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Abstract: If the coating is sufficiently flexible, no tears, cracks, or debond will occur. Although
geopolymers have a great potential as a coating material, research on the flexural properties is very
limited. In this study, a three-point bending test and scanning electron microscope were used to
investigate the flexural properties and microstructure of the geopolymer composite coating (GCC),
respectively. Response Surface Methodology (RSM) consists of a combination of mathematical and
statistical techniques, which is useful in modelling, analyzing, and optimizing responses that are
influenced by several factors. It was used in determining the relationship between each factor
and determining the best composition for the composite coating. Several factors were considered
including ratio of activated alkaline (AA) solution (V1), RHA/AA ratio (V;), and curing temperature
(V3). Results showed that the RHA/AA ratio mostly influenced the response, followed by curing
temperature while the ratio of AA was not significant. Lower V; and V3 values provided the highest
flexural strength and modulus. The optimum composition which provided the best coating of flexural
properties were V1 = 3.5, V, = 0.39, and V3 = 45.7 °C. Microscopic images showed that coating with
high flexural properties (ductile coating) exhibited minor and rough cracks as compared to that of
coating with low flexural properties (brittle coating) which displayed a crack with a clean linear
cut. Brittle coating was highly agglomerated and has a significant negative effect on the flexural
properties. By developing the optimum composition, the GCC may potentially be a good alternative
as a building construction coating material.

Keywords: rice husk ash; geopolymer composite coating; response surface methodology; flexural
strength; flexural modulus

1. Introduction

Coatings have been used for many purposes such as protection, decoration, and functional. For
protection, the coating has been applied in many construction applications as passive fire protection
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such as a suspended ceiling, cladding, or intumescent coating [1]. Due to the fact that substrates used
in construction work such as steelwork or aluminium are prone to buckling, bending, or deflecting
under a certain load, it is necessary for the coating material to be sufficiently flexible so as not to exhibit
any tears, cracks, or debonding. Coating material that failed under load stress probably has weak
adhesion bonding and is subjected to undercutting at the bend region. Two properties which are
flexural strength and flexural modulus have been considered in evaluating the properties of coating
material. Flexural strength is the maximum stress that the coating material can withstand before
reaching a breaking point. Flexural modulus represents the coating material stiffness which measures
the ability to resist bending or displacement when force is applied.

In previous literature, three-point bending tests were used to determine the flexural performance
of various coating materials. Yang et al. carried out a three-point bending test to study the mechanical
and bonding properties of the Al,O3/Ni surface that infiltrated the composite layer. The result
showed that the peak load was inversely proportional to the content of Al,O3 [2]. Li et al. also
used a three-point bending test to investigate the mechanical properties of different NiCrAlY coating
overlayers. It was found that the damage behavior was mostly influenced by the interfacial adhesion
and the overlayer (brittle or ductile) property [3]. To date, no research on the flexural properties of the
geopolymer composite coating (GCC) has been conducted and therefore this research may provide
useful information for the improvement of coating material in the building construction industry.

Geopolymer is a material that has attracted wide interests among many scientists around the world
due to its excellent properties which include high compressive strength, low shrinkage, acid, and fire
resistance [4—6]. Studies have been conducted on different forms of geopolymer including geopolymer
concrete [7,8], precast paving cement-free brick [9], and lightweight geopolymer composite [10]. As
an inorganic polymer which is based on synthetic aluminosilicate materials [11], geopolymer has a
potential in coating application as a surface protector and insulator for various surfaces including
metal [12]. Fly ash, metakaolin, and blast furnace slag are the example of pozzolanic waste and were
used widely to form GCC and coated either on ceramic or metal substrate [12,13]. However, to the best
of our knowledge, there were no publications on the application of optimization method to obtain the
best composition of GCC to produce sufficiently flexible coating and the application of rice husk ash as
geopolymer coating on a metal substrate. In this research, the rice husk ash will be used as the main
component in producing GCC and response surface methodology (RSM) used as the optimization
method to elucidate the best coating composition that can be achieved. This method will also be used
to validate the predicted optimal value.

