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Abstract: As a result of their significant importance and applications in vast areas, including oil
and gas, building construction, offshore structures, ships, and bridges, coating materials are regularly
exposed to harsh environments which leads to coating delamination. Therefore, optimum interfacial
bonding between coating and substrate, and the reason behind excellent adhesion strength is of utmost
importance. However, the majority of studies on polymer coatings have used a one-factor-at-a-time
(OFAT) approach. The main objective of this study was to implement statistical analysis in optimizing
the factors to provide the optimum adhesion strength and to study the microstructure of a rice husk
ash (RHA)-based geopolymer composite coating (GCC). Response surface methodology was used to
design experiments and perform analyses. RHA/alkali activated (AA) ratio and curing temperature
were chosen as factors. Adhesion tests were carried out using an Elcometer and a scanning electron
microscope was used to observe the microstructure. Results showed that an optimum adhesion
strength of 4.7 MPa could be achieved with the combination of RHA/AA ratio of 0.25 and curing
temperature at 75 °C. The microstructure analysis revealed that coating with high adhesion strength
had good interfacial bonding with the substrate. This coating had good wetting ability in which the
coating penetrated the valleys of the profiles, thus wetting the entire substrate surface. A large portion
of dense gel matrix also contributed to the high adhesion strength. Conversely, a large quantity of
unreacted or partially reacted particles may result in low adhesion strength.

Keywords: geopolymer; coating; optimization; polymer; adhesion

1. Introduction

In many applications, such as oil and gas, building construction, offshore structures,
ships and bridges, steel is widely used as the main component. In order to provide effective
protection against corrosion and improve the biological performance of the substrate, surface coating
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technology is applied [1]. The performance and reliability of coatings rely on the adhesion between the
coating and the substrate surface. In addition, expansion and contraction during temperature changes
need to be considered in order for the coating material to perform over an extended period of time.
Therefore, the coating material itself must be durable and have good interfacial bonding between
coating and substrate.

Without excellent adhesion strength between coating and substrate, the component underneath
the coating will be easily exposed to harsh environments such as corrosive fluids, flame and heat,
and abrasive particles when the coating delaminates or breaks off into small flakes or pieces.
Once exposed and unprotected, the component will not function properly or fail prematurely.
According to Hull, et al. [2], there are four different mechanisms of coating adhesion, namely interfacial
adhesion, inter-diffusion adhesion, intermediate layer adhesion, and mechanical interlocking adhesion.
Based on the conclusions, two out of the four mechanisms provide stronger adhesion bonding,

i.e., (i) inter-diffusion adhesion, in which the coating is mutually dispersed into the substrate, and (ii)
mechanical interlocking, in which a crack propagation barrier is provided by a rough interface
between coating and substrate. Numerous studies were conducted on the preparation of fly
ash-based and metakaolin-based geopolymer composite coating (GCC) on metal substrate using
the dip coating technique. However, there are no reports in the literature that deal with the use of RHA
as the only aluminosilicate source in the production of geopolymer coatings.

Geopolymers are attractive materials for scientists globally for their excellent properties, including
high compressive strength, low shrinkage and resistance to fire and acid [3-5]. Studies on numerous
geopolymer types, including geopolymer concrete [6], precast paving cement-free brick [7] and
lightweight geopolymer composites [8] have been conducted. As an inorganic polymer which is
based on synthetic aluminosilicate materials [9], geopolymers have potential in coating applications
as surface protectors and insulators for various surfaces, including metal. Pozzolanic wastes such
as fly ash, metakaolin and blast furnace slag are commonly used to form GCC and coated either on
ceramic or metal substrates [10]. However, to the best of our knowledge, there is no documentation
as yet on the implementation of an optimization process to achieve the best GCC composition. Rice
husk ash is used in this research as the main component in the development of GCC, and response
surface methodology (RSM) as an optimization tool to identify the most suitable coating composition.
This method will also be used to validate the predicted optimal value.

