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Abstract - Thermal spray-applied AlIMg alloy coatings are
frequently utilized in a variety of technical applications because
of great corrosion resistance, and environmental friendliness. In
this work, the effect of abrasive spraying parameters on the
surface roughness of CT3 steel specimens as well as the effect of
the surface roughness on the adhesion strength of Al-Mg alloy
spray coating were experimentally investigated. The surface
roughness was assessed using a portable roughness gauge. The
adhesion strength of the coating was evaluated by the pull-off test,
according to the JIS H8664-1977 standard. The experimental
findings indicate that air pressure and spraying distance have
great impacts on the surface roughness of CT3 steel. The adhesion
strength of the Al-Mg coating applied on CT3 steel is found to be
almost linearly proportional to the surface roughness. The
maximum adhesion strength of 14 MPa was achieved at the
highest Rz of about 61 pum.

Key words - Spray coating; surface roughness; regression;
Taguchi experimental planning approach

1. Introduction

Since maritime buildings and equipment inevitably
corrode over time, corrosion in the marine environment is
a growing worry for nations all over the world. According
to research findings from 2014, corrosion-related losses in
China totaled roughly 3.34% of GDP, but more than a third
of that loss was attributable to corrosion in the marine
environment [1]. One of the best and most popular
techniques for preventing corrosion is the application of
coatings, especially metal coatings [2-3]. Common
methods for metal coating include hot-dip galvanizing and
thermal spraying [4-7]. Thermal coating is advised for
metal coating applications to give steel substrates with
corrosion resistance in most situations [8-12]. AlMg alloy
coatings have proven to be reliable and effective at
preventing corrosion in marine environments [13-14].
AlMg coatings are frequently utilized in a variety of
technical applications because of their low weight, strong
mechanical characteristics, great corrosion resistance, and
environmental friendliness. AIMg alloy coatings have
demonstrated their efficacy and dependability in
preventing corrosion in marine conditions. The addition of
Mg to the coating boosts Al's ability to actively protect as
a sacrificial anode. On the other hand, the AIMg coating
has a higher hardness than pure Al, boosting its capacity to
function in harsh environments [15].

Substrate surface pre-spray treatment before thermal
spraying is one of the most important factors affecting the
quality of the thermal spray coating. Proper cleaning and

roughening of the substrate surface provide the best
conditions for the contact process of the first molten
particles that strike the substrate surface during the thermal
spraying process.

According to previous studies, the surface roughness of
the substrate has a great influence on the quality of the
thermal spray coating, especially the adhesion strength - a
very important criterion of the coating [16-19].

In the study [16], Al coating was fabricated on
substrates of wvarious roughness and with or without
preheating (at 120°C), with different spraying processes,
namely flame spraying (FS), high-velocity oxy-fuel
(HVOF) spraying and twin-wire arc spraying. Spray mode
to roughen the steel surface is as follows: 90° impingement
angle, Alundum 38A aluminum oxide abrasive powder,
variable stand-off distance of 100, 140, 180 mm, and
100 psi blasting pressure and 60-80s spray time. The
surface roughness of the steel substrate is measured at
5 locations on the surface and the average value is taken.
The results show that the adhesion of the coatings deposited
by HVOF and electric arc spraying on the steel substrate
surface with higher roughness, without preheating, reaches
the required value according to the standard. Meanwhile,
the coating deposited by flame spray has higher adhesion
when the steel substrate is preheated. The coating surface
roughness decreases as the steel substrate roughness
decreases. For machining post-spray coatings with exacting
dimensional requirements, it is crucial.

Several researches have shown the influence of
substrate surface roughness on the adhesion strength of the
copper coatings [17-19]. The copper coating was fabricated
by cold spray, which has suitable adhesion on steel
substrates when the steel substrate surface is partially
polished [17]. However, for a copper coating that was
fabricated using cold spray on aluminum substrates, a
smoother substrate surface will give a higher adhesion
strength [18]. In the study in [19], 316L stainless steel
substrates were prepared with different surface roughness
using three different methods: hot rolling (without
polishing), polishing with 400 grit paper (rough polishing)
and polishing with 2000 grit paper (fine polishing). The
surface roughness (Ra) of the three above samples is
5 £ 1.23 pm, 0.50 = 0.14 pm and 0.06 £ 0.01 pm,
respectively. The research showed that the surface
roughness of the substrate has an important role in the
quality of the coatings. Finely polished substrate surfaces
were demonstrated to be better than the hot-rolled and semi-
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polished substrate surfaces for achieving better coating
quality, such as higher microhardness, and smaller porosity.