Rice husk contains approximately 50, 25%-30% and 15%-20% of cellulose, lignin and silica
contents, respectively. When it is burnt under controlled temperature and environment, more than 85%
of silica is left behind together with RHA. For every 100 kg of paddy milled, nearly 20 kg which is 20%
of husk is produced and about 5 kg (25%) of RHA is generated after burning [14]. RHA contains around
93% and 0.4% of silicon dioxide (SiO;) and aluminum oxide (Al,O3), respectively, compared to fly ash,
which has about 41 and 21.6% of SiO, and Al,O3, respectively [15]. This suggests that RHA contains
higher amount of silica as compared to fly ash. However, their relative quantity differs according
to their origin. Higher silica contains higher compressive strength. According to Songpiriyakij et
al., a higher Si/Al ratio will lead to higher compressive strength, but lower compressive strength is
observed when the Si/Al ratio exceeds 15 [16]. De Silva et al. obtained similar results for the Si/Al ratio
that is between 2.5 and 5. They found that a higher content of alumina provides lower mechanical
strength [17].

In order to maximize the properties of geopolymer based on RHA, many parameters have to be
considered including the ratio of activated alkaline (AA) solution, concentration of sodium hydroxide
(NaOH) solution, curing temperature and time, RHA/AA ratio, sintering temperature and time, water
content of mixture, and size of materials aggregate. It is laborious and time-consuming to develop a
process that involves a large number of factors in order to obtain the optimum result using classical
method (which is usually involves one factor at a time) of the data analysis. Response Surface
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Methodology (RSM) consists of a combination of mathematical and statistical techniques which is
useful in modeling, analyzing, and optimizing responses that are influenced by several factors. It was
originally coined by Box and Wilson [18] particularly to study the relationship between factors and
responses. Besides minimizing the number of experiments needed (for a high number of levels) to
produce relevant information for a set of inputs, the choice of using RSM for optimization is considered
a quick and easy way to screen wide experimental field and elucidate the roles of every component
involved [19,20]. Table 1 shows a comparison between full factorial design and RSM based on 5-level
factors. Compared to a classical method such as factorial design which requires 25 runs, RSM that
involves two factors only requires 13 runs to complete an experiment. RSM is very beneficial to be
used especially when it involves more than two factors. This is not only resulting in lower overall
costs (material and testing), but it also shortens the experimental time.

Table 1. Total number of experiments between factorial design and response surface methodology.

Total Number of Experiments

Factors Level
Factorial Design RSM
2 5 25 (52) 13
3 5 125 (5°) 20
4 5 625 (5% 31
5 5 3125 (5°) 52

The main objective of this paper is to elucidate whether the material coating, such as polymer,
may be adversely affected by load-bending moments on coated structures. The effect of factors
including the ratio of AA solution, RHA/AA ratio, curing temperature, water to solid (W/S) ratio,
and silica to alumina (Si/Al) ratio on flexural properties were studied. In addition, microstructure,
flexural properties, and damage mechanism that followed a three-point bending test were evaluated
and discussed.

2. Materials and Methods

2.1. Design of Experiment Based on RSM

The three factors chosen, namely the ratio of AA solution, RHA/AA ratio, and curing temperature,
were designated as Vi, V, and V3 respectively. The NaOH concentration and curing time were
fixed at 12 M and 7 days, respectively. According to Khan et al. [21], the curing time of more than
28 days has no significant effect on the adhesion strength and thus has no subsequent effect on the
mechanical properties of the geopolymer composite coating (GCC). The desired responses were the
flexural strength and flexural modulus that were assumed to be influenced by the three factors. Levels
of three chosen factors and their working ranges are shown in Table 2.

Table 2. Factors and levels used for the flexural test.

Factor Unit Symbol Levels
-2 -1 0 1 2
Ratio of activated alkaline (AA) solution - Vi1 1.5 2.0 25 30 35
RHA/AA ratio - Vs 0.3 04 05 06 07
Curing temperature °C V3 40 50 60 70 80

2.2. Experimental Design

A 5-level-3-factor central composite design (CCD) was employed as in previous literature [22],
which required 20 runs. Vi, V,, and V3 were the factors and each level was chosen based on
literature [23-25] and preliminary laboratory work conducted, and these were within the allowed
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range of the composite coating material. A complete CCD and their coded and uncoded levels of the
factors are given in Table 3. Three samples were tested for each sample group for all design points and
the value for the total block is 1 with the experiments carried out in randomized order.

Table 3. Design matrix.