Temuujin, et al. [11] studied the adhesion strength of metakaolin-based and fly ash-based
geopolymers coating on stainless and mild steel plates. Adhesion tests were conducted in accordance
with the ASTM D4541 standard (ASTM D4541). The substrates were coated using a dip coating
technique and the coated samples were cured at 70 °C for 24 h. For coating on stainless and mild
steel plates, the adhesion strength for samples with a Si/Al ratio of 2.5 for both substrates was above
3.5 MPa [10]. There were no results for geopolymer coatings with a Si/Al ratio of 1 and 2 due to the
observed weak adhesion bonding between coating and substrate. The authors concluded that the
bonding was likely to be due to physical adhesion rather than chemical due to the absence of bond
formation between Si and Fe atoms.

Similar tests have been conducted by Yusof, et al. [12], with a geopolymer coating thickness of
0.2 mm to 0.5 mm and the adhesion strength was found to be above 3.5 MPa. Temuujin, Minjigmaa,
Rickard, Lee, Williams and Van Riessen [11], also conducted an adhesion test on the FA-based
geopolymer coating using mild and stainless steel as the substrates. With a coating thickness of 0.5
mm, the adhesion strength was found to be above 3.5 MPa for geopolymer coated on mild steel and in
the range of 1.2 MPa to 1.4 MPa for geopolymer coated on stainless steel. The high adhesion strength
of geopolymer corresponded to a Si/Al ratio of 3.5 while the low adhesion was in the range of 1.2 MPa
to 1.4 MPa, with a Si/Al ratio below 3.5. The authors concluded that a higher Si/Al ratio resulted in a
higher adhesion strength. Since geopolymer material with high Si/Al ratio represents a mixture of
a partially reacted fly ash in sodium silicate, the medium may be the reason for the strong adhesion
between coating and metal substrate.
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Khan, et al. [13], studied the effect of Na/Al ratio and Si/Al ratio on the adhesion strength of fly
ash-based geopolymer coatings. Mild steel was used as the substrate and a dip coating technique
was applied to coat the substrate. Coated samples were cured at 60 °C for three days, seven days,
and 28 days. A maximum adhesion strength of 10 MPa was obtained for a sample which was cured
for 28 days indicating that a longer curing time will result in higher adhesion strength. In addition,
an increase in Si/Al ratio and Na/Al ratio will result in a higher adhesion strength. Compared to
geopolymer coating with a Si/Al ratio of 2.0, geopolymer coating with Si/Al ratio of 3.0 achieved higher
adhesion strength with the substrate due to a higher dissolved silica content which formed a condensed
structure and higher surface roughness. Geopolymer coating with Na/Al ratio of 0.8 achieved lower
adhesion strength compared to a coating with Na/Al of 1.0. This is due to higher content of sodium
hydroxide which is a key factor in the geopolymerization process.

Khan, et al. [14], expanded the above study by investigating the effect of Na/Al ratios and water to
solid (W/S) ratios on the adhesion strength of a sodium silicate-free geopolymer coating. Fly ash was
used as aluminosilicate source for making a geopolymer coating while steel plate served as substrate.
The coating was applied using a dipping technique and the coated substrates were cured at 60 °C for
3,7,28, and 180 days. The maximum adhesion strength obtained was 3.8 MPa after curing for three
days. There were no significant changes in adhesion strength when samples were cured longer than 28
days. A higher W/S ratio will result in lower adhesion strength caused by dilution of the activator.
High adhesion strength can be achieved when the Na/Al ratio is between 0.8 and 1.2, W/S ratio of 0.33,
and sample curing at 60 °C.

