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A B S T R A C T

The potential of epoxy-graphene oxide (GO) nanocomposites to improve the mechanical char
acteristics of conventional epoxy resins is causing them to gain prominence. This makes them 
appropriate for advanced engineering applications, including structural materials, automotive, 
and aerospace. This study aimed to develop an epoxy/GO composite with improved mechanical 
properties through synthesizing epoxy/GO samples with varying GO content (from 0.1 to 0.5 wt 
%), oxidation degree (from 3 to 9 g), and homogenization time (from 90 to 150 min). To do so, 
nine epoxy/GO composites were synthesis based on Taguchi method of experiment design (L9 

(33) orthogonal array) followed by conducting tensile strength tests. Using Taguchi method, 
optimal values of 0.25 wt%, 6 g, and 150 min were determined for GO content, oxidation degree, 
and homogenization time, respectively. Compared to tensile strength of the pure epoxy (about 38 
MPa), the superior tensile strength of 73 MPa obtained for the optimal composite showcased an 
impressive 92 % improvement. Additionally, analysis of variance indicated the predominant role 
of GO’s content than other parameters in improving the epoxy/GO composite’s tensile strength. 
Finally, non-linear regression analysis was applied to develop a semi-empirical quadratic model 
for predicting the composite’s tensile strength. The R2 value of 99.55 % as well as a negligible 
AARD of 1.13 % in the optimal condition, implied the highest accuracy of developed model inside 
the design space.

1. Introduction

Polymeric structures have garnered considerable attention due to their remarkable versatility, ease of processing, and tailored 
properties. These compounds, composed of repeating units that form long chains, exhibit a wide range of characteristics that can be 
fine-tuned to suit specific applications [1]. As a subclass of the polymers, epoxies are defined as the most versatile and extensively 
available high performance materials. The excellent mechanical strength, chemical stability, and simplicity of processing of 
epoxy-based materials make them popular for utilizing in a variety of industries, including aerospace, marine, buildings, automotive, 
biomedical equipment, adhesives, and industrial equipment [2,3]. This ubiquity, however, is not without its limitations, particularly in 
terms of mechanical strength, durability, and overall performance. A few disadvantages, indicate that they are far from ideal; their 
practical uses are limited since a larger cross-link density leads to a lower strength against fractures [4]. Several studies [5,6], have 
come to the conclusion that a large cross-link concentration will reduce the epoxies’ fracture strength because of internal stresses 
created during the epoxies’ curing process. Low resistance to fracture formation and limited cavity growth owing to plastic 
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deformation are characteristics of the epoxies with a large cross-link density [7].
Amid the pursuit of overcoming the inherent drawbacks of epoxies, developing the advanced epoxy based composites by using 

different micro/nano fillers as an additional microphase into epoxy resin can be a promising strategy to elevate the pristine epoxies’ 
mechanical prowess [8–10]. There are various micro/nano fillers such as metallic oxide particles [11], carbon nano tubes (CNTs) [12], 
silica [13,14], clays [15], and other carbonaceous materials [16–18], which widely uses as the reinforcement agent to enhance me
chanical strength of the pristine epoxies. Among the carbonaceous materials, graphene is a two-dimensional carbon nanostructured 
compounds material that has garnered considerable fascination owing to its excessive electrical and thermal properties, exceptional 
strength, and extensive specific surface area [19]. However, because to its aggregation propensity, inert surface, and inadequate 
processability, graphene is not a good option for increasing the mechanical strength of epoxy composites. Graphene oxide (GO) is a 
more advantageous option that has emerged as an up-and-coming candidate. The surface of the GO is characterized by a high density of 
oxygen rich functional groups, including hydroxyl, carboxylic acid, carbonyl, and epoxy groups. It has the potential to strengthen the 
bond between GO and the resin matrix and hence increase the matrix’s mechanical strength and toughness [20]. The integration of GO 
into polymer matrices presents a captivating avenue, promising to bridge the gap between the limitations of traditional polymers and 
the ever-evolving demands of modern applications [21–23]. For instance, Bortz et al. [24] also described the mechanical character
istics of GO/epoxy nanocomposites. The Young’s modulus increased by 6 % at an overload of 0.5 wt%. Augmenting the loading 
amount demonstrated an enhancement in stiffness. The peak value of ultimate tensile strength (UTS) was observed at 0.5 wt% loading, 
representing a 13 % increase relative to the unmodified epoxy. The most significant enhancement was seen at modest GO concen
tration (<0.5 wt%) in terms of toughness and stiffness. In another study conducted by Qi et al. [25], the incorporation of 3 wt% hybrid 
filler, consisting of 2 wt% GO and 1 wt% liquid crystal epoxy, into the epoxy matrix led to an enhancement in tensile strength (about 
27.6 %), and flexural strength (about 37.5 %). Mehrabi et al. [26] concluded that the incorporation of 0.05 phr GO into the epoxy 
resulted in a 34.5 % enhancement in nano-composite’s elongation at break, reflecting a strong interactions between GO and epoxy at 
the interface, homogeneous dispersion of GO, and GO’s impact on lowering the epoxy crosslinking density were all considered to be 
responsible for this notable increase in elongation at break. Another research conducted by Wan et al. [27] indicated that incorporation 
of GO nanofillers (up to 0.25 wt%) to the epoxy matrix increased the resulting composite’s critical stress intensity factor (about 25.6 
%), compared to pristine epoxy sample.

