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Abstract: Epoxy resin adhesive for pavement is often insufficient in flexibility and toughness. There-
fore, a new type of toughening agent was prepared to overcome this shortcoming. To achieve the
best toughening effect of a self-made toughening agent on an epoxy resin adhesive, its ratio to the
epoxy resin needs to be optimally selected. A curing agent, a toughening agent, and an accelerator
dosage were chosen as independent variables. The epoxy resin’s adhesive tensile strength, elonga-
tion at break, flexural strength, and flexural deflection were used as response values to establish a
single-objective prediction model of epoxy resin mechanical property indexes. Response surface
methodology (RSM) was used to determine the single-objective optimal ratio and analyze the effect
of factor interaction on epoxy resin adhesive’s performance indexes. Based on principal component
analysis (PCA), multi-objective optimization was performed using gray relational analysis (GRA) to
construct a second-order regression prediction model between the ratio and gray relational grade
(GRG) to determine the optimal ratio and to validate it. The results showed that the multi-objective
optimization using response surface methodology and gray relational analysis (RSM-GRA) was more
effective than the single-objective optimization model. The optimal ratio of epoxy resin adhesive
was 100 parts of epoxy resin, 160.7 parts curing agent, 16.1 parts toughening agent, and 3.0 parts
accelerator. The measured tensile strength was 10.75 MPa, elongation at break was 23.54%, the
bending strength was 6.16 MPa, and the bending deflection was 7.15 mm. RSM-GRA has excellent
accuracy for epoxy resin adhesive ratio optimization and can provide a reference for the epoxy resin
system ratio optimization design of complex components.

Keywords: asphalt pavement; pavement materials; epoxy resin; toughening agent; mechanical
properties; response surface method; gray relational analysis

1. Introduction

The steel bridge deck pavement system is an important part of the steel box girder
bridge, whose waterproof adhesive layer is critical. Its failure is one of the main factors
causing the problem of steel deck pavement [1]. The failure of the waterproof adhesive
layer leads to the separation or slippage between the pavement layer and the bridge deck.
This allows the steel structure of the steel box girder bridge to be eroded by water, thus
causing serious damage to the main structure of the bridge. Using materials with excellent
mechanical properties, stability, and deformability in relation to the waterproof bonding
layer is a critical measure to avoid adhesive failure and to prolong the life of the steel
bridge deck pavement system [2]. At present, two kinds of waterproof adhesives for steel
bridge deck pavement are commonly used, namely, epoxy resin adhesive and methacrylate
adhesive [3,4]. Epoxy resin adhesive has excellent mechanical properties, high bonding
strength, good impermeability, strong corrosion resistance, and other advantages [5,6], and
it has been extensively studied.

Zeng et al. [7] studied the components of epoxy resin binder by single factor control
variable method. With the increase in the amount of toughening agent, the elongation at
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break increased, but the tensile strength and elastic modulus decreased. Chen et al. [8]
studied the effects of different raw-material compositions on the performance of epoxy
resins for road surfaces. They determined reasonable material compositions, as well as
ratios, and found that the epoxy resin raw-material composition had a significant impact
on the performance of epoxy resin, and its bonding performance index was proportional
to the mechanical performance index. Xi et al. [9] studied three types of epoxy resins for
waterproof binding and found that the tensile strength and elongation at break data for
all three were quite different. Liu et al. [10] studied the basic properties of epoxy resin
adhesive for steel bridge deck pavement under different environmental conditions. The
tensile strength of the self-made epoxy resin adhesive was 3.7 MPa, the elongation at break
could reach 180%, and it had good high- and low-temperature performance, bonding
performance, and water permeability resistance. Zhou et al. [11] summarized the results
of relevant research on epoxy resin adhesives. They found that the elongation at break of
epoxy resin adhesives with high tensile strength is low, and their strength and deformability
are often negatively correlated. How to balance the interaction of each component and how
to achieve the balance of strength and deformability, two important mechanical indexes,
as well as how to prepare epoxy resin with high strength, strong deformability, and good
toughness as a waterproof binder, have become the foci of this research.

