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Abstract
This study aimed to use D-optimal combined design, and partial least squares discriminate analysis (PLS-DA) 
to investigate the mechanical properties, and chemical compatibilities of improved epoxy nanocomposites 
by nano TiO2/Al2O3. Experimental design of adhesion, and wedge bend properties led the results into the 
optimum values of TiO2= 0.66%, Al2O3= 1.33%, dispersant= 0.000017%. The variable importance of the 
projection (VIP) score and PLS-DA modeling were used to categorize mechanical properties and chemical 
compatibilities. The best point could be identified from the other samples, based on the results. PLS-DA could 
explain 94.32% of the total variance in the data and wedge bend, adhesion and thermal treatment were the 
most significant variables with VIP scores at 2.73, 2.02, and 1.38, respectively. The morphology was examined 
using a field emission scanning electron microscope (FESEM). The thermal properties of nanocomposites 
were described by differential scanning calorimeter (DSC) to define the glass transition temperature for 
epoxy-nanocomposites. The mechanical properties were measured to assess the storage modulus via the 
dynamic mechanical analysis (DMA). Epoxy/TiO2/Al2O3 nanocomposite exhibited a uniform particle 
distribution, as indicated by the FESEM image. Adding nanoparticles significantly raised the glass transition 
temperature. The presence of nanoparticles can be used to enhance storage modulus functionally. 
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INTRODUCTION
The Epoxy resin is a sort of high-performance 

thermoset that is widely used in various applica-
tions. Epoxy resins are known for their favorable 
properties like the adhesion that comes from the 
hydroxyl group, and their chemical resistance is 
due to the presence of ether bonds, and aromatic 
rings in their structure, which make them stable 
against heat and hardness, and the methyl bonds 
can improve their mechanical properties [1]. Ep-
oxy rings on two of the chain’s end sides create 
a three-dimensional network and a hard layer on 

the coated surface. By direct copolymerization, 
epoxy lacquer was created using phenol formalde-
hyde and melamine resin [2, 3]. The phenol-form-
aldehyde resin is widely used for coating due to 
its many advantages, such as good mechanical 
properties, and heat resistance [4]. Amorphous 
melamine is an amino resin with various material 
advantages, such as better hardness, thermal sta-
bility, scratch resistance, and surface smoothness, 
which makes it ideal for use in large industrial ap-
plications [5]. These kinds of ingredients have the 
potential to modify the thermosetting resin, and 
composition of the hydroxyl groups, and improve 

http://creativecommons.org/licenses/by/4.0/.


305Int. J. Nano Dimens., 14 (4): 304-319, Autumn 2023

S. Siami Araghi et al.

performance in epoxy lacquer.
A well-known method to alter the unique fea-

tures of polymers in recent years is the introduc-
tion of nanosized filler into different polymers or 
epoxies [6-8]. One of the main targets of using 
nanocomposite is to use the building blocks with 
nano dimensions to design and create new materi-
als that achieve new properties. Although the high 
specific surface area of nanoparticles results in 
intense interfacial contact between the particles 
and polymer matrix, it induces the formation of 
micrometer-sized agglomerates and electrostatic 
attraction among the particles [9]. Nanoparticles 
must therefore be homogeneously dispersed with-
in the matrix to benefit from the advantages of a 
high surface area. There are various techniques 
for infusing the nanoparticles into a polymer, such 
as melt mixing [10], solution mixing [11], in situ 
interaction polymerization [12], shear mixing [13], 
and mechanical stirring [14]. The effort of mixing 
on the dispersion of nanoparticles in nano epoxy 
composite was studied in many investigations.

Based on previous studies, with adding nano-
fillers to polymers, have been leads to improved 
polymer properties that are different from the 
properties of conventional polymers [15]. Al-Turaif 
[16] studied the mechanical properties of epoxy 
resin with TiO₂ nanoparticle size. The modified 
epoxy showed improved tensile stress and flexur-
al performance, according to the results. The ef-
fects of nanoscale SiO2, TiO2, Fe2O3, ZnO, and clay 
on the thermal and mechanical characteristics of 
the epoxy coating were investigated by Nguyen et 
al. [17]. They found that Fe2O3 and nanoscale clay 
might boost epoxy coating’s adhesive strength. 
Nano SiO2, nano Fe2O3, and nano ZnO enhanced the 
thermal stability of epoxy, and nano TiO₂ showed 
the best strength improvement. Jiang et al. [18] 
studied the thermo-mechanical behavior of epoxy 
nanocomposite with Al2O3. Based on their results, 
nano Al2O3 had little effect on the thermal stability 
of nanocomposites.

The design of the expert method is a statisti-
cal tool that reduces the number of experiments 
necessary for studying the effects of various pa-
rameters on the product quantity or quality. This 
method screens the significant factors affecting 
the response from the less significant ones, and 
provides the optimum condition to achieve the 
most desirable performance [19]. The effect of 
materials and mixing conditions on the mechani-
cal properties and chemical compatibility of nano 

epoxy composites has never been studied experi-
mentally, despite some studies in the field. More-
over, little attention has been paid to using differ-
ent resins for the nanocomposite preparation. 

