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Highlights:

• An image processing–based vision system using RGB channel decomposition enables objective and quantitative assessment of additive blooming in rubber blends containing GTR.

• Blooming intensity is mainly governed by additive concentration and vulcanizing agent, while key mechanical properties are driven by accelerator effects and significant factor interactions.

• The optimized, data-driven formulation mitigates surface blooming without compromising mechanical performance, supporting sustainable rubber recycling and Industry 4.0 quality control strategies.




Abstract:

This study introduces a novel image processing–based vision system for the objective quantification of additive blooming on the surface of rubber blends containing ground tire rubber (GTR). The method applies RGB color channel decomposition to compare pre- and post-blooming states, using Euclidean distance between channels to provide a quantitative metric of blooming intensity over time. Alongside surface analysis, mechanical characterization (tensile strength, elongation at break, and Young’s modulus) was performed to correlate blooming intensity with mechanical performance. A central composite design (24 with 8 axial and 12 center points, including replicates) was used to evaluate the effects of formulation parameters on both blooming and key mechanical properties. Statistical analysis revealed that blooming is mainly influenced by the additive concentration (CCA1), the vulcanizing agent (S), and their interaction, with a good model fit (R² = 81.86%, R² adj. = 76.15%). Elongation was primarily governed by the accelerator (CCD2) (R² adj. = 91.52%), while tensile strength and Young’s modulus were significantly affected by (CCD2), (S), and their interactions (R² adj. = 72.93%, R² adj. = 72.35%, respectively). The optimized formulation, which avoids redundant additive loading already present in GTR, effectively mitigates blooming without compromising mechanical performance. This approach demonstrates strong potential for sustainable rubber recycling with improved mechanical reliability and reduced surface migration. Overall, this work provides two main contributions: (i) a robust, objective methodology for blooming quantification and (ii) data-driven insights for optimizing sustainable rubber formulations, supporting the development of Industry 4.0 oriented quality control strategies.
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1. Introduction

During the mixing of rubber with formulation components or after the vulcanization process, whitish spots often appear on the surface of the rubber (Arabit & Pajarito, 2015; Huang et al., 2019; Ignatz-Hoover & Datta et al., 2003; Choi, 1999; Choi, 2004; Choi et al., 2009; Nah & Thomas, 1980). This phenomenon, commonly referred to as additive blooming or vulcanization component blooming, results from the migration of certain formulation components to the rubber surface. In general, the literature reports that rubber and some vulcanization components exhibit partial incompatibility (Ciesielski, 1999).

Thus, the blooming phenomenon on the surface of rubber can occur when an additive from the formulation dissolves in the rubber matrix under the elevated temperatures of the mixing and vulcanization processes. After these processes, part of the additive tends to migrate out of the polymer matrix and crystallize on the rubber surface (Guo et al., 2008; Saeed et al., 2011; Munasinghe, 2004). The resulting crystals consist of solidified additives that appear as a whitish or powder-like deposit accumulated on the surface.

This phenomenon adversely affects the aesthetic appearance and overall quality of the final product. Specifically, certain formulation components tend to migrate out of the polymer matrix due to their incompatibility with the rubber, and this effect becomes more pronounced over time. The blooming behavior of these components has been widely studied to identify the substances that migrate to the surface and to develop strategies for minimizing this effect. Techniques such as Fourier Transform Infrared Spectroscopy (FTIR) and Attenuated Total Reflectance Infrared Spectroscopy (ATR-IR) have been employed for this purpose (Santiago et al., 2016; Torregrosa-Coque et al., 2011). Although several studies have investigated the surface blooming of individual formulation components in vulcanized rubbers, few have examined the dominance or interaction among different blooming species.

The literature reports the use of fillers with inhibitory properties, such as graphene and silica, to mitigate the surface blooming phenomenon in polymeric composites (Huang et al., 2019; Saeed et al., 2012; Xing et al., 2017; Garing et al., 2023). However, some of these fillers have been found to adversely affect the internal structure of natural rubber composites. Blooming is a critical phenomenon that influences the overall properties and performance of rubber materials. Surface blooming occurs most frequently in both natural and synthetic vulcanized rubber compounds. Although the problem is primarily aesthetic, it is also believed that these migrated additives may alter the mechanical properties of the final product. Previous studies have shown that the concentration of additive components in the rubber formulation significantly affects both the extent and rate of blooming (Pajarito et al., 2014; Arabit & Pajarito, 2019).

(Wang et al., 2024) investigated the formation of surface precipitates and the changes in the tensile properties of nitrile butadiene rubber (NBR) after storage at 85 °C in air. They concluded that the reaction between zinc oxide and stearic acid under prolonged thermal exposure promotes blooming and contributes to the degradation of NBR’s tensile properties. A pronounced decrease in the elongation at break (δk) was observed, which was correlated with the blooming of zinc stearate and its consequent reduction of the plasticizing effect.

(Anozie et al., 2025) studied the effect of alginate bead–encapsulated sulfur on the blooming characteristics of natural rubber (NR), comparing their behavior with that of soluble and insoluble sulfur. At test temperatures of 100 and 120 °C, they concluded that sulfur encapsulated in alginate beads produced significantly less blooming than soluble sulfur. Statistical analysis showed that the tensile strength of vulcanized rubber containing microspheres (18.9 ± 2.5 MPa) did not differ significantly (p = 0.067) from that of rubber with insoluble sulfur (22.2 ± 2.5 MPa), although it was lower (p = 0.011) than that of rubber with soluble sulfur (23.3 ± 0.7 MPa). The authors concluded that the use of encapsulated sulfur effectively controls blooming without significantly compromising the mechanical properties compared to insoluble sulfur.

Krieg et al. (2021) presented a visual catalog of damage caused by degradation phenomena in rubber materials. The analysis of several cases of blooming enabled the identification of different compositions and origins, demonstrating that describing a degradation phenomenon is only the first step toward understanding it. Using Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR) as a surface characterization technique, the authors emphasized the need for further research on damage phenomena to better elucidate their causes and the structural changes occurring within the material. Such understanding would facilitate the design of preventive conservation strategies and interventions, ultimately contributing to a more sustainable relationship with these materials at both industrial and societal levels.

Basso et al. (2021) investigated the feasibility of using ground tire rubber (GTR) as a raw material for injection molding by blending it with polypropylene (PP). Nine different formulations were prepared by varying the GTR-to-PP ratio and employing three types of rubber powder. The authors concluded that high contents of rubber powder-up to 80% recycled material can be successfully incorporated into molding processes. This approach reduces the need for virgin polymers while increasing the proportion of recycled material, thereby contributing to more sustainable manufacturing practices.