Response surface methodology (RSM) is an optimization method, integrating exper-
imental design and mathematical modeling proposed by mathematicians Box and Wil-
son [12], which can be used to solve multifactor and multilevel continuous response prob-
lems. Compared with orthogonal experimental and uniform designs, it has the advantage
of high accuracy and can also analyze the interaction between influencing factors [13–15].
Epoxy resin binder has several performance indicators with different dimensions to be
evaluated that are difficult to balance, which leads to the challenge of determining their
optimal ratio. Gray relational analysis (GRA) is introduced to solve multi-objective re-
sponse problems; it is suitable for solving those involving complex relationships among
multiple objectives and factors and can optimize multi-objective responses. Compared
with most scholars’ single-factor control variable method [16,17], the RSM–GRA method
has the advantages of analyzing the interactions of multiple factors and obtaining the best
material parameters quickly and accurately [18].

In this study, the dosage of the curing agent, self-made toughening agent, and accel-
erator were taken as independent variables, and the tensile strength, elongation at break,
bending strength, and bending deflection of epoxy resin adhesive were taken as response
values. The response surface optimization test was designed by the response surface
methodology Box–Behnken design (RSM-BBD) method. RSM was used to establish the
single-objective prediction model of each response. The influence of factor interactions on
the response values was analyzed, and the single objective optimal ratio was determined.
On this basis, the gray relational analysis (GRA) method was introduced to solve the
problem of multi-objective response optimization, and the gray relational degree (gray
relational grade (GRG)) prediction model was established to optimize the above indica-
tors to obtain the optimal proportion scheme of epoxy resin binder with comprehensive
properties. Our results provide a reference for the design of an epoxy resin system with
complex components and may guide the further development and engineering application
of self-made acrylate copolymer toughening agents.

2. Materials and Methods
2.1. Raw Materials

The epoxy resin used in the study was E-51 bisphenol A epoxy resin, whose epoxy
equivalent is 184~195 g/eq, and its viscosity is 10,000~16,000 mPa·s (25 ◦C), and this was
produced by Baling Petrochemical Company, Sinopec., Yueyang, China. The curing agent
was tung oil anhydride (TOA) with a viscosity of 5000~15,000 mPa·s (25 ◦C), and the anhy-
dride equivalent is 120, and it was produced by Shandong Jiaying Chemical Technology
Co., Ltd., Qingdao, China. The accelerator was 2,4,6-tris (dimethylaminomethyl) phenol
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(DMP-30) with an amine value of 600~630 mg/g and viscosity of 100~300 mPa·s (25 ◦C),
which was produced by Changzhou Shanfeng Chemical Co., Ltd., Changzhou, China.

2.2. Synthetic Toughening Agent

The synthesis reaction was carried out in two steps. Step 1: polyether glycol (PTMG)
was dehydrated and vacuumed at 110 ◦C for 2 h. Then, when the temperature was reduced
to 60 ◦C, a certain amount of toluene diisocyanate (TDI) was added, and the molar ratio
of TDI to PTMG was 2:1. The reaction was carried out at 80 ◦C for 2 h to obtain the
NCO-terminated polyurethane prepolymer. Step 2: after the prepolymer was prepared,
1,4-butanediol diglycidyl ether (BDDGE) and a small amount of 2-ethyl-4-methylimidazole
(EMI) were added successively, and the reaction temperature was kept at about 160 ◦C.
Samples were taken every 1 h for infrared testing, and the reaction was continued until the
NCO infrared absorption peak disappeared. The epoxy value of the final product was 0.23,
and it was marked as the self-made epoxy resin toughening agent for pavements (SM-EPT).

2.3. Sample Preparation

The epoxy resin and the toughening agent were preheated in a vacuum drying oven
(DZF-1, Beijing Yongguangming Medical Instrument Co., Ltd. Beijing, China) at 80 ◦C and
dried in a vacuum for 30 min, then mixed, and stirred at 80 ◦C for 5 min at 1000 R/min
to obtain component A. The curing agent and the accelerator were mixed and stirred for
5 min at 80 ◦C and 1000 R/min to obtain component B. The components A and B were
mixed and stirred for 10 min at 60 ◦C and 500 R/min to obtain the epoxy resin binder.
Then, the binder was placed in a vacuum drying oven, defoamed at 60 ◦C for 20 min, and
poured into a PTFE mold. The geometric size of the specimen is shown in Figure 1. It was
cured at 100 ◦C/12 h + 120 ◦C/12 h in a constant-temperature drying oven (101-0ES, Beijing
Yongguangming Medical Instrument Co., Ltd. Beijing, China) and then naturally cooled
to room temperature for demolding and performance testing. The prepared specimen is
shown in Figure 2.
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2.4. Test Method

The mechanical properties of the specimens were tested according to the test method
for properties of resin castings (GB/T 2567-2021). An electronic universal testing machine
(DDL100, Changchun Research Institute of Mechanical Sciences Co., Ltd., Changchun,
China) was used to continuously record the tensile and bending loads. Extensometer (YYU-
25/50, Steel Yanke Testing Technology Co., Ltd., Beijing, China) was used to measure the
elongation within the gauge length of the tensile test piece. The deflection at the mid-span
of the bending specimen was measured by a displacement meter (JC-LVDT type, Liyang
Jincheng Testing Instrument Factory, Liyang, China). The loading speed and the bending
tests were 10 mm/min. Five samples were tested in each group to obtain the average value.