Despite the high number of publications on polymer coatings reported in the literature in
recent years [15-20], most studies adopted the one-factor-a-time (OFAT) approach. A more efficient
analytical tool, such as RSM (a mathematical model), is a prerequisite in order to predict the optimum
composition of a GCC with a high adhesion strength. Compared to OFAT, design of experiments
(DOE) provides many advantages, including low resource requirements (experimental runs, time,
material and manpower), accurate measurement of main effects and interactions, and the ability
to analyze several variables at the same time [21]. RSM, originally coined by Box and Wilson [22],
is used commonly as a mathematical model for figuring out significant effects, interactions and
optimization studies. The central composite design (CCD) has been proven to be the best model
for analysis purposes [23]. Table 1 shows the difference in the total number of experimental runs
between a full RSM design and a full factorial (classical method) design. The comparison is based on
different number of factors (parameters) at 5-factor levels. For example, if an experiment compared the
temperature of 10, 20, 30, 40, and 50 °C, then the factor “temperature” would have five levels which
are 10, 20, 30, 40, and 50 °C. The result shows that for analyzing four factors, full design of RSM only
requires at least 31 experimental runs (one replication) as compared to 625 for a full factorial design.

Table 1. Total number of experimental runs for full factorial design and RSM based on 5-level factors.

Number of Factors Levels Total Number of Experimental Runs

Full Factorial Design RSM
4 5 625 31
5 5 3125 54
6 5 15,625 90
7 5 78,125 160

Since response surface methodology (RSM), specifically the CCD (a type of RSM design), has been
widely used in polymer optimization [17,24-26], it will, therefore, be adopted in this study. The main
objectives of this paper are: (i) to determine the significance of each of two factors (RHA/AA ratio and
curing temperature) and their interaction on the adhesion strength of RHA-based GCC, (ii) to elucidate
the relationship between the factors and the response under adhesion test, (iii) to optimize the factors
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to provide the maximum adhesion strength of GCC, and (iv) to elucidate the material behavior of GCC
under similar tests.

2. Materials and Methods

2.1. Factors and Levels of the Design of Experiment (DOE)

In the study, RHA/AA ratio (V1) and curing temperature (V) were chosen as factors. Based on
the preliminary result via a screening process using a fractional factorial design (FrFD), other factors
such as the ratio of AA solution, the NaOH concentration and curing time were kept constant at 5.5,
12 M and seven days, respectively. Factors and levels used in the DOE are shown in Table 2.

Table 2. Factors and levels used for adhesion test.

Factor Unit  Notation Levels
-2 -1 0 1 2
RHA/AA ratio - Vi 0.25 0.40 0.55 0.70 0.85
Curing temperature °C V, 40 50 60 70 80

2.2. Design of Experiments

At each design stage, five levels and two factors were applied with a CCD and two replications for
a total of 26 experimental runs. The factors were selected based on previous studies, their significant
effect on the responses, and working range (workability). Table 3 displays the complete CCD with
coded and uncoded levels of the factors. The value for the total block is 1 with the experiments carried
out in randomized order.

Table 3. Design matrix.

Coded Factor Uncoded Factor
Sample

\ 41 V> \ 41 Vs
S1 0 0 0.55 60
S2 2 0 0.85 60
S3 0 0 0.55 60
S4 0 0 0.55 60
S5 -1 1 0.40 70
S6 -1 -1 0.40 50
S7 0 2 0.55 80
S8 1 -1 0.70 50
S9 -2 0 0.25 60
S10 1 1 0.70 70
S11 0 0 0.55 60
S12 0 0 0.55 60
S13 0 -2 0.55 40
S14 0 -2 0.55 40
S15 -1 -1 0.40 50
S16 1 1 0.70 70
S17 -1 1 0.40 70
S18 0 2 0.55 80
S19 0 0 0.55 60
S20 0 0 0.55 60
S21 0 0 0.55 60
S22 2 0 0.85 60
S23 0 0 0.55 60
S24 -2 0 0.25 60
S25 1 -1 0.70 50
S26 0 0 0.55 60