In recent decades, numerous investigations on enhancing the strength of epoxy/GO composites have only explored some effective 
characteristics, such as the GO’s particle size, weight fraction, surface functionalization, and dispersion mode [28]. Studies reveal that 
the stoichiometric ratio between the hardener and epoxy resin is disrupted by the physical Adsorption of the resin molecules on the 
nanofiller’s surfaces through the van der Waals interaction. On the other hand, raising the resin’s temperature during the curing 
process results in a reduction of the resin’s viscosity and facilitates the agglomeration of dispersed nanoparticles, hence diminishing 
the strength of the composite [4,29]. Consequently, addressing the current research gap by adjusting the homogenization time of GO 
nanofiller in the epoxy resin and the oxidation degree of GO which deeply affected the oxygen-containing functional group’s density, 
would substantially change the mechanical strength of the final composite.

This study delves into the intricate realm of materials synthesis, aiming to unveil the latent potential within the epoxy-GO synergy. 
Within this methodical framework, the study places a spotlight on three critical variables: graphene oxide concentration, oxidation 
degree of graphene oxide, and mixing time. By scrutinizing the interplay among these variables, the study seeks to unravel their 
profound influence on the resulting mechanical properties of the epoxy-GO nanocomposite. Through the exploration of experimental 
complexities and analytical findings, this study develops a profound understanding of how precise manipulation of these variables can 
produce significant improvements in mechanical performance, highlighting the substantial influence of integrating advanced mate
rials with systematic optimization techniques.

2. Materials and methods

2.1. Design of experiment using Taguchi method

Design of experiments (DOE) is an effective method for organizing experiments in order to examine the data as well as offer reliable 
and impartial findings. A comparatively straightforward and effective tool for methodical modeling, analysis, and adjustment of 
process variables is the Taguchi method of experiment design. It comprises variables selection, experiment execution, result analysis, 
identifying the optimum condition, and validation. With a series of experiments, the Taguchi technique employs a unique orthogonal 
array design to investigate all parameter in the design space. The experimental data are then converted into a signal-to-noise (S/N) 
ratio. Three stages of S/N ratio characteristics can be distinguished based on the criterion for optimizing the quality characteristic: 
nominal-the-better (to reduce variations near a target), larger-the-better (to maximize the system response in the design space), and 
smaller-the-better (to minimize the response in the design space). A higher S/N ratio indicates superior performance characteristics, 

Table 1 
Control parameters and their corresponding levels.

