes.



3.2 Coating assessment
Figure 5 shows the coatings deposited on the substrates with the four different roughness
values. In this case, the grinding lines were perpendicular (horizontal) to the withdrawal
direction during the dip-coating process (Figure 2a). On the other hand, Figure 6 shows the
coatings deposited on the substrates with the four different roughness values but, in this case,
the grinding lines were parallel (vertical) to the withdrawal direction during the dip-coating

process (Figure 2b).

Figure 5. Sol-gel coatings deposited on Mg substrates with grinding lines perpendicular

(horizontal) to the withdrawal direction during the dip-coating process. (a) Substrate grounded
with 120 grit paper. (b) Substrate grounded with 400 grit paper. (c) Substrate grounded with
800 grit paper. (d) Substrate grounded with 1200 grit paper.

In both cases, horizontal and vertical grinding lines, the coatings on the substrates with the

higher roughness values, obtained with 120 and 400 grit papers, appeared cracked and full of



defects. However, these defects presented different morphologies depending on the direction
of the grinding lines. In the case of horizontal lines, continuous cracks were present along the
grinding lines (arrows marked in Figures 5a and 5b). But in the case of vertical grinding lines,
non-continuous defects were present instead of continuous cracks. These defects consisted of
separated pores in the coating, distributed in queues following the direction of the grinding

lines (arrowed zones in Figures 6a and 6b).

Figure 6. Sol-gel coatings deposited on Mg substrates with grinding lines parallel (vertical) to

the withdrawal direction during the dip-coating process. (a) Substrate grounded with 120 grit

paper. (b) Substrate grounded with 400 grit paper. (c) Substrate grounded with 800 grit paper.
(d) Substrate grounded with 1200 grit paper.

For lower roughness values, no cracks or defects were visible in the coatings for horizontal

(Figures 5¢ and 5d) nor vertical (Figures 6¢ and 6d) grinding lines.

The relation between the coating thickness, the roughness of the substrates, and the direction

of the grinding lines for all the samples was studied by linear regression and analysis of



variance. Figure 7 depicts the plot of coating thickness values versus the roughness of the

substrates for the two different grinding lines directions. Moreover, Table 111 shows the values

of coating thickness and substrate roughness (Ra) for each sample, corresponding with the

values of Figure 7.
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Figure 7. Relation between thickness and Ra roughness for the samples with horizontal and

vertical grinding lines.

Table 111. Roughness (Ra) and coating thickness average and standard deviation values.

Sample Ra (um) Coating thickness (um)
120 H 1.47 +0.09 2.18 +0.16
400 H 1.03+£0.05 1.83+0.23
800 H 0.42 +0.03 1.54 £0.08
1200 H 0.27 £ 0.02 1.42 £ 0.06
120V 1.47 £ 0.09 2.01+0.13
400 V 1.03+£0.05 1.69 +0.18
800V 0.42 £0.03 1.46 + 0.04
1200 V 0.27 £ 0.02 1.37£0.08

Through a linear regression of the values in Figure 7, it is possible to see that there is a

correlation between the roughness of the coated samples and the final thickness of the



coatings deposited on them. Thus, the higher values of coating thickness are obtained for
rougher surfaces. The values of the adjusted coefficient of determination (adj. R?) and Pearson
correlation coefficient (r) for the horizontal and vertical grinding lines models are shown in
Table 1V.

Table IV. Coefficients from linear regression.

Grinding direction Adjusted R? Pearson’s r
Horizontal 0.986 0.995
Vertical 0.978 0.992

It is also possible to see that there are no significant differences, in terms of coating thickness,
between the samples with horizontal and vertical grinding lines, although mean coating
thickness values are always slightly higher for the samples with horizontal grinding lines.
Moreover, the higher the roughness of the substrate, the bigger the difference of mean coating
thickness values between the samples with the two different grinding lines directions. Thus, in
the case of the lowest roughness value (Ra = 0.27 um) obtained with 1200 grit paper, the
difference in coating thickness between the sample with the horizontal grinding lines (1.42
um) and the sample with the vertical grinding lines (1.37 pm) is 0.05 um (3.5 %). While in
the case of the highest roughness value (Ra = 1.47 um) obtained with 120 grit paper, the
difference in coating thickness between the sample with the horizontal grinding lines (2.18
pum) and the sample with the vertical grinding lines (2.01 pum) is 0.17 um (7.8 %).
3.3 Hydrophobicity