2.5. Response Surface Experimental Design

Consulting with the relevant research results [19–21], the dosage range of the curing
agent was 150~170%, the dosage range of toughening agent was 10~20%, and the dosage
of the accelerator was 2~4%. Following the RSM-BBD method, the amount of curing
agent, toughening agent, and accelerator (calculated by the mass percentage of epoxy resin,
represented by A, B, and C, respectively) were taken as the independent variables, and the
tensile strength (σt), elongation at break (εt), bending strength (σf ), and bending deflection
(S) of epoxy resin adhesive were taken as the response values. A three-factor, three-level
response surface test was designed. The factor code and level design are shown in Table 1.
The data were analyzed by Design-Expert8.0 statistical software, and the response surface
design and test results are shown in Table 2.

Table 1. Test factors and levels.

Level
A B C

Curing Agent/% Toughening Agent/% Accelerator/%

−1 150 10 2
0 160 15 3
1 170 20 4

Table 2. Response surface test design and test results.

NO.
Level Test Results

A B C Tensile
Strength/MPa

Elongation
at Break/%

Flexural
Strength/MPa

Flexural
Deflection/mm

1 1 1 0 7.70 22.58 5.03 6.30
2 −1 1 0 6.16 21.35 3.57 6.60
3 0 −1 1 7.77 20.34 4.93 5.28
4 0 0 0 10.70 21.68 6.26 5.86
5 −1 0 −1 6.27 14.70 2.70 4.50
6 −1 0 1 7.96 16.99 4.65 4.70
7 0 −1 −1 8.47 13.79 3.85 3.62
8 0 0 0 10.22 21.66 6.20 5.93
9 1 −1 0 8.40 14.16 4.67 3.94
10 0 0 0 10.40 23.17 5.96 6.32
11 0 0 0 10.39 22.42 6.09 5.80
12 1 0 −1 9.42 12.82 5.14 3.50
13 0 0 0 10.50 22.13 5.95 5.55
14 −1 −1 0 6.47 19.26 3.70 5.20
15 0 1 −1 7.18 22.97 3.75 7.00
16 1 0 1 7.34 13.64 4.08 4.20
17 0 1 1 6.82 23.23 4.21 6.22
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3. Results and Discussion
3.1. Construction of the Single-Objective Optimization Model
3.1.1. Model Construction and Model Verification

Multivariate quadratic regression fitting was carried out on the test data to obtain the
regression models of σt, εt, σf , and S, as shown in Equations (1)–(4).

σt = −468.105 + 5.302× A + 2.248× B + 21.595× C− 0.002× A× B− 0.094× A
× C + 0.170× B× C− 0.015× A2 − 0.069× B2 − 1.159× C2 (1)

εt = −1024.470 + 12.993× A− 5.158× B + 32.626× C + 0.032× A× B− 0.037× A
× C− 0.315× B× C− 0.042× A2 − 0.053× B2 − 3.465× C2 (2)

σf = −294.172 + 3.270× A + 0.770× B + 18.830× C− 0.003× A× B− 0.075× A
× C− 0.031× B× C− 0.0095× A2 − 0.036× B2 − 1.004× C2 (3)

S = −198.850 + 2.251× A− 0.075× B + 4.994× C + 0.005× A× B + 0.013× A
× C− 0.122× B× C− 0.084× A2 + 0.0018× B2 − 0.824× C2 (4)

where σt is tensile strength in MPa; εt is elongation at break in %; σf is bending strength in
MPa; S is bending deflection in mm; A is the amount of curing agent,%; B is the amount of
toughening agent in %; and C is the dosage of accelerator in %;

To explore the significance of the influence between the factors (independent variables)
of the response surface regression model and the response values, the regression model was
subjected to analysis of variance, as shown in Table 3. The model was evaluated using the
F test. The larger the F value is, the smaller the p value is, which means that the probability
of the invalid hypothesis of the model is also smaller, and the model is more significant [22].
The F values of the regression models σt, εt, σf , and S were 66.50, 49.57, 46.32, and 40.49,
respectively, and the corresponding p values were less than 0.0001, indicating that the
statistical significance of the four models was very high. The p values, corresponding to the
F values of the four regression models, were greater than 0.05, indicating that the lack of fit
caused by error was not significant. The four models could well describe the relationship
between response and factors.