This research aimed to study the effect of nano 
TiO₂ (A), nano Al₂O₃ (B), and a dispersant (C), two 
different formulas (E, e) and two different mix-
ing methods (D, d) on the mechanical properties 
of nano epoxy composite using an experimental 
design approach. Using Matlab software, the link 
between mechanical characteristics and chemi-
cal compatibilities was investigated. Qualitative 
responses were classified using PLS-DA based on 
mechanical characteristics and chemical compati-
bilities. Finally, under ideal nanoparticle, formula, 
and mixing mode circumstances, the morphologi-
cal, thermal, and mechanical characteristics were 
investigated. 

MATERIALS AND METHODS
Materials

Bisphenol A diglycidyl ether (BADGE) epoxy res-
in EPO-TEK®H20E was provided from Epotek, USA, 
phenolic mounting resins were purchased from 
PACE Technologies, USA and carboxylic acid PAF 
C-16 were purchased from Cayman, USA as curing 
agents in conjunction with TEGOPERN®6875 were 
purchased from Evonik, Germany as a dispersant 
were used. TiO₂ Nanoparticles of a mean diame-
ter of 10-30 nm, and Al₂O₃ Nanoparticles with an 
average diameter of 20 nm were prepared from 
US Research Nanomaterials Inc., USA. The purity 
of TiO₂ and Al₂O₃ was 99.9%.

Methods
Production method of nanocomposite

To prepare the mixture, the phenol-formalde-
hyde curing agent was added to the epoxy resin 
with the ratio of 100 : 17 w/w (Donated as E). Car-
boxylic acid and phenol formaldehyde were added 
to the epoxy resin with the ratio of 100 : 43 w/w 
(Donated as e). According to Nguyen et al. [20], 
different quantities of TiO2 and Al2O3 nanoparti-
cles (up to 2%) were added after premixing the 
mixture and adding the required quantity of dis-
persant. Two mixing techniques, ultrasound and 
high-speed mixing were combined to create a ho-
mogeneous solution. High-speed mixing was car-
ried out for 15 min at room temperature using an 
IKA T25 digital Ultra-TURRAX® homogenizer at a 
speed of 15000 rpm [21]. After degassing the solu-
tion, ultrasonic vibration with a maximum output 
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power of 70 W and a constant frequency of 28 
KHz was used. An ultrasonic amplitude of 90% was 
applied with a pulse (9s on, 1s off) for about 16 
min [22]. The mixing breaker was placed in a water 
bath for external cooling to establish a steady tem-
perature environment. These treatments were ap-
plied to flat tin plates that had been coated with 
the appropriate nanocomposite and heated to 190 
°C for 15 minutes.

Nanocomposite mechanical test method
Coated surfaces were examined using the ad-

hesion test, and the outcomes were assessed us-
ing a technique that complies with ASTM D3359-
09. On the dried film from a metal substrate, the 
test was conducted using a cross-cut tester. Then, 
the adhesion of samples was measured (6x-10x 
magnification), by rubbing and pulling off bande-
role on the dried film. The specimens were scored 
from 1 (highest score for samples without any 
blowing) to 5 (lowest score for samples with ex-
treme blow). 

To measure the flexibility of dried film wedge 
bend test was used (ASTM E23). A Hofer, model 
HF C300, with a hammer weight of 2300 g and 
drop height of 650 mm was used. The size of the 
samples was 140 mm × 70 mm. The samples were 
observed (original magnification 6X and 10X), and 
scored by percentage of scratch. 

Nanocomposite Chemical compatibility test method
Based on ASTM D543, the chemical compati-

bility of the nanocomposite was tested. To assess 
the resistance of coatings to chemical reagents 
under sterilization and pasteurization conditions, 
chemical compatibility was established. Lactic 
acid, chloro-cysteine, citric acid, and acetic acid 
were all components of the sterilizing solution. 
Citric acid served as the pasteurization condition’s 
equalized solution. Acetic acid glacial 2%, citric 
acid 2%, and lactic acid 1.3% were used as chemi-
cal reagents. The abovementioned chemicals were 
prepared from Tosseh Nano Fanavar Kashef, IRAN, 
and L-cysteine hydrochloride monohydrate 0.5% 

was bought from Merck Germany in a completely 
sterile condition. Then, the mechanical properties 
of the samples were evaluated (1 point was as-
signed to the highest quality and 0 to the lowest 
quality). 