Figure 8 shows the contact angle for the samples with different grinding conditions. There
were no significant differences between the contact angle values of the substrates treated with
the 400, 800, and 1200 grit papers, which values were between 110° and 130° for all times.

However, the mean values of the contact angle decreased when roughness values decreased.
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Figure 8. Contact angle for the magnesium substrates treated with the four different grit
papers.

The contact angle for the substrate treated with the 120 grit paper, which presented the highest
roughness values, was significantly smaller compared with the other cases, with values
around 90 ©, i.e., at the limit of wetting or not wetting the substrate.

3.4 Coating Adhesion tests
Figures 9 and 10 show the results of the adhesion tests for the samples with horizontal and
vertical grinding lines. These graphs depict the maximum shear stress for all the coatings until
the detachment or the cohesive failure of the coatings. The maximum loads, over 20 MPa,
were obtained for the substrates with higher roughness values and thicker coatings, 120H and
400H in the case of substrates with horizontal grinding lines, and 120V and 400V in the case
of substrates with vertical grinding lines. In the case of the 800H sample, the shear stress
value was around 18.5 MPa, which is an intermediate value between the highest values, and
the lowest ones, which corresponded to the 1200H, 800V, and 1200V, which were around 15
MPa. From these data, it is possible to determine that the direction of the grinding lines does

not seem to play an important role in the adhesion of the coatings because no significant



differences were found. However, the roughness of the substrates influences the shear stress
withstood by the coatings. In general, the higher the roughness, the higher the maximum shear

stress resisted by the system.
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Figure 9. Shear stress of the coatings for the different horizontal grinding conditions (a) and

vertical grinding conditions (b).
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Furthermore, the type of failure of the coating during the adhesion tests was influenced by the
direction of the grinding lines, as it can be seen in Figures 11 and 12, which show the SEM

micrographs of the surface of the different samples after the adhesion tests.
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Figure 11. SEM micrographs of the surface of the substrates with different grinding
conditions (a) 120H, (b) 400H, (c) 800H, and (d) 1200H after testing the adhesion of the
coatings.

In the case of the samples with horizontal grinding lines (Figure 11), the rests of the coatings
that remained on the surface of the substrate after the adhesion tests showed triangular and
elongated morphologies, located inside the concave zones of the grooves. For the substrates
with the highest roughness values, the grooves were deeper and, subsequently, larger amounts
of coating remained on the substrates (Figures 11a and 11b). For lower values of roughness
(Figures 11c and 11d), the remaining coating was also located inside the grooves but, in this

case, smaller amounts of coating were found. The SEM micrographs indicate that cohesive



failure of the coating occurred inside the grooves, where high amount of coating accumulated.
However, adhesive failure of the coating occurred outside the concave zones of the grooves,

where almost no traces of coating were found.

30um

Figure 12. SEM micrographs of the surface of the substrates with different grinding
conditions (a) 120V, (b) 400V, (c) 800V, and (d) 1200V after testing the adhesion of the
coatings.

The SEM micrographs of the samples with vertical grinding lines (Figure 12) show that the
remaining coating can be found only on the substrates with the highest roughness values,
located inside the deepest grooves (Figures 12a and 12b), but in a lower amount compared
with the substrates with horizontal grinding lines and only near to the edge of the test area.
Outside the grooves, no traces of coating were found. For the substrates with lower roughness
values, (Figures. 12c and 12d), no traces of coating were found inside nor outside the grooves

over the tested area, which indicates an adhesive failure of the coatings.