Table 3. Results of ANOVA of response surface model.

Model σt Model εt Model σf Model S

F p F p F p F p

Model 66.50 <0.0001 49.57 <0.0001 46.32 <0.0001 40.49 <0.0001
A 65.71 <0.0001 19.06 0.0033 52.65 0.0002 23.36 0.0019
B 19.28 0.0032 117.34 <0.0001 0.99 0.3526 162.85 <0.0001
C 3.84 0.0909 22.65 0.0021 16.81 0.0046 7.90 0.0261

AB 0.56 0.4804 18.44 0.0036 1.37 0.2805 4.60 0.0692
AC 51.89 0.0002 0.99 0.3518 51.59 0.0002 1.25 0.3009
BC 0.42 0.5367 18.21 0.0037 2.19 0.1825 29.70 0.0010
A2 145.06 <0.0001 137.38 <0.0001 85.83 <0.0001 59.78 0.0001
B2 182.64 <0.0001 13.82 0.0075 78.29 <0.0001 17.90 0.0039
C2 82.52 <0.0001 93.06 <0.0001 96.58 <0.0001 56.98 0.0001

Lack of Fit 3.83 0.1135 1.93 0.2670 3.95 0.1086 0.47 0.9113

Table 3 shows the relationship between three independent variables (factors) and
materials’ response values. It can be seen that the order of influence of the three factors
A (curing agent dosage), B (toughening agent dosage), and C (accelerator dosage) on the
tensile strength model was A > B > C, the order of influence of the three factors on the
bending strength model was A > C > B, and factor A was the most significant in both
models. The results show that the amount of curing agent was the main factor affecting
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the strength of epoxy resin adhesive. A, B, and C influenced the elongation at break model
in the order of B > C > A and influenced the bending deflection model in the order of
B > A > C. Factor B was the most significant factor in both models, which indicates that
the content of toughening agent was the main factor affecting the deformation ability of
epoxy resin adhesive. In the two models of tensile strength and flexural strength, AC was
significant (p < 0.05), while AB and BC were not (p > 0.05), indicating that the interaction of
curing agent dosage A and accelerator dosage C had significant effects on tensile strength
and flexural strength. The order of factor interaction significance in the elongation at break
model was AB > BC > AC, and the order of factor interaction significance in the bending
deflection model was BC > AB > AC.

Table 4 shows the statistical analysis of the fitting accuracy of the four regression
models σt, εt, σf , and S. The R2 of the four models is close to 1, indicating that the
correlation between the predicted value and the actual value of the four regression models
was good. The difference between the calibration coefficient of determination (R2

Adj) and
the prediction coefficient of determination (R2

Pred) of the four models was less than 0.2,
and the coefficient of variation (CV) for all of them was less than 10%. The signal-to-noise
ratio was far greater than 4, which further shows that the fitting error of the four regression
models σt, εt, σf , and S was small, and the model fitting effect was good [23,24]. Figure 3
shows the comparison results of actual values and predicted values of models σt, εt, σf ,
and S. The predicted values of the four regression models are close to the actual values,
and the average deviations between the actual values and the predicted values are 1.68%,
2.23%, 2.57%, and 1.60%, respectively, indicating that the reliability of the model fitting is
high. The above analysis shows that the four regression models can accurately describe
the functional relationship between the response values and the factors and analyze and
predict the test results.
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Table 4. Fit statistics for response surfaces of the model.

Model R2 R2
Adj R2

Pred CV/% Adeq. Precision

σt 0.9884 0.9736 0.8581 3.13 21.516
εt 0.9846 0.9647 0.8441 3.83 18.947
σf 0.9835 0.9623 0.7959 4.41 22.049
S 0.9812 0.9569 0.9398 4.20 19.992

3.1.2. Analysis of Three-Dimensional Response Surface Interaction Effect

According to the test results and the variance analysis results in Table 3, the tensile
strength σt, elongation at break εt, bending strength σf , and bending deflection S of the
epoxy resin adhesive were all affected by the interaction between the factors.