Nanocomposite optimization method
The effects of independent variables included 

TiO₂ (donated as A), Al₂O₃ nanoparticles (donated 
as B), Tegopern® 6875 (donated as C) as dispersant 
agents and two mixing methods included ultra-
sound (donated as d), and ultra-turrax (donated as 
D), and two formulas included epoxy resin, phenol 
formaldehyde, and other solvents (donated as E) 
and epoxy resin, phenol formaldehyde, melamine, 
and other solvents (donated as e) on adhesion 
and wedge bend properties of the modified coat-
ing were investigated. The test plan was created 
using the Design-Expert 7.1.5 application. While 
dispersant was given a numerical type variable 
classification, TiO2 and Al2O3 nanoparticles were 
categorized as mixed type variables. As shown 
in Table 1, mix and formula were categorized as 
category type variables. Using the best-fit model, 
the correlation between independent variables 
and responses was found. The best-fitted model 
was selected based on some elements, such as 
high R-squared, low standard deviation, and sig-
nificance of the model based on the analysis of 
variance. The statistical comparisons of predicted 
values, and actual values of the optimized points 
were tested by paired t-test using SPSS software 
(Ver. 22.0, IBM Corp, Armonk, NY, USA). The chem-
ical compatibility results included acetic acid, cit-
ric acid, lactic acid, and L-cysteine hydrochloride 
monohydrate were donated as 0 (not acceptable), 
and 1 (acceptable). Chemical compatibility results 
were imported to Matlab and used to build up X 
block variables (data matrix X). Independent vari-
ables were coded and utilized as the y block vari-
ables, including mixing and formula. These evalu-
ations were conducted using PLS Toolbox 7.8 and 
MATLAB R2013a software. The relevance of each 
variable in the PLS-DA model was categorized in 

1 

Table 1. Treatments and coded levels of independent variables. 
 

Variables Symbols coded Type Coded levels 
-1 0 1 

TiO₂ (%) A Mixture 0 1 2 
Al₂O₃ (%) B Mixture 0 1 2 

Dispersant (%) C Numeric 0 0.005 0.01 
Mix D Categoric D - d 

Formula E Categoric E - e 
 
 

Table 1. Treatments and coded levels of independent variables.
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the following using the VIP score as a straightfor-
ward strategy tool [23, 24].

Field Emission Scanning Electron Microscope (FE-
SEM) study of optimized nanocomposite

The surface morphology and the dispersion 
state of TiO2 and Al2O3 nanoparticles within the 
polymeric matrix were studied using FESEM (Mira3 
Tescan, Czech) with an energy dispersive Xrays an-
alyzer (EDX) to determine the size, as well as the 
identity of present particles in the material. The 
coated steel panels were subjected to the applica-
tion of a thin layer of a gold coating before carry-
ing out the tests to minimize the charging effects.

Differential Scanning Calorimeter (DSC) study of 
optimized nanocomposite

Comparative Scanning The glass transition 
temperature, Tg, which marks the shift from a 
glassy solid phase to a super-cooled liquid state, 
was determined using a calorimeter on samples 
by Mettler Toledo, Switzerland. The range of tem-
perature for prepared nanocomposite, and neat 
epoxy was done from 30 to 300 °C, at a heating 

rate of 10 °C/min according to ASTM D3418 [25].

Dynamic Mechanic Analysis (DMA) study of opti-
mized nanocomposite

Dynamic Mechanic Analysis was performed us-
ing a TA Instrument 2980, at three-point bending 
mode at an oscillation frequency of 1 Hz. Tempera-
ture scanning was performed from -60 to 100 °C 
on a heating rate of 5 °C/min [26]. The final sample 
specimen shape was performed as 2 mm × 30 mm 
× 12 mm.

RESULTS AND DISCUSSION
Experiment design of nanocomposite

The experiment design was carried out based 
on Table 2. Independent variables included TiO₂ 
nanoparticles, Al₂O₃ nanoparticles, Tegopern® 
6875 as dispersant agent, and two mixing meth-
ods included ultrasound, and ultra-turrax, and two 
formulas named E (included epoxy resin, phenol 
formaldehyde and other solvents), and e (included 
epoxy resin, phenol formaldehyde, melamine, and 
other solvents). As shown in Table 2, 34 runs were 
done based on a D-optimal combined design. 

2 

Table 2. D-optimal combined design and responses for mechanical properties, and chemical compatibilities results. 
 