Parameters Level 1 Level 2 Level 3

A: GO’s concentration (wt.%) 0.1 0.25 0.5
B: GO’s oxidation degree (g) 3 6 9
C: Homogenization time (min) 90 120 150
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irrespective of the category. Consequently, the ideal parameter level corresponds to the maximum signal-to-noise ratio [30,31].
In the current research, the DOE procedure using the Taguchi method was applied by utilizing Minitab software version 14. Some 

effective synthesis parameters which are affected the final epoxy/GO composite’s mechanical properties, such as GO’s concentration, 
GO’s oxidation degree, and homogenization time were defined as the control variables to investigate the dependency of the epoxy/GO 
composite’s tensile strength (system response) to the mentioned control variables. The mentioned variables and their corresponding 
levels are reported in Table 1. Considering three factors with their corresponding three levels, the Taguchi method suggested a L9 (33) 
orthogonal array, reported in Table 2, to cover the design space. To obtain the tensile testing result of the epoxy/GO composites, the 
composites including sample 1 to sample 9 are prepared by adjusting the control factor values in accordance with the parameters’ 
values reported in Table 2. To obtain the highest tensile strength in the epoxy/GO composites, the tensile testing outcome was defined 
as the ‘larger-the-better’ and the S/N ratio characteristic was optimized using Equation (1). 

S/N= − 10 log

(
1
n
∑n

i=1

1
y2

i

)

(1) 

where yi represents the value of the tensile strength for the ith replication, n denotes the number of replications, and N signifies the 
overall quantity of the data series [30]. By analyzing the Taguchi technique’s outcomes, it can be indicated that the factor level with a 
higher S/N ratio highlights an increased tensile strength of the resulting composite. By choosing the level with the highest S/N ratio for 
each component, the optimal values of the epoxy/GO synthesis condition may be determined. A validation test is then performed based 
on the optimal factor levels of different parameters. The validation of optimal tensile strength is performed by calculating average 
absolute relative deviation (AARD), presented in Equation (2). 
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where, YExp, YPre, and N refer to experimental tensile strength, predicted tensile strength, and number of verification experiment, 
respectively [32].

2.2. Materials

High-purity graphite (>99.8), hydrogen peroxide (30 %), sulfuric acid (98 %), sodium nitrate (>99.5), potassium permanganate 
(99 % KMnO4), and hydrochloric acid (37 %) were procured from Merck Company. All of the aforementioned materials were employed 
to synthesize the GO samples without any additional purification. Distilled water and high purity methanol (>99.9 %) were employed 
for washing and purification during the GO’s synthesis procedure. DGEBA epoxy resin (NPEL-128, provided by Nan Ya Plastic Corp.), 
and EPIKURE™ F205 (manufactured by Hexion), were utilized as the matrix, and curing agent, respectively.

2.3. GO synthesis

Similar to the procedure performed by Bal [1], the GO was synthesized by the modified Hummer’s method. 0.5 g of graphite 
powder was introduced into 65 ml of highly pure sulfuric acid, undergoing mechanical mixing for 2.5 h. Following this, the mixture 
underwent gradual blending with 1 g of sodium nitrate under moderate conditions. Agitation of the solution was facilitated by a 
mechanical mixer along with 3 g of potassium permanganate. Subsequently, the solution was left undisturbed at room temperature for 
72 h, then diluted with 600 ml of deionized water and mixed for 30 min in an ice-water bath. To interrupt the oxidation reactions, 
hydrogen peroxide was incrementally added drop by drop to the diluted solution. This process resulted in the production of a mixture 
displaying a dark yellow color. The precipitated products were obtained by allowing the solution to stand still for 24 h. After un
dergoing several cycles of sonication and centrifugation, the sediment underwent washing three times with a 1 M hydrochloric acid 
solution and three times with deionized water to achieve the exfoliation of the graphite oxide sheets. The acquired sample was 
designated as GO3. To achieve different oxidation degrees, the same process was repeated with 6 and 9 g of potassium permanganate 

Table 2 
The epoxy/GO composites’ synthesis parameters designed based on Taguchi method.

Sample ID Coded value

GO’s concentration (wt.%) GO’s oxidation degree (g) Homogenization time (min)

1 1 1 1
2 1 2 2
3 1 3 3
4 2 1 2
5 2 2 3
6 2 3 1
7 3 1 3
8 3 2 1
9 3 3 2
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which yielded the G6, and GO9 samples, respectively. A schematic figure of the GO’s synthesis procedure is exhibited in Fig. 1.

