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ABSTRACT 

The present study aimed to investigate the surface color properties of graphene-based 

hybrid epoxy coatings using the CIE Lab color space (L*, a*, b*), total color difference, 

and chromaticity coordinates, with multivariate optimization performed through a Box–

Behnken experimental design. Within the four-factor, three-level design space, L values 

ranged from 17.09 to 71.55, a* values from -2.18 to +0.27, b* values from 0.65 to 2.96, 

and ΔE values from 2.39 to 47.13. The minimum color difference (ΔE = 2.39) was 

obtained for the formulation containing 0.5 wt.% graphene, 0 wt.% boron carbide, 1 wt.% 

zinc borate, and 1 wt.% organic fiber, relative to black reference coating used in military 

aircraft. Response surface models showed high predictive capability, with R² values of 

0.9920, 0.9912, 0.9922, and 0.9492 for L*, a*, b*, and ΔE, respectively. Analysis of 

variance showed that graphene content was the most influential factor affecting all color 

responses, particularly ΔE, due to its strong light-absorbing effect, which reduced surface 

lightness and suppressed color difference. The chromaticity coordinates of the coatings 
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were clustered within a narrow region of the diagram (x = 0.31-0.32, y = 0.33-0.34), 

while the correlated color temperature values were mainly in the range of 4550-5076 K. 

Overall, the results demonstrated that formulation control and ΔE minimization 

effectively improved color stability and camouflage compatibility in aerospace and 

defence coating applications, ensuring strong optical consistency. 

 

Keywords: Color Space, CIE Lab, ΔE, Epoxy, Graphene 

 

1. Introduction 

Coating systems utilized in the aerospace and defence industries are designed to 

simultaneously provide properties such as corrosion resistance and environmental 

durability. The performance of coating systems and varnishes used in aircraft applications 

has been evaluated in terms of optical stability under long-term environmental exposure, 

as well as their mechanical and chemical properties [1, 2]. Since aerospace structures are 

multi-material, high-performance systems, protective coatings serve as barrier layers 

within primer, intermediate, and topcoat structures. Visser et al. emphasized that the 

aerospace sector has relied on hexavalent chromate-based systems for many years, but 

the development of chromate-free alternatives due to their toxicity has become a 

significant area of transformation for the sector [3]. The performance of aerospace 

coatings was also monitored through optical changes associated with atmospheric 

conditions. Changes in color coordinates were considered practical monitoring metrics 

that progressed together with the chemical and morphological degradation of the coating 

in accelerated aging tests [4]. In epoxy systems, performance was strongly dependent on 
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resin and hardener selection, as well as on the simultaneous optimization of these 

components [5, 6]. Experimental design-based studies have revealed that mixture 

components and formulation variables offer a suitable way to model coating properties 

and optimize them according to the targeted performance [7, 8]. One of the most widely 

used approaches for quantitatively evaluating color change in coatings is the CIE Lab 

(L*, a*, b*) color space, which shows a high correlation with human visual perception. In 

this system, L* represents the lightness–darkness of the surface, a* its position on the 

red–green axis, and b* its position on the yellow–blue axis. The total color difference 

(ΔE) derived from the space allows the comparison of different formulations and aging 

conditions by expressing the perceived color change of the surface as a single scalar 

parameter. In particular, the CIE 1976 ΔE definition has been widely used in the coatings 

and paints literature due to its simplicity and practical applicability [9, 10]. Studies have 

emphasized the use of optical metrics such as the color space and total color difference 

(ΔE) in conjunction with chemical and morphological analyses [11, 12]. Epoxy-based 

coatings have been widely used in both aerospace and industrial applications due to their 

strong adhesion, chemical resistance, and customizable formulations. However, the 

limited resistance of epoxy systems to UV radiation leads to optical problems such as 

binder degradation, yellowing, and surface dulling. Therefore, monitoring color changes 

in epoxy coatings through color parameters has emerged as a significant approach for 

evaluating coating performance [13, 14]. However, most studies on epoxy-based coatings 

have been conducted using single formulations. The relative and interactive effects of 

additive components on color coordinates in multifactorial systems have been addressed 

only to a limited extent [15, 16]. In addition, the direct optimization of color difference 



5 
 

with respect to a target reference coating color has remained quite limited in the literature 