4. Discussion

4.1 Coating assessment
When a material in a fluid state is deposited on the surface of a solid substrate to create a
coating, the surface characteristics of the substrate play an important role in the final
properties of the solid layer. Thus, roughness is an important factor that can modify the
surface energy and, therefore, the hydrophobicity of the substrate, which can affect the
amount of liquid remaining on the surface of the substrate and, consequently, the final
thickness of the coating.
Hydrophobicity test showed that higher Ra values lead to higher mean contact angle values.
This trend was fulfilled for the samples grounded with 400, 800, and 1200 grit papers, but
without significant differences between these samples. However, this trend changed for the
sample grounded with 120 grit paper. This sample presented the highest Ra value but the
lowest contact angle value. Studies can be found in the literature that have determined that, in
general, a higher substrate roughness value increases the hydrophobicity of the material [45,
47], but exceptions can occur for surfaces with high roughness values. Thus, this behaviour
could be explained due to the existence of a limit roughness value from which the trend is
inverted and the hydrophobicity starts to decrease as the roughness increase [48, 49].
In SEM images it is possible to observe that for roughness values higher than 1 um (Figures
5a, 5b, 6a, and 6b), the coatings were damaged. Moreover, the morphologies of the defects in
the coatings are different depending on the direction of the grinding lines on the surface of the
substrate, horizontal or vertical regards to the dipping direction. In the case of horizontal lines,
cracks were observed spreading along the direction of the grinding lines. In the case of
vertical lines, separated pores aligned in the direction of the grinding lines were observed. The
way that these defects are distributed indicates an anisotropy in the coatings, which decreases
their mechanical properties in the direction of the grinding lines. That could be a consequence

of the Ra values being 67 % of the value of coating thickness for 120H samples and 73 % of



the value of coating thickness for 120V samples, these high Ra values seem to affect the
coating above the substrate, making it difficult for the sol-gel to totally cover the substrate at
some points and increasing the presence of residual stress during the consolidation of the
coating due to its reduction in thickness, affected by the heterogeneity of the substrate. Thus,
non-compact, heterogeneous, or cracked coatings are obtained on the surface of these
substrates.

The differences in the morphologies of the defects depend on the direction of the grinding
lines with respect to the extraction direction during the dip-coating process. Thus, as it is
shown in Figure 13, with horizontal lines oriented in the X-axis, perpendicular to the dip-
coating extraction direction, oriented in the Y-axis, the sol-gel covered the whole surface
because the grooves of the grinding lines help to drag more material during the extraction of
the substrate from the sol-gel (Figure 13a). Before drying, part of the sol-gel falls downwards
over the surface. Once the sol-gel is dried and the coating is created, in the case of high
roughness values, although the surface is completely covered some cracks appear, especially
in the coatings deposited on the surfaces with the higher roughness values (Figures 5a and
5b). This cracking event takes place because of the effect of residual stress during the
consolidation of the coating due to its reduction in thickness, affected by the heterogeneity of
the substrate. These cracks grow following the direction of the grinding lines, originated at the
points of lower thickness, marked with arrows in Figure 13b.

On the other hand, as it is shown in Figure 14, in the case of vertical lines oriented in the Y-
axis, parallel to the dip-coating extraction direction, also oriented in the Y-axis, the amount of
material dragged from the sol-gel during the extraction of the substrate is lower than in the
previous case (Figure 14a). While the sample is being pulled, the sol-gel runs off the surface.
In this case, as the direction of the extraction matches with the direction of the grinding lines,
the sol-gel is not forced to coat the peaks in the surface and tends to accumulate in the

concave areas of the grooves. Consequently, there is a lack of coating material in some points



of the ridges of the grooves, (arrowed zones in Figure 14b), creating these aligned hollow

defects shown in Figures. 6a and 6b.
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Figure 13. Coating mode in substrates with grinding lines in the horizontal direction. (a)

Coating after dip-coating. (b) Coating after drying and sintering.
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Figure 14. Coating mode in substrates with grinding lines in the vertical direction. (a) Coating
after dip-coating. (b) Coating after drying and sintering.