2.4. Epoxy-GO synthesis

To produce the epoxy-GO nanocomposites with a 0.1 wt% GO content, about 12.9 mg GO powder was initially added to the 10.0 g 
epoxy resin and homogenized by utilizing a mechanical stirrer in an ice bath for 90 min. Subsequently, about 2.91 g of hardener was 
added to the resin and its viscosity was adjusted using ethyl acetate, followed by stirring for 5 min. The glass surfaces, intended for the 
application of the produced nanocomposite coating, underwent washing and degreasing. Next, a GO-epoxy composite coating was 
applied using a 122-μm-thick adhesive film on the pre-cleaned glass surfaces and cured for 24 h at room temperature, followed by 3 h 
at 122 ◦C. The thickness of the resulting dry layer was measured to be approximately 50 μm. To obtain free-standing films from the 
obtained coatings, the glass sheets were immersed in water for 2 h, and then the nanocomposite film was separated from the glass 
surfaces. Similar to the performed procedure, the GO-epoxy nanocomposites with the 0.25, and 0.5 wt% GO content were prepared 
using 32.3 mg, and 64.9 mg GO powder, respectively. A schematic figure of the epoxy/GO composite’s synthesis procedure and its 
tensile testing apparatus is illustrated in Fig. 2.

2.5. Characterization techniques

X-ray diffraction (XRD) analysis was performed using a Phillips-PW3040/60 model X-ray diffractometer, utilizing Cu Kα radiation 
(λ = 1.54 Å), to examine the crystal structure and degree of oxidation of the GO. Raman spectroscopy was performed to provide 
insights into structural defects and functionalization degree of the GO samples. The Raman spectrums were obtained by utilizing a 
Takram micro Raman Spectrophotometer (Taksan™, Iran) equipped with an Argon ion laser of excitation 520 nm. Finally, to examine 
the mechanical properties of the epoxy nanocomposite, tensile testing was employed according to ASTM D638 standard method. This 
test was conducted using a Sanatam machine on free-standing films with dimensions of 52 × 1 × 12 μm at room temperature, applying 
a strain rate of 6 mm/min.

3. Results and discussion

3.1. The results of characterization analysis on the epoxy/GO composites

The XRD analysis was conducted to identify the crystallinity and interlayer spacing of GO, which directly affects load transfer and 
mechanical strength in the composite. The XRD patterns of the graphite, GO3, GO6, and GO9 samples are illustrated in Fig. 3 (a). 
According to this figure, the intense peak at 2θ of 26.7◦ corresponded to the (002) diffraction peak of graphite. This peak represented 
the interlayer spacing in the graphite crystal structure with d-spacing of 3.49 Å. The obtained patterns for the GO3, GO6, and GO9 
samples indicated noticeable changes in the crystal structure and degree of oxidation as the amount of potassium permanganate was 
increased during the synthesis process. The appearance of a weaker XRD peak of the GO3 sample at 2θ of 26.4◦ suggested a slight 
change in the interlayer spacing compared to graphite. This shift indicated that the oxidation process began to affect the graphene 
layers, leading to the formation of graphene oxide with a lower degree of oxidation than the subsequent samples [33]. Moreover, the 
GO6 sample showed a broad peak at 2θ of 12.1◦, signifying a significant disruption in the graphene structure. The broadening and shift 
towards lower angles could indicate a larger interlayer spacing due to increased oxidation. This suggested a higher degree of oxidation 
in the GO6 sample compared to GO3, resulting in more exfoliated graphene oxide layers. Finally, GO9 possessed the lowest 2θ with a 
value of 10.6◦. This further shift to lower angles compared to GO6 indicated an even greater increase in interlayer spacing. GO9 sample 
appeared to have the highest degree of oxidation among the samples, with more exfoliated graphene oxide layers and a more disrupted 
crystal structure [34].