Coded Factors Uncoded Factors
Sample

\ 41 V2 V3 Vi Vs V3

S1 0 0 0 2.5 0.5 60
S2 0 0 2 1.5 0.5 60
S3 0 0 0 3.0 04 50
S4 1 -1 1 2.0 0.4 50
) 0 -2 0 2.5 0.5 40
S6 1 1 -1 25 0.5 60
S7 -1 1 1 2.5 0.5 60
S8 0 0 0 2.0 04 70
S9 1 1 1 25 0.5 80
S10 0 0 0 2.5 0.5 60
S11 -1 -1 1 25 0.5 60
S12 0 0 0 2.0 0.6 70
S13 -1 1 -1 2.5 0.3 60
S14 1 -1 -1 35 0.5 60
S15 2 0 0 2.5 0.5 60
S16 0 2 0 3.0 0.6 50
S17 0 0 -2 25 0.7 60
S18 0 0 0 3.0 0.4 70
519 -1 -1 -1 3.0 0.6 70
520 -2 0 0 2.0 0.6 50

The ratio of AA and RHA/AA ratio were calculated based on weight ratio. For example, to obtain
a ratio of AA of 3.0, 9 g of sodium silicate (Na;SiO3) was mixed with 3 g of sodium hydroxide (NaOH).
In order to obtain the RHA/AA ratio of 0.4, 4.8 g of RHA was mixed with 12 g of AA (total weight of
previously mixed solution). Table 4 shows the examples of calculated weight for AA and RHA/AA.

Table 4. Calculated weight ratio for AA and RHA/AA.

Value of Factor Weight (g)
Ratio of AA RHA/AA Ratio Ratio of AA RHA/AA Ratio
Na,SiOs NaOH AA RHA
3.0 0.4 9 3 12 4.8
2.5 0.7 10 4 14 9.8

2.3. Raw Materials and Sample Preparation

Rice husk is the primary raw material used in this study and was provided by Maero Tech Sdn.
Bhd (Nilai, Malaysia). In order to produce RHA, rice husk was first ground using planetary mill
Pulverisette 4 (Idar-Oberstein, Germany). RHA was sieved and the particle size distribution (PSD) test
was conducted on the particles which were passed through a 75-micron opening. The average particle
size of RHA was 22.8 pm with 10% of the particles were finer than 3.4 pm. Its specific surface area was
0.701 mz/g. The chemical compositions of RHA are shown in Table 5. S5iO,, Al;O3, and palladium (II)
oxide (PdO) were found to be major constituents and other elements that included K,O, CaO, Cr,0;3,
MnO, NiO, CuO, and Fe;O3 were also found in the composition.
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Table 5. Chemical composition of RHA.

Element SiO, PdO AlLO3; Fe,O3 CaO K,O Cr,O3 MnO NiO CuO LOI
Mass % 874 50 3.0 1.49 140 049 0.27 0.19 0.068 0.045 0.647

A mild steel plate (38 mm x 150 mm X 1 mm) was cleaned using detergent, de-ionized water,
and, finally, acetone. The molarity of sodium hydroxide was fixed at 12 M. Different geopolymer
compositions were synthesized by different ratios of activated alkaline (Na;SiO3/NaOH) solution and
RHA/AA ratio, which were based on Table 3.

The GCC was first being prepared by mixing the sodium hydroxide and sodium silicate solution
at a designated ratio. Initially, the activated alkaline solution was then mixed with RHA. The mixture
was stirred at low speed until all RHA dissolved in the solution. Then, the produced mixture was
coated on the mild steel substrate and placed in a vacuum oven to remove trapped bubbles. Due to the
different viscosity of the mixture, the average coating thickness for all samples was 1.10 mm. After 15
min of degasification, the coated substrate was placed in the oven for 24 h and at ambient temperature
in the following 6 days for complete curing.

2.4. Microstructure Test

Morphology of ground and sieved (passed through 75-micron opening) RHA was studied using
scanning electron microscopy (SEM). Morphology of a flexure surface was also studied under SEM.
JEOL JSM-6400 (Tokyo, Japan), a scanning electron microscope, was used to analyze the coating
structure. The magnification of the microscope was 100 times.

2.5. Flexural Test

Three-point bending test was conducted by using the Instron machine. Bending speed was fixed
at 2 mm/min. Figure 1 shows the three-dimensional view of three-point bending test set-up where b =
width of the specimen, I = length between two supports and hs + . = total thickness of substrate and
coating. The distance between supports was calculated followed the equation [ = (2r + 3t) + t/2, where
r = radius of the end of the indent and t = specimen thickness. In this study, / = 30 mm, b = 38 mm, hs
=1mm, and k. = 1 mm. The substrate material was faced upward and in contact with the indent.