[17]. It has been reported that filler and additive phases also significantly affect color 

parameters and color stability in polymer coatings. These findings strengthen the 

rationale for addressing color optimization using statistical approaches, as the additive 

ratios in the formulation can control the optical response (L*, a*, and b*-based color 

behavior) [18]. Virág et al. modelled the color change caused by thermal degradation as a 

function of temperature and TiO₂ content. They also reported that increasing the pigment 

content above a certain threshold no longer improved color retention. Such studies 

support the idea that, in coating design, adaptation to the target color, ΔE minimization, 

and the optimum range of additive levels can be determined by statistical models [19, 

20]. Andrés-Herguedas et al. monitored the color change of alkyd- and acrylic-based 

coatings applied to concrete. They reported that, in some systems, acrylic-based coatings 

developed more pronounced color differences, while the green alkyd coating remained 

more resistant [21]. Chee et al. investigated bamboo/kenaf reinforced epoxy hybrid 

composites under accelerated aging conditions. Colorimetric analyses showed that the 

total color change became more pronounced, especially as the bamboo ratio increased. 

The study showed that environmental exposure also had detrimental effects on thermal 

stability, oxidative stability, and dynamic mechanical behavior, and that a 50:50 

bamboo:kenaf ratio offered a more balanced combination of environmental resistance and 

degradability [22]. Ma et al. found that the increase in color number measured by 

colorimetry in oxidized aviation oils was related to oxidation products at the molecular 

level, and that this color change progressed together with important quality indicators 

such as acid number and tribological performance. This approach demonstrated that 
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visual and optical metrics could serve as a fast and practical monitoring tool in aviation 

applications [23]. LeVesque et al. developed transparent, colored, and black anodized 

coatings for passive thermal control applications on the International Space Station (ISS). 

The study aimed to improve the understanding of the optical properties of the coatings by 

controlling the anodization parameters. The study examined the balance between low 

reflectivity and high thermal performance desired in coating selection, especially for 

black coatings used in aerospace applications [24]. Graphene-based coating strategies 

have been evaluated as an effective barrier approach for maintaining the optical 

appearance and color stability of surfaces. Asadipour et al. reported that a transparent 

multilayer graphene coating on copper surfaces significantly reduced color change (ΔE) 

by suppressing oxidation at low temperatures. ΔE remained low in graphene-coated 

copper after oxidation, whereas a significant color deviation occurred in bare copper 

within a very short time [25]. 

 

This study focused on the development of hybrid water-based epoxy coatings containing 

graphene, boron carbide, zinc borate, and peanut shell-derived organic fiber, and 

evaluated their color performance through a statistical design approach. A Box–Behnken 

experimental design was employed to analyse the main, interaction, and quadratic effects 

of the formulation variables. The coatings were characterized mainly in terms of optical 

behavior using the L*, a*, b*, and ΔE, and their chromaticity coordinates were 

additionally assessed in the CIE 1931 color space. The statistical adequacy of the 

developed models was examined by ANOVA, while optical microscopy was used to 

compare the surface morphology of the optimized coatings. By combining formulation 
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design, color analysis, and model-based optimization, the study provides a practical 

framework for improving color matching effectiveness in epoxy-based camouflage 

coatings. 

 

2. Experimental  

2.1. Materials 

In this study, water-based epoxy resin was used as the binder system. Graphene, boron 

carbide, zinc borate, and organic fiber were preferred as additive phases in the coating 

formulations. Graphene was included in the system due to its high light absorption 

capacity and opacifying effect; boron carbide for its role in regulating hardness and 

surface microstructure; zinc borate for its white pigment character and potential reflective 

effect; and organic fiber as an additive to increase light scattering and provide 

homogeneity on the surface. Organic fibers were obtained from peanut shells. Peanut 

shells collected from a local market in Istanbul were cleaned, sun-dried for three days, 

milled, and sieved to 90 µm. All chemicals were of analytical grade and supplied by 

Merck. For alkali treatment, 25 g of powder was treated with 0.5 M NaOH (750 mL) at 

95°C for 2 h under constant stirring, then filtered, rinsed to neutral pH, and dried at 60°C. 

The resulting material was subsequently bleached with NaOCl after repeated washing 

until neutrality to obtain microcrystalline cellulose. Acid hydrolysis was then carried out 

by treating 5 g of MCC with 64 wt% H₂SO₄ (45 mL) at 50°C for 120 min. The reaction 

was stopped with cold water, followed by repeated washing to neutral pH and drying.  