Run Component 
1 A:Tio₂ 

Component 
2 B:Al₂O₃ 

Factor 3 
C:Dispersant 

Factor 
4 D: 
Mix 

Factor 5 
E:Formula Adhesion Wedge 

Bend 
Acetic 
Acid* 

Citric 
Acid* 

Lactic 
Acid* 

cystein 
chloride*  Pasteurization* 

1 2 0 0 d E 2.04 0.1 1 1 1 1 1 
2 1 1 0.01 D e 5 0.1 0 0 0 0 0 
3 0 2 0 d e 4.95 0.18 1 1 1 0 0 
4 2 0 0.005 D e 3.99 0.19 0 0 0 0 1 
5 0 2 0 D E 1.26 0.04 1 1 1 1 1 
6 1 1 0.005 d e 3.83 0.1 1 0 0 0 0 
7 0 2 0.01 D e 5 0.29 0 1 1 0 1 
8 1 1 0.008 d E 1.52 0.1 1 1 1 1 1 
9 1 1 0.005 D E 1.26 0.08 1 1 1 1 1 
10 0 2 0.005 d E 2.7 0.11 1 1 1 1 1 
11 2 0 0 D E 2.04 0.1 1 1 1 1 1 
12 0 2 0.005 D e 2.04 0.13 1 1 1 0 1 
13 2 0 0.003 d e 1.17 0.09 1 1 1 0 1 
14 2 0 0.01 D e 1.48 0.23 1 1 1 0 1 
15 2 0 0.01 d e 2.62 0.17 1 1 1 0 1 
16 1 1 0.008 D E 2.69 0.13 1 1 1 0 1 
17 1 1 0 d E 1.85 0 1 1 1 1 1 
18 0 2 0.01 d e 2.26 0.1 1 1 1 0 1 
19 2 0 0.01 D e 1.91 0.23 1 1 1 0 1 
20 0 2 0.01 D e 3.74 0.28 0 1 1 0 1 
21 1 1 0.005 d E 1.56 0 1 1 1 1 1 
22 0 2 0 D E 1 0.11 1 1 1 1 1 
23 0 2 0 d E 1.85 0.09 1 1 1 1 1 
24 0 2 0 D E 1.39 0.1 1 1 1 1 1 
25 2 0 0.01 d e 2.62 0.17 1 1 1 0 1 
26 0 2 0 d e 4.26 0.19 1 1 1 0 0 
27 1 1 0.01 D e 5 0.13 1 0 0 0 0 
28 1.5 0.5 0.01 D E 2.78 0.13 1 1 1 1 1 
29 2 0 0.01 D e 2.15 0.24 1 1 1 0 1 
30 1.5 0.5 0.008 d e 5 0.18 0 1 1 0 1 
31 0 2 0.005 D E 2.04 0.13 1 1 1 1 1 
32 2 0 0 d E 2.45 0.14 1 1 1 1 1 
33 1 1 0.005 d E 1.26 0.08 1 1 1 1 1 
34 0 2 0 d E 1.71 0.1 1 1 1 1 1 
*0= not acceptable 1= acceptable 

 
  

Table 2. D-optimal combined design and responses for mechanical properties, and chemical compatibilities results.
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Mechanical test results of nanocomposite
The results of adhesion, and wedge bend tests 

were detected based on Table 2. As shown in ta-
ble 2, the highest amount of adhesion belonged 
to 5, 8, 9, 11, 12, 13, 14, 17, 19, 21, 22, 23, 24, 29, 
31, 33 and 34 treatments. Moreover, the highest 
amount of wedge bend was allocated to 17 and 21 
treatments. 

Chemical compatibilities test results of nanocom-
posite

The results of chemical compatibility of nano-
composites under pasteurization and sterilization 
conditions are shown in Table 2. It can be seen 
that 1, 4, 5, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 
18, 19, 20, 21, 22, 23, 24, 25, 28, 29, 30, 31, 32, 33 
and 34 treatments had the chemical compatibili-
ties against pasteurization condition. The chemical 
compatibilities of 1, 3, 5, 6, 8, 9, 10, 11, 12, 13, 
14, 15, 16, 17, 18, 19, 21, 22, 23, 24, 25, 26, 27, 
28, 29, 31, 32, 33, and 34 treatments against ace-
tic acid were considered acceptable. The chemical 
compatibilities of 1, 3, 5, 7, 8, 9, 10, 11, 12, 13, 14, 
15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 28, 
29, 30, 31, 32, 33 and 34 treatments against cit-
ric acid were considered acceptable. The chemical 
compatibilities of 1, 3, 5, 7, 8, 9, 10, 11, 12, 13, 14, 
15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 28, 29, 
30, 31, 32, 33 and 34 treatments against lactic acid 
were considered acceptable. Moreover, the chem-
ical compatibilities of 1, 5, 8, 9, 10, 11, 17, 21, 22, 
23, 24, 28, 31, 32, 33 and 34 treatments against 
chloro-cysteine were considered acceptable.

Nanocomposite optimization results 
As shown in Table 3, low and non-significant 

lack of fit, low standard deviation, low projected 
sum of squares, high R-squared, and high accept-
able accuracy were used to determine the quality 
of fitted models. Quadratic and 2Fl models were 
shown to be the most effective models for adhe-
sion response (Table 4). Thus, the wedge bend 
was fitted by quadratic and linear models. Based 
on Table 4, adhesion was significantly affected by 
the 2Fl term of the independent variable. Further-
more, the interaction between Al₂O₃ and formula 
(BE), and the interaction of TiO₂, Al₂O₃, and for-
mula (ABE) were significantly affected by adhe-
sion and wedge bend. The coefficient estimate for 
the response variables is shown in Table 5. It was 
confirmed that the interactions among TiO₂, Al₂O₃ 
and formula (ABE) were the most effective factors 
on adhesion properties. Hence, TiO₂ (A) and Al₂O₃ 
(B) were the main effective factors on the wedge 
bend.