The Raman spectra of the samples are figured in Fig. 3 (b). As depicted, a prominent Raman peak emerged at a wavenumber of 
1586 cm⁻1, corresponding to the well-known G band, or graphite band. This characteristic feature indicates sp2-hybridized carbon 

Fig. 1. GO’s synthesis procedure.
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materials like graphene and graphite, signifying the presence of a two-dimensional hexagonal carbon lattice [35]. The G band is closely 
associated with in-plane vibrational modes of carbon atoms within these lattices, reflecting the stretching of carbon-carbon bonds. In 
the Raman spectrum of the GO3 sample, two significant Raman peaks were observed at a wavenumber of approximately 1333 and 
1585 cm⁻1. The 1333 cm⁻1 peak, known as the D band, indicates structural defects and disorder-induced during the oxidation process, 
possibly due to the introduction of oxygen functional groups. At 1585 cm⁻1, the G band suggests the presence of preserved graphitic 
regions within the graphene oxide despite oxidation. This dual-peak pattern reveals a coexistence of disordered and 
oxygen-functionalized areas (D band) alongside more ordered, graphitic regions (G band) in the material, providing essential insights 
into its structural characteristics and oxidation degree. Moreover, the calculated intensity ratio of the D band to the G band (ID/IG), 
which is 0.94, suggested a significant presence of defects and disorder in the graphene oxide structure. A ratio approaching 1 indicates 
a high level of structural disruption and functionalization, emphasizing the extensive oxidation and introduction of defects [36]. 
Moreover, the Raman spectra of GO6 and GO9 samples revealed significant insights into their structural properties. The calculated 
values of ID/IG for GO6 and GO9 were 1.03 and 1.05, respectively, indicating a substantial level of structural disruption and defects in 
GO9 samples compared to other samples. This finding aligned with the higher potassium permanganate content in the synthesis 

Fig. 2. The epoxy/GO composite synthesis procedure and its mechanical testing method.

Fig. 3. Characteristic spectra of graphite, GO3, GO6, and GO9 samples obtained from a) XRD analysis, and b) Raman spectroscopy.
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process for GO9, emphasizing the profound impact of oxidation levels on the structural characteristics of the graphene oxide samples 
[35].

3.2. Effect of synthesis parameters based on Taguchi method analysis

The tensile strength of the composite samples was measured based on ASTM D638 standard method, to highlight the effect of 
synthesis parameters. To verify the repeatability of the testing procedure and ensure reliable and accurate findings, the tensile test on 
composite samples was conducted three times under consistent conditions, and the average tensile strength value was recorded. A 
detailed information about the tensile testing result of the nine composite samples with their corresponding synthesis conditions (as 
coded values) are summarized in Table 3. Also, the tensile stress versus the tensile strain curves of the composite samples are shown in 
Fig. 4.

By implementing the Taguchi technique, the signal-to-noise (S/N) and mean values of the tensile strength of the epoxy/GO 
composites were calculated which are reported in Table 3. The S/N ratio of the response was calculated by utilizing ‘larger-the-better’ 
category of the performance characterization, aim to determine the composite with the highest tensile strength quantity. An elevated 
S/N ratio indicates enhanced performance, demonstrating less variability and diminished adverse effects [37]. Table 4 presents the 
average S/N ratios and mean tensile strength values associated with each level of synthesis parameters. Data from Table 4 were used to 
create line graphs in Fig. 5, illustrating the main effect graph of S/N ratios for the epoxy/GO composite’s tensile strength. The 
contribution of each synthesis parameter as well as optimal condition towards obtaining the highest tensile strength are provided in the 
following sections.

3.2.1. Effect of GO’s concentration
As shown in Fig. 5, the S/N ratio for the epoxy/GO sample’s tensile strength firstly increased by improving the GO concentration up 