For the samples with lower roughness values (Figures. 5c¢, 5d, 6¢, and 6d), the dragged

material from the sol-gel was enough to completely cover the surface of the substrates,

regardless of the direction of the grinding lines. In the case of the 1200H and 1200V samples,

the Ra value of the surface of these substrates (0.27 pum) represents 19 % of the thickness

value for the coating on the 1200H sample (1.47 um), and 20 % of the thickness value for the

coating on the 1200V sample (1.37 um). Contrary to what happens for higher roughness



values, these Ra values are low enough to obtain homogeneous and defect-free coatings on
the surface of these substrates. However, the thickness of the coatings of the substrates with
horizontal grinding lines is always higher compared with the coatings of the substrates with
vertical grinding lines, because in the first case, the drag of material from the sol-gel is always
higher (Figure 7), which means that these coatings would be more interesting for practical
applications.

The direct correlation between substrate roughness and final coating thickness was
demonstrated through the linear regression of the data in Figure 7, and the values of the
adjusted coefficient of determination (adj. R?) and Pearson correlation coefficient (r) from
Table IV. The values of adjusted R? and Pearson’s r are very close to 1 for both linear
regressions, which indicates that the linear models fit the data and there is a strong positive
correlation between substrate roughness and coating thickness.

4.2 Analysis of variance

To study the dependence of the coating thickness on the two different factors studied in this
research, roughness and grinding lines direction, an analysis of variance was carried out.
Figure 15 shows the coating thickness values for each factor compared with the average
thickness value for all the samples, represented by the horizontal dotted line. The data

obtained from the analysis of variance are shown in Table V.
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Figure 15 Dependence of the coating thickness on the roughness of the substrate (a) and the

direction of the grinding lines (b).

Table V. Results obtained from the analysis of variance related to coating thickness.

Thickness (um)

Factors SS DF F p % of contribution
Roughness 7.60 3 117.10 5.8 107 78.54 %
Grinding direction  0.26 1 2.75 0.101 2.73 %

From the study of the dependence of coating thickness on the different factors, Figure 15a
indicates that the thickness values are higher for higher roughness values and there is
dependence on this factor. However, in Figure 15b the thickness values for both grinding
directions are very close to the average value, which indicates that there is almost no
dependence on this factor.
The results obtained in the analysis of variance (Table V) for the roughness factor indicate
that the null hypothesis can be rejected (p = 5.8 - 10 < 0.05). Therefore, the roughness is a
significant factor in the coating thickness value and its contribution to the coating thickness is
78.54 %. However, for the grinding direction factor, the null hypothesis cannot be rejected
since p = 0.101 > 0.05, which means that this is not a significant factor in the coating
thickness value. Moreover, its contribution to the coating thickness is only 2.73 %.

4.3 Coating adhesion
With regard to the adhesion of the coatings on the substrates with different grinding
conditions, the differences between the samples with horizontal and vertical grinding lines can
be explained through the evaluation of the surface of the samples after the shear stress tests.
The assessment of the SEM micrographs of the surface of the samples, combined with the
data extracted from the shear stress tests, show that the roughness of the substrates mainly
influences the shear stress withstood by the coating, and the direction of the grinding lines

mainly influences how the coatings fail during the tests.



The highest shear stress values were obtained for the coatings deposited on the substrates with
the highest roughness values, 120H and 400H in the case of substrates with horizontal
grinding lines, and 120V and 400V for the substrates with vertical grinding lines. On these
substrates, rests of the coatings were found inside the concave areas of the grooves, especially
on the substrates with horizontal grinding lines (Figures 11a, 11b, 12a, and 12b), which
indicates that the anchorage of the coatings to the substrates was better in these zones than in
the flat zones or in the ridges of the grooves. Therefore, the higher shear stress values
obtained for these samples were a consequence of the presence of deeper grooves on the
surface of these substrates. Thus, higher shear stress values were obtained on substrates with
higher surface roughness, regardless of the direction of the grinding lines.

