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Abstract

Currently, the demand for high quality and reliable components and materials is increasing, so bending testing
has become a vital test method, both in research and manufacturing and development process, to explain in detail about
the material’s ability to withstand deformation under load. This research investigated flexural properties of polymeric
composites reinforced with natural fiber, in particular the fique fabric, with addition of graphene nanoplates (GNP)
(0.1%; 0.5% and 0.9%) and degradation at high temperature (0, 5 and 10 days), as it was never reported. Using design
of experiments (DoE), ie, 3-full factorial design with two replications, aiming to analyze the effects of important
parameters, which are exposure time and GNP addition percentage. The output response measurement was identified
as deflection at fracture, modulus of rupture and elasticity values. Randomized experiments were conducted based on
table generated via Minitab 19 software. Scanning electron microscopy analysis confirmed the main influences on
flexural analysis responses.
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Efeitos do envelhecimento térmico e da matriz epoxi funcionalizada com
nanoplacas de grafeno em compositos reforcados com tecido fique

Resumo

Atualmente, a demanda por componentes e materiais de alta qualidade e confiabilidade estd aumentando, de
modo que os testes de flexao se tornaram um método de teste vital tanto na pesquisa quanto no processo de fabricacao
e desenvolvimento para explicar em detalhes sobre a capacidade do material de suportar deformacdo sob carga.
Esta pesquisa investigou as propriedades de flexdo de compositos poliméricos de refor¢o de fibra natural, em especial
o tecido de fique, com adicao de nanoplacas de grafeno (NPG) (0,1%; 0,5% e 0,9%) e degradacdo em alta temperatura
(0, 5 e 10 dias), uma vez que nunca foi relatado. Usando o planejamento de experimento fatorial (PEF), ou seja, fatorial
completo com dois fatores e trés niveis com duas repeti¢des, objetivando a andlise dos efeitos de pardmetros importantes
que sdo o tempo de exposi¢do e a porcentagem de adigdo de NPG. A medigdo da resposta de saida foi identificada como
valores de deflexdo, resisténcia a flexao e rigidez. Os experimentos randomizados foram conduzidos com base na tabela
gerada via software Minitab 19. Andlise de microscopia eletronica de varredura ratificou as principais influencias nas
respostas da analise de flexao.

Palavras-chave: Fibra natural; Envelhecimento térmico; Nanoplacas de grafeno; Matriz polimérica.
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1 Introduction

Recently, a worldwide trend in search of natural
resources that will benefit humanity, not only in creation
of new products, but also in opportunity to create jobs
and generate income through development of new
technologies [1]. There is great interest in search for
natural fibers that can adequately replace synthetic fibers
such as, for example, aramid [2]. Natural lignocellulose
fibers, usually defined only as natural fibers, are currently
widely used as reinforcements in polymeric composites
due to their low cost, being biodegradable, which is in
line with current appeal to environmental preservation and
use of renewable material. The main applications of these
composites are in civil construction, furniture, packaging,
automotive and ballistic protection components, generally
used as functional material or for light and medium-sized
loads [3]. An important characteristic of polymeric composites
is the synergistic effect observed in system, where final
properties are improved from individual properties of its
components [4]. As plant fibers have comparatively good
specific mechanical properties (strength/weight, elastic
modulus/weight), this makes them a viable component
for application in composites [3,4].

Depending on the application of composite, the study
of natural degradation can be of fundamental importance,
especially when degradation is combined with heat, solar
radiation, pollution and static or fatigue loads; conditions
that lead to material’ aging with decreases in strength and
stiffness properties [5]. Degradation causes an irreversible
change in properties of polymeric materials, being evidenced
by progressive deterioration of these properties, including
visual appearance [6]. In some cases, degradation reactions
may be desirable, for example, for non-recyclable polymeric
waste. However, in general, degradation reactions are
undesirable. Accelerated aging tests have advantage of
speed, providing data on likely material performance over
its lifetime [5]. In these tests, material” exposure conditions
are simulated, but with high intensities, to accelerate the
degradation process. Despite advantage of speed, it can provide
inaccurate results, due to parallel mechanisms occurring in
materials. In accelerated tests, processes normally studied
are thermooxidation, continuous use at high temperatures,
and photooxidation, exposure to ultraviolet radiation [7].
Thermal aging presents major challenge for high temperature
applications of natural fiber composites [6]. Degradation
processes can be monitored by changes in material’ physical
state and mechanical properties.