Moreover, adhesion was positively affected 
by the major effects of TiO2 (A), Al2O3 (B), and 
their interaction (AB). Whereas the principal det-
rimental effect on adhesion was caused by the 
interaction of TiO2 (A), Al2O3 (B), dispersant (C), 
and formula (E). In general, by considering the 
absolute value of interactions, the effect of TiO₂ 
(A), Al₂O₃ (B), and their interactions (AB) were ob-
vious. These results were evaluated further using 
two-component mix graphs.

Two component mix represents the effect of 
changing each mixture component while holding 
all others in a constant ratio. Fig. 1a-d indicated 
two component mix of adhesion. In Fig. 1a, by in-
creasing TiO2 and decreasing the Al2O3 in a fixed 
ratio of mix D, formula E, and dispersant 0.01 
caused an increase in adhesion. This progress was 

 

3 

 
Table 3. The goodness of fitted models based on Analysis of variance (ANOVA). 
 

Source Sum of Squares df Mean Square F Value P-value 
Adhesion      

Model 51.05 20 2.55 15.13 < 0.0001 
Residual 2.19 13 0.17   

Lack of Fit 1.06 3 0.35 3.12 0.0748 
R-Squared 0.96     

Adequacy Precision 12.62     
Standard Deviation 0.41     

Wedge Bend      
Model 0.12 11 0.011 11.36 < 0.0001 

Residual 0.02 22 0.001   
Lack of Fit 0.02 12 0.002   
R-Squared 0.85     

Adequacy Precision 12.03     
Standard Deviation 0.03         

ᵃdegrees of freedom 

 
  

Table 3. The goodness of fitted models based on Analysis of variance (ANOVA).
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undesirable. Although at this point, the score was 
raised, it was not in favor and caused the adhesion 
reduction. Since minimum adhesion was the main 
goal. In the mix d and formula E by increasing TiO₂ 
from 0 to 1%, and decreasing Al₂O₃ from 2 to 1% 
led to decrease the adhesion, and increasing TiO₂ 
from 1 to 2% and Al₂O₃ 1 to 0% led to increase it 
(Fig. 1b). While in constant ratio of mix d, formula 
e, and dispersant 0.01, by increasing TiO₂ from 0 to 

1% and decreasing Al₂O₃ from 2 to 1% caused ad-
hesion increase. Nguyen et al. [17] reported sim-
ilar results when they added nano TiO₂ to epoxy 
resin. The increase in TiO2 from 1 to 2% and the 
drop in Al2O3 from 1 to 0% resulted in a decrease in 
adhesion (Fig. 1c). This outcome matched that of 
combination D, formula e, and dispersant 0.01 just 
as well, as seen in Fig. 1d. The results showed that 
adding more nano Al2O3 increased the adherence 

 

5 

 
Table 5. The models used to show studied responses (y) as a function of independent variables (in terms of actual values). 
 

Response Model 

Adhesion 
R1= 2.62A+ 2.37B+ 4.19AB+ 0.46AC- 0.27AD+ 0.51BC+ 0.14BD+ 0.80BE- 2.24ABC+ 
0.97ABD+ 6.14ABE- 0.53ACD- 0.12ACE- 0.054BCD+ 0.014BDE- 0.086ABCD- 1.74ABCE+ 
1.16ABDE 

Wedge Bend R2= 0.15A+ 0.13B- 0.20AB-0.020AD+ 0.033AE + 0.034BC- 0.022BD+ 0.048BE+ 0.089ABC- 
0.097ABE 

 
 

Table 5. The models used to show studied responses (y) as a function of independent variables (in terms of actual values).

 
Figure 1. Two-component mix of adhesion with 0.01% dispersant, (a) in mix D and formula E, (b) in mix d and formula E, (c) in mix d and formula 

e, (d) in mix D and formula e. 

 

 

 

 

Fig. 1. Two component mix of adhesion with 0.01% dispersant, (a) in mix D and formula E, (b) in mix d and formula E, (c) in mix d and 
formula e, (d) in mix D and formula e.
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of epoxy, which is in line with Zhai et al.’s findings 
[27]. This may be accounted for by the influence 
of nanoparticles, which enhances the cured epoxy 
coating’s adhesion to the substrate and modifies 
its mechanical characteristics. Furthermore, all re-
sults were the same and it can be seen that the 
dispersant had no significant effect on adhesion. 
It seems a low amount of consumed dispersant 
based on FDA regulations for food contact statutes 
at levels up to 0.5% by the weight of pigment can 
be effective in this regard.