Substrate

Coating

F )
v

|
Figure 1. A 3D view of the three-point bending test set up.
2.6. Microstructure of Rice Husk Ash

The image of the ground RHA was studied using scanning electron microscopy (SEM) as shown in
Figure 2. RHA particles comprising mainly of silica were found to be solid in nature with amorphous
forms as with cristobalite and trace crystalline quartz [26-30]. Crystalline RHA is only converted to
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amorphous forms when it is calcined at high temperature [31]. The uneven size of the particles was
due to the high combustion temperature of RH [32].

Figure 2. SEM for Rice Husk Ash (RHA) particles.

The particles of RHA was found to be much finer and have more homogenous distribution after
grinding. Finer particle size was reported to increase the reactivity during mixing and curing [33,34].
Furthermore, some particles can be seen as agglomerated and stuck to each other due to the high
surface energy and free OH groups on the silica surface. The produced hydrogen bond with water
molecules was also removed when the dispersed silica was isolated from the solvent, forming a Si-O-5i
bond [35].

3. Results and Discussion

Complete design matrix and responses values of flexural strength and flexural modulus are given
in Table 6 and data were analyzed using MINITAB (version 16.2).

Table 6. Design matrix and response value for the flexural test.

Sample Coded Factor Uncoded Factor Response
V1 V, V3 V1 Vs V3  Flexural Strength (MPa)  Flexural Modulus (MPa)
S1 0 0 0 2.5 0.5 60 117.88 2997.41
S2 0 0 2 15 05 60 146.35 3512.33
S3 0 0 0 30 04 50 137.93 4090.23
54 1 -1 1 2.0 0.4 50 136.53 4624.38
S5 0 -2 0 25 05 40 137.73 4099.33
S6 1 1 -1 25 05 60 147.69 4532.27
57 -1 1 1 2.5 0.5 60 134.54 4408.55
S8 0 0 0 20 04 70 131.84 3024.18
S9 1 1 1 25 05 80 115.78 2930.53
S10 0 0 0 25 05 60 147.19 4189.99
S11 -1 -1 1 25 05 60 144.70 3264.87
S12 0 0 0 20 06 70 110.89 2470.39
S13 -1 1 -1 25 03 60 143.15 4636.30
S14 1 -1 -1 35 05 60 156.92 4162.47
S15 2 0 0 25 05 60 111.85 2936.30
S16 0 2 0 30 06 50 115.74 3444.49
S17 0 0 -2 25 07 60 102.71 2912.19
S18 0 0 0 30 04 70 118.31 2674.98
S19 -1 -1 -1 30 06 70 121.49 3012.02

520 -2 0 0 20 06 50 132.98 3687.36
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3.1. Statistical Analysis of Flexural Strength

The regression analysis, after a backward elimination, is shown in Table 7. The results showed
that there was no quadratic effect (interaction between different factors including V1*V5, V,*V3, and
V1*V3) that can be fitted into the model, thus indicating that there was no significant relationship
between the factors.

Table 7. Estimated effects and coefficient for flexural strength.

Term Notation Coefficient Std. Error of Coefficient P
Constant - -78.811 73.007 0.302
Linear model - - - 0.031
Ratio of AA solution Vq 0.296 3.845 0.940
RHA/AA ratio Vs 447.537 153.194 0.013
Curing temperature V3 4.627 1.834 0.027
Square model - - - 0.005
RHA/AA ratio * Vy* Vs, —525.281 151.983 0.005
Curing temperature ** V3** Vs -0.043 0.015 0.015

R? = 0.8380; R? (adj) = 0.7436
Note: * RHA/AA ratio; ** Curing temperature.

The value of R? (coefficient of determination) was 0.8380, which indicates that 83.80% of the
sample variation in the flexural strength was attributed to the factors (V1, V, and V3). For example, if
R? was 1.0000, the regression model produced would predict the optimum value with high accuracy.
Square models are best fitted to the response. However, only the RHA/AA ratio (V) and curing
temperature (V3) showed significant linear and square effects on the response since the P was smaller
than 0.050. The V; showed the lowest p, which meant that it had the strongest effect on flexural strength
for both linear (p < 0.013) and square effects (p < 0.005). The significant square effects indicated that the
relationship between V; and response followed a curved line instead of a straight one.