Polymers 2020, 12, 2709 50f 15

The significance of the main factors and their interactions was calculated via an analysis of
variance (ANOVA) using MINITAB @ 16.2 (Minitab, LLC, State College, PA, USA). The value of 95%
was set as the significance level which reflected the p-value of 0.05. Based on the value of the correlation
coefficient (R?), the regression coefficient model (mathematical model) developed in the ANOVA
table was used for purposes of optimization. In order to acquire the regression coefficient model,
experimental data were fitted with the second-order polynomial model. The general mathematical
model obtained from the analysis is shown in Equation (1):

3 3 2 3
Y =fo+ Z BiXi + Z BiiX; + Z Z BijXiX; @)
=1 i

i1 j=i+1

where Y is the response, B, fi, fii, and ﬁz‘j are regression coefficients for the intercept, linear, quadratic,
and interaction terms, respectively. X; and X; are coded values for the independent variables [27].

2.3. Raw Materials and Sample Preparation

Rice husk, which was used as the main component in the geopolymer production, was supplied by
Maero Tech Sdn. Bhd (Nilai, Malaysia). The material was processed in a Pulverisette 4 planetary mill
(FRITSCH GmbH—Milling and Sizing, Idar-Oberstein, Germany) to produce rice husk ash (RHA). The
RHA was sieved and a particle size distribution (PSD) test for particles passing through an opening of
75 microns was conducted. The average particle size was 22.8 um with 10% of the particles recorded as
finer than 3.4 pm. Its specific surface area was 0.701 m?/ g. The main components in RHA are shown in
Table 4. Silicon dioxide (SiO,), aluminium oxide (Al;O3), and palladium(II) oxide (PdO) were found to
be the major constituents, followed by iron(Ill) oxide (Fe;O3) and calcium oxide (CaO). Other elements,
totaling 1.063% by mass, include potassium oxide (K;O), chromium(Ill) oxide (Cr,O3), manganese(Il)
oxide (MnO), nickel(Il) oxide (NiO), and copper(Il) oxide (CuO). Unknown elements which were
burned or volatilized when heated at high temperature is reported as losses on ignition (LOI).

Table 4. Composition in RHA.

Element SiO, PdO Al,O3 Fe, O3 CaO Others LOI
Mass% 87.4 5.0 3.0 1.49 1.40 1.063 0.647

Mild steel plate (50 mm X 50 mm X 1 mm) was scrubbed using sandpaper to remove any rust and
to make the surface rougher, before cleaning using detergent, distilled water and acetone. The sodium
hydroxide used was fixed at 12 molar. GCC samples were fabricated based on different RHA/AA ratios
and curing temperatures as shown in Table 3.

The GCC was first prepared by mixing sodium hydroxide and sodium silicate solution at
a designated ratio to form an AA solution which was then mixed with RHA. The mixture was
mechanically stirred at low speed of approximately 100 rpm for 30 min. It was then coated on the
mild steel substrate through a sieve and placed in a vacuum oven for 15 min to remove large and
small bubbles. The coating was pressed using a hot press to form an average coating thickness of
1 £ 0.1 mm. The coated substrate was next placed in an oven for 24 h at ambient temperature for the
next six days to complete the curing.

2.4. Microstructure Test

A S-3400N scanning electron microscope (SEM, Hitachi, Tokyo, Japan) was used to examine
the microstructure of samples with the highest and lowest adhesion value. The samples were
mounted on an 8 mm diameter stub with a carbon conductive tape and sputter-coated with gold in
a vacuum JSM-IT100 (InTouchScope, Hitachi). All samples were examined at 1.0 kV for 100x and
1000x magnifications.
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2.5. Adhesion Test

An elcometer 106 pull-off adhesion tester (0 MPa to 7 MPa) was used in accordance with the ASTM
D4541 standard. Based on this method, we can measure the maximum tensile strength by estimating
the perpendicular force per unit area immediately before a dolly detaches from a surface. The procedure
was conducted by employing a pull-off adhesion test in determining the adhesion strength between
substrate and coating. Figure 1 shows a coated sample which underwent adhesive failure.