to 0.25 wt% followed by a gradually reduction in higher amount of GO concentration up to 0.5 wt%. Compare to the tensile strength of 
the pure epoxy obtained around 38 MPa (young modulus of 622 MPa), it can be concluded that introduction of GO, even at a low 
concentration of 0.1 wt%, enhanced the mechanical properties of the nanocomposite. The unique two-dimensional structure of gra
phene oxide, with its high aspect ratio and excellent mechanical properties, reinforced the epoxy matrix. The functional groups on the 
surface of GO sheets facilitated strong interactions with the epoxy matrix, resulting in improved load transfer between the polymer 
matrix and the nanofillers [38]. Although a higher crosslink density in epoxy materials is advantageous for enhancing mechanical 
characteristics, nonetheless, elevated crosslink density adversely impacts fracture toughness and a threshold for crosslink density is 
necessary to get optimum characteristics [39]. During the curing procedure of epoxy polymers, GO sheets prefer to cluster to minimize 
configurational entropy while phase change occurs. Furthermore, the viscosity decreases initially with a rise in temperature during the 
curing process, facilitating the mobility of the GO sheets and promoting their agglomeration. The wrinkled morphology and elevated 
specific surface area of GO facilitate robust interfacial interactions with epoxy chains. It may also influence the total curing reaction by 
altering the highest exothermic heat release [28,39]. Despite a positive effect of introducing GO particles towards improving the 
composite’s tensile strength, the outcomes exhibited in Fig. 4 highlights a significant change in strain at break for composites. For 
example, the observed decrease in strain at break for the sample 1 (4.7 %) compared to pure epoxy (6.1 %) suggested a reduction in the 
material’s ductility. This phenomenon could be attributed to the reinforcing effects of GO in the nanocomposite. While GO contributed 
to increased stiffness, its inherent rigidity may limit the material’s ability to deform extensively before failure [40,41]. The incor
poration of GO, even at a low concentration of 0.1 wt%, may lead to a more brittle behavior in the nanocomposite, as evidenced by the 
reduced strain at break.

3.2.2. Effect of GO’s oxidation degree
As shown in Fig. 5, the S/N ratios for tensile strength of the epoxy/GO composites versus the GO’s oxidation degree indicates that 

the composite sample containing GO6 nanoparticles exhibited the maximum tensile strength. As the oxidation degree of the GO 
increased (up to 9), the tensile strength of the resultant composite diminished progressively. This effect may be ascribed to the 
increased density of oxygen-containing functional groups on the surface of graphene oxide, which enhances the surface potential 
energy and therefore renders the surface heterogeneous [42]. The heterogeneous surface of the GO may adsorb epoxy molecules via a 

Table 3 
Tensile strengths of different samples with different synthesis conditions.

Run Coded value Tensile strength (MPa)

GO’s conc. GO’s oxidation Homogen. time Trial 1 Trial 2 Trial 3 Mean S/N

1 1 1 1 40.6 39.6 39.9 40.0 32.05
2 1 2 2 44.3 44.1 43.7 44.0 32.88
3 1 3 3 40.3 41.3 41.5 41.0 32.26
4 2 1 2 50.1 51.5 51.5 51.0 34.15
5 2 2 3 71.6 74.1 73.4 73.0 37.27
6 2 3 1 52.2 53.3 53.7 53.0 34.49
7 3 1 3 46.9 48.8 48.4 48.0 33.63
8 3 2 1 54.6 54 53.4 54.0 34.65
9 3 3 2 48.9 48.6 49.5 49.0 33.80
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physisorption process due to enhanced van der Waals interactions, resulting in disruption of the stoichiometric ratio between the epoxy 
resin and the hardener, and incomplete cross-linking [4,29].

3.2.3. Effect of homogenization time
Considering the S/N ratios corresponding to homogenization time, summarized in Table 4, it could be resulted that increasing in 

homogenization time up to 120 min, firstly reduced the tensile strength of the composite followed by increasing in larger homoge
nization time. The highest S/N ratio of this parameter imply that higher homogenization time (up to 150) can yielded the highest 

Fig. 4. Stress-strain curves of pure epoxy and epoxy/GO composites.

Table 4 
Response table for S/N ratios for the epoxy/GO composite’s tensile strength.