The ratio of AA solution (V1) had no significant effect on flexural strength. Equation (1) represents
the final reduced regression model equation for flexural strength:

Yrs = —78.811 + 0.296V; + 447.537V, + 4.627V5 — 525.281V,2 — 0.043V;32 1)

Yrs represents the response of flexural strength, while V1, V3, and V3 are the decoded values
of the ratio of AA solution, RHA/AA ratio, and curing temperature, respectively. This regression
model can be used to calculate and analyze the effect of factors on the flexural strength of geopolymer
composite coating (GCC).

3.2. Effect of Factors on Flexural Strength

ANOVA and regression models were used to analyze the effect of various factors on flexural
strength. Contour plots were used for better illustration. Figure 3 illustrates the effect of RHA/AA
ratio (V) and curing temperature (V3) on flexural strength and is shown as numbered contours.
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Figure 3. Contour plot of curing temperature vs. RHA/AA ratio for flexural strength.

V1 was held constant at 2.5 since this factor did not have any effects on the response. It is clear
that flexural strength increases with lower V3 and low V. High flexural strength was observed for
geopolymer cured in the range of 47 to 60 °C and within 0.36 to 0.48 for V;. As the value for both
factors increased, flexural strength decreased. An increment of the RHA/AA ratio beyond 0.48 meant
that the mixture had less workability as shown in Figure 3. Different aluminosilicate sources had
different optimum strength and workability. For example, Kong et al. [36] found that metakaolin-based
geopolymer paste had optimum workability at the water to solid (W/S) ratio of 1.25, whereas fly ash
(FA)-based geopolymer had its optimum at 0.33.

Hardjito et al. [37] found that the increment of the curing temperature to above 60 °C will not
necessarily increase the sample strength. At a higher temperature, the loss of moisture will occur
and consequently affect the sample strength. According to Van Jaarsveld et al. [38], curing at higher
temperature breaks down the structure of the geopolymer mixture resulting in dehydration and
excessive shrinkage as the gel contracts without transforming to a more semi-crystalline form. Without
retaining small amounts of water in the geopolymer matrix, cracking cannot be reduced resulted in
low mechanical strength. Chindaprasirt et al. [39] stated that the presence of moisture is important for
geopolymerization in order to develop good strength.

Based on Figure 4, RHA-based geopolymer showed optimum workability at a W/S ratio of slightly
higher than 1.25. The higher W/S ratio compared to that of metakaolin- and FA-based geopolymer
indicated that RHA required higher liquid demand due probably to its finer particle size that has
been identified in previous research [36]. Higher flexural strength was achieved when the W/S ratio is
between 1.22 and 1.29, and Si/Al ratio between 98 and 104.
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Figure 4. Contour plot of W/S ratio vs. Si/Al ratio for flexural strength.

Figure 5 shows the surface response plot of curing temperature (V3) versus RHA/AA ratio (V5).
The plot represents a surface where the maximum point is located inside the experimental region. It
also proves that both factors have a square effect on the response.

- 140
Q
>3
£ 120
[=2]
g
& 100 |
T 80
< ~
5 80 &
w <
S
030 045 é&é 4
B X
0.60 0
0.75 S

RHA/an ratio

Figure 5. Surface plot of flexural strength vs. curing temperature and RHA/AA ratio.
3.3. Statistical Analysis of Flexural Modulus

The ANOVA results in Table 8 showed that there was no relationship between the factors analyzed.
Single-factor mainly influenced the response compared to square and interaction effects. Therefore, the
linear model best fitted the response.
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Table 8. Regression analysis of flexural modulus.

Term Notation Coefficient Std. Error of Coefficient P
Constant - 7607.95 1137.87 0.000
Linear model - - - 0.005
Ratio of AA solution Vi 89.46 244.25 0.720
RHA/AA ratio Vs —3279.83 1221.23 0.018
Cur. temperature Vs -43.77 12.21 0.003

R? = 0.6475; R? (adj) = 0.5217

The value of the coefficient of determination showed that R? was 0.6475 which indicated that
64.75% of the sample variation in the flexural modulus was attributed to the factors. The R? value
would be sufficient to indicate the right direction to take for further improvements in obtaining higher
response values. While the ratio of AA solution (V1) had p well above 0.050, only the RHA/AA ratio
(V) and curing temperature (V3) showed a significant effect on the response. V3 had stronger effect (p
< 0.003) compared to that of V, (p < 0.018) on the flexural modulus.