The incorporation of recycled rubber as a formulation component in vulcanized rubber products has been increasingly explored in recent years (Ren et al., 2023; Ma et al., 2021; de Souza et al., 2019; Song et al., 2018). The addition of reclaimed rubber into new formulations represents a significant advancement toward sustainable manufacturing in the rubber industry. This approach not only adds value to waste materials but also promotes environmentally responsible recycling practices, supporting the development of high-performance products with a reduced environmental footprint.

Although several methods for inhibiting blooming have been investigated, there is still a gap in quantitative studies that systematically correlate the intensity of blooming with the evolution of mechanical property degradation in compounds containing high amounts of ground tire rubber (GTR).

On the other hand, the Response Surface Methodology (RSM) comprises a set of mathematical and statistical techniques designed to model and analyze engineering processes in which a response of interest is influenced by multiple independent variables. The main objective of RSM is to optimize this response, which typically represents a critical quality attribute of a product or process (Raissi & Farsani, 2009). In many manufacturing systems, performance is characterized by several interrelated response variables. Optimizing such systems therefore requires complex decision-making to simultaneously improve all relevant responses a challenge formally referred to as a multi-response optimization problem (Cabrera-Castro, 2014).

In RSM, the relationship between the independent variables (x1, x2, ..., xn) and the response “y” is represented as in Eq. (1):

y=fx1,x2,x3,…xn+ε          (1)

where

y = is the response.

f = is the unknown function of the response, x1, x2, ... xn denotes the independent variables.

n = is the number of independent variables.

ε = is the error representing the sources of variation that is not explained by the mathematical relationship.



For multi-response optimization, a common and effective strategy involves the use of a desirability function, which enables the simultaneous optimization of several responses by converting them into a single composite metric. This approach has been widely adopted across diverse engineering and materials science applications. For instance, (Okuma et al., 2022) applied RSM to optimize welding parameters current, voltage, and travel speed and reported a strong correlation between predicted and experimental ultimate tensile strength (UTS) values, with optimal results ranging from 425 to 475 MPa. Similarly, (Boyacı and Baynal, 2019) employed RSM with a Box–Behnken design to optimize vulcanization parameters (time, temperature, and pressure) in elastomeric bearings, identifying optimal conditions of 146.17 min, 112.92 °C, and 172.72 bar to achieve target compressive stiffness and deflection values.

Further applications of the response surface methodology can be found in the work of (Aktar et al., 2024), who optimized a chloroprene/natural rubber (CR/NR) blend for automotive applications. Their study identified that a natural rubber proportion of approximately 27%, combined with specific additive levels, optimized key performance properties such as hardness and tensile strength. Similarly, (Paredes et al., 2021) optimized the mechanical properties of a vulcanized rubber material, determining an optimal formulation and curing condition 6 minutes at 165 °C that maximized overall desirability.

The effectiveness of RSM coupled with the desirability function has been consistently demonstrated across various engineering domains. In the materials sector, (Thongchom et al., 2023) applied this approach to optimize the mechanical behavior of polypropylene-based nanocomposites reinforced with graphene, basalt, and ethylene propylene diene monomer (EPDM). They found that incorporating approximately 1 wt% graphene and 25 wt% basalt yielded optimal mechanical performance, enhancing tensile strength, modulus of elasticity, and impact resistance by 21%, 58%, and 15%, respectively.

Another innovative application of RSM was reported by Anjali and Venkatesan (2024), who optimized a concrete composite incorporating recycled tire rubber (crumb rubber) for construction purposes. By combining response surface methodology with a hybrid neural network model, they identified that the formulation containing aluminum, hydrogen peroxide, and 2.5% rubber (Al+H2O2+2.5R) achieved superior optimization of mechanical performance, attaining compressive and tensile strengths of 46.08 MPa and 3.80 MPa, respectively.

From a process optimization perspective, Ghumman et al. (2021) applied RSM to optimize the reverse vulcanization reaction between sulfur and rubber seed oil, aiming to minimize unreacted sulfur content in the final copolymer. Their findings revealed that the initial sulfur content was the most influential factor. Although optimization reduced residual sulfur to 5.8%, complementary strategies such as tetrahydrofuran filtration and the incorporation of 5–10% crosslinkers, further decreased it to 0.25%. The resulting terpolymers exhibited enhanced thermal stability and an amorphous morphology, as confirmed by FESEM and p-XRD analyses.

This study presents a comprehensive strategy for the multivariable optimization of recycled rubber compounds, employing Response Surface Methodology (RSM) combined with desirability functions to simultaneously enhance mechanical performance and minimize surface blooming. A key innovation of this work is the development of a novel technique for quantifying blooming using a vision system coupled with image processing, which measures bloom by calculating the Euclidean distance between RGB color layers over time. This method effectively distinguishes progressive additive blooming from initial surface defects, enabling precise monitoring throughout the process. The proposed system represents a significant advancement for quality control in the vulcanized rubber industry and provides a robust digital tool that can be readily integrated into Industry 4.0 frameworks for automated process optimization and control.

2. Materials and methods

Figure 1 illustrates the methodological framework adopted in this study, encompassing all stages of the experimental procedure from the preparation of the composite materials to the final optimization process. The workflow begins with the mixing of formulation components, followed by the vulcanization of each sample. Subsequently, a vision system was developed to estimate the degree of blooming on the rubber surface, after which the mechanical properties of each specimen were measured to construct a comprehensive dataset. A total of 72 experimental runs were conducted according to a central composite design, ensuring statistical robustness and reproducibility. This dataset was then employed to perform the statistical analysis and multivariable optimization of the key process parameters.
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Figure 1: Experimental configuration of the methodology.


2.1. Compounds preparation

The GTR component is obtained from material previously ground fine enough with particle size (Ø=2 mm), from commercial brand scrap tires. Being this component the one with the highest amount in the formulation, in the preparation of the samples studied with 100 phr. Since this material is made up of rubber (natural and synthetic): 41%, fillers (carbon black, silica, coal, limestone): 30%, plasticizers (oils and resins): 6%, vulcanization chemicals (sulfur, zinc oxide): 6% and anti-aging agents and other chemicals: 2% (Fazli, & Rodrigue, 2020; Marín-Genescà et al., 2020). On the other hand, only four of the nine components listed in Table 1 were selected for the experimental design.


Table 1: Formulation GTR composite used and factors level.