Author group Y.-Y. Wang et al. have published
research on alloy NiCrBSi and WC-Co coatings fabricated
on steel substrates by HVOF with various surface
roughness to understand the bonding mechanism of coating
and substrate [20]. The results show that when the surface
roughness increases, the adhesion of the coating to the base
metal also increases. The adhesion mechanism of NiCrBSi
coatings to fully molten spray particles is mainly
mechanical, while deposition with solid-liquid two-phase
spray particles in the WC-Co coating can lead to Van der
Waals physical bonds in addition to mechanical bonds.

The influence of parameters in the abrasive blasting
process on the surface roughness and coating properties has
also been studied [21-25].

The substrate 304L stainless steel was sprayed with
Al;,O3 abrasive particles at a 45° spray angle, 60 mm
injection distance, and variable pneumatic pressure from 2
to 7 bar [21]. The alloy Al,O3 coating was deposited by the
air plasma spraying process. The results show that, when
the blasting pressure rises, the surface roughness of the
steel substrate increases. This results in a decrease in
coating hardness, while increasing porosity and coating
roughness. The results of this study have not shown the
relationship between the surface roughness of the substrate
and the adhesion of the coating.

In the study [22], the authors researched the influence of
varying the grain size, air pressure, blasting time, blasting
angle and stand-off distance on the roughness of the surface
of the carbon steel substrate. The experimental results show
that the surface roughness was found to increase as the
abrasive grain size, compressed air pressure, injection time,
or injection angle was increased. The surface residual
compressive stress and surface hardness were increased
with both blasting pressure and blasting angle.

Alexandra Kemény et al. researched the influence of
abrasive blasting modes on the surface roughness of titanium
alloy [23]. Five parameters of the abrasive blasting process
were investigated, namely abrasive grit size, blasting
distance, time of blasting, blasting pressure and blasting
angle. Each parameter is tested at three different levels of
values. This research used the Taguchi experimental
method. The results show that the abrasive grain size has the
greatest impact, followed by the pneumatic pressure on the
surface roughness. Other parameters have a lower impact on
the surface roughness of the substrate.

The effect of abrasive blasting parameters on the
surface roughness of aluminum, cast iron and steel alloys
has been studied [24]. Variable parameters are stand-off
distance, blasting angle and blasting pressure with three
sizes of white alumina grit used. The research shows that
the abrasive grit size has the greatest influence on the
surface roughness of the substrate. The blasting pressure
increase leads to slight increases in the roughness. While
the blasting time from 3 to 6 seconds is enough to achieve
the maximum roughness.

Research on the effect of abrasive blasting angle and

plasma spray angle on the adhesion strength of plasma
coatings on titanium alloy substrates has been reported
[25]. Five different plasma spray and abrasive blasting
angles from 45° to 90° were investigated. The study shows
that the maximum adhesion strength is achieved at the
plasma spray angle and the abrasive blast angle of 90°.

Thus, with these references, we see that the adhesion
strength of the thermal coatings depends on the surface
roughness of the substrate, while the surface roughness is
greatly influenced by the parameters of the abrasive
blasting process. This work aims to experimentally study
the influence of process parameters of air pressure and
spraying distance on the roughness of CT3 steel samples
and the adhesion strength of Al-Mg coatings on the treated
substrates. The Taguchi experimental planning approach
was applied to explore the dependence of the surface
roughness on these parameters and to find the optimum
roughing conditions to obtain the highest quality of Al-Mg
alloy arc spray coating.

2. Materials and experimental methods
2.1. Materials

In this study, CT3 steel specimens with dimensions of
50 mm x 50 mm x 3 mm were used as the substrate material
and brown corundum Al,Oz (Hai Duong Grinding Joint
Stock Company, Vietnam) was used as the abrasive
material. The grain size of AlO; is G18, which
corresponds to about 1.2mm [26].

Al-5Mg alloy wire with a diameter of 2 mm made by
Metallisation Ltd (West Midlands, UK) was used as the
feedstock for the spray system.

2.2. Specimens preparation

Before spraying abrasive particles to create roughness,
CT3 steel specimens were processed through several steps,
including cutting, grinding, and surface cleaning by
soaking the samples in the acetone solvent to remove
grease and other impurities. The surfaces of the steel
substrates were then wiped dry with a clean cloth.