The effect of two component mix on wedge 
bend was shown in Fig. 2a-d. In the constant ra-

tio of mix D, formula E and dispersant 0.01 the in-
crease of TiO₂, and decrease of Al₂O₃ were in terms 
of the wedge bend enhancement (Fig. 2a). This re-
sult was observed by Khalil et al. [28] while, Al₂O₃ 
nanoparticles enhanced the mechanical prop-
erties of the epoxy matrix. The minimum wedge 
bend was the main goal. Flexibility was therefore 
not advantageous at this time. By increasing TiO2 
from 0% to 1% and decreasing Al2O3 from 2% to 
1% wedge bend in mix d, formula E reduced. Fol-
lowing this, the result was incremental (Fig. 2b), 
with a rise in TiO2 concentration and a fall in Al2O3 
content. In mix D, formula e, dispersant 0.01, and 

 

Figure 2. Two-component mix of wedge bend, (a) in mix D and formula E, (b) in mix d and formula E, (c) in mix d and formula e, (d) in mix D 

and formula e. 

 

 

 

 

 

 

Fig. 2. Two component mix of wedge bend, (a) in mix D and formula E, (b) in mix d and formula E, (c) in mix d and formula e, (d) in 
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mix D, formula e, the identical outcomes were 
seen (Fig. 2c-d). the same results were observed 
by Al-Turaif [16], they found that, the maximum 
flexural properties were found at a small percent-
age of 1% of TiO₂ particles. Wherein, Bittmann et 
al. [22] and Chatterjee and Islam [14] showed an 
improvement effect of TiO₂-nanoparticles on me-
chanical performance. This might be ascribed to 
some different conditions of mixture and formula 
type. 

Furthermore, our findings showed that the dis-
persant had no discernible impact on the wedge 
bend characteristics. While the mechanical char-
acteristics of the nanocomposite are being tuned, 
two response variables may be used to define the 
qualitative characteristics of the products. Since 
it’s crucial to find the ideal criterion, they both 
need to be reduced. Therefore, the responses 
were considered in the range of studied levels. The 
optimum values were calculated by Derringer´s 
desirability function (Eq. 1):

D= 1 2m
md d d…    (1)

Where m is the number of responses studied 
in the optimization process, and d is the individual 
desirability function of each response. Derringer´s 
desirability function (D) can take values from 0 to 
1. A value of greater than 0.7 indicates a combina-
tion of the different criteria is matched in a global 
optimum [29].

Using the desirability function method, the 
following optimum condition was obtained: TiO₂= 
0.66%, Al₂O₃= 1.33%, dispersant= 0%, mixing d (ul-
trasound) and formula E. The correlation of actual 
and predicted values was studied by paired t-test 
to certify the optimum point. The results indicated 
that, there was no significant different between 
predicted, and actual values (P ˃0.05). The ag-
gregate attractiveness as well as the desirability 
for each piece and answer were both shown in 
Fig. 3’s ramp view. Table 6 displays the anticipat-
ed value of replies under perfect circumstances. 
By considering high overall desirability functional 
and minimum propagation of error (POE) for each 
response, we represented optimal conditions as 
robust points. The value of 0.924 for desirability 

 

Figure 3. The schematic representation of optimum values of factors, responses, and corresponding levels. 
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Table 6. Experimental and predicted values of responses at optimized conditions. 
 

Responses 
Physical Chemical   

Adhesion (%) Wedge bend Acetic 
Acid 

Citric 
Acid 

Lactic 
Acid 

cysteine 
chloride  Pasteurization Desirability 

Predicted 
value ᵃ1.72± 0.27* ᵇ0.093± 0.017* - - - - - 0.924 

Actual value ᵃ2.56± 1.25* ᵇ0.132± 0.064* 1 1 1 1 1 - 
*Same alphabet shows no significant difference between predicted and actual based on paired t-test 

 

Table 6. Experimental and predicted values of responses at optimized conditions.
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denoted a valid optimum condition. These results 
suggested that a combined design was capable of 
the optimization of some mechanical properties of 
EP/ TiO₂/ Al₂O₃ nanocomposite.

To study the PLS-DA, 35 samples were selected. 
These samples were obtained using a D-optimal 
combined design (34 runs), and one sample was 
selected and formulated by optimization process 
(named 35).

PLS-DA is one of the classification methods 
which search for latent variables with a maximum 
covariance. A classification model can be the best 
way to study the qualitative model response. For 
example, each definable object can be associated 
with a qualitative binary response (yes/no). Fur-
thermore, the classification model can be an ap-
propriate way to outcome process (acceptable or 
not acceptable) [30]. The data were divided into 
categories using the PLS-DA modeling procedure. 
A good PLS-DA model requires cross-validation 
and the right preprocessing techniques. Data was 
automatically scaled and cross-validated using the 
leave one out approach prior to PLS-DA modeling. 
PLS-DA model analysis yielded two latent variables 
which contribute about 94.32% of the total vari-
ance in the data. The first latent variable LV1 indi-
cated 74.02% and the second latent variable LV2 
showed 20.3% of the total variance. Fig. 4 showed 
score plots for two latent variables of the PLS-DA 
model and illustrate that sample number 35 (opti-