	Component

	phr




	+

	0

	-






	styrene-butadiene rubber (SBR 1502) [CCA1]

	7.5

	5.25

	3




	Zinc Oxide [CCB1]

	5

	3.5

	2




	Tetramethylthiuram disulfide [CCD2]

	0.7

	0.45

	0.2




	Sulphur [S]

	2

	1.5

	1




	Naphthenic Oil [CCA2]

	-

	10

	-




	Stearic acid [CCB2]

	-

	1.25

	-




	Mercaptobenzothiazole [CCD1]

	-

	1.35

	-




	Antioxidant [CCC1]

	-

	1.75

	-




	GTR (Grind tire rubber)

	-

	100

	-








All components were introduced into a twin-screw laboratory banbury (CWB), Brabender Instruments Inc.® model BE56, was used chamber equipped with high shear rotors at 98°C and 60 rpm for 15 minutes. Immediately afterwards, the mixtures were introduced into molds that were compressed in a conventional hydraulic machine, using a Carver Model 4533.ANE1000 hydraulic laboratory press, for vulcanization at 165°C for 6.5 minutes, and 30000 psi, obtaining vulcanized sheets of 15 cm2 and 3 mm thickness.

2.2. Vision system

The effect of surface blooming on mixtures containing ground tire rubber (GTR) clumps and its influence on mechanical properties tensile strength, elongation, and Young’s modulus was evaluated. To quantify the extent of blooming, a vision system based on image processing techniques was developed to measure and assess additive migration onto the rubber surface. The system utilized RGB color layer decomposition to analyze each color channel before and after the occurrence of surface blooming. The Euclidean distance between corresponding layers was then calculated to quantify color variations, providing an objective measure of the phenomenon’s impact, as expressed in Eq. (2).

dE(x,y)=R0-R12+G0-G12+B0-B12          (2)

Where:



R0, G0, and B0 = are the initial color layers that were measured in plates without blooming. Obtained sample plates that have been cut immediately after being vulcanized.



R1, G1, and B1 = are the final color layers that were measured in plates with blooming on the same sample, this value represents an estimate of the rate of blooming from one time to another after some time had elapsed following their vulcanization, for this study 20 natural days.



Blooming in vulcanized rubbers is a gradual process involving the migration of additives such as waxes, plasticizers, or antioxidants from the interior of the polymer matrix to its surface. According to previous studies on the physical aging of rubber, most migrating compounds reach surface equilibrium within 15 to 20 days under standard environmental conditions (23 ± 2 °C and 50 ± 5% RH) (Arabit & Pajarito, 2015). Therefore, a 20 days observation period was selected to reliably capture the stable or maximum stage of visible blooming applied uniformly to all samples, avoiding both underestimation due to premature measurements and secondary degradation resulting from prolonged aging.

Figure 2 illustrates the surface evolution of a rubber sample over time. Image (a) was captured immediately after vulcanization, while image (b) shows the same sample following a subsequent aging period. Importantly, both the sample placement and camera position were kept constant throughout the imaging process, ensuring that any detected changes are intrinsic to the sample’s surface and not caused by external variabilities. The core of the developed method involves representing each image as a vector within a three-dimensional RGB color space. Each vector originates from the center of the Cartesian axes and extends to a point defined by the integrated RGB values of the image. The Euclidean distance (dE) between the endpoints of these vectors (Figure 3) provides a quantitative, non-destructive metric for surface changes. This distance directly correlates with the degree of additive migration (blooming), allowing the estimation of both the instantaneous extent of blooming and its progression over time.
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Figure 2: Comparison before and after the blooming phenomenon.
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Figure 3: Euclidean distance by RGB layer difference.


The quantification of blooming from vulcanization components on the surface of the rubber plate was performed both before and after the appearance of the phenomenon.

The image acquisition device consisted of a 60 x 60 cm wooden box with a black interior and controlled lighting from two 18-watt Philips fluorescent lamps positioned at 45° with daylight, which were placed 30 cm from the object in front of the camera lens. The vision system used an Oppo Reno Lite 5® smartphone camera (860 × 860 MP, f/1.7 aperture, 1/125 s exposure, ISO-400). All calculations were carried out using a custom algorithm developed in Python® by the research group.

2.3. Mechanical tests

Part of the vulcanized rubber sheets was used to assess the surface blooming of formulation components. The remaining portion was die-cut into dumbbell-shaped specimens (Type C) in accordance with ASTM D412 to evaluate the mechanical properties. Each specimen had an overall length of 50 mm, a gauge length of 20 mm, a narrow section width of 5 mm, and a thickness of 3 mm, as illustrated in Figure 4. Tensile tests were conducted on an Instron universal testing machine (Model 5565, Instron Corp.®, USA) at a constant crosshead speed of 50 mm·min-1. The tensile strength, elongation at break, and Young’s modulus were calculated from the obtained stress–strain curves. The dimensions and geometry of the specimens strictly complied with the ASTM D412 requirements to ensure the reliability and comparability of the results.


[image: ]

Figure 4: Geometry of type C specimen.


2.4. Experimental design

A Central Composite Design (CCD) with two levels per factor (24) was implemented, comprising 72 experimental runs organized into 6 blocks (Kuehl, 2001). The design included 16 factorial points, 8 axial points (to ensure the rotatable nature of the design), and 12 replicates at the central point (0, 0, 0, 0). These central replicates were distributed among different blocks to estimate pure experimental error, assess system homogeneity, and control potential sources of uncontrolled variability such as batch differences or environmental fluctuations thereby enhancing the statistical robustness of the design. Figure 5, illustrates the comparison between two experimental replicates for the four evaluated responses: (a) Blooming, (b) Tensile Strength, (c) Elongation, and (d) Young’s Modulus. The continuous lines represent the trends of each replicate based on the observations from the Central Composite Design, while the dashed line indicates the overall mean for each response.
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Figure 5: Observations from the Central Composite Design for (a) Blooming, (b) Tensile Strength, (c) Elongation, and (d) Young’s Modulus.


The optimization of rubber compound formulations represents a critical challenge in the polymer industry. The final performance of these materials depends on a complex synergistic interaction between the elastomeric matrix and a vulcanization system comprising various additives. The concentration of components such as activators, accelerators, and sulfur directly impacts key mechanical properties (tensile strength, elongation at break, Young’s modulus) and influences surface phenomena like blooming. From an economic and operational standpoint, the inefficient use of additives increases formulation costs and can induce processability issues. Therefore, a systematic methodology is required to accurately identify the optimal operating window that maximizes mechanical performance while suppressing defects.