In the regression model of tensile strength σt, the F value of the interaction term AC
was the largest, and the p value was the smallest, which indicates that the interaction of
curing agent dosage A and accelerator dosage C had the most significant effect on the
tensile strength of epoxy resin adhesive. Figure 4 is a three-dimensional response surface
showing the effect of the interaction between the curing agent dosage A and the accelerator
dosage C on the tensile strength (σt), with the toughening agent dosage B of 15%. When the
amount of accelerator was constant, the tensile strength increased first and then decreased
with the increase in the amount of curing agent. The main reason is that when the amount
of curing agent is too small, the proportion of epoxy is too high, and a large number of
ether bonds are formed in the reaction process, resulting in many irreversible cross-linking
points. Thus, the transesterification reaction does not occur easily in the curing system.
When the cross-linking density and uniformity of the curing system were reduced, strength
decreased [25,26]. When the amount of curing agent was constant, the tensile strength
of epoxy resin binder increased first and then decreased with the increase in the amount
of accelerator, which is consistent with the research results of Liang Ming et al. [19]. The
reason is that a proper amount of DMP-30 accelerator can catalyze the anhydride group,
promote the curing and cross-linking of epoxy resin, and relatively improve its mechanical
properties. However, the excessive amount of accelerator will make the curing system
release too much heat in unit time, resulting in phase separation of the curing system,
reducing the cross-linking density, and, thus, reducing the mechanical properties of the
resin [27–29]. In summary, simultaneously increasing the amount of curing agent and
accelerator within a certain range can effectively improve the tensile strength of epoxy
resin binder.
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Figure 5a is a three-dimensional response surface, showing the effect of the interaction
between the curing agent dosage A and the toughening agent dosage B on the elongation
at break (εt), with the accelerator dosage C of 3%. Figure 5b is a three-dimensional response
surface of the effect of the interaction between the toughening agent content B and the
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accelerator content C on the elongation at break (εt), with a curing agent content of 160%.
When the dosage of toughening agent B was constant, the elongation at break increased
first and then decreased with the increase in the dosage of curing agent A or the dosage
of accelerator C. When the dosage of curing agent A or accelerator C was constant, the
elongation at break increased with the increase in the dosage of the toughening agent. The
variance analysis of the model εt results from Table 3 obtained the p values of 0.0036 and
0.0037 for AB and BC, respectively, indicating that the interaction of toughening agent B
and curing agent A, as well as the interaction between toughening agent B and accelerator
C, had significant effects on the elongation at break. The interaction between toughening
agent dosage B and curing agent dosage A had the most significant effect on the elongation
at break. A and B, as well as B and C interactions, had significant effects on elongation at
break, which may be due to the decrease in cross-link density of the curing system when
the toughening agent is used, but the increase in cross-link density can be caused by the
addition of proper amounts of curing agent and accelerator. The interactions between the
amount of toughening agent and the amount of curing agent, and between the amount of
toughening agent and the accelerator, significantly affected the elongation at break [30,31].
Thus, in summary, to improve the elongation at break of epoxy resin adhesive, it is necessary
to comprehensively consider the effects of the interaction of the amounts of toughening
agent and curing agent, as well as the quantities of toughening agent and accelerator on
the elongation at break of epoxy resin adhesive in the process of ratio optimization.
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Figure 5. Response surface of elongation at break (εt) under the (a) interaction of factors A and B, as
well as the (b) interaction of factors A and C.

Figure 6 is a three-dimensional response surface with the effect of the interaction
of the curing agent dosage A and the accelerator dosage C on the flexural strength (σf ),
with the toughening agent dosage B of 15%. It can be seen from Figure 6 that, with the
increase in the amount of curing agent or accelerator, the bending strength of the epoxy
resin binder increased first and then decreased. According to the variance analysis results
of the σf model in Table 3, the AC term was significant (p = 0.0002 < 0.05), and the response
surface was steep when the curing agent dosage A and the accelerator dosage C changed
at the same time, indicating that the interaction of the curing agent dosage A and the
accelerator dosage C had a significant effect on the bending strength. The reason is that
the tertiary amine produced by the decomposition of the DMP-30 accelerator can react
with the anhydride group in the anhydride curing agent to produce carboxylate anion,
which can catalyze the anhydride curing agent and make the system more easily cross-
linked and cured. However, the excessive accelerator will quickly cross-link and cure the
system, resulting in the unreacted chain segment that cannot continue participating in the
reaction. Macroscopically, the interaction between the amount of DMP-30 accelerator and
the amount of anhydride curing agent affects the mechanical properties of epoxy resin
adhesive [19,27,28].
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Figure 6. Response surface of bending strength (σf ) under the interaction of factors A and factor C.