Equation (2) represents regression model for flexural modulus with Ygys represents the response
of flexural modulus while V1, V5, and V3 are the decoded values of the ratio of AA solution, RHA/AA
ratio, and curing temperature, respectively:

Yeum = 7607.95 + 89.46V; — 3279.83V, — 43.77V 5 @)

3.4. Effect of Factors on Flexural Modulus

Figures 6 and 7 show the contour and surface plots, respectively. The ratio of AA solution (V1) in
Figure 6 is held at 2.5 since this factor does not influence the response. The increment in RHA/AA
ratio (V) and curing temperature (V3) will decrease the flexural modulus. High flexural modulus of

greater than 5000 MPa can be achieved when V; is approximately 0.32 and there is curing temperature
of 41 °C.

Flexural

Modulus

(MPa)
[ ] < 2500
Il 2500 — 3000
3000 - 3500
I 3500 - 4000
I 4000 - 4500
I 4500 - 5000
[ ] > 5000

Curing temperature (°C)

I 4500 R
0.32 0.36 0.40 0.44 0.48 0.52 0.56 0.60 0.64 0.68
RHA/AA ratio

Figure 6. Contour plot of curing temperature vs. RHA/AA ratio.
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Figure 7. Surface plot of flexural modulus vs. curing temperature and the RHA/AA ratio.

In Figure 7, the surface plotted was a flat plane which indicated that the factors linearly affected
the response. The highest flexural modulus could be achieved when the values for both factors were
the lowest and the converse was also true.

As the curing temperature increased, the sample exhibited loss of moisture due to continuous
evaporation of capillary water in the specimens. Since the content of moisture in GCC was reduced,
continuous moisture loss on the surface of the specimen might lead to low strength and less flexibility
as confirmed by Nagral et al. [40].

Figure 8 shows the effect of Si/Al ratio and W/S ratio on the flexural modulus. The high value of
flexural modulus appeared at the Si/Al ratio between 97 and 104, and W/S ratio between 1.23 and 1.30.
The result is similar to that of flexural strength shown in Figure 4.

Flexural

Modulus

(MPa)
< 2500
[ 2500 - 3000
I 3000 - 3500
B 3500 - 4000
Il 4000 - 4500
B > 4500

1.40

1.35

1.30

W/S ratio

1.25

1.20

85 90 95 100 105 110 115 120 125
Si/ Al ratio

Figure 8. Contour plot of W/S ratio vs. Si/Al ratio for flexural modulus.
3.5. Optimization of the Responses

Optimization plot for both responses is shown in Figure 9. The objective was to maximize both
responses. The composite desirability value was calculated to be close to 1; therefore, the parameters
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were within their working range. The optimized values of factors were at V; = 3.5, V, =0.40, and V3 =
48 °C.

New Ratio of AA solution RHA/AA ratio Curing temperature
p fligh [g'gg] [3'4718] [gg'g]
ur . . .
0.81720 |ow 1.50 0.30 40.0
Flexural [~ ———=="""] "l
Modulus
ly = 4508.3849
d = 0.94108
Flexural /
Strength
y = 140.3197
d = 0.70962

Figure 9. Optimization plot for maximum responses for flexural modulus and flexural strength.

3.6. Experimental Validation

In the modelling process, experimental validation is the final step in order to verify the accuracy
of the model. In order to verify the reproducibility of the developed regression model and the RSM
model, three validation experiments were carried out under the optimal conditions obtained from
the optimization plot (see Figure 9). According to Sivaraos et al. [41], for a nonlinear process, the
optimization and validity of the model are only confirmed when the average difference between
experimental and predicted values is less than 15%. As shown in Table 9, the average error for flexural
strength was slightly below 15% while the flexural modulus was well below this value at only 8.42%. It
was concluded that the developed regression model established using this method was able to optimize
the value for flexural modulus which was more accurate compared to the value for flexural strength.

Table 9. Experimental validation for flexural strength and flexural modulus.