 

2.2. Methods  
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2.2.1. Experimental Design 

A Box–Behnken experimental design was used to systematically investigate the effects of 

coating formulations on optical properties. Four independent variables were defined in 

the experimental design: (A) graphene ratio, (B) boron carbide ratio, (C) zinc borate ratio, 

and (D) organic fiber ratio. Each factor was considered at three levels (low, medium, and 

high), and the experimental matrix was constructed accordingly. The Box–Behnken 

design was preferred because it allowed for the modelling of interactions and second-

order effects while keeping the number of experiments limited [26-28]. In this study, 

color differences (ΔE) were calculated in the CIE L*a*b* color space using the CIE 1976 

formulation. ΔE values referred to the color difference between the coated samples and 

the target military camouflage reference coating and were denoted as ΔE. The target 

camouflage reference color was defined based on the literature reported color coordinates 

of a military black coating (BW400–9021), corresponding to the lowest thermal exposure 

condition reported by Michalski et al. [29]. To evaluate color stability after storage, the 

color difference between the initial measurement and the one-year stored condition was 

additionally calculated and denoted as ΔEstore. This parameter represented color drift over 

time and was independent of the reference color.  

 

2.2.2. Coating Preparation 

Coating formulations were prepared primarily by homogenizing the epoxy resin under 

mechanical mixing. Graphene, boron carbide, zinc borate, and organic fiber additives 

were gradually added to the resin in specified proportions, and controlled mixing was 

applied to prevent agglomeration. The resulting mixtures were applied to prepared 
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substrates. After curing, all samples were conditioned under standard ambient conditions 

prior to optical measurements. 

 

2.2.3. Color Measurements 

Color measurements of the coatings were performed using the L*, a*, b* color space. 

Measurements were taken from multiple points for each sample, and average values were 

calculated. The L* value represented the lightness-darkness of the surface, a* represented 

its position on the red-green axis, and b* represented its color component on the yellow-

blue axis [30]. Total color difference (ΔE) was calculated according to the CIE 1976 

definition using the measured L*, a*, and b* values. 

  

2.2.4. Statistical Analysis and Optimization 

Statistical analysis and modelling of experimental data were performed using Design-

Expert software. Quadratic regression models were formed for L*, a*, b*, and ΔE 

responses. The suitability of the models was evaluated using analysis of variance 

(ANOVA). Statistical significance of factors and factor interactions was determined 

using p-values [31, 32]. Within the scope of optimization studies, the goal was to 

minimize the ΔE value; conversely, the aim was to keep the L*, a*, and b* coordinates as 

close as possible to the military reference color. 

 

2.3. Characterization  

2.3.1. Color Analysis 

A colorimeter device (3nh NR100) was used for color measurements. The CIE Lab color 
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parameters (L*, a*, b*) were used in the device, where L* represented brightness and 

ranged between 0 (black) and 100 (white), a* represented the green (−) to red (+) axis, 

and b* represented the blue (−) to yellow (+) axis. Total color changes were calculated 

according to Eq. 1:  

                                         (1) 

where L0, a0 and b0 were the references. L*, a*, and b* values were measured values after 

the coating preparation process [33, 34] where L0, a0 and b0 corresponded to the target 

military camouflage reference coating. 

 

2.3.2. CIE 1931 Analysis 

Chromaticity analysis of the investigated samples was performed in the CIE 1931 color 

space [35, 36]. The x and y chromaticity coordinates were determined from the color 

measurement data, and the correlated color temperature (CCT) values were calculated 

accordingly. The resulting coordinates were represented on the CIE 1931 chromaticity 

diagram, and the corresponding chromaticity and CCT values were reported in tabular 

form. 

 

3. Results and Discussion  

In this study, the surface color properties of hybrid epoxy coatings reinforced with 

graphene, boron carbide, zinc borate, and organic fibres were systematically investigated 

using the color space (L*, a*, b*) and total color difference (ΔE*ab, CIE 1976) 

parameters. The experimental program was designed and optimized using the Box–

Behnken design. In the experimental setup established based on four factors and three 
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levels, L* values ranged from 17.09 to 71.55. The highest L* value (71.55) was obtained 

for the graphene-free formulation containing 1% zinc borate, while significant surface 

darkening was observed with increasing graphene content. The a* values ranged from -

2.18 to +0.27, and most samples were located in the greenish-gray region, with negative 

a* values The b* values were positive, ranging from 0.65 to 2.96, indicating that the 

coatings generally exhibited a warm-toned color character. ΔE (color difference) values 

obtained from the Box–Behnken experimental design quantitatively reflected the effect of 

different additive components on the surface color. ΔE represented the total color 

difference between the reference sample and the coating measured during color analysis. 