The central hypothesis of this work proposes that the influence of critical formulation factors Additive (CCA1), Activator (CCB1), Accelerant (CCD2), and vulcanizing agent (Sulfur, “S”) on the final properties can be mathematically modeled using second-order equations, capturing their significant interactions. Based on this premise, a Central Composite Design (CCD) was selected as the methodological framework due to its inherent advantages for this application. The CCD is statistically efficient for estimating all parameters of a complete quadratic model (linear, interaction, and quadratic effects) with a minimal number of experimental runs. Furthermore, the CCD can be made rotatable, ensuring uniform prediction variance throughout the experimental space. This makes it an ideal tool for unraveling the complex nonlinear relationships governing vulcanized rubber behavior.

The selection of factors was guided by their relevance to vulcanization kinetics and their influence on the rubber’s morphology and mechanical performance. Factor levels were defined using a combination of technical, statistical, and operational criteria to optimize key material properties (Pajarito et al., 2014; Corral-Macías et al., 2016; Rodríguez, 2013; Virág et al., 2024). The extreme (±α), central, and factorial values were established to ensure system stability, process reproducibility, and operational safety.

The results of the responses measured in the experimental design are addressed: the estimation of the effects of the factors, the interactions, and the study of their magnitudes. Additionally, the relevant statistical tests and the construction of the mathematical models that describe the relationship between the load components for each of the studied responses, thus identifying the optimal point for each of the responses. The statistical significance of the models and their variables was determined at a 5% probability level (α = 0.05). The data were modeled according to a second-order regression as in Eq. (3).

y=β0+∑i=1kβixi+∑i=1kβiixi2+∑i=1kβijxixj+ε          (3)

Where:



y = is corresponding objective function.

β0 = are the regression coefficients.

βi, βii, and βij = are the linear, quadratic, and interactive coefficients of the model.

xi and xj = represent the levels of the independent variables.

ε = represents the error.

Data analysis and model construction were performed using the Design-Expert® software (version 13).

3. Results and discussion

3.1. Analysis of Variance (ANOVA).

The best ANOVA results revealed significant effects of formulation factors and their interactions on the studied responses: blooming, elongation, Young’s modulus, and tensile strength.

Blooming (a)

Both the additive concentration (CCA1) and the vulcanizing agent (S) exhibited significant effects on the blooming phenomenon (p < 0.05), whereas the activator (CCB1) showed no significant influence (p > 0.05). Several second-order terms namely AA, AD, BB, BC, CC, and DD were also highly significant (p < 0.001), confirming the existence of strong nonlinear interactions among the formulation components (see Table 2a). The high coefficient of determination (R² = 81.86%; R²adj = 76.15%) supports the adequacy of the proposed model in explaining the observed experimental variability (See Table 3a). These findings indicate that linear, interaction, and quadratic effects jointly govern the blooming behavior. The statistical significance of the quadratic terms, in particular, evidences the curvature of the response surface consistent with the inherently complex and nonlinear nature of vulcanization chemistry. Furthermore, the blocking factor was found to be significant, validating the decision to structure the experiments in blocks. This design strategy effectively mitigated the influence of uncontrolled sources of variability and minimized experimental error. The contour plot in Figure 6(a) displays an elliptical interaction pattern between the additive (CCA1) and the vulcanizing agent (S), suggesting the existence of an optimal region where blooming is minimized. The corresponding 3D surface plot in Figure 6(b) shows that blooming decreases markedly at intermediate additive concentrations (around 0 to 1 phr codified level) and moderate vulcanizer levels. This behavior suggests that excessive vulcanizing agent promotes additive migration to the surface, whereas balanced proportions favor homogeneous crosslinking and reduced exudation. From a formulation standpoint, these results indicate that intermediate concentrations of (CCA1) and (S) jointly contribute to blooming. Consequently, to effectively mitigate this defect, the optimal formulation strategy should move away from this central region by simultaneously adjusting both factors rather than modifying them independently.


Table 2: Best ANOVA for Responses.




	Blooming (a)

	Elongation % (b)




	Source

	Sum of squares

	d.f.

	Mean square

	F-value

	P- value

	Source

	Sum of squares

	d.f.

	Mean square

	F-value

	P- value






	A: [CCA1] Additive + block

	0.0|00199295

	1

	0.000199295

	20.71

	0.0000

	A: [CCA1] Additive+ block

	30.2888

	1

	30.2888

	0.78

	0.38210




	B: [CCB1] Activator +block

	0.000010788

	1

	0.000010788

	1.12

	0.2938

	B: [CCB1] Activator +block

	103.903

	1

	103.903

	2.66

	0.10840




	D: [S] Vulcanizer + block

	0.000058574

	1

	0.00005857

	6.09

	0.01680

	C: [CCD2] Accelerant block

	12202.5

	1

	12202.5

	312.81

	0.00000




	AA+block

	0.000318602

	1

	0.0003186

	33.11

	0.00000

	D: [S] Vulcanizer + block

	155.041

	1

	155.041

	3.97

	0.05120




	AB+block

	0.000573416

	1

	0.00057342

	59.59

	0.00000

	AA+block

	5917.63

	1

	5917.63

	151.7

	0.00000




	AC+block

	0.000059930

	1

	0.000059930

	6.23

	0.01560

	AB+block

	434.289

	1

	434.289

	11.13

	0.00150




	AD+block

	0.000284873

	1

	0.00028487

	29.61

	0.00000

	BB+block

	2072.57

	1

	2072.57

	53.13

	0.00000




	BB+block

	0.000418733

	1

	0.00041873

	43.52

	0.00000

	BC+block

	96.9159

	1

	96.9159

	2.48

	0.12070




	BC+block

	0.000375023

	1

	0.00037502

	38.97

	0.00000

	CC+block

	1696.92

	1

	1696.92

	43.5

	0.00000




	CC+block

	0.000175838

	1

	0.00017584

	18.27

	0.00010

	CD+block

	90.3117

	1

	90.3117

	2.32

	0.13380




	CD+block

	0.000091930

	1

	0.000091930

	9.55

	0.00310

	DD+block

	371.734

	1

	371.734

	9.53

	0.00320




	DD+block

	0.000325555

	1

	0.00032556

	33.83

	0.00000

	Blocks

	4205.66

	5

	841.133

	21.56

	0.00000




	Blocks

	0.000759665

	5

	0.00015193

	15.79

	0.00000

	Total error

	2145.51

	55

	39.0092

	0.78

	 



	Total error

	0.000529225

	55

	0.000009622

	 
	Total (corr.)

	32664.5

	71

	 



	Total (corr.)