mized sample) was placed in +LV1 and +LV2, where 
samples number of 2, 3, 4, 6, 7, 20, 26, 27, and 30 
were settled in –LV1 and –LV2, and other samples 
in –LV1 and +LV2. No samples were inserted into 
the +LV1 and -LV2, as shown in Fig. 4. Sample num-
ber 35 (the optimized sample), when compared to 
other samples, demonstrated strong discrimina-
tion, according to the score plots for two latent 
variables. Variable importance in the projection 
VIP scores applied to identify the variables that 
were the most significant factor for the discrimi-
nation. VIP scores were greater than one used as a 
criterion to identify the most significant variables. 
In Fig. 5, the values of the VIP score for the me-
chanical and chemical variables are shown. It can 
be observed that the wedge bend, adhesion and 
pasteurization condition were the most significant 
variables by 2.73, 2.02, and 1.38, respectively.

Optimized nanocomposite Field Emission Scanning 
Electron Microscope (FESEM) results

Fig. 6 (a, b) displays the surface morphology of 
the neat epoxy and Fig. 6 (c, d) displays the sur-
face morphology of the cured nanocomposites as 
determined by FE-SEM with EDX element map-
ping. The nanoparticles’ FESEM picture showed 
that both their size and shape were uniformly na-
noscale. These photos demonstrated that the av-
erage particle size was roughly 90 nm under ideal 
circumstances. Based on Fig. 6 (d), the EDX graph 

 

 

 

Figure 4. PLS-DA scores plot (LV1 vs., LV2) in the analysis of selected runs, and optimum point. 

 

 

 

Fig. 4. PLS-DA scores plot (LV1 vs., LV2) in the analysis of selected runs and optimum point.
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Figure 5. VIP scores of variables in the PLS-DA model. 

 

 

 

Figure 6. FESEM image of (a) neat epoxy, (b) EDX spectra of neat epoxy, (c) FESEM image of epoxy/Tio2/Al2O3 nanocomposite, and (d) EDX 

spectra of epoxy/Tio2/Al2O3 nanocomposite. 

 

  

Fig. 5. VIP scores of variables in the PLS-DA model.

Fig. 6. FESEM image of (a) neat epoxy, (b) EDX spectra of neat epoxy, (c) FESEM image of epoxy/TiO2/Al2O3 nanocomposite, and (d) 
EDX spectra of epoxy/TiO2/Al2O3 nanocomposite.
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only showed the presence of Al, Ti and O (50.33, 
3.42, and 46.25W%, respectively) in the nanocom-
posite.

Optimized nanocomposite Differential Scanning 
Calorimeter (DSC) results

The results of measuring glass transition tem-
perature by applying a differential scanning cal-
orimeter are shown in Fig. 7 The original epoxy 
resins and nanocomposite glass transition tem-
perature were measured using DSC which were 
103.52 °C and 120.98 °C, respectively. Our find-
ings were similar to Ben Samuel et al. [31] reports. 
They reported epoxy resins including nano-silica 
particles (2 v/w%) had higher glass transition than 
epoxy resin. Moreover, the Tg value of nano epoxy 
composite 1% and nano TiO2 was higher than (79 
to 84 °C) that of neat epoxy [32]. The same results 
were obtained by adding 0.5% of nano Al2O3 to 
epoxy which caused Tg to increase from 191.7 to 
205.6 °C [33].

All cross-linking density [34], free volume [35, 
36], and the nano surface adhesion and epoxy in-
terfacial layer [17, 18] were affected by the glass 
transition temperature.

Cross-linking density has a significant role to 
regulate the glass transition temperature for a 
typical thermosetting polymer setting system. 
Since cross-linking density and the glass transition 
temperature are intimately correlated, raising the 
glass transition temperature raises the cross-link-
ing density [17]. If the nanoparticles are distribut-
ed properly throughout the composite, such as by 
the polar force of the nanoparticles and the mas-

sive van der Waals bond in the nanocomposite, 
the crosslinking formation of the nanocomposite 
in the multilayer bond between the resin and the 
hardener will be increased compared to epoxy. 
This phenomenon can be related to use of free 
volume in the composite structure. In a polymer 
matrix, increasing the crosslinking complication 
reduces the specific free volume. Consequently, 
molecular motion requires more energy to rotate. 
Therefore, the Tg value can be increased [37, 38]. 
Evora and Shukla showed that the restriction of 
resin networks based on the decrease in particle 
sizes, and glass transition temperature extremely 
could increase for the small particles [39]. Fur-
thermore, a certain weak dispersion caused a 
decrease in the glass transition temperature con-
sistent by increasing the accumulation of particles 
[14, 40]. If there is insufficient cohesion between 
the nanoparticles and the matrix, the crosslinking 
and glass transition temperature may be atten-
uated. The glass transition temperature may be 
decreased due to the tension concentration sur-
rounding cohesive nanofillers [41]. Furthermore, 
the interactions between the polymer chains and 
the surface of high-charge nanoparticles lead to 
the formation of a polymer nanolayer that is close 
to the surface of nanoparticle, and it is the inter-
facial nanolayer which appoints glass transition 
temperature [17, 28, 42].