Therefore, low ΔE values indicated high color homogeneity and optical stability, whereas 

high ΔE values indicated significant color deviations. According to color difference 

perception thresholds defined in CIE-based studies, ΔE values below critical limits 

corresponded to visually uniform and optically stable surfaces, whereas higher ΔE values 

indicated perceptible tonal deviations [37]. 

ΔE values ranged from 2.39 to 47.13. The lowest color difference was obtained for the 

composition containing 0.5% graphene, 0% boron carbide, 1% zinc borate, and 1% 

organic fiber (No. 16). This result showed that the combined use of graphene and organic 

fiber increased surface optical stability and provided a more homogeneous color 

distribution. In samples with high combined ratios of boron carbide and zinc borate, the 

ΔE values exceeded 20, resulting in visually noticeable tonal differences in surface color. 

The general trend showed that increasing the graphene ratio reduced the ΔE value relative 

to the reference military camouflage coating, thereby suppressing color differences and 

producing a more neutral surface appearance. In contrast, high levels of zinc borate and 
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boron carbide increased white-to-gray tonal transitions, resulting in a significant increase 

in the ΔE value. These results showed that nano additive components played a direct role 

in adjusting the surface color and that the optical stability of the composite system was 

highly sensitive to formulation composition. ΔE values were calculated and optimized 

using black color parameters as a reference. In evaluating the color stability and spectral 

visibility performance of the developed coating, the study of Michalski et al. [29] on 

military camouflage coatings was chosen as a reference. The factors were coded as 

follows: A: Graphene, B: Boron Carbide, C: Zinc Borate, D: Organic Fiber (Table 1). 

Graphene content (A) emerged as the most influential parameter (F = 127.80, p < 

0.0001). Changes in graphene content caused significant differences in the ΔE value, 

indicating that graphene played a major role in surface color homogeneity. This behavior 

was attributed to the strong light-absorbing nature of graphene, which reduced surface 

reflectivity and suppressed color differences in polymer-based coating systems [38]. 

The second most influential factor was boron carbide (B) (F = 7.53, p = 0.0158). This 

additive led to significant changes in color difference, especially combined with 

graphene.  

The AB interaction term showed that graphene and boron carbide together produced a 

synergistic balance in surface optics. The main effects of organic fiber (D) and zinc 

borate (C) were found to be weaker (p = 0.0521 and p = 0.6159, respectively). The 

graphene (A) coefficient was relatively high and negative (–11.46). This indicated that 

increasing the amount of graphene significantly reduced the ΔE value, thereby 

minimizing the color difference and resulting in a more homogeneous surface 

appearance. Graphene's dark, light-absorbing nature reduced surface reflectivity, 

suppressing color differences relative to the reference. The white, reflective nature of zinc 
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borate reduced color contrast. 

Table 1. Box-Behnken design experimental setup for color parameters. 