Dolly

Figure 1. Sample that has undergone adhesive failure.

Prior to testing, the specimen was dried to ensure minimum content of moisture. The surface of
the dolly was cleaned using sandpaper and acetone in order to remove oil and dirt. Araldite ‘rapid
five minutes’ comprising epoxy resin and hardener, was mixed at 1:1 ratio and applied thinly on to
the dolly. The dolly was pressed firmly on the coating surface for two minutes and allowed to cure in
temperatures between 38 °C to 42 °C for at least 24 h as shown in Figure 2.

Figure 2. Dolly applied on the coating surface.

Figure 3 shows a full set of elcometer 106 including wheel, force readout scale, claw, dolly,
bearing ring and feet. During the test, the bearing ring was placed concentrically around the dolly and
the force readout was set to 0 MPa by lowering the claw mechanism. The elcometer was then slid
onto the specimen in such a way that all three feet rested on the bearing ring and the claw engaged
with the dolly. The wheel was turned and in sequence it tightened the mechanism and raised the claw.
The wheel was turned at a constant rate to ensure accurate reading. Once the coating was detached
from the substrate, the dolly was pulled away from the surface emitting a loud ‘pop’ sound. The force
required to pull the coating off the substrate was recorded by the force readout scale.
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I I— Wheel

Force readout scale

Claw

)
wfee Feet

[ 4~ Bearing ring

Figure 3. Elcometer 106 Pull Off Adhesion Tester.
2.6. Microstructure of Rice Husk Ash (RHA)

Figure 4a shows the SEM images of burnt RHA prior to the grinding process. The size of RHA
particles varied widely between 1 um and 100 um. Most of the particles acquired a platy, thin shell-like
shape and the surface showed rectangular indents, a pattern probably inherited from the original
structure of rice husk (RH). Due to this shape, RHA has a characteristic very high specific area.
In addition, these sponge-like particles were irregular in shape and have porous cellular surfaces.

(a) (b)
Figure 4. SEM images of Rice Husk Ash (RHA) particles (a) before and (b) after grinding.

Image of the ground RHA was obtained using scanning electron microscopy (SEM) as shown in
Figure 4b. RHA particles containing primarily silicon, with amorphous shapes as with cristobalite and
crystalline quartz, were found to be solid in nature [28-30]. And when calcinated at a high temperature
will produce crystalline RHA with amorphous shapes [31]. The uneven size of the particles was due to
the high combustion temperature applied on the RH.

RHA particles have been observed to be much smaller after grinding and display a
more homogenous distribution. The finer particle size during mixing and curing improved
the reactivity [32,33]. In addition, due to the high surface energy and free OH groups on the
silica surface, some particles can be seen as agglomerated and bound to each other. Hydrogen
bonds produced with water molecules were also displaced by Si-O-Si bonds formed when dispersed
silica were isolated from the solvent [34].
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3. Results and Discussion

8 of 15

Data were analyzed using MINITAB software and the complete design matrix and response

values of adhesion strength are given in Table 5.

Table 5. Design matrix and response value for the adhesion test.

Sample = RHA/AA Ratio (V1)  Curing Temperature (V)

RHA/AA Ratio (V7)

Curing Temperature (V)  Adhesion Strength (MPa)

S1 0
S2 2
S3 0
S4 0
S5 -1
S6 -1
S7 0
S8 1
S9 -2
S10 1
S11 0
S12 0
S13 0
S14 0
S15 -1
S16 1
S17 -1
S18 0
S19 0
S20 0
521 0
522 2
523 0
S24 -2
525 1
526 0