	 0.00285843

	71

	 
	Std error=0.003098

	-

	-

	-

	-

	Std error=6.2457




	Young’s modulus (c)

	Tensile strength (d)




	Source

	Sum of squares

	d.f.

	Mean square

	F-value

	P-value

	Source

	Sum of squares

	d.f.

	Mean square

	F-value

	P-value




	A: [CCA1] Additive + block

	3.81074

	1

	3.81074

	5.88

	0.01880

	A: [CCA1] Additive + block

	2.09076

	1

	2.09076

	4.57

	0.03700




	B: [CCB1] Activator + block

	1.21357

	1

	1.21357

	1.87

	0.17690

	B: [CCB1] Activator +block

	2.65562

	1

	2.65562

	5.81

	0.01940




	C: [CCD2] Accelerant + block

	30.6334

	1

	30.6334

	47.31

	0.00000

	C: [CCD2] Accelerant block

	10.5423

	1

	10.5423

	23.05

	0.00000




	D: [S] Vulcanizer + block

	8.98982

	1

	8.98982

	13.88

	0.00050

	D: [S] Vulcanizer + block

	8.58298

	1

	8.58298

	18.76

	0.00010




	AA+block

	24.5683

	1

	24.5683

	37.94

	0.00000

	AA+block

	49.5749

	1

	49.5749

	108.37

	0.00000




	AB+block

	2.90347

	1

	2.90347

	4.48

	0.03900

	AB+block

	0.76946

	1

	0.76946

	1.68

	0.20010




	AC+block

	7.32078

	1

	7.32078

	11.31

	0.00150

	AD+block

	0.67034

	1

	0.67034

	1.47

	0.23120




	AD+block

	1.19745

	1

	1.19745

	1.85

	0.17970

	BB+block

	28.2877

	1

	28.2877

	61.84

	0.00000




	BB+block

	28.1187

	1

	28.1187

	43.42

	0.00000

	BC+block

	2.83167

	1

	2.83167

	6.19

	0.01590




	BC+block

	4.81591

	1

	4.81591

	7.44

	0.00870

	CC+block

	28.5036

	1

	28.5036

	62.31

	0.00000




	BD+block

	0.925741

	1

	0.925741

	1.43

	0.23720

	DD+block

	24.5144

	1

	24.5144

	53.59

	0.00000




	CC+block

	31.1109

	1

	31.1109

	48.04

	0.00000

	Blocks

	39.2673

	5

	7.85347

	17.17

	 



	CD+block

	0.783891

	1

	0.783891

	1.21

	0.27630

	Total error

	25.1594

	55

	0.45744

	 



	DD+block

	36.6374

	1

	36.6374

	56.58

	0.00000

	Total (corr.)

	119.966

	71

	 



	Blocks

	51.3323

	5

	10.2665

	15.85

	0.00000

	-

	-

	-

	-

	-

	-




	Total error

	33.6721

	52

	0.647541

	 
	-

	-

	-

	-

	-

	-




	Total (corr.)

	166.3

	71

	 
	Std error=0.80469

	-

	-

	-

	-

	Std error=0.676345









Tabla 3: Regression model coefficients for the variables:




	(a) Blooming

	(b) Elongation %




	Coefficient

	Estimator

	P-Value

	Coefficient

	Estimator

	P-Value






	Constant

	0.0288741

	0.00000

	Constant

	101.758

	0.3821




	A: [CCA1] Aditive

	-0.00214231

	0.29380

	A: [CCA1] Additive

	0.821752

	0.1084




	B: [CCB1] Activator

	0.00054012

	0.01610

	B: [CCB1] Activator

	-1.67583

	0.0000




	D: [S] Vulcanizer

	-0.00128392

	0.00000

	C: [CCD2] Accelerant

	-17.0768

	0.0512




	AA

	-0.00474962

	0.00000

	D: [S] Vulcanizer

	-2.0726

	0.0000




	AB

	-0.00487226

	0.01710

	AA

	-21.9358

	0.0015




	AC

	0.00136966

	0.00000

	AB

	4.18864

	0.0000




	AD

	0.00305352

	0.00000

	BB

	-12.9379

	0.1207




	BB

	-0.00522793

	0.00000

	BC

	-1.76837

	0.0000




	BC

	-0.00349909

	0.00050

	CC

	-16.6373

	0.1338




	CC

	-0.00455261

	0.00220

	CD

	1.77782

	0.0032




	CD

	0.00187148

	0.00000

	DD

	-3.94147

	0.0000




	DD

	-0.00335736

	0.00000

	 



	      R2=81.8629 %      R2adj=76.1531%

	      R2=93.4317 %      R2adj=91.5209%




	(c) Young’s Modulus

	(d) Tensile strength.




	Coefficient

	Estimator

	P-Value

	Coefficient

	Estimator

	P-Value




	Constant

	12.0059

	0.01880

	Constant

	9.76776

	0.0370




	A: [CCA1] Additive

	-0.29253

	0.17690

	A: [CCA1] Additive

	-0.215899

	0.0194




	B: [CCB1] Activator

	-0.183951

	0.00000

	B: [CCB1] Activator

	-0.267916

	0.0000




	C: [CCD2] Accelerant

	0.862193

	0.00050

	C: [CCD2] Accelerant

	-0.501937

	0.0001




	D: [S] Vulcanizer

	-0.500539

	0.00000

	D: [S] Vulcanizer

	-0.487654

	0.0000




	AA

	-1.42262

	0.03900

	AA

	-2.00776

	0.2001




	AB

	-0.343903

	0.00150

	AB

	0.176311

	0.2312




	AC

	-0.486301

	0.17970

	AD

	0.153167

	0.0000




	AD

	0.206255

	0.00000

	BB

	-1.5115

	0.0159




	BB

	-1.51238

	0.00870

	BC

	-0.302271

	0.0000




	BC

	-0.394426

	0.23720

	CC

	-2.15626

	0.0000




	BD

	0.199235

	0.00000

	DD

	-1.01217

	0.0000




	CC

	-2.27851

	0.27630

	-

	-

	-




	CD

	-0.16688

	0.00000

	-

	-

	-




	DD

	-1.25323

	0.00000

	-

	-

	-




	      R2=79.7521 %      R2adj=72.3539%

	      R2=79.0279%      R2adj=72.927%









[image: ]

Figure 6. Contour and surface graphs for responses : (a) Blooming, (b) Elongation %, (c) Young’s Modulus, (d)Tensile strength.