No A B C  D  L* a* b* ΔE 

1 1 0.5 1 1 25.23 -2.00 1.13 2.61 

2 0.5 0.5 1 0.5 27.33 -1.75 1.01 3.62 

3 1 0.5 0 0.5 26.85 -1.65 0.86 3.14 

4 0 1 1 0.5 47.10 -0.92 2.72 22.85 

5 0.5 0.5 0 0 28.20 -1.67 0.81 4.25 

6 0.5 1 0 0.5 26.76 -1.76 0.98 3.18 

7 0.5 1 1 1 26.43 -1.82 1.10 3.05 

8 0.5 0 0 0.5 34.82 -1.03 0.72 10.45 

9 0 0.5 2 0.5 46.10 -0.91 2.42 21.82 

10 0 0 1 0.5 71.55  0.27 1.89 47.13 

11 0.5 0 1 0 38.90 -1.83 0.65 14.57 

12 0.5 0.5 2 0 27.18 -2.18 0.82 3.67 

13 0.5 0.5 1 0.5 26.01 -1.78 1.01 2.73 

14 0.5 1 2 0.5 27.54 -1.60 1.01 3.72 

15 1 0.5 2 0.5 26.65 -1.80 1.05 3.16 

16 0.5 0 1 1 26.18 -1.01 0.95 2.39 

17 0.5 0.5 1 0.5 26.71 -1.80 0.98 3.17 

18 1 1 1 0.5 38.03 -1.31 0.79 13.66 

19 0.5 1 1 0 27.10 -1.64 0.98 3.38 

20 0.5 0 2 0.5 28.03 -1.73 0.79 4.12 

21 0 0.5 0 0.5 49.54 -0.65 2.49 25.23 

22 0.5 0.5 1 0.5 26.39 -1.82 0.94 2.95 

23 1 0 1 0.5 28.48 -1.69 0.98 4.55 

24 0 0.5 1 0 58.08 -1.22 2.38 33.74 

25 0.5 0.5 0 1 20.92 -1.71 1.02 4.19 

26 0 0.5 1 1 41.44 -0.45 2.96 17.29 

27 0.5 0.5 2 1 17.09 -1.70 1.04 7.71 

28 0.5 0.5 1 0.5 26.94 -1.85 1.03 3.38 

29 1 0.5 1 0 27.19 -1.67 0.96 3.45 

30 0 0 0 0 87.64 -2.00 1.13 2.61 

Ref - - - - 24.48 -0.02 -0.40 0.00 

The second-order model for the ΔE response was given in Eq. 2 as follows: 

Final Equation in Terms of Coded Factors: 
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     (2)                            

Determining ΔE values in the CIE Lab* color space and comparing them with thresholds 

in the NO-80-A200 military standard provided a reliable framework for optimizing 

parameters critical in aviation applications, such as surface stability, and long-term color 

consistency. Therefore, black color parameters were used as a reference when optimizing 

ΔE limits in color difference analyses in this study. The results of the analysis of variance 

(ANOVA) performed for the ΔE response showed that the model was highly significant. 

(F = 18.70, p < 0.0001) (Table 2). 

Table 2. ANOVA analysis 

Response: ΔE  
Sum of 

Squares 

df Mean 

Square 

F-Value p-Value  

Model 3227.52 14 230.54 18.70 < 0.0001 

A-Graphene (w/w) (%) 1575.29 1 1575.29 127.80 < 0.0001 

B-Boron Carbide (w/w) (%) 92.80 1 92.80 7.53 0.0158 

C-Zinc Borate (w/w) (%) 3.24 1 3.24 0.26 0.6159 

D-Organic Fiber (w/w) (%) 55.56 1 55.56 4.51 0.0521 

AB 278.72 1 278.72 22.61 0.0003 

AC 2.94 1 2.94 0.24 0.6328 

AD 60.92 1 60.92 4.94 0.0432 

BC 11.80 1 11.80 0.96 0.3445 

BD 35.11 1 35.11 2.85 0.1136 

CD 4.20 1 4.20 0.34 0.5686 

A2 976.96 1 976.96 79.26 < 0.0001 

B2 107.71 1 107.71 8.74 0.0104 

C2 3.42 1 3.42 0.28 0.6065 

D2 
2.280E-

003 
1 

2.280E-003 1.850E-004 0.9893 

Lack of Fit 172.07 10 17.21 140.87    0.0001 

Residual  172.56 14 12.33    

Cor Total 3400.08 28    

Lack of Fit Tests 

Linear 1672.70 20 83.64 684.69 < 0.0001 
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Response: ΔE  
Sum of 

Squares 

df Mean 

Square 

F-Value p-Value  

2FI 1279.01 14 91.36 747.92 < 0.0001 

Quadratic* 172.07 10 17.21 140.87 0.0001 

Cubic 77.02 2 38.51 315.26 < 0.0001 

Pure Error 0.49 4 0.12   

*Suggested      

 