Figure 7 is a three-dimensional response surface with the effect of the interaction of
the toughening agent dosage B and the accelerator dosage C on the bending deflection (S)
of the epoxy resin adhesive with the curing agent dosage A of 160%. With the increase in
the content of toughening agent, the range of change in bending deflection was greater
when the content of accelerator was 2% than when it was 4%, indicating that the sensitivity
of bending deflection of epoxy resin adhesive to the amount of toughening agent decreased
with the increase in the amount of accelerator. According to the variance analysis results of
the bending deflection S model in Table 3, the BC term was significant (p = 0.001 < 0.05),
indicating that the interaction of the toughening agent B and the accelerator C had a
significant effect on the bending deflection.
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3.1.3. Single-Objective Optimization Results

The single-objective response was optimized by Design-Expert 8.0 software. The
maximum tensile strength of epoxy resin adhesive was 10.61 MPa, the corresponding
amount of curing agent was 163.1%, the amount of toughening agent was 14.3%, and the
amount of accelerator was 2.8%. The maximum elongation at break of the epoxy resin
adhesive was 24.60%, and the corresponding amounts of curing agent, toughening agent,
and accelerator were 156.9%, 18.8%, and 3.1%, respectively. The maximum bending strength
of the epoxy resin adhesive was 6.17 MPa, and the amounts of curing agent, toughening
agent, and accelerator were 162.5%, 14.9%, and 3.1%, respectively. The maximum bending
deflection of epoxy resin adhesive was 7.42 mm, the corresponding amount of curing agent
was 159.0%, the amount of toughening agent was 20.0%, and the amount of accelerator
was 2.8%.
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3.2. Construction of Multi-Objective Optimization Model
3.2.1. Calculation Process of Gray Correlation Degree

Gray relational analysis (GRA) can convert multiple optimization objectives into
gray relational values by reducing dimensions and then optimizing the gray relational
values [32,33]. The larger the gray correlation value is, the better the corresponding response
is [34]. The calculation process of the gray correlation degree is as follows:

(1) Normalization. The tensile strength (σt), elongation at break (εt), bending strength
(σf ), and bending deflection (S) of the epoxy resin adhesive were normalized to eliminate
the effect of dimensions on the analysis. The bigger all four are, the better, and the
normalization formula is shown in Equation (5).

N =
y−min(y)

max(y)−min(y)
(5)

where N is the normalized value of each response, max(y) is the maximum value of the
actual response, min(y) is the minimum value of the actual response, and y is the actual
value of each group of tests.

(2) Calculation of gray correlation coefficient. The gray relational coefficient (GRC)
represents the relationship between the test result and the optimal solution [35], and the
calculation formulas are shown in Equations (6) and (7)

GRC =
∆min + ξ∆max

∆ + ξ∆max
(6)

∆ = 1− N (7)
where ∆ represents the deviation sequence, ξ is the judgment coefficient, ξ ∈ [0, 1], and, in
this study, ξ is 0.5.

(3) Response weight calculation. To obtain the gray correlation coefficient of each
response, it is necessary to calculate the influence weight. Principal component analysis
(PCA) quantitatively analyzes the weight of the contribution rate of each target to the
response by reducing the dimensionality [36]. With the help of the PCA analysis module
of Minitab software, the influence weights of tensile strength σt, elongation at break εt,
bending strength σf , and bending deflection S on gray correlation degree are calculated.

(4) Calculation of gray correlation degree. Gray relational degree (GRG) is the
weighted sum of gray relational coefficients. The higher the gray relational degree is, the
better the corresponding response is. The calculation formula is presented in Equation (8)

GRG = ∑n
i=1 βiGRC (8)

where ∑n
i=1 βi = 1, and βi is the weight of the ith response, calculated by PCA.

3.2.2. Calculation Result and Analysis of Gray Correlation Degree

The test results are normalized by Equation (5), and GRC is calculated by Equations (6) and (7).
The influence weights of tensile strength σt, elongation at break εt, bending strength σf ,
and bending deflection S on the gray correlation degree are further calculated by PCA.
The results are shown in Table 5. Table 6 shows the results of the gray correlation degree
calculated according to Equation (8).

Table 5. Weightiness of response.