Composites based on natural fibers have extensive
requirements in today’s competitive framework of
manufacturing and industrial applications [8]. An example
of application is as intermediate layer in multilayer armor
systems (MAS). MAS with frontal alumina ceramic
followed by composite reinforced with curaua non-woven
fabric and supported by Aluminum alloy were investigated
in terms of thickness ratio optimized by Braga et al. [9].
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The authors used the Box-Behnken Design (BBD) and
multiple regression analysis (MRA) model to assess the
contribution of each layer of MAS to its overall trauma
absorption performance. As the early mentioned study based
on the systematic DoE method, one can choose a process
configuration that works more consistently in operating
environment and reduces process variability. A considerable
amount of literature has been published and applying design
of experiments (DoE) in bending test [10-16].

The demand for high quality and reliable components
and materials is increasing, so bending testing has become a
vital testing method both in research and in manufacturing
and development process to explain in detail about the
material’s ability to withstand deformation under load [17].
Recently, there is a lack of research studies on the effect of
degradation and addition of graphene nanoplates (GNP) in
bending condition by the DoE approach method.

Therefore, the objective of present work is to apply
statistical tools to quantify the influence of exposure to high
temperature and addition of GNP on flexural performance
of fique fabric-reinforced composite. Statistical tools such
as 3* full factorial and MRA were used.

2 Materials and methods

Fique fabric commercially available in Colombia was
supplied by Compaiiia de Empaques, Antioquia, Colombia.
The matrix was diglycidyl ether of bisphenol A (DGEBA)
epoxy resin mixed with triethylenetetramine (TETA) hardener
in stoichiometric proportion phr 13. Both DGEBA and TETA
were supplied by Epoxyfiber, Rio de Janeiro, Brazil. The
40 vol% fique fabric—epoxy matrix composite was fabricated
by placing previously dried fabric piece as ply layers inside
a steel mold, and DGEBA-TETA resin with GNP was also
poured in. Laminated plates of 150 x 120 x 3 mm were made
by the compression molding process and cured for 24 h
at room temperature, inside the mold, under a 5-ton load.
The method of incorporating graphene nanoplates into the
epoxy was like described by Siikiir e Onal [18]. The GNP
amounts being first added, with proportions of 0.1%, 0.5%
and 0.9% by epoxy weight.

The importance of using GNP is due to Brazil has the
second largest reserves and is the third largest producer of
graphite in the world and is necessary to consider the use of
this material and its derivatives to optimize compatibility
between matrix and composites reinforcement. Minas Gerais
Development Company (CODEMGE), together with
Nuclear Technology Development Center (CDTN) and
Federal University of Minas Gerais (UFMG), established
MGgrafeno Project and implemented the first pilot plant
in Brazil for graphene production from natural graphite.
MGgrafeno has developed liquid phase exfoliation process
that produces high quality nanomaterials, each suitable
for a variety of applications. This work was developed in
partnership with MGgrafeno.
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2.1 High temperature aging

The samples were exposed to high temperature
(170 °C) in Nova Instruments drying and sterilization oven.
Three exposure times were considered, corresponding to
0, 5 and 10 days. Elevated temperature, selected to accelerate
degradation process, was relatively low compared to epoxy
matrix glass transition temperature as seen in previous
study [6]. The thermogravimetric characteristics of plain
epoxy and unaged fique fabric-composite were investigated
in a previous work. It was revealed that 170 °C might be
considered the maximum temperature before a sudden
decrease in mass loss associated with effective thermal
degradation of the material. These TGA results justify the
choice of 170 °C for the basic temperature for different aging
times selected in the present work.

2.2 Flexural test

The three-point bending test was performed on
computer-controlled universal testing equipment EMIC,
model DL 10000. Samples were made from composite
plates in dimensions 127 mm x 13 mm % 3 mm, according
with ASTM D790-17, deformation speed was 2 mm/min
and distance between the supports was 96 mm. Modulus
of rupture (o), Equation 1, and modulus of elasticity (E),
Equation 2, were calculated, where Q_ is the maximum load,
L is the distance between the supports, b and d are width
and thickness, respectively, and Ay is the level of composite
deflection at maximum flexural strength.

2.3 Design of Experiments (DoE):
three-level full factorial designs

Design of experiments (DoE) provides powerful means
to achieve breakthrough improvements in product quality and
process efficiency. From the point of view of manufacturing
fields, this can reduce the number of experiments needed
by considering main factors that affect experimental results.
DoE is a systematic method for determining the relationship
among factors that affect processes and its outputs. In other
words, it is used to find cause and effect relationships.
This information is needed to manage process inputs to
optimize output. DoE can show how to run fewest number
of experiments while keeping most important information.