The model statistics demonstrated the adequacy of the Box–Behnken models developed 

for the L*, a*, b*, and ΔE responses in Table 3. The L*, a*, and b* models showed 

strong agreement with high R² (0.99), adjusted R², and predicted R² values, indicating 

that color coordinates could be modelled with high accuracy based on additive 

composition. The R² value for the ΔE model was 0.9492, and the lower adjusted and 

predicted R² values were attributed to the fact that ΔE was a more complex response 

involving the combined effects of multiple color coordinates. However, Adequate 

Precision values well above 4 for all responses confirmed that the signal to noise ratio 

was sufficient and that the models had reliable predictive capacity. Low coefficients of 

variation (C.V. < 7%) for L*, a*, and b* indicated high reproducibility of the 

experimental data, whereas the higher C.V. value for ΔE suggested greater variability in 

this response. This value indicated that the total color difference inherently exhibited a 

wider distribution. Considering the PRESS values as well, the developed models were 

concluded to be statistically sufficient for estimating and optimizing color coordinates 

and ΔE within the examined design space.  

Table 3. Statistical summary and goodness of fit parameters of the developed response 

surface models. 

Model Parameters L* a* b* ΔE 

Standard Deviation 1.50 0.071 0.083 3.51 
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Model Parameters L* a* b* ΔE 

Mean 32.72 −1.47 1.26 9.63 

C.V. % 4.60 4.82 6.57 36.47 

R-Squared 0.9920 0.9912 0.9922 0.9492 

Adjusted R-Squared 0.9840 0.9824 0.9844 0.8985 

Predicted R-Squared 0.9550 0.9524 0.9567 0.7083 

PRESS 177.97 0.38 0.53 991.91 

Adequate Precision 48.245 46.288 36.849 16.767 

 

The ΔE prediction performance of the response surface model developed using the Box–

Behnken experimental design was demonstrated. The predicted values showed good 

agreement with the experimental ΔE results around the 45° line, indicating that the model 

operated with high accuracy throughout the studied range. The distribution of internally 

studentized residuals versus the predicted values was random, with all points remaining 

within the ±3 limits. This result indicated that the model did not exhibit systematic errors, 

outliers, or heteroscedasticity. Consequently, the developed model was confirmed to be 

statistically adequate and reliable for ΔE estimation and optimization The correlation 

between the predicted and experimental values was also found to be quantitatively high 

(R² = 0.9492). This value showed that the model could explain approximately 95% of the 

variability in color difference within the studied dataset (Figure 1). 
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Figure 1. Diagnostic plots for the ΔE response: (a) predicted versus actual values and (b) 

residuals versus predicted values. 

 

The curves in Figure 2 showed the effect of each additive (A: graphene, B: boron carbide, 

C: zinc borate, D: organic fiber) on ΔE. Graphene (A) was the component with the most 

significant effect. The curve was distinctly parabolic, with a rapid decrease in ΔE 

followed by a slight increase as the graphene content increased from level -1 to level +1. 
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This reflected the bidirectional effect of graphene, which minimized the color difference 

at moderate levels but increased it again when used in excessive amounts. Boron carbide 

(B) also contributed to the reduction of ΔE. The effects of zinc borate (C) and organic 

fiber (D) on ΔE were quite limited, and the corresponding curves were nearly horizontal. 

 

Figure 2. Main effects and single factor interaction plots illustrating the influence of 

individual variables on the ΔE response. 

 

Figure 3 demonstrated that the ΔE response was mainly governed by the graphene 

content and its combined behavior with the other formulation variables. The strongest 

changes in ΔE were observed in plots involving factor A, particularly in the A–B, A–C, 

and A–D combinations, confirming the dominant role of graphene in the color difference 

response. By contrast, the B–C, B–D, and especially C–D combinations showed 

relatively smaller variations, suggesting weaker interaction behavior between these 

factors. Overall, the plots indicate that ΔE could be reduced within specific intermediate 
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factor ranges, supporting the suitability of the statistical model for optimization of 

coating color properties. 

 

 

Figure 3. Factor effect plots showing the influence of formulation variables on the ΔE 

response 

 

Figure 4a showed that factor A (graphene) had the strongest effect on the ΔE response, as 

indicated by the steepest deviation from the reference point. Factor B (boron carbide) also 

influenced ΔE, although to a lesser extent than A, whereas factors C (zinc borate) and D 

(organic fiber) exhibited comparatively smaller effects within the studied range. In Figure 

4b, the residuals were distributed approximately along a straight line, indicating that the 
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normality assumption was reasonably satisfied and that the developed quadratic model 

was statistically acceptable for representing the ΔE response. 