Level GO conc. (wt.%) GO oxidation (g) Mixing time (min)

1 32.39 33.28 33.73
2 35.31 34.93 33.61
3 34.03 33.52 34.39
Delta (max-min) 2.91 1.65 0.77
Rank 1 2 3

Fig. 5. Main effect graphs of S/N rations for the epoxy/GO composite’s tensile strength versus control parameters.
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tensile strength in the resulting composite sample. This behavior may be attributed to the effective dispersion of GO nanoparticles 
inside the epoxy matrix due to extended homogenization time, which prevents the agglomeration of the nanoparticles [43]. While 
extending the homogenization time improves the dispersion of GO and enhances the mechanical strength of the composites, some 
literature suggests that excessive sonication time is unwarranted as it can cause localized destruction to GO platelets, including 
bending and breakage [29,43].

3.2.4. Optimal condition for epoxy/GO synthesis
Considering the outcome mentioned earlier, an intricate relationship can be highlighted between GO concentration, oxidation 

degree, homogenizing time, and the resulting mechanical performance in epoxy/GO nanocomposites. The variations in tensile 
strength among the samples highlighted the importance of tailoring these parameters for achieving desired mechanical characteristics. 
The optimal synthesis condition based on the Taguchi method was obtained through selecting the highest S/N ratio for each parameter, 
as reported in Table 4 in bold format. In this table, delta refer to the differences between maximum and minimum quantity of the S/N 
ratio and the order of significance for the synthesis parameters towards improving the tensile strength are acquired based on 
magnification of delta values [44]. The optimal synthesis condition was obtained for level 2, level 2, and level 3 of GO’s concentration, 
GO’s oxidation degree, and homogenization time, respectively. In the optimum condition (corresponding to sample 5’s synthesis 
condition), the experimental tensile strength was recorded around 73.0 MPa while the calculated amount of this feature based on the 
Taguchi design was obtained around 69.37 MPa. The Taguchi design accuracy was checked by calculating the average absolute 
relative deviation (AARD) which yielded a minor AARD around 4.98 %. The minor AARD value highlights a good accuracy of the 
Taguchi method for predicting the composite’s tensile strength in the optimal condition.

3.3. Analysis of variance

The conventional statistical ANOVA helps to analyze the Taguchi method precision for predicting S/N ratios for tensile strength as 
well as determining which synthesis parameters substantially influence the response. ANOVA is performed to discover significant 
parameters at a confidence level of 0.95, which corresponds to a significance level of 0.05. The ANOVA outcomes are reported in 
Table 5. In this table, the contribution of each parameter is summarized in the last column of table which was calculated by dividing 
the sum of squares of each variable to the total sum of squares. The P-values less than 0.05, and the F-values more than 1 may also be 
used to ascertain which parameter significantly influences the model’s response [45]. Considering the P-value obtained for GO’s 
concentration (0.0071), it can be concluded that this term has the highest impact on the resulting composite’s mechanical properties. 
This finding has good accordance whit its contribution percentage obtained about 65.28 %. Although the P-values for other parameters 
are more than 0.05, the F-values more than 1 for GO’s oxidation degree and the homogenization time indicate their moderated sig
nificance which have good accordance with their contribution percentage obtained around 24.44 %, and 5.33 %, respectively. The 
correlation coefficient of the linear model was obtained about 95.04 %, but the adjusted R2 values of 80.18 % highlights inadequate 
accuracy of the model in forecasting the composite’s tensile strength within the design space. This outcome may be attributed to 
ignoring the interaction terms which may exist between parameters.

3.4. Non-linear regression model

As mentioned earlier, a possible interaction between the syntheses parameters can affected the tensile strength of the composite 
sample and these terms could not be considered by linear model [46]. Therefore, using ‘Fit regression model’ tool of Minitab software, 
the non-linear regression was performed in the confidence level of 0.95, to consider the interaction term as well as the quadratic terms 
of each parameter. The quadratic model terms’ coefficient and their statistical analysis results are reported in Table 6. In this table the 
terms A, B, and C, refer to the parameters namely GO’s concentration, GO’s oxidation degree, and homogenization time, respectively. 
Also the resulting quadratic model is presented in equation (3). According to the finding summarized Table 6, the predominance 
impact of quadratic terms (A2, B2, and C2) in predicting tensile strength could be observed due to their higher F-values. Considering the 
P-values, the significant effect of model terms could be highlighted except for the interaction term between GO’s concentration and 
homogenization time (P-value more than 0.05). The adjusted R2 of the model (99.35 %) has less than 20 % differences with the 
predicted R2 (98.99 %), implying the highest accuracy of the resulting quadratic model towards forecasting the tensile strength inside 
the design space. To further validate the model’s precision, the model predicted tensile strength was rechecked in the optimal con
dition obtained base on Taguchi method. The model predicted tensile strength of 73.04 MPa indicated a negligible AARD of 1.13 % 

Table 5 
ANOVA results for S/N ratios for the epoxy/GO composite’s tensile strength.