Principal Component Eigenvalue Weightiness/%

σt 2.393 59.813
εt 1.482 37.038
σf 0.089 2.221
S 0.037 0.928

Sum 4 100
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Table 6. Gray correlation degree calculation results.

NO.
GRC

GRG
σt εt σf S

1 0.431 0.889 0.591 0.714 0.607
2 0.333 0.735 0.398 0.814 0.488
3 0.437 0.643 0.572 0.504 0.517
4 1.000 0.771 1.000 0.606 0.911
5 0.339 0.379 0.333 0.412 0.354
6 0.453 0.455 0.525 0.432 0.455
7 0.504 0.355 0.425 0.341 0.446
8 0.825 0.768 0.967 0.621 0.806
9 0.497 0.365 0.528 0.364 0.447
10 0.883 0.989 0.856 0.720 0.920
11 0.880 0.865 0.913 0.593 0.873
12 0.639 0.333 0.614 0.333 0.523
13 0.919 0.826 0.852 0.547 0.879
14 0.349 0.567 0.410 0.493 0.433
15 0.392 0.952 0.415 1.000 0.606
16 0.403 0.352 0.449 0.385 0.385
17 0.369 1.000 0.465 0.692 0.608

3.2.3. Construction and Optimization of GRG Response Model

In order to optimize the proportion of epoxy resin binder, the mapping relationship
between curing agent dosage A, toughening agent dosage B, accelerator dosage C, and
GRG must be established. In this paper, Design-Expert8.0 software was used to establish
the second-order mathematical prediction model of GRG, as shown in Equation (9). The
comparison between the actual and predicted values of GRG is shown in Figure 8. It can
be seen that all data are evenly distributed on a straight line and on both sides, and the
average deviation between the fitting value and the actual value was 3.42%, indicating that
the fitting effect of the GRG prediction model is good. According to the variance analysis
results of the GRG prediction model in Table 7, the model had p < 0.0001, indicating that
the model was highly significant. The R2 of the GRG prediction model was 98.39%, the
difference between R2

Adj and R2
Pred was less than 0.2, and the coefficient of variation CV

was less than 5%, indicating that the model had high reliability and good fitting degree
and could be used for subsequent prediction and optimization.

GRG = −68.414 + 0.811× A + 0.100× B + 2.204× C + 5.211× 10−4 × A× B− 5.963× 10−3

× A× C− 3.427× 10−3 × B× C− 2.495× 10−3 × A2 − 5.388× 10−3 × B2 − 0.199× C2 (9)

Table 7. ANOVA results for response surface model of GRG.

Source Sum of Squares Mean Square F p

Model 0.610 0.068 47.64 <0.0001
A 6.709 × 10−3 6.709 × 10−3 4.70 0.0668
B 0.027 0.027 18.98 0.0033
C 1.628 × 10−4 1.628 × 10−4 0.11 0.7455

AB 2.715 × 10−3 2.715 × 10−3 1.90 0.2103
AC 0.014 0.014 9.96 0.0160
BC 1.175 × 10−3 1.175 × 10−3 0.82 0.3945
A2 0.26 0.26 183.57 <0.0001
B2 0.076 0.076 53.50 0.0002
C2 0.17 0.17 116.85 <0.0001

Error 9.991 × 10−3 1.428 × 10−3 - -
Lack of Fit 1.820 × 10−3 6.068 × 10−4 0.30 0.8269

R2 = 0.9839 R2
Adj = 0.9633 R2

Pred = 0.9327 CV/% = 6.26
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Figure 8. Comparison of actual and prediction values of GRG.

To reflect the influence of the interaction of each factor on the GRG response value,
the three-dimensional response surface of GRG under the interaction of different factors
was established using the mathematical prediction model, as shown in Figure 9. The shape
of the response surface of the GRG model under the interaction of different factors is a
quadratic paraboloid with a downward opening, indicating a maximum value of GRG in
the test range. According to the variance analysis results of the GRG response model in
Table 7, the influence of the three factors on the GRG model was in the order of B > A > C.
The interaction of curing agent dosage A and accelerator dosage C had the most significant
influence on GRG. The optimized GRG response surface model was analyzed using Design-
Expert 8.0 software, and the optimal gray correlation degree was 0.885, corresponding to a
curing agent dosage of 160.7%, toughening agent dosage of 16.1%, and accelerator dosage
of 3.0%.
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3.3. Experimental Verification

Through the analysis of the results, the proportion of the optimal gray correlation
degree (GRGmax) was determined, and the proportion corresponding to the optimal gray
correlation degree (GRGmax) was selected for comparison with the proportion correspond-
ing to the maximum tensile strength σt−max, the maximum elongation at break εt−max, the
maximum bending strength σf−max, and the maximum bending Smax deflection obtained
by the single-objective prediction model.