 

Figure 4. Diagnostic plots for the developed ΔE model: (a) perturbation plot showing the 

relative influence of formulation variables on the colour difference response, and (b) 

normal probability plot of residuals used to assess the normality assumption of the model 

errors 
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The 3D surface plots in Figure 5 illustrated the combined effect of each factor pair on ΔE. 

A simultaneous increase in graphene and boron carbide led to a significant decrease in 

ΔE. ΔE was high in regions with low graphene content, and the color difference 

decreased rapidly as the graphene content increased. Graphene and boron carbide showed 

a synergistic effect at certain ratios, but excessive boron carbide addition disrupted this 

synergy. Increasing the amount of graphene reduced ΔE, while the zinc borate had a 

weaker effect. Fiber addition appeared to balance the microstructural differences created 

by boron carbide, thereby reducing the color difference. 

 

Figure 5. 3D response surface plots illustrating the combined effects of process variables 

on the ΔE response. 
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Figure 6 presented a microstructural comparison of coating surfaces optimized for L*, a*, 

b*, and ΔE using optical microscope images obtained at 100× magnification. The surface 

optimized for L* (Figure 6a) showed a more homogeneous texture and fewer surface 

defects. On the surface corresponding to a* optimization (Figure 6b), linear tracks and 

oriented micro-scratches were more prominent. In the coating optimized for b* (Figure 

6c), microcrack-like structures and heterogeneous surface distributions were attributed to 

the irregular distribution of pigment and filler phases associated with the yellow–blue 

axis of the b* coordinate. In contrast, the surface optimized for ΔE (Figure 6d) showed a 

more stable microstructure, a more uniform distribution of phases, and fewer surface 

defects. These findings demonstrated that ΔE optimization could improve microstructural 

integrity by promoting a more homogeneous distribution of additive components on the 

surface. Previous studies have shown that improved filler dispersion and microstructural 

homogeneity contributed to enhanced optical stability and long-term color retention in 

epoxy coatings [39, 40]. 
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Figure 6. Optical microscope images (100× magnification) showing the surface 

morphology of the coatings at the optimized conditions based on (a) L*, (b) a*, (c) b* 

and (d) ΔE. 

 

The chromaticity coordinates of the investigated samples were determined in the CIE 

1931 color space and were presented in Figure 7, while the corresponding values are 

summarized in Table 4. The calculated coordinates were found to be concentrated within 

a narrow region of the chromaticity diagram, with x values ranging approximately 

between 0.31 and 0.32 and y values between 0.33 and 0.34. 
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Figure 7. CIE 1931 chromaticity diagram showing the chromaticity coordinates (x, y) of 

the samples together with their corresponding correlated color temperature (CCT) values. 

 

Based on these chromaticity coordinates, the correlated color temperature (CCT) values 

were calculated, yielding results predominantly within the range of approximately 4550–

5076 K. This temperature interval corresponded to the neutral to daylight white region of 

the chromaticity diagram. The clustering of the samples within this limited region 

indicated that only minor variations in chromaticity occurred among the investigated 

specimens. Furthermore, the reference sample exhibited chromaticity coordinates of 

approximately x = 0.31 and y = 0.33 with a correlated color temperature of about 4571 K, 

which was consistent with the chromaticity region occupied by the other samples. 

Overall, the results demonstrated that the investigated samples exhibit similar chromatic 

characteristics. 
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Table 4. CIE 1931 chromaticity coordinates (x, y) and correlated color temperature 

(CCT) values calculated for the investigated samples 

No x y CCT (K) 

1 0.31 0.34 4637  

2 0.31 0.34 4646  

3 0.31 0.34 4628  

4 0.32 0.34 4964  

5 0.31 0.34 4617  

6 0.31 0.34 4638  

7 0.31 0.34 4654  

8 0.31 0.33 4677  

9 0.32 0.34 4927  

10 0.32 0.33 4879  

11 0.31 0.33 4584  

12 0.31 0.34 4554  

13 0.31 0.34 4641  

14 0.31 0.34 4665  

15 0.31 0.34 4647  

16 0.31 0.34 4730  

17 0.31 0.34 4633  

18 0.31 0.33 4659  

19 0.31 0.34 4653  

20 0.31 0.34 4605  

21 0.32 0.34 4947  

22 0.31 0.34 4622  

23 0.31 0.34 4648  

24 0.32 0.34 4857  

25 0.31 0.34 4650  

26 0.32 0.34 5076  

27 0.31 0.34 4655  

28 0.31 0.34 4637  

29 0.31 0.34 4646  

30 0.31 0.33 4654  

Ref 0.31 0.33 4571  

 