2.3.1 3% factorial design

Three-level design is written as a 3* factorial design.
This means that k factors were considered, each at 3 levels,
generally referred to as low (-1), intermediate (0) and high
(+1) levels, as presented in Figure 1. The reason three-level
designs were proposed is to model possible curvature in
response function and deal with case of nominal factors
at 3 levels. A third level for a continuous factor facilitates
the investigation of a quadratic relationship between the
response and each of the factors.

DoE performed was a simple method to understand
the influence of exposure time and percentage of GNP
addition on natural-based composite bending performance.
The factorial method was chosen because it is appropriate

3LO, method when several factors must be studied at two or
o=""3m (1) . .
2bd> more levels and interactions between these factors may be
; important. As for its structure, in each complete repetition
P (2)  of experiment, all possible combinations of factor levels
4bd>Ay (treatments) are studied.
Xl
+l — +1/-1 ‘ - ,
E y ® @ I
£ ¢ @ o
X -
204 9 @ @ !
= ® o -
= X, »
vy
-1 — a1 ° . 3 @ o
I I | X, X,
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GNP addition percentage
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Figure 1. 32 design schematic considered (a) flat and (b) 3D perspectives.
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The experimental allocation units to treatments
and order in which tests are performed are done randomly.
To improve statistical significance of factorial 3% factorial
points were tested in duplicate.

The response was analyzed using multiple regression
analysis (MRA) statistics. To apply factorial 32, it is necessary
to code variables using the Equation 3.

o &)

Where t, is the exposure time i (i=-1 for 0 days; i=0
for 5 days and i=+1 for 10 days); c, is the coded factor
value assumed by t; t_ is the average value of exposure
time and 6 is the interval |t-t |. The same is valid for
percentage of GNP addition i (i=-1 for a 0.1%; i=0 for a
0.5% and i=+1 for a 0.9%). The MRA procedure consists
of finding polynomial equation that best describes the
phenomenon studied. In this work, a 2" order equation
was considered [1]. The model fitted with coded variables
is shown in Equation 4.

Ay, a;E[ET,GNP] ra+bjcp +bycy +byciey + b4(:12 +b5c% +& “4)

Where c, is the value of coded factor assumed by t; a
is the linear regression coefficient, b, is the regression slope
and ¢ is the error. The interaction effect is failure of one
variable to produce the same effect on response at different
levels of another variable.

2.4 Scanning Electron Microscopy (SEM) analysis

Microstructural properties, damage mechanisms,
and degradation were monitored using scanning electron
microscopy (SEM) images of fique fabric-composite in
aged state. A model Quanta FEG250 FEI microscope
Thermofisher Scientific, Hillsboro, OR, USA, operating
with secondary electrons at 20 kV was used. Samples were
gold-sputtered for electron conduction.

Table 1. Arrangement of the 3-level full factorial experimental design

3 Results and discussion
3.1 Flexural parameters

Composite without GNP addition and without
exposure, in other words, the control group showed deflection
at fracture of 6.75 £ 2.12 mm, flexural modulus of rupture
0f 77.97 £ 27.08 MPa and flexural modulus of elasticity of
5.22 £2.29 GPa. As compared with control group, it can be
observed that as GNP content increases in composite, greater
its flexural modulus of rupture. Young’s modulus showed a
high decrease, and deflection at fracture was proportional
increased with incorporation of GNP content.

Table 1 also shows that, from the first exposure to
high temperature, flexural modulus of rupture decreases,
but there is an increase in flexural modulus of elasticity
(101%; 170%; 200%). With increase of GNP content, flexural
modulus of rupture and modulus of elasticity increased. With
continued exposure to high temperature, flexural modulus
of rupture significantly decreased (-15%; -17%; -9%),
while flexural modulus of elasticity tended to increase
(136%; 168%; 218%).

3.2 Normality test

Normality testing is usually performed for a dataset
to ensure that sample data represents the population of data.
The normality test was performed using Ryan-Joiner test,
like as Shapiro-Wilk test, and it showed that P value is >0.10
which is greater than 0.05. Thus, the data is considered
normal, once p-value is greater than 0.05. Figure 2 shows
normal probability plot for flexural deflection at fracture,
modulus of rupture, and elasticity.

The null hypothesis of Ryan-Joiner test is that population
is normally distributed. Thus, if p-value is less than chosen
a level (a=0.05), then null hypothesis is rejected and there
is evidence that tested data are not normally distributed.
On the other hand, if p-value is greater than chosen a level,
then null hypothesis cannot be rejected.