After being thoroughly cleaned, the steel specimens were
subjected to an abrasive spraying process that utilized the
brown corundum abrasives. There are numerous aspects,
including the nozzle design, air pressure, spraying angle,
spraying duration, spraying distance from the nozzle
opening to the specimen surface, and abrasive particle size,
[27] which all have a role in determining the final roughness.
Among them, the air pressure and spraying distance are
taken into consideration in this work as the varying modes.
The other variables are kept constant during the course of the
experiment with their values listed in Table 1.

Table 1. The fixed abrasive spraying parameters

Order Parameter Value
1 Spraying time 30 seconds
2 Spraying angle 90°
3 Abrasive grit size mm

In this work, the Taguchi experimental planning
method [28] and Minitab statistical analysis software were
used to develop a regression mathematical model between
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the surface roughness of CT3 steel specimens and the input
variables, including the air pressure, and spraying distance.
The analysis of variance method (ANOVA) was used to
analyze the effect of the aforementioned parameters on the
surface roughness of the steel substrate.

The ranges of the parameter values to be tested were
determined based on the recommendations and references
provided by the equipment providers as follows:

- Blasting pressure, P: 6 to 8 bar;

- Stand-off distance, L: 100 to 200 mm.

Table 2 shows the experimental design with two factors
and three levels, according to the method proposed by
Taguchi.

Table 2. Input process parameters

Order Factor Values of levels
Level 1 Level 2 Level 3
1 P (bar) 6 7 8
2 L(mm) 100 150 200

In the experimental design, each of the input parameters
has three distinct levels, and the orthogonal array is L9
(Table 3).

Table 3. The orthogonal array L9 of the Taguchi method

Specimens | 1 | 2 | 3 |4 |5 |6 |7 |89
P (bar) 6 |6 |6 |7 |7 |7 |8|8]|8
L (mm) |100|150 200|100 | 150 |200 | 100 | 150 | 200

The experiments were conducted according to Table 3.
Each run was repeated three times, and the result for
surface roughness R; is the mean of three measurements.
According to some previous studies, to achieve the
requisite adhesion between the steel substrate and the
thermal spray coating, the substrate's surface roughness R,
should be between 50 and 100 pm [29]-[31].
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Figure 1. Arc-spray-coated specimens

After finishing sandblasting, the specimens were
subjected to the coating process performed on an arc-spray
machine (OSU Hessler 300A, Germany) under the
conditions recommended by the machine manufacturer,
which is as follows:

- Air pressure: P = 4.5 atm.

- Spraying distance: L= 300 mm.

- Spraying angle: 900.

- Arc potential: U =32 V.

- Amperage of the current: | =200 A.

2.3. Measurement methods
2.3.1. Roughness measurement

The roughness of the sample surfaces was measured
by a portable roughness gauge (RUGOSURF 10G,Tesa,
Switzerland) with a Gaussian filter, cut-off length Ac of 0.8
(evaluation length 4 mm). The equipment employs a
profile method that utilizes a diamond probe to record
surface deviations.

2.3.2. Coating adhesion strength measurement

The adhesion strength of the arc-spray coating to the
CT3 steel substrate was evaluated using the pull-off
technique performed according to JIS H8664-1977
standards on a universal tensile device (AGX-V 50KN,
Shimadzu, Japan). The diagram of adhesion measurement
is illustrated in Figure 2.
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Figure 2. Diagram of adhesion measurement

3. Results and discussions
3.1. Effect of air pressure and spraying distance on
surface roughness and coating adhesion strength of CT3
steel specimens

The surface roughness values of steel substrate
specimens roughened under the abrasive spraying
conditions in Table 3 are listed in Table 4.

Table 4. Surface roughness of CT3 steel specimens

P Surface roughness R; (um)  |Adhesion
Order (bar) L (mm) Ex 1|Ex 2|Ex 3]Average value| (MPa)
1 6 100 |41.34/41.39/41.35 41.36 9.15
2 6 150 [39.16] 39.339.32 39.26 8.82
3 6 200 |37.75/37.6 |37.54 37.63 8.53
4 7 100 |54.35/54.01]54.3 54.22 12.38
5 7 150 |52.4(52.42|51.96 52.26 11.65
6 7 200 |50.26}49.87|50.2 50.11 10.72
7 8 100 161.21/61.01|61.32 61.18 14.52
8 8 150 [59.3559.25/59.54 59.38 14.03
9 8 200 |55.38|55.49/55.12 55.33 12.85

It is evident from Figure 3 that the surface roughness
plays a significant role in determining how well the Al-Mg
coating adheres to the substrate. As can be seen, the
adhesion strength is almost linearly proportional to the
surface roughness within the investigated range. For more
information, the surface morphology of the coating on the
roughened CT3 substrate is illustrated in Figure 4.