Table 5 presented a comparison of the coating formulations determined to be optimum, namely 

No. 1 (L*), No. 12 (a*), No. 22 (b*), and No. 16 (ΔE), with respect to additional performance 

parameters such as coating thickness, contact angle, tensile strength, displacement [41], and 
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gloss. No significant differences or performance losses were observed among the optimum 

formulations in terms of coating thickness and mechanical properties. All optimum conditions 

were found to preserve structural integrity. The contact angle and mechanical parameter values 

showed that optical optimization did not adversely affect the functional properties of the 

coatings. These results showed that ΔE-based optimization could provide a balanced 

combination of visual compatibility and other fundamental coating performance properties. 

 

Table 5. Auxiliary surface, mechanical and optical properties measured for the 

formulations optimized with respect to L*, a*, b* and ΔE 

Parameters  L* a* b* ΔE 

Thickness of coating (µm) 125.78 197.48 191.01 183.66 

Contact angle (°) 66.44 81.47 85.80 72.66 

Tensile strength (MPa) 130.57 140.37 131.91 145.99 

Displacement (mm) 18.53 12.67 15.50 16.01 

Gloss (GU) 41.70 32.50 54.60 99.70 

 

The coatings were stored for approximately six months under ambient laboratory light 

exposure, followed by storage under uncontrolled ambient conditions, reaching a total 

storage period of approximately one year. The color stability of the ΔE-optimized coating 

was further evaluated after approximately one year of ambient storage, including six 

months of exposure to ambient laboratory light. Since no standardized aging or 

weathering protocol was applied, this assessment was treated as an exploratory storage 

stability check rather than a durability test. Color coordinates (L*, a*, b*) were re-

measured using the same instrument and measurement protocol as the initial 

measurements. The calculated ΔEstore value, representing the color difference between 

the initial and stored states, remained below unity, indicating minimal color drift over the 
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storage period. These results suggested that the ΔE-based optimisation provided an initial 

color match to the target camouflage reference and maintained acceptable color stability 

under prolonged ambient storage and light exposure conditions. Although the applied 

storage conditions did not represent controlled aging, the low ΔEstore value indicated 

that the color matching achieved through ΔE minimization was not limited to the initial 

state and remained stable over time under non-aggressive environmental conditions 

(Table 6). 

 

Table 6. ΔE-based color stability of the ΔE-optimized coating after one year of ambient 

storage, including six months of ambient light exposure 

Parameters  Optimum 
After 

storage 

L* 26.18 25.45 

a* -1.01 -1.48 

b*  0.95  1.25 

ΔE             0.92 

4. Conclusion 

The main conclusions of this study are as follows: 

1. The color performance of hybrid water-based epoxy coatings containing 

graphene, boron carbide, zinc borate, and peanut shell-derived organic fiber was 

successfully assessed using CIE Lab parameters and ΔE-based optimization. 

2. The Box–Behnken design and response surface methodology yielded statistically 

reliable models for predicting the color responses. The developed models showed 

high accuracy, with R² values of 0.9920, 0.9912, 0.9922, and 0.9492 for L*, a*, 

b*, and ΔE, respectively. 
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3. Graphene was the most influential factor affecting color difference, while boron 

carbide showed a secondary effect. ANOVA confirmed that the ΔE response was 

mainly governed by the main effect of graphene together with its interaction and 

quadratic terms. 

4. The optimum formulation for ΔE minimization was obtained at 0.5% graphene, 

0% boron carbide, 1% zinc borate, and 1% organic fiber, giving the lowest ΔE 

value of 2.39, which indicated the closest match to the target military camouflage 

reference coating. 

5. CIE 1931 chromaticity analysis showed that all coatings were concentrated within 

a narrow chromaticity region , with correlated 

color temperature values ranging from 4554 to 5076 K, indicating similar 

chromatic characteristics among the investigated samples. 

6. The ΔE-optimized coating maintained acceptable auxiliary properties and storage 

stability. No major deterioration was observed in the additional performance 

parameters, and the ΔEstore value remained below 1 after approximately one year 

of ambient storage, indicating only minor color drift over time. 
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