However, the direction of the grinding lines influences the way that the coatings fail under
shear stress, and the type of failure seems to be independent of the roughness of the substrate.
For both grinding directions, horizontal and vertical, the adhesive failure of the coating is
predominant, since the vast majority of the surface of the substrate is exposed after the shear
stress tests. However, rests of the coatings can also be observed. For all the substrates with the
horizontal grinding lines, these rests were dispersed over the tested area, aligned with the
grinding lines, and extended in the direction of the applied shear stress (Figure 16a), but for
the substrates with the vertical grinding lines, the amount of coating remaining on the surface
was much lower and it was concentrated inside the biggest grooves, near the edge between the

tested area and the non-tested coating (Figure 16b).
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Figure 16. Surface of the substrates after shear stress tests. (a) Substrate with horizontal
grinding lines. (b) Substrate with vertical grinding lines.
4.4 Calculation and validation of the proposed r parameter
Since the roughness of the substrate plays an important role in the final thickness of the
coating deposited, a new parameter (r) is proposed to be included in the Landau-Levich
equation to adjust it, considering the roughness of the substrate in the final thickness of the

coating, which has been neglected until now. The proposed equation contains the r parameter,
as it is shown in equation 2.

(n.v)*°

h= 094 e i T 2)

Equation 3 can be obtained from equation 2. This equation can be used to calculate the values

of the r parameter for the different tested samples.

h
r= 2/3 (3)
0.94 57/76 v) 7
Yw'’®(p.9)

The values of the different parameters used in equation 3 are shown in Table VI.

Table VI. Parameters used in the calculation of r.

1 (kg/(m.s) v(mis)  pv(kgl(ms?)  p (kgim’)
0.0268 0.00583 2892.2 890




In equation 3, the r parameter depends on the average final thickness of the coating (h), and as
it can be extracted from the analysis of variance, the thickness of the coating depends on the
average roughness value of the substrate (Ra). Therefore a relation can be established between
the r parameter and the average roughness of the substrate which is intended to be coated.

Since the direction of the grinding lines does not significantly affect the coating thickness, the
experimental mean thickness value (h) used in equation 3 to calculate the r factor was
obtained from the measured thickness values of the samples with both horizontal and vertical
grinding lines for each roughness value. Table VI shows the calculated r parameter for each

sample.

Table VII. Calculated r parameters for each coated sample from mean roughness (Ra) and

mean coating thickness (h).

Sample Ra (um) h (um) r

120 grit 1.47 2.1 0.271
400 grit 1.03 1.75 0.226
800 grit 0.42 1.51 0.195
1200 grit 0.27 1.4 0.181

The relation between the average substrate roughness (Ra) and the r parameter calculated
from the mean coating thickness values (h), can be established using the values of Table VII,

as it is shown in Figure 17.
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Figure 17. r parameters calculated for each Ra value from the substrates with the different
grinding conditions.
The value of the r parameter depends on the average roughness value of the substrate (Ra).
Equation 4, extracted from Figure 17, shows this dependence:
r = f(Ra) = 0.16 + 0.071Ra (4)
Once the relation between r and Ra was determined, Table VIII and Figure 18 show the
comparison between the average thickness values measured in the tested samples and the

thickness values calculated with the proposed adjusted Landau-Levich equation (equation 2).

Table VIII. Comparison of the values of the measured and calculated h, in relation to the

different roughness values.

Sample Ra (um) Measured h (um)  Calculated h (um)
120 grit 1.47 £ 0.09 2.1+0.17 2.05
400 grit 1.03+0.05 1.75+0.22 1.81
800 grit 0.42 +0.03 1.51+0.08 1.48

1200 grit 0.27 +£0.02 1.4+0.08 1.39
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Figure 18. Comparison between the coating thicknesses (h) measured on the samples and the
thickness values calculated with the proposed adjusted Landau-Levich equation considering
the roughness (Ra) values of the substrates.