0

[N | |
cocoocococon=~=] oo, LN ~rOoO0O

|
N

0.55
0.85
0.55
0.55
0.40
0.40
0.55
0.70
0.25
0.70
0.55
0.55
0.55
0.55
0.40
0.70
0.40
0.55
0.55
0.55
0.55
0.85
0.55
0.25
0.70
0.55

3.1. Statistical Analysis of Adhesion Strength

One of the criteria for determining the best-fitted model was by considering the P which provides
a significant effect in the model as seen in Table 6. The results indicated that both factors and interaction
effects were significant at 95.00% confidence level. The p of regression analysis of all factors and their
interactions were highly significant (p < 0.000) except for RHA/AA ratio with p < 0.004. Value for
R? = 0.9821 and R? (adjusted) = 0.9752 were considered very high which indicated that 98.21% of the

sample variation in the response was attributed to the factors.

Table 6. Estimated effects and coefficient for adhesion strength.

Term Notation Coefficient ~ Std. Error of Coefficient p
Constant 2.9733 0.06176 0.000
Block 1 0.5017 0.07756 0.000
Block 2 -1.0533 0.06523 0.000
RHA/AA ratio Vi -0.1083 0.03317 0.004
Curing temperature Vs 0.2333 0.05245 0.000
RHA/AA ratio * RHA/AA ratio ViV -0.2500 0.03047 0.000
Curing temperature * Curing temperature Vo= Vp -0.2250 0.03047 0.000
RHA/AA ratio * Curing Temperature Vi*Vy -0.8750 0.04063 0.000

R2 =0.9821; R? (adj) = 0.9752.

Equation (2) represents the regression model for adhesion strength:

Y as = 2.9733 - 0.1083(V2) + 0.2333(V3) — 0.2500(V?) - 0.2250(V3?) - 0.8750(V2V3),

)

where Y 45 represents the response (adhesion strength) and V; and V;, are the decoded values of
RHA/AA ratio and curing temperature respectively. This regression model can be used to calculate
and analyze the effect of factors on adhesion strength of the RHA-based geopolymer coating.
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3.2. Effect of Factors on Adhesion Strength

ANOVA and regression model were used to analyze the effects of various factors on adhesion
strength. Contour plots were used for better illustration. Figure 5 illustrates the effect of RHA/AA ratio
(V) and curing temperature (V3) on adhesion strength. High adhesion strength can be obtained under
two situations; (i) higher V3 and a lower V), or (ii) lower V3 and a higher V5. Although high adhesion
strength can be obtained in this manner, the highest adhesion strength of greater than 4.0 MPa can only
be achieved at much higher V3 and a lower V;. The increase in V3 indicates the extent to which the
dissolution of precursors, mainly Al and Si, will be increased resulting in the consequent enhancement
of the polycondensation process attributed to the increase in nucleation rates [35].

80 Adhesion

strength

(MPa)

< 2.0

~ 70 2.0 - 25

fO_J, M 25- 30

o W 30- 35

3 W 35 - 40

‘é m > 4.0

g 60
£
i
(=)}
£
5
3 50-
2.0
40 T T T \ T
0.3 0.4 0.5 0.6 0.7 0.8
RHA/AA ratio

Figure 5. Contour plot for the effect of RHA/AA ratio and curing temperature on the adhesion strength.

Since the lower V; indicates higher Si/Al ratio as shown in Figure 6, the higher soluble silicate
concentration in the solution accelerates the kinetic of the reactions thus enhancing geopolymerization.
Higher V3 causes faster dissolution and higher Si/Al ratio effects faster synthetic geopolymeric gel
growth as discussed previously by Yong, et al. [36]. The overall setting time, which is the time when
geopolymer binder stops flowing will be much shorter.

0.94

0.8+

0.7+ .

0.6+

0.5+

RHA/AA ratio
L ]

0.4+ .

0.3+
.