Flexural Strength (MPa) Flexural Modulus (MPa)
Sample No. . . . .
Experimental  Predicted o Experimental  Predicted o
Value Value Exzor (%) Value Value Error (%)
SV 161.69 140.32 15.23 4056.43 4508.38 10.02
SV, 159.41 140.32 13.60 4211.23 4508.38 6.59
SV3 161.16 140.32 14.85 4118.33 4508.38 8.65
X Error 14.56 X Error 8.42

Figure 10 shows sample SV after a validation test. With a relatively high flexural strength and
modulus as shown in Table 9, the coating for sample SVy, SV;, and SV3 showed no crack or debonding.
Compared with previous studies [2,3,42], it can be concluded that the coating was very flexible and has
good adhesion bonding with the substrate since no surface cracking and debonding occurred. Both
properties are very important, and the optimized coating has potential in many applications, which
require flexible coating.
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Figure 10. Validated sample for flexural test.

3.7. Flexural Properties and Microstructure Analysis

The mechanical properties of the coating of the selected samples were compared using the
load-displacement curves and observation on the onset of cracking. To study the influence of the
microstructure on the flexural properties, the coated mild steel with highest flexural strength (514),
lowest flexural strength (S17), and a sample suspected to have ductile behavior (S13) were selected.
The uncoated mild steel served as control. The control sample showed very high bending stress at
691.10 MPa compared to the coated samples. This is due to its low strength in resisting the bending
load as reported by Umesh et al. [43]. Figure 11 shows the load—extension characteristics of sample
517,514, and the substrate during a three-point bending test.

500

450 Peak Load ) =TT

400 = -

350 | - '_‘_’__,__——"'
= \ o ==
£ 300 -7
§ ’1 y// - — - - Uncoated
© 250 i~y
o ;7 - - =514
3 200 I 17
[ i

150 N 513

100 y

50 ;'g
0
0 0.25 0.5 0.75 1 1.25 1.5 1.75

Displacement (mm)

Figure 11. Load—extension (displacement) characteristics of samples during three-point bending tests:
(i) substrate without coating; (ii) S14; (iii) S13; and (iv) S17.

517 and S14 produced the lowest at 102.71 MPa and the highest flexural strength at 156.92 MPa,
respectively, while 513 showed ductile behavior with relative high flexural strength at 143.15 MPa.
Although the flexural strength of sample S13 was higher than that of sample S17, it exhibited ductile
behavior due to a very high flexural modulus, which is 4636.30 MPa compared to 2912.19 MPa. During
the bending process, the outer coating surface was subjected to tensile stress while compression stress
occurred between indenter and the surface of the substrate. The crack on both samples extended
further at the peak load.
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S14 exhibited higher peak load at approximately 0.20 mm of displacement which indicated
stronger interfacial strength and adhesion strength between coating and substrate as compared to 517
which exhibited lower peak load at approximately 0.15 mm of displacement. Similar results were
previously recorded by Yang et al. [2]. From all 20 samples tested, only three samples which were S2,
54, and 513 showed no peak load, which indicated high ductility coating. Substrate without coating
and samples S2, 54, and 513 showed no holding load while other samples were subjected to holding
load between 0.1 and 0.5 mm of displacement.

Figure 12 shows SEM micrographs of sample S13 which exhibited no peak load, S14 which
produced the highest flexural strength and exhibited peak load, and 517 which produced the lowest
flexural strength and displayed peak load. The absence of the peak load indicated that the coating
was ductile. During the bending process, the coating was subjected to a high plastic deformation rate
causing it to expand and develop cracks. However, due to adequate bonding between coating and
substrate in 513, the expansion was delayed. Only with the additional load applied to the sample,
cracks appeared along the interface causing damage to the system. The propagation of cracks was
observed in 513 and 517 are respectively shown in Figure 12a,c.

Cracks

&

—_ 1rMm
., JEOL 15KV wS,aB8 17mm

1km
15KL XS, BB 1&mm

]
1+m
. BEBEL P mm

Figure 12. Image and SEM micrograph of samples following the flexural test (a) S13; (b) S14; and
(c) S17.
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Ductile coating in sample 513 showed minor and rough cracks while the brittle coating in 517
displayed a crack with clean linear cut. Results showed that the expansion in 513 was delayed while
S17 failed to withstand high flexural load causing it to break without any resistant. 514 as shown in
Figure 12b, which had a smoother surface compared to 517, showed no formation of crystal particles
on its surface or within its geopolymer matrix. It is possible that S14 had undergone a higher rate of
geopolymerization, which resulted in a highly homogeneous mixture [44]. Bonding between RHA
particles and AA solution is, therefore, stronger and was able to produce a higher flexural strength
compared to that in S17.