In the case where Ra = 0, the r parameter takes the value r = 0.16, as it can be extrapolated
from equation 4. In this case, using this value of the r parameter in equation 2, the value of the
thickness (h) calculated with the adjusted Landau-Levich equation takes the value h = 1.23
um. However, if the thickness of the coating is calculated using the original Landau-Levich
equation (equation 1), in which the effect of the roughness is neglected, and therefore no r
parameter is considered, the thickness takes the value h = 7.7 um. Contrary to the values
obtained, it would be expected that both values of h were close to each other because no
roughness was considered in any case. However, this inconsistency could be explained
because the r parameter used in the adjusted Landau-Levich equation (equation 2) considers
not only the effect of the roughness but the effect of the evaporation of liquid phases during

the dip-coating, as outlined below.



Equation 1 can be used to calculate the thickness at the point where the viscous drag, the
gravity force, and the liquid-vapour surface tension are balanced during the extraction of the
substrate from the sol-gel during the dip-coating [22]. This thickness corresponds with hy._ in
Figure 19. However, during the extraction of the substrate from the sol-gel, some of the
solvent and water evaporate with the consequent reduction in the thickness of the coating until
the value h,, showed in Figure 19. However, in the coating with thickness value h, some

liquid phases are still present.
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Figure 19. Scheme of the profile of the liquid dragged on the surface of a moving plate during
the dip-coating method, adapted from C.J. Brinker et al. [22].
Therefore, the coated samples were subjected to a drying and sintering heat treatment to
eliminate the liquid phases still present in the coating, obtaining the coating with the final
thickness (h), which value is much thinner than the thickness calculated using the Landau-
Levich equation (h.-) (equation 1). The thickness (h) was the mean thickness value measured
by scanning electron microscopy and used in equation 3 to calculate the r parameter for each
grinding condition. Therefore, the inconsistency is explained because the original Landau-
Levich equation neglects not only the effect of roughness but the evaporation of the liquid
phases. However, the r parameter was calculated considering both the effect of roughness and

that of the evaporation of the liquid phases.



A test was carried out to determine the loss of volume of the sol-gel during the drying and
sintering heat treatment. In these tests, 30 mL of sol-gel in liquid state were subjected to the
heat treatment used on the coated samples. At the end of the test, a final volume of 3.4 mL
was measured for the remaining solid. Therefore, the volume was reduced by 88.6 %. This
value can be used to calculate the final thickness using the Landau-Levich equation (equation
1), but this time including the effect of the evaporation of the liquid phases. Thus, the final
thickness after the heat treatment was 11.3 % of the initial thickness, which value was 7.7 pum.
Thus, the thickness value calculated using equation 1, after the heat treatment, was 0.87 pm.
Much thinner than the initial thickness and closer to the value calculated using the adjusted
Landau-Levich equation (equation 2), which value was 1.23 pm.

The thickness values calculated using the Landau-Levich equation adjusted with the r
parameter were very close to the real values, which were measured directly on the samples.
Thus, we propose the use of the r parameter as a first approximation to obtain more accurate
thickness values which, through the use of this parameter, are calculated taking into account
the evaporation of liquid phases from the sol-gel coating, and the roughness of the surface of
the substrate, which was demonstrated to play an important role in the final thickness of the
coatings.

5. Conclusions

The roughness of the substrate plays an important role in the thickness of the sol-gel coatings
deposited on their surfaces. Therefore, roughness must be considered when performing a dip-
coating process from a sol-gel. However, the direction of the grinding lines was not a
significant factor affecting the coating thickness, but it had a clear influence on the
morphology of the defects present in some coatings. The adhesion strength of the coatings
was higher on the substrates with higher roughness values due to the presence of bigger
grooves, where a better anchorage of the coatings was found. The best coatings, in terms of

thickness and absence of defects, were obtained on samples grounded with 1200 and 800 grit



papers, with thickness values around 1.4 um. Finally, a new r parameter was proposed in the
Landau-Levich equation, that considers the roughness of the substrates intended to be coated,
and the reduction of the thickness of the sol-gel coatings due to the evaporation of the liquid
phases during the dip-coating, that can help to calculate more accurately the thickness of the

coatings.
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Table I. AZ31B magnesium alloy composition in wt. %.

Al
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