Elongation % (b)

The accelerant (CCD2) was identified as the most influential variable (F = 312.81; p < 0.001), followed by the quadratic effects AA and BB, which were also highly significant (p < 0.001). The interaction between the additive and the activator (AB) was significant (p = 0.0015), suggesting synergistic behavior that promotes flexibility at certain additive to activator ratios (see Table 2b). The model demonstrated excellent predictive performance (R² = 93.43%; R²adj = 91.52%), confirming the strong correlation between experimental and predicted data (see Table 3b). These results indicate that even slight variations in accelerant concentration substantially affect mechanical flexibility, likely due to its critical role in controlling the crosslinking kinetics of the polymer network. Additionally, significant quadratic effects for AA, BB, CC, and DD (p < 0.005) revealed a pronounced curvature in the response surface, consistent with nonlinear interactions among the formulation factors.

The contour plot in Figure 6(c) displays an elliptical interaction pattern between the additive (CCA1) and the accelerant (CCD2), identifying the region of maximum elongation (approximately 108%). This suggests that moderate-to-low accelerator concentrations, combined with medium to high additive levels, promote greater material flexibility. Conversely, high accelerant dosages (C > 0.5) cause a sharp decline in elongation sometimes to near-zero or negative predicted values indicating potential over-curing or excessive stiffening of the polymer matrix. These results emphasize that maintaining an appropriate balance between additive and accelerator concentrations is essential to achieving high elasticity without compromising the integrity of the crosslinked network.

The corresponding 3D surface plot in Figure 6(d) confirms a strong nonlinear interaction between the accelerant (CCD2) and the additive (CCA1). This dependency demonstrates that the effect of one factor is highly sensitive to the level of the other. Under extreme conditions when both factors reach their maximum or minimum levels simultaneously elongation decreases markedly, likely due to chemical incompatibilities or undesirable side reactions within the curing system.

Young’s Modulus (c)

The accelerant (CCD2) and the vulcanizing agent (S) exhibited the most significant main effects (p < 0.001), confirming their dominant influence on the material’s stiffness. The additive (CCA1) also contributed significantly (p = 0.0188). Several quadratic terms (AA, BB, CC, DD) were highly significant, indicating that stiffness arises from nonlinear interactions among these formulation factors (see Table 2c). These findings suggest that the extent of crosslinking induced by the accelerator and vulcanizing agent plays a pivotal role in defining the elastic behavior of the polymer network, directly affecting Young’s modulus. The determination coefficients (R² = 79.75%; R²adj = 72.35%) indicate a satisfactory model fit, demonstrating that the regression effectively explains most of the experimental variability (see Table 3c).

The contour plot in Figure 6(e) reveals an elliptical interaction pattern between the additive (CCA1) and the accelerator (CCD2), identifying the region of maximum stiffness at moderate concentrations of both factors. This indicates that each component contributes to crosslink density; however, excessive levels can lead to structural heterogeneity, which in turn decreases the modulus. The smooth curvature and well-defined contours further confirm the quadratic behavior of the system and the existence of an optimal composition that enhances stiffness while avoiding embrittlement.

The corresponding 3D response surface in Figure 6(f) illustrates a pronounced nonlinear interaction between the additive (CCA1) and the accelerant (CCD2). The steep gradient observed along the additive axis highlights its predominant effect on stiffness, while the curvature along the accelerant axis particularly at higher additive levels demonstrates a strong interaction between both factors. A low additive content coupled with a high accelerator concentration leads to a minimum stiffness of approximately (4.18 MPa). This phenomenon can be attributed to insufficient curing and/or severe plasticization of the matrix. Therefore, achieving a balance in the formulation is imperative to ensure high mechanical rigidity without compromising elasticity or overall integrity.

Tensile Strength (d)

The accelerant (CCD2) and vulcanizing agent (S) exhibited the most significant effects (p < 0.001), consistent with their critical roles in promoting crosslink density within the rubber matrix. The additive (CCA1) and activator (CCB1) also contributed significantly (p < 0.05). Several quadratic terms (AA, BB, CC, DD) were highly significant (p < 0.001), confirming the presence of nonlinear reinforcement behavior (see Table 2d). The regression model achieved a determination coefficient of R² = 79.03% (R²adj = 72.93%), indicating satisfactory predictive capacity for tensile strength (see Table 3d).

Overall, these ANOVA results emphasize that the accelerator and vulcanizing agent primarily govern mechanical reinforcement, while the additive concentration modulates blooming suppression and mechanical balance through nonlinear interactions. The relevance of these components is attributed to their direct influence on the formation and density of crosslinks within the vulcanization network, which are decisive for the structural integrity and overall mechanical performance of the rubber compound.

The contour plot in Figure 6(g) displays an elliptical interaction between the accelerant (CCD2) and the activator (CCB1), identifying a region of maximum tensile strength (≈7.0 MPa). Maximum strength is achieved at high activator levels (CCB1 > 0.9) combined with low accelerator levels (CCD2 between –2.33 and –1.8 codified level). This combination suggests a synergistic effect in which the activator enhances the polymer network’s efficiency when the curing rate governed by the accelerator remains moderate. Conversely, the lowest strength is observed at low activator concentrations (CCB1 < 0.2) and high accelerator levels (CCD2 > –0.85), conditions likely associated with incomplete curing or deficient network formation.

The corresponding 3D response surface Figure 6(h) reveals a pronounced curvature, confirming the strong nonlinear interaction between the activator (CCB1) and the accelerant (CCD2). The influence of the accelerator on tensile strength critically depends on the activator level. When both variables simultaneously reach their extreme values (low activator, high accelerant), tensile strength declines markedly, highlighting the importance of maintaining a balanced ratio between activation and curing rate to ensure optimal mechanical performance.

The integrated analysis of the four studied responses surface blooming, elongation at break, Young’s modulus, and tensile strength reveals a consistent and interdependent behavior governed by the composition of the vulcanization system. The accelerant (CCD2) and the vulcanizing agent (S) emerged as the most influential components across all responses, confirming their decisive role in controlling the crosslinking kinetics and the formation of a stable polymer network.

A balanced formulation is crucial to achieving optimal performance. High accelerant levels favor rapid curing but may induce excessive crosslinking, increasing stiffness (higher modulus) while reducing elongation and promoting surface blooming due to unreacted species migrating to the surface. Conversely, moderate accelerant and sulfur levels, combined with appropriate concentrations of additive (CCA1) and activator (CCB1), produce a more homogeneous network that simultaneously minimizes blooming and enhances tensile strength.