32 FULL FACTORIAL PROCESS PARAMETERS RESPONSE VARIABLES
EXPERIMENTALNUMBER A B AB A? B? Deflection at Fracture (nm)[y] MOR (MPa) [c] MOE (GPa) [E]
1 S D 16.15+ 1.04 70.16 + 7.67 0.77 + 0.06
2 0 0 0 0 0 6.85+2.16 7575+ 1.75 2.08+0.70
3 1 0 0 1 0 5.14+0.15 58.35+5.72 2.07+0.24
4 10 0 1 0 13.22+0.33 79.34 £ 17.27 0.91+0.24
5 0 -1 0 0 1 8.11+0.92 65.32+7.21 1.55+0.10
6 0 1 0 o0 1 737+0.17 92.14 + 1.62 2.31+0.03
7 1 -1 -1 11 6.25+ 127 59.71 + 8.42 1.82+0.13
8 11 111 5.02+0.5 63.92 +3.41 2454021
9 S T 11.72 £ 0.31 81.34 + 14.58 1.03 +£0.32

A: Exposure time; B: GNP addiction percentage; GPa: Gigapascal; MOR: Modulus of Rupture; MOE: Modulus of Elasticity; MPa: Megapascal.
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3.3 Analysis of Variance (ANOVA) and
Multiple Regression Analysis (MRA)

The results were obtained with Minitab 19 edition
software. In addition, a step-by-step method was used for
potential terms (A, B, AB, A%, B?), with rule of “a to insert:
0.15 and o to remove: 0.15”.

3.3.1 Deflection at fracture
The highest deflection at fracture was found for

the configuration (-1) (-1), ie, without exposure to high
temperature and with GNP addition of 0.1%. It is noteworthy

that in all conditions without exposure obtained high
values of deflection level, and deflection at fracture had
its potential reduced with the increase of GNP percentage.
The smallest deflection at fracture was observed for (1) (1)
configuration, as expected, since material embrittlement
occurs after exposure to high temperature and graphene
nanoplates can serve as stress concentrators, which may
be a fracture preferred path. Table 2 presents full factor
regression data for deflection at fracture.

It can be seen from Table 2 that there is good fit of
the regression data to experimental data, through S “ANOVA
parameter” definition. Another point is the correlation fit,
which was very satisfactory. Equation 5, based on predictor

99 99
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%0 90
80 80
5 7 =%
50 8
i 8872 £
S 30 DesvPad 3915 oy
20 N 9 20
L RJ 0943 ®
‘ Valorp_>0300 | ‘ Vaor? 0100
! o 5 ] 15 20 ! 40 50 60 70 80 90 100
Deflection (mm) MOR (MPa)
99
(a) (b)
95
90
80
=™
2 60
§ 50 .
g 40 Média 7516
a 30
o DesvPad 5408
N 9
10
. RJ 0957
Valor-P >0,100
' 5 ] 5 10 15 20
MOE (GPa)
(c)

Figure 2. Normal probability plot for flexural data: (a) deflection at fracture, (b) modulus of rupture and (c) modulus of elasticity.

Table 2. Analysis of variance with CI of 95% for model and factors (deflection at fracture)

ANOVA
Source Degrees of freedom Sum of squares Mean square F P-value Significance
Model 4 120.1 30.0 48.23 0.001 Significant
A 1 101.5 101.5 163.1 0.000
B 1 6.81 6.81 10.9 0.030
AB 1 2.56 2.56 4.12 0.112 -
A? 1 9.16 9.16 14.7 0.019
Residue 4 2.49 0.62
Total 8 122.6
Ad=(7.445+0.456) —(4.115£0.322) A —(1.066 £ 0.322) B +(0.801£ 0.395) AB +(2.141£0.558) A (5)
Model summary
S (mm) R? R*(adj) R*(pred)
0.789 97.97% 95.94% 86.47%

adj: adjusted; F: F-test is used for comparing the factors of the total deviation; P-value: Computer method calculates the probability (p-value) of a value

of F greater than or equal to the observed value; A, B: Process parameters presented; S: ANOVA parameter; pred: predictor.

Tecnol Metal Mater Min. 2023;20:e2758
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coefficient, has good prediction relationship for this property,
and Figure 3 presents the response surface of deflection at
fracture data.

3.3.2 Modulus of rupture

The matrix configuration that generated better
performance in terms of flexural modulus of rupture
was (-1) for exposure time, i.e., after 0 hours under high
temperature, and (0) for GNP percentage, i.e., 0.5%. However,
it was the one with highest standard deviation. Another
group that stood out was (0) (1), with 120 hours at high
temperature and GNP addition of 0.9% in epoxy matrix.

Exposure time GNP addition %

"

o B

b

2
o M
g \
g w0 \ e
< ~.
zi 9 \ \H

\ T
. \
7 .\
N
\\
6 .

Deflection (A7)

By Average

In contrast, the worst performance was for configuration
(1) (-1), considering exposure time of 240 hours and
with lowest GNP addition, i.e., 0.1%. Another group that
stood out negatively was (1) (0), it is suggested that there
is great influence of thermal degradation on composite
behavior. Table 3 shows what was previously mentioned,
greater influence of exposure time on composite flexural
performance. Note, from Eq. 6, that factor loadings of both
exposure time and GNP addition are negative, therefore,
the best results of flexural modulus of rupture will occur
in conditions without exposure to degradation (-1) and
with addition of up to 0.1% GNP (-1).

-

GNP addition * Exposure tim

\\ 150 | 7% N
S, s
I :'\‘.\ T ?1
10.0 - N
75 \‘_\L‘-_
' Expos:reﬁm ' GNP addition
(b)
Calculated by
Calculated by Eq. (5
e L experiment
15.57 16.15
7.45 6.85
547 5.14
13.70 13.22
8.51 8.11
6.38 7.37
5.74 6.25
5.21 5.02
11.83 11.72

Figure 3. (a) Main effect plot for Exposure time and GNP addition%, (b) interaction plot for deflection at fracture and
(c) 3D plot of deflection at fracture as function of exposure time and GNP content.

Table 3. Analysis of variance with CI of 95% for model and factors (flexural strength)

Source Degrees of freedom Sum of squares Mean square F P-value Significance
Model 3 854.3 284.7 9.10 0.018 Significant
A 1 397.8 397.7 12.7 0.016
B 1 296.9 296.9 9.49 0.027
A? 1 159.6 159.6 5.10 0.074 -
Residue 5 156.5 31.30
Total 8 1010.8
6=(77.74+3.23)~(8.14+2.28) A~ (7.03£2.28) B~ (8.93£3.96) A* (6)
Model summary
S (MPa) R? R?(adj) R?(pred)
5.594 84.52% 75.23% 40.67%

adj: adjusted; F: F-test is used for comparing the factors of the total deviation; P-value: Computer method calculates the probability (p-value) of a
value of F greater than or equal to the observed value; A, B: Process parameters presented; S: ANOVA parameter; MPa: Megapascal; pred: predictor.

Tecnol Metal Mater Min. 2023;20:¢2758
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Multiple linear regression model fit was found to
be satisfactory, however, the model does not predict with
high quality the response regarding modulus of rupture.
The S parameter, which represents standard deviation of
distance between data values and fitted values, was high,
indicating that the model does not accurately describe
modulus of rupture. The model seems promising (R?~ 85%),
however, predicted R? is only 41%, which indicates that the
model may be overfit. Figure 4 shows a more parabolic shape

when compared to the response surface plot generated for
deflection at fracture.

3.3.3 Modulus of elasticity

MOE is intrinsically correlated with elastic deformation
of materials, determining whether the material is susceptible
to this deformation type. Therefore, modulus of elasticity
is strongly associated with material stiffness and can be
defined as material resistance to elastic deformation, as well
as greater this modulus, more rigid the material and smaller
elastic deformation resulting from a stress.

GNP incorporated in epoxy matrix affected the
material performance, since its rigidity was reduced when
compared to group without the GNP addition. However,
increasing GNP content, an increase in material stiffness

Exposure time

GNP addition %
80

ot

=
3

omax Average
@
2

amax Average

upture (MP2) MORY

Flexural Modulus of R

(c)

can be observed in Figure 5. The highest value obtained
for modulus of elasticity is related to the condition (1) (1),
i.e., with 0.9% of GNP and exposure for 240 hours at high
temperature. In contrast, the material that obtained lowest
modulus of elasticity was with configuration (-1) (-1), i.e.,
with addition of only 0.1% of GNP and without exposure
to high temperature. Table 4 presents the data obtained by
ANOVA of flexural modulus of elasticity.
The data variation is well explained from the
model summary, once the correlation coefficient (R?) is

high. Another relevant factor is predicted R?, which was
satisfactory.

3.4 Morphological analysis

Figure 6 shows micrograph of epoxy matrix with
the GNP addition of 0.1% (a), 0.5% (b) and 0.9% (c).
It can be observed that there is a concentration of graphene
nanoplates in sample with the GNP addition of 0.1%, this
can be an indicator of stress concentration, once with
greater additions of graphene nanoplates this phenomenon
was not observed, showing