Source Degree of freedom Sum of square Mean square F- value P-value Contribution (%)

GO’s concentration 2 12.7764 6.3882 13.17 0.0071 65.28
GO’s oxidation degree 2 4.7829 2.3915 4.93 0.1686 24.44
Homogenization time 2 1.0430 0.5215 1.08 0.4818 5.33
Residual Error 2 0.9699 0.4849 ​ ​ 4.95
Total 8 19.5722 ​ ​ ​ 100

R2 = 95.04 %. Adjusted R2 = 80.18 %.
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with the experimental tensile strength quantity of 73.0 MPa in the optimum condition. 

Tensile strength (MPa) = 87.35 + 183.81 A + 11.562 B + 8.819 A*B + 0.0878 A*C - 1.6789C - 376.07 A2 - 1.1465 B2 + 0.007576C2(3)

3.5. Comparison between current study outcomes and similar works

Table 7 presents the findings of analogous investigations about the increase of mechanical characteristics in epoxy nanocomposites 
with various nano-fillers. The results gathered from the table demonstrate that the epoxy/GO composite created in this work exhibits 
much greater tensile strength than those reported in comparable investigations. This finding underscores the key importance of the 
synthesis conditions of GO, along with other key parameters such as homogenization duration and the loading % of GO.

4. Conclusion

The present research’s findings indicate that the mechanical properties of the epoxy/GO nanocomposites can be significantly 
enhanced through the careful optimization of key factors, including GO content, time of homogenization, and the oxidation degree of 
GO. The influence of these parameters on tensile strength has been rigorously confirmed by empirical data and the Taguchi method 
analysis. The regression analysis demonstrated a non-linear effect of GO’s concentration on tensile strength. A gradual improvement in 
strength was observed as the GO content increased to 0.25 wt%, followed by a decline when the concentration reached 0.5 wt%. This 
suggests the importance of careful regulation of GO content to prevent excessive agglomeration and maintain a balance between 
crosslink density and fracture toughness. Similarly, the homogenization time is critical to the uniform dispersion of GO nanoparticles 
in the epoxy matrix. Prolonged homogenization time (up to 150 min) improved the dispersion of nanoparticles, resulting in a sig
nificant rise in tensile strength. Likewise, the degree of oxidation demonstrated a substantial impact on the mechanical properties of 
the composite. Enhanced oxidation brings about functional groups that enhance interfacial bonding with epoxy chains; however, 
excessive oxidation leads to disrupted crosslinking, ultimately undermining the tensile strength of the composite. The findings 
collectively demonstrate the potential for precise adjustments of these parameters to improve the mechanical performance of epoxy- 
GO nanocomposites, thereby broadening their applicability in engineering fields.
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Table 6 
ANOVA results for non-linear model terms.

Source Degree of freedom Sum of square Mean square F- value P-value

Regression 8 2328.08 291.01 497.61 0.0000
A 1 287.92 287.92 492.33 0.0000
B 1 244.47 244.47 418.03 0.0001
C 1 179.77 179.77 307.40 0.0003
A2 1 1168.98 1168.98 1998.88 0.0000
B2 1 454.67 454.67 777.46 0.0000
C2 1 198.53 198.53 339.47 0.0002
A*B 1 162.04 162.04 277.08 0.0005
A*C 1 1.61 1.61 2.75 0.1149
Error 18 10.53 0.58 ​ ​
Total 26 2338.60 ​ ​ ​

R2 
= 99.55 %. Adjusted R2 

= 99.35 %. Predicted R2 
= 98.99 %.
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