In addition, this investigation intends to determine the
extent to which two input parameters of the blasting
pressure P and the blasting distance L affect the output
parameter of surface roughness R,. The obtained results
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were analyzed using the statistical program Minitab, as
shown in Figure 5.
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Figure 3. Influence of surface roughness on Al-Mg coating
adhesion strength of CT3 steel substrate
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Figure 5. Influence of the input parameters P and L on
the surface roughness
Figure 5 illustrates that both input parameters P and L
have an impact on the output parameter R,. When the
value of blasting pressure P is increased, the roughness of
surface R, tends to rise. In contrast, the roughness of
surface R, tends to decrease as the stand-off distance L
increases. This is because, as the blasting pressure rises,
the abrasive particles are accelerated toward the steel
substrate surface, increasing their impact energy. The
surface roughness of the steel substrate rises as more
metal is expelled from its surface. In contrast, as the
stand-off distance between the nozzle and the sample
surface increases, the kinetic energy of the abrasive
particles decreases, as does the roughening efficiency,
leading to low surface roughness [26].

The results of S/N calculation and analysis from
Minitab 16 software are shown in Table 7 and the influence
of parameters according to S/N is shown in Figure 6.

According to Table 7 and Figure 6, we can see that the
parameter for the air pressure, which is denoted by P, has

a greater impact on the surface roughness, which is denoted
by R,, than the parameter for the spraying distance, which
is denoted by L. When P is equal to 8 bar and L is 100 mm,
the value of the ratio S/N is at its highest.

Table 7. S/N calculation results

Level P L
1 31,91 34,25
2 34,35 33,91
3 35,35 33,46
Delta 3,45 0,79
Rank 1 2
36 34.4
S35 342
g £
z 34 - E 34
w2 75
S33 338
g g
S32 S33.6

w
_
kS

- - - N 33.
6 7 8 100 150 200
Pneumatic pressure P [bar] Spraying distance L [mm]

Figure 6. Effect of two input parameters P and L on
the S/N ratio
The Analysis of Variance (ANOVA) approach is a tried-
and-true technique that is used in conjunction with the
"Taguchi” technique to confirm the percentage contribution
of each process parameter to the intended outputs. Table 8
illustrates the results of the ANOVA analysis.

Table 8. ANOVA analysis for surface roughness R;

Source | DF | SeqSS | AdjSS | AdiMs | F P
P 2 | 573.868 | 573.868 | 286.934 | 588.97 | 0.000
L 2 | 31452 | 31452 | 15.726 | 32.28 | 0.003
Residual |, | 1949 | 1049 | 0487 ; -
error
Total | 8 | 607269 | - : : -

The effect of each input parameter on the output
parameter is calculated according to the following
equation:

SedSS | 100% @)
tal

% influence =

Figure 8 shows the results of equation (2). As a result,
parameter P has a greater influence on Rz - about 94.50%
- than parameter L, which has a smaller impact - about
5.18%.

L (5%) Error (0%)

P (95%)
Figure 7. The impact of each input parameter on R;
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3.2. Developing regression equations and optimizing the
indicators
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Figure 8. Normal probability of residual, response in means
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Figure 9. The value distribution of the residual relative to
the expected value

The residuals of the regression model are shown in
Figure 8 and Figure 9. They are presented to determine
whether the regression model meets the assumptions of
the analysis. The residual is the deviation of the observed
data values from the predicted and estimated errors in
the model. The errors are assumed to be random and
normally distributed with a mean of zero and a constant
standard deviation. Figure 8 shows that the residuals are
all close to the diagonal. This proves that the research
data set is good and that the normalized residuals have
a distribution close to the normal distribution. While
Figure 9 shows normally distributed data, outliers do not
exist in the data.

If the assumptions are valid, then on the graph of the
distribution of the residual relative to the expected value.
The residuals and randomly distributed expected values
demonstrate the completeness of the model. Figure 9
shows that the normalized residuals do not change in any
order concerning the expected value. Therefore, the
assumption of a linear relationship is not violated.