0.2+

80 90 100 110 120 130 140 150 160 170
Si/Al ratio

Figure 6. Scatterplot of RHA/AA ratio and Si/Al ratio for adhesion strength.
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Figure 7 shows the effect of W/S ratio and Si/Al ratio on adhesion strength. The optimum Si/Al
ratio was between 110 and 130. A Si/Al ratio lower than 110 resulted in lower extent of dissolution and
consequently reduction in rate of nucleation. This will lead to longer setting time compared to that
under higher silicate ratio.

Adhesion
strength
(MPa)

< 20

20- 25
M 25- 30
M 3o0- 35
M 35- 40
u > 4.0

W/S ratio

1.0

0s{ 725§
90

100 110 120 130 140 150 160
Si/Al ratio

Figure 7. Contour plot of adhesion strength, W/S ratio, and Si/Al ratio.

A Si/Al ratio exceeding than 130 indicates excess silicate concentration which will probably reduce
reactivity by inhibiting further condensation thus delaying the setting time. The results are similar to
those reported in the literature [11]. According to Khan, Azizli, Sufian and Man [14], the setting time is
also affected by the W/S ratio. Water content has a vital function as a reactant in geopolymerization [37].
A decrease in W/S ratio will lower the workability of the geopolymer system resulting in a high
viscosity system and leading to a lower setting time [38].

In addition, a higher water content will result in higher setting time and low adhesion strength
due to dilution of the activator. The results in this study are in agreement with those reported
by Khan et al. [14] and Temuujin et al. [10]. The optimum W/S ratio was between 1.2 and 1.3,
which indicated a moderate setting time. Temuujin et al. [10], found that the large amount of weakly
bound water may be one of the reasons for the strong adhesion of geopolymer composite coating to
metal substrate.

3.3. Optimization of the Responses

Figure 8 shows the optimization plot which displays the combination of factors that produced the
optimum predicted responses. Both the lower and target values were setat 1.8 and 4.4 MPa respectively.
The maximum adhesion strength of 4.7 MPa can be achieved with the combination of RHA/AA ratio
(V) of 0.25 and curing temperature (V3) of 75 °C. The desirability of optimization was calculated
as 1.0000 indicating that all parameters were within the target which was to obtain the maximum
adhesion strength.

New RHA/AA ratio Curing temperature
g 0320, 520,
ur B .
1.0000 | o 0.250 40.0

Adhesion
Maximum
y = 4.6587
d = 1.0000

Figure 8. Optimization plot for adhesion strength.
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3.4. Experimental Validation

Table 7 shows that the average error for adhesion strength was well below this value at only 5.68%
thus leading to the conclusion that the regression model established using this method was able to
accurately optimize the value for adhesion strength.

Table 7. Experimental validation for adhesion strength.

Adhesion Strength (MPa)

Sample
Experimental Value Predicted Value Error (%)
Svi1 4.6 47 2.13
SV2 48 47 2.13
SV3 41 47 12.77
x Error 5.68

3.5. Coating Adhesion Behavior and Microstructure Analysis

In this section, the coating samples which exhibited the highest and lowest adhesion strength
were examined in order to determine the reason behind its contrasting performance. Sample 517 with
adhesion strength of 4.4 MPa and S26 with adhesion strength of 1.8 MPa were chosen for this purpose.
Following the adhesion test, both samples underwent adhesive failure which depicted by the area of
the dolly, which was entirely covered by the coating as shown in Figure 9.

Coating

Dolly

Coating

(b)
Figure 9. Adhesive failure on (a) sample 517 and (b) sample S26.
SEM images were taken on cross-sections of coated samples to record the microstructure of the
geopolymer binder on the mild steel substrate. Micrograph images as shown in Figure 10 were taken

at the standard magnification of 500x. It was clearly shown that sample S17, which exhibited the best
adhesion strength, had a good interface bonding between coating and substrate.