Optimized nanocomposite Dynamic Mechanic 
Analysis (DMA) results

The storage modulus of neat epoxy and the 
nanocomposites measured using DMA are indi-

 

 

 

Figure 7. Glass transition temperature of neat epoxy and epoxy/TiO2/Al2O3 nanocomposite. 
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Fig. 7. Glass transition temperature of neat epoxy and epoxy/TiO2/Al2O3 nanocomposite.
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cated in Fig. 8. Viscoelastic responses of material 
were perceived from DMA analysis. Features like 
storage modulus were measured under dynamic 
loading conditions in a temperature range. The 
storage modulus (E) indicates the stiffness of vis-
coelastic material which is known as the energy 
stored in the load cycle.

DMA plots of storage modulus in different 
ranges of temperatures are illustrated in Fig. 8. It 
was found that the storage modulus changed as 
a function of temperature and nanoparticle con-
centration in unmodified and nanocomposites 
with and without nanoparticles. The values of E 
reduced with rising the temperature, which indi-
cated the material state shifts from glass to rubber. 
However, when the epoxy was strengthened by 
the addition of nano-sized TiO2 and Al2O3 particles, 
E values increased, demonstrating the reinforcing 
impact of the nanoparticles. The storage modulus 
was considerably enhanced when nanoparticles 
were present. Similar results were seen in other 
nanocomposites [28, 43] which showed that, add-
ing 2 wt% of the nano TiO2 and Al2O3 could sig-
nificantly increase the storage modulus at 31°C. 
The same result was observed in a research titled 
the improvement of Storage Modulus by loading 
nano alumina to the epoxy [44]. Furthermore, the 
storage modulus of reinforced epoxy composites 
with 4 wt% of the nano TiO2 showed the maximum 
enhancement (32.8%) compared to neat epoxy 
[45]. The nanocomposite under loading nano TiO2 
and Al2O3 had more surface areas and enhance 

more interfacial interactions with the matrix. 
Therefore, the mobility of polymer chains can be 
reduced, and stress transfer at the interface can 
be improved. According to a widely accepted the-
ory [44, 46], the enhancement in the mechanical 
and dynamic properties of reinforced composites 
can be attributed to the expansion of a chemically 
bonded system that is more rigid and firmer.

CONCLUSIONS
A combined design was used to optimize some 

mechanical properties of EP/ TiO₂/ Al₂O₃ nano-
composite. 2Fl and quadratic models were found 
the best models for adhesion, so the wedge bend 
was fitted by linear and quadratic models. The re-
sult confirmed that TiO₂, Al₂O₃ and formula (ABE) 
were the most effective factors in the adhesion 
and wedge bend. Moreover, it was concluded that 
the best mechanical properties can be achieved 
at an optimal condition (TiO2 0.66%, Al2O3 1.33%, 
dispersant 0.000017%, mixing d (ultrasound), and 
formula E 0.924 desirability). PLS-DA analysis in-
dicated the optimum point had discrimination in 
comparison with other samples. By VIP scores, 
the distance, wedge bend, adhesion, and thermal 
treatment were the most significant variables. The 
analysis of variance (ANOVA) on the models re-
vealed that the predicted model was significant (P 
< 0.05) and its lack of fit test was not significant. A 
high coefficient of determination, and high enough 
accuracy indicated a good fit of the predicted 
model to the experimental data. Thus, the model’s 

 

 

 

Figure 8. DMA results of neat and nanophase epoxy. 
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high corrected coefficient of determination and 
sufficient accuracy demonstrated its applicability 
for forecasting experimental data. A very low co-
efficient of variation clearly showed that obtained 
experimental data had high reproducibility and 
reliability. Based on FESEM and EDX images, the 
epoxy/TiO2/Al2O3 nanocomposite had a uniform 
particle distribution size. The DSC analysis showed 
the TiO₂ (0.66%), and Al₂O₃ (1.33%) nanoparti-
cles loading and the glass transition temperature 
(about 17.46°C), and considerable improvement 
in thermal stability of epoxy/TiO2/Al2O3 nanocom-
posite. This improvement was assigned to the 
homogeneous dispersion of nanoparticles in the 
epoxy matrix. DMA analysis showed an increase 
in the storage modulus of the epoxy/TiO2/Al2O3 
nanocomposite which was attributed to the im-
provement of elasticity. The epoxy nanocompos-
ite showed greater thermal stability and elasticity 
than the control sample. Utilizing nanotechnology, 
it will be possible in the future to create products 
with superior functional properties.  
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