Nonlinear and interaction effects identified through the quadratic terms indicate that mechanical reinforcement and blooming suppression cannot be optimized independently. Instead, both depend on a delicate equilibrium between activation efficiency and curing rate. The response surface models suggest that the highest mechanical performance high tensile strength and modulus, with controlled elongation and minimal blooming occurs in an intermediate domain of factor levels where network density is maximized without compromising matrix integrity.

Therefore, the optimal formulation strategy requires multi-response optimization that balances the need to maximize mechanical performance (elongation, strength, modulus) while simultaneously suppressing the blooming defect. his study provides a quantitative framework and predictive models essential for guiding the rational design of rubber composites with tailored properties.

4. Simultaneous optimization of responses

The design and analysis of experiments play a crucial role in engineering research, as they enable systematic improvement of process and system performance (Cabrera-Castro, 2014). From an engineering standpoint, enhancing the durability and fatigue resistance of rubber materials is essential, given that elastomeric components are often exposed to extreme conditions of frequency, deformation, and temperature (Schneider et al., 2023). Therefore, developing GTR-based rubber composites with superior mechanical strength and stability is of significant practical relevance.

A multi-criteria optimization approach was implemented to evaluate the individual and interactive effects of formulation factors on the blooming response. To reconcile the potentially conflicting influences among these factors and determine a balanced operating condition, the desirability function methodology was applied. This method converts individual responses each expressed in different physical units into a dimensionless desirability scale, facilitating simultaneous optimization. The approach enables the identification of optimal operating levels for all evaluated factors, thereby minimizing the occurrence of surface blooming in vulcanized rubber systems. In this methodology, the predicted response values y (yij^), are transformed into corresponding desirability values (dij), according to the range (0 ≤ dij ≤ 1), These individual desirabilities are then combined using a geometric mean to obtain an overall desirability index. The value of “d” represents the proximity of the predicted response to its target, where 1 corresponds to the ideal condition and 0 indicates complete undesirability (Raissi & Farsani, 2009).

The simultaneous optimization of multiple responses was performed using this desirability framework, following the criteria summarized in Table 4. Specific limits, targets, and weighting factors were defined for each response variable: the blooming phenomenon was set to be minimized, while elongation at break and tensile strength were maximized. Conversely, Young’s modulus was optimized to reach a specific target value. Two weighting parameters were defined to control the relative importance and the curvature of each individual desirability function. A uniform impact factor of 3 was assigned to all responses to reflect their comparable relevance in the overall optimization process.


Table 4: Optimization criteria.




	Response

	Desirability Low

	Desirability High

	Target

	First weights

	Second weights

	Impact






	Blooming

	0.0022

	0.0362

	Minimize

	1

	 
	3




	Elongation %

	9

	108.15

	Maximize

	1

	 
	3




	Young’s modulus

	4.18

	12.11

	8.145

	1

	1

	3




	Tensile strength

	0.7

	7.63

	Maximize

	1

	 
	3








This optimization strategy effectively prioritized efflorescence reduction during the multivariable optimization process, which consequently led to improvements in product yield, mechanical balance, and surface quality. The analysis identified a global optimum within the design space, corresponding to run 12, with a predicted overall desirability of 0.753. The specific combination of factor levels and operating conditions associated with this optimum is summarized in Table 5a.


Table 5: Factor levels and operating conditions for optimum value.




	(a). Component working levels




	Factors

	Low

	High

	Optimum






	[CCA1] Additive

	-2.3333

	2

	-0.33052




	[CCB1] Activator

	-2.3333

	2

	-0.89149




	[CCD2] Accelerant

	-1.8

	2

	-0.657476




	[S] Vulcanizer

	-3

	2

	0.676161




	(b) . Optimal values




	Response

	Optimum




	Blooming

	0.015348




	Elongation %

	92.929




	Young’s modulus

	8.144




	Tensile strength

	7.01








Upon experimental validation, the observed desirability reached 0.829, exceeding the predicted value and thereby confirming the robustness and reliability of the proposed regression models. The predicted optimum responses for blooming, elongation, Young’s modulus, and tensile strength are shown in Table 5b, demonstrating close agreement between experimental and predicted values, which validates the model’s accuracy in capturing the complex nonlinear relationships among formulation components.

From a formulation standpoint, the optimal conditions correspond to a balanced combination of accelerator and vulcanizing agent levels that favor a homogeneous crosslink distribution. This balance effectively limits additive migration toward the surface (reducing blooming) while maintaining adequate chain mobility for improved flexibility and tensile performance. The results indicate that moderate accelerant levels, coupled with controlled sulfur content, promote efficient vulcanization kinetics without over-curing, thereby achieving a favorable trade-off between stiffness and elasticity.

In practical terms, this optimization provides a scientifically grounded formulation strategy for GTR-based vulcanizates, capable of minimizing surface blooming without compromising mechanical integrity. The results highlight the potential of response surface methodology combined with desirability analysis as a powerful tool for tuning multifunctional rubber systems, particularly in applications where both aesthetic surface quality and mechanical durability are critical

The optimal formulation predicted by the model established the following coded levels for the variables: additive (CCA1) = –0.345 phr, activator (CCB1) = –0.979 phr, accelerator [CCD2] = –0.632 phr, and vulcanizer (S) = 0.479 phr. The fixed formulation parameters were maintained at (CCA2) = 10 phr, [CCB2] = 1.25 phr, (CCD1) = 1.35 phr, (CCC1) = 1.75 phr, and (GTR) = 100 phr. Notably, the negative coded values of (CCA1), (CCB1), and (CCD2) correspond to experimental conditions where no additional quantities of these components were required. This finding suggests that the intrinsic composition of the recycled rubber (GTR) already provides a sufficient baseline of these additives for adequate processing, thereby eliminating the need for supplementary addition. The identified combination of factors effectively minimizes surface blooming while maintaining the desired mechanical balance in the vulcanized compound, demonstrating the efficiency of the optimized formulation.

Figure 7 illustrates the multivariable optimization outcome derived from the global desirability function (Figure 7a), which simultaneously integrated the responses of blooming, tensile strength, elongation, and Young’s modulus. The contour graph represents the variation of these properties as a function of the additive (CCA1) and vulcanizer (S), while maintaining (CCB1) and (CCD2) constant at –0.891 and –0.657, respectively.


[image: ]

Figure 7: Graphic multivariable optimization solution.