@ (b)
Figure 10. Cross-section SEM micrographs of (a) coated sample S17 and (b) coated sample S26.
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Conversely however, sample 526 showed very poor interface bonding since a gap was recorded
between the coating and substrate. Factors that may influence adhesion performance of the coating
material include substrate surface roughness, the coating composition, and type of interface bonding.

Surface roughening is a means by which the mechanical bonding may be enhanced by facilitating
interlocking. According to Temuujin et al. [11], substrate surface roughness is a factor that influences the
adhesion strength. Figure 10a shows that the coating penetrated the valleys of the profiles, wetting the
entire substrate surface thus providing excellent adhesion properties. Conversely, poor adhesion
bonding is produced where the coating failed to penetrate, as seen in Figure 10b.

Figures 11a and 12a show SEM micrographs of geopolymer binder for both samples. Figures 11b
and 12b are the magnification of Figures 11a and 12a, respectively. Both samples contained partially
reacted matrix and dense gel. The difference between them is the portion of the activated raw material
and existence of cracks. As can be seen in Figure 11, there is a large portion of the activated raw
materials which transformed into a dense gel matrix. This dense gel phase has a well-connected
structure consisting of the glassy phase. A previous study had noted that an increase in Si/Al ratio
will lead to higher degree of dissolution, gel formation, and denser gel structure [39]. The coating
completely wetted the surface of the substrate. And given the large contact surface area between gel
matrix and substrate surface, excellent adhesion bonding was produced.

Rl > a’2 8 W >
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Figure 11. SEM micrograph of geopolymer binder with the highest adhesion strength (sample 517).
(b) is the magnification of (a).
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Figure 12. SEM micrograph of geopolymer binder with the lowest adhesion strength (sample S26).
(b) is the magnification of (a).
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Figure 12 shows the geopolymer surface covered with cracks. Formation of cracks weakened the
geopolymer structure leading to poor adhesion strength. A large force is required to separate the strong
adhesion of the interface while a smaller force exerted on the weak adhesion interface is enough to make
the crack propagate [40]. Sample S26 which had lower water to solid (W/S) ratio of 1.10, compared
to 1.24 for sample S17, was less elastic and viscous. The coating tended to separate easily from the
substrate since it was unable to deform and it also does not have any internal mechanisms to dissipate
energy. Therefore, less energy is needed to counter the breakdown in interface strength as discussed
previously by Grillet et al. [41]. In addition, the geopolymer matrix in sample 526 was covered with the
partially reacted matrix. Only small parts of this comprised of dense gel. When the geopolymer binder
was applied on the substrate, the gel matrix reacted to form a highly crystalline geopolymer structure
as shown in Figure 10b which may contribute to poor interface bonding. He et al. [42] determined that
a large quantity of unreacted or partially reacted particles will result in some negative effects on the
strength of the end products.

4. Conclusions

Response surface methodology (RSM) proved to be an adequate tool to study the relationship
between factors which significantly influenced adhesion properties. From the analysis and investigation,
adhesion strength of geopolymer composite coating (GCC) was highly significantly influenced by
all factors and their interactions (p < 0.000) except for RHA/AA ratio which was very significant at
p <0.004. A maximum adhesion strength of 4.7 MPa for GCC was achieved with the combination of
RHA/AA ratio and curing temperature of 0.25 and 75 °C, respectively. The optimum adhesion strength
for GCC, greater than 3.0 MPa, was achieved with the Si/Al ratio within the range 110 to 130 and
the W/S ratio within 1.2 to 1.3. GCC with low and high adhesion strengths of 1.8 MPa and 4.4 MPa,
respectively, displayed adhesive failure in their coatings. Coating with good interfacial bonding with
the substrate had good wetting ability in which the coating penetrated the valley of the profiles thus
wetting the entire substrate surface. A large portion of dense gel matrix also contributed to high
adhesion strength. Conversely, large quantities of unreacted or partially reacted particles may result in
low adhesion strength. Several potential studies have been identified including the effect of palladium
(IT) oxide on the geopolymer properties.
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