Figure 13 shows microscopic images of cracks formed on the surface of three samples that
exhibited different damage behaviors during bending tests. Compared to S14, adhesion bonding
between substrate and coating for S17 was weak and the coating showed brittle behavior.

cracks £y

Tene

4 v01ds

Mm
80 1%

' B -1
JEGL 1SKY ®1

O Y G

cracks

— 1 OOMm —i. 1 OO M
JEOL 15KU X100 cmm S X100 17mm -

Figure 13. SEM images of (a) S17—Brittle coating, exhibited lowest flexural strength; (b) S14—DBrittle
coating, exhibited highest flexural strength, and (c) S13—Ductile coating.

517 was also subjected to higher residual stress at the interface, which resulted in lower interfacial
adhesion. When the load was applied, the coated sample stored the strain energy which would
potentially cause crack formation between the coating layer and the substrate [45]. Upon debonding at
the coating—substrate interface, the energy was released and caused cracks to nucleate from voids and
propagate along with the interface. Since 517 had a lower energy release rate compared to 514, multiple
cracking formed with a larger crack width in the coating layer and which subsequently lowered the
overall flexural strength and modulus. When further load was applied, the sample failed to endure
high plastic deformation causing the brittle coating layer to rupture and delaminate from the substrate
as shown in Figure 13a,b. Sample 513 in Figure 13c was less porous and a homogeneous phase was
formed in the geopolymer matrix. The number of cracks which occurred in the ductile coating was
very minimal.

In addition to crack formation, particle agglomeration of RHA-based geopolymer had also
contributed to low flexural strength. As shown in Figure 14, the particles of RHA-based geopolymer
in S17 (Figure 14b) were highly agglomerated as compared to that of sample S13 (Figure 14a). The
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agglomeration was probably influenced by RHA/AA ratio and water to solid (W/S) ratio with the silica
component not homogeneously dispersed into the geopolymer matrix. S17 had a lower W/S ratio of
1.18 compared to S13 with 1.68. A lower W/S ratio resulted in a low degree of geopolymerization
resulted in a partial reaction process. During the bending process, stress would be concentrated at the
area where the RHA agglomerated leading to initiation of cracks.

(b)
Figure 14. Particle agglomeration of RHA-based geopolymer following flexural test: (a) S13; and (b)
S17 for the flexural test.

4. Conclusions

The response surface methodology was proved to be an adequate tool to study the relationship
between factors that significantly influenced the flexural properties. From the analysis and investigation,
the RHA/AA ratio (V) showed the most significant effect on the response followed by curing
temperature (V3). The ratio of AA solution provided no effect to the flexural strength and modulus.
From surface and contour plots, high flexural strength was observed for a geopolymer cured in the
range of 47 to 60 °C and within 0.36 to 0.48 for the RHA/AA ratio. In addition, high flexural strength
was achieved when the W/S ratio is between 1.22 and 1.29, and Si/Al ratio between 98 and 104. High
flexural modulus of greater than 5000 MPa can be achieved when the RHA/AA ratio is approximately
0.32 and curing temperature of 41 °C. The high value of a flexural modulus appeared at the Si/Al ratio
between 97 and 104, and the W/S ratio between 1.23 and 1.30. The maximum value of both flexural
strength and flexural modulus could be achieved by using V1 = 3.5, V, =0.39, and V3 = 45.7 °C. The
validated coating samples experienced no cracks or debonding, which means that the coating is flexible
and has good adhesion bonding with the substrate. A geopolymer composite coating (GCC) sample
with different properties showed varying behavior. Sample S17 had multiple cracking formed with a
larger crack width in the coating layer, which leads to the overall flexural strength and modulus. The
latter also differed according to their flexural strength. GCC with high strength at 156.92 MPa was
more brittle and had more cracks than GCC with lower strength at 102.71 MPa. Sample 517, which
was highly agglomerated compared to sample 513, resulted in low flexural strength due to the higher
content of silica. Several potential studies have been identified including an XRD test to investigate the
homogeneity of the geopolymer binder and involving different types of substrate such as glass, wood,
and fiber.
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