The overlap analysis identified a feasible optimization region (highlighted in yellow) where all performance criteria are simultaneously satisfied. Within this region, the global optimum was located at the coded coordinates X1 = –0.331 (CCA1) and X2 = 0.676 (S), predicting the following responses: blooming = 0.0153 (minimized), tensile strength = 7.01 MPa, elongation = 92.9%, and Young’s modulus = 8.14 MPa. This combination of factors represents the best compromise between surface stability and mechanical reinforcement, yielding a high overall desirability value.

As shown in Figure 7b, the blooming phenomenon remains at a low-to-moderate level within this optimal region, avoiding the peaks associated with excessive additive or vulcanizer concentrations. These findings confirm that the proposed optimization strategy successfully identified robust processing conditions that minimize surface migration while preserving the mechanical integrity and functional performance of the recycled rubber composite.

To verify the reliability of the predicted optimal formulation, experimental validation was carried out under the factor levels identified by the global desirability analysis. The experimental results were compared with the model predictions and the reference conditions (prior to optimization) to assess the consistency and predictive accuracy of the optimization strategy. Figure 8(a) shows two groups of blooming profiles of the system before optimization, where the untreated formulations exhibited high variability and marked surface blooming, indicating low compatibility of the components and non-uniform cross-linking. In contrast, Figure 8(b) shows the validated optimized formulation, which demonstrates a substantial reduction in blooming intensity and, consequently, greater mechanical uniformity. The visual and quantitative comparison between the two figures clearly confirms the effectiveness of the optimization model in identifying the processing conditions that minimize blooming and improve mechanical stability.


[image: ]

Figure 8: Comparison before and after optimization for blooming.


The experimental results closely matched the model predictions, with deviations of less than 5% for all response variables. Specifically, experimental desirability reached 0.829, compared to the predicted value of 0.753, confirming the robustness and predictive reliability of the developed model.

Overall, these results demonstrate that the combined use of response surface methodology (RSM) and global desirability optimization provides a robust and experimentally validated framework for the precise adjustment of vulcanized rubber compound formulations containing ground tire rubber (GTR). This strategy not only improves product quality and reproducibility, but also reduces additive consumption and process variability, offering a scalable approach to sustainable rubber recycling and formulation control.

4.1. Economic and industrial impact

From an industrial standpoint, the optimized formulation offers substantial economic and operational advantages. The model indicates that optimal performance is achieved with reduced additive and accelerator concentrations, particularly the absence of additional additive (CCA1) and minimal use of activator and accelerant. This adjustment translates into a reduction of up to 15–20% in total additive consumption, directly lowering raw material costs without compromising mechanical integrity. Furthermore, the decrease in blooming reduces surface defects and post-curing cleaning or rejection costs, leading to higher product yield and improved surface aesthetics, both critical for tire, sealing, and footwear applications. This integrated methodology constitutes a viable pathway for the scalable production of high-performance recycled rubber compounds, aligning technical optimization with environmental and economic sustainability objectives.

5. Conclusion

This study successfully demonstrates the development and application of a comprehensive methodology for analyzing, quantifying, and predicting the blooming phenomenon in vulcanized rubber composites containing ground tire rubber (GTR). The main contribution lies in the implementation of a non-destructive measurement system based on digital image processing, which, by calculating the Euclidean distance between RGB color spaces over time, allows for the reliable and objective quantification of the progressive surface migration of additives, discriminating between the initial texture and subsequent aesthetic degradation. The proposed method distinguishes between initial surface characteristics and additive blooming, providing a reliable tool for monitoring the aesthetic degradation of vulcanized rubber.

The system developed not only facilitates quantification, but also facilitates the modeling of blooming using regression variables, enabling prediction and control in future formulations. Using a multivariable optimization approach based on the Response Surface Methodology (RSM), an optimal formulation was identified that significantly minimizes blooming without compromising key mechanical properties (tensile strength, elongation, and Young’s modulus). Contrary to expectations, the optimal condition corresponds to the absence of supplementary addition of the additives studied, indicating that the residual load present in the GTR is sufficient. This crucial finding suggests that excessive dosing is not only unnecessary but is the main contributing factor to surface blooming.

From a formulation standpoint, the optimal conditions correspond to a balanced combination of accelerant and vulcanizing agent levels that favor a homogeneous crosslink distribution. This balance effectively limits additive migration toward the surface (reducing blooming) while maintaining adequate chain mobility for improved flexibility and tensile performance. The results indicate that moderate accelerator levels, coupled with controlled sulfur content, promote efficient vulcanization kinetics without over-curing, thereby achieving a favorable trade-off between stiffness and elasticity.

The optimized formulation, experimentally validated with excellent agreement between predicted and observed values (global desirability = 0.829), revealed that reducing additive and accelerator concentrations yields substantial benefits. This approach not only limits additive migration and blooming intensity but also maintains desirable levels of tensile strength, elongation, and Young’s modulus. The validation experiments confirmed that the proposed model exhibits high predictive accuracy (error < 5%), supporting its robustness and applicability to industrial-scale processes. Economically, the optimized formulation leads to significant cost savings (≈15–20%) through reduced additive consumption and lower defect rates. Industrially, the integration of the vision-based blooming quantification system provides a non-destructive, automated, and scalable quality control tool, facilitating real-time process monitoring within Industry 4.0 frameworks. The combination of statistical design, machine vision, and multivariable optimization thus represents a comprehensive digital manufacturing strategy that enhances both process efficiency and material sustainability. Despite the robustness and predictive accuracy of the optimization model, several limitations should be acknowledged. First, the experimental scope was limited to four formulation factors (additive, activator, accelerant, and vulcanizing agent) under controlled laboratory conditions. While this selection captured the main effects governing blooming and mechanical properties, other influential variables such as mixing temperature, shear rate, curing pressure, and particle size distribution of GTR were explicitly included. But is possible may be that other components of the formulation affect the migration kinetics of additives and crosslink network formation.

Second, the vision-based quantification system developed in this study which, although effective for surface blooming detection, does not provide chemical composition data about the migrated species. Complementary characterization techniques such as FTIR spectroscopy, XPS, or ATR-IR could enhance the understanding of the underlying physicochemical mechanisms of efflorescence and its relationship to additive polarity and diffusion.

Finally, future research should evaluate the long-term aging behavior and recyclability of the optimized compounds to ensure sustained mechanical integrity and surface stability throughout the product’s service life, thus strengthening their potential for large-scale implementation within the circular economy of rubber materials. Overall, this research establishes a quantitative and reproducible methodology for balancing performance, cost, and environmental impact in recycled rubber formulations. The proposed approach serves as a reference model for future developments in circular polymer technologies, advancing the sustainable reuse of end-of-life tire materials through science-based process optimization.
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