The ratio obtained from the single-objective prediction model in Section 3.1.3 and the
ratio obtained from the multi-objective optimization model in Section 3.2.3 were experi-
mentally verified, and the experimental verification results are shown in Table 8. Figure 10
shows the stress–strain curve for the tensile test and the load-deflection curve for the bend-
ing test. The analysis revealed that the tensile strength obtained by the ratio σt−max was the
largest, the elongation at break obtained by the ratio εt−max was the largest, the bending
strength obtained by the ratio σf−max was the maximum, and the bending deflection ob-
tained by the ratio Smax was the maximum. It can be found that the actual values of tensile
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strength, elongation at break, bending strength, and bending deflection deviate from the
predicted values by 2.7%, 2.0%, 2.8%, and 1.1%, respectively, with actual values higher than
the predicted values. This proved the feasibility of the single objective prediction model.

Table 8. Response optimal ratio experimental comparison table.

NO. A/% B/% C/% Tensile
Strength/MPa

Elongation at
Break/%

Flexural
Strength/MPa

Flexural
Deflection/mm GRG

GRGmax 160.7 16.1 3.0 10.75 23.54 6.16 7.15 0.830
σt−max 163.1 14.3 2.8 10.90 19.73 6.05 5.44 0.794
εt−max 156.9 18.8 3.1 8.62 25.10 5.30 6.85 0.503
σf−max 162.5 14.9 3.1 10.21 21.32 6.34 5.63 0.626

Smax 159.0 20.0 2.8 8.24 22.20 5.01 7.50 0.408
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GRGmax was compared to σt−max, elongation at break increased by 19.31%, bending
strength increased by 1.81%, and bending deflection increased by 31.43%. GRGmax was
compared to εt−max, tensile strength increased by 24.70%, bending strength increased by
16.22%, and bending deflection increased by 4.38%. GRGmax was compared to σf−max, the
tensile strength was increased by 5.29%, the elongation at break was increased by 10.41%,
and the bending deflection was increased by 27.00%. GRGmax was compared to Smax, the
tensile strength was improved by 30.46%, the elongation at break was improved by 6.04%,
and the bending strength was improved by 22.95%.

The gray relational degrees of GRGmax, σt−max, εt−max, σf−max, and Smax were 0.830,
0.794, 0.503, 0.626, and 0.408, respectively, and the gray relational degree of GRGmax was
the highest. The results showed that the optimum ratio of epoxy resin binder was obtained
by multi-objective optimization of response surface methodology and gray relational grade.
The optimum ratio was 160.7% for the curing agent, 16.1% for the toughening agent, and
3.0% for the accelerator.

4. Conclusions

(1) The amount of curing agent is the main factor affecting the strength of epoxy resin
adhesive, and the amount of toughening agent is the main factor affecting its de-
formability. The interaction of curing agent dosage and accelerator dosage has the
most significant effect on the tensile strength and bending strength of epoxy resin
binder. The interaction of toughening agent dosage and curing agent dosage has the
most significant effect on the elongation at break of the epoxy resin binder, and the
interaction of toughening agent dosage and accelerator dosage has a significant effect
on bending deflection.

(2) The optimal ratio of epoxy resin binder obtained by RSM-GRA multi-objective op-
timization was a curing agent dosage of 160.7%, toughening agent dosage of 16.1%,
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and an accelerator dosage of 3.0%. An epoxy resin binder with a tensile strength
of 10.75 MPa, elongation at break of 23.54%, bending strength of 6.16 MPa, and a
bending deflection of 7.15 mm can be prepared with this ratio. The test results show
that the RSM-GRA multi-objective optimization model is accurate, effective, and has
future application significance for optimizing the epoxy resin binder ratios.

(3) Compared with the single-objective optimization model, in this study, the RSM-GRA
multi-objective optimization model was used to obtain the largest gray relational
grade (GRG) of the performance indicators of the epoxy resin binder, and the corre-
sponding epoxy resin binder had the best comprehensive performance. The RSM-GRA
multi-objective optimization method used in this paper can not only optimize the
proportion of epoxy resin binder, but it also provide a reference for the proportion
optimization of other complex epoxy resin components.
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