Figure 10 is a 3D surface plot used to examine the
change of the output parameter for the two expected
parameters. The R; roughness value is greatest (>60 um,
yellow region) when the air pressure P is high and the
spraying distance L is short. The absence of curved lines in
the histogram indicates that there is no interaction between
the factors.

150

7
6.5

L [mm] 100 6 P [bar]

Figure 10. Dependence on surface roughness on
two input parameters P and L

One employs the standard least squares technique to
obtain the regression equation in Minitab 16 by minimizing
the sum of squared residuals. This research included two
active variables with three value levels each. The complete
surface roughness regression equation is as follows:

Y =5+ BX+BrX%, (3)
where y is the surface roughness R;; g,,4,, and g, are
coefficients of the regression equation; x, and x, are the

coded coefficients for the air pressure and the spraying
distance, respectively. The values of the coefficients of the
regression equation for the surface roughness criterion R,
are presented in Table 9.

Table 9. Coefficients of the regression equation

Term Coef SE Coef T-value | P-value | VIF
Constant | -10.32 6.03 -1.71 0.138 -

P 9.607 0.787 12.20 0.000 | 1.00

L -0.0456 | 0.0157 -2.90 0.027 | 1.00

From the data in Table 9, we have developed a first-
order regression model showing the relationship between
the output parameter R, with the input parameters of
blasting pressure P and the stand-off distance L shown in
the following equation:

R, =-10.32+9.607P —0.0456L 4)
Table 10. R-value of the regression equation
S R-sq R-sq(adj) R-sq(pred)
1.92806 96.33% 95.10% 91.90%

On the other hand, the R? value of the regression
equation of surface roughness R; is 96.33% (Table 10). The
R2-value is used to evaluate the goodness of fit of the
regression model. This shows that the mathematical
regression model presented above is the most suitable
regression model with two input parameters (the blasting
pressure and the stand-off distance) and the output
parameter (surface roughness).

By analyzing the results in the optimization function
in Minitab 16 software, optimal values of input
parameters as well as predicted values of output
parameters are obtained. The results are presented in
Figure 11 and Table 11.
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L

Optimal  High 8.0 200.0
d: 1.000 Cur [8.0] [100.0]
Low 6.0 100.0

Maximum

roughness

y=61.9694
d=1.000

Figure 11. Optimization of air pressure P and spraying distance L
Table 11. Optimal results of the evaluation criteria.

Air pressure P(bar)

Spraying distance L
(mm)

Surface roughness
Ro(um)

100

8 61,97

Carrying out a verification test of 5 experiments with
rough machining parameters as illustrated in Table 11,
Table 12 is the test result.

Table 12. Surface roughness of control experiments

Experiments Surface roughness Rz(jum)
1 60.25
2 61.19
3 62.36
4 60.04
5 61.66
Average 61.10

Thus, the experiment results show that the average
surface roughness R; is 61.10 which is close to the optimal
value when calculated in Table 12 (61.97). The optimal
value of the input parameters as well as the objective
function value achieved is to ensure reliability.

In addition, the roughness of surface R, in the range of
50-100 um is satisfactory for the quality of the substrate
metal surface treatment for thermal spray coatings, which
is covered by three international standards relating to
thermal spray. Therefore, the surface roughness R,
measured in the above optimal technology mode also
satisfied the requirements for the quality of the substrate
metal surface for the thermal spray coating.

Finally, based on the obtained results, the optimal
surface treatment for CT3 steel is given in Table 13.

Table 13. Abrasive spray mode to roughen CT3 steel surface

- It was found that there is a linear relationship between
the surface roughness of a CT3 steel and the adhesion
strength of an Al-Mg arc spray coating. This relationship
shows that adhesion rises as roughness does. At the greatest
roughness of 62.17 um, the highest adhesion value is 14.62
MPa.

- The blasting pressure and the stand-off distance
strongly influence the surface roughness of the Rz steel
substrate. When the air pressure increases, the surface
roughness R, tends to increase. Meanwhile, the roughness
of surface R, tends to decrease with increasing spraying
distance. The air pressure has a greater influence than the
spraying distance on the surface roughness R,. An air
pressure of 8 bars and a spray distance of 100 mm were
discovered to be the ideal process variables for the greatest
surface roughness Rz.

- The mathematical equation showing the relationship
between surface roughness R; with parameters of blasting
pressure and the stand-off distance is developed
R, =-10.32+9.607P —0.0456L , with a confidence level

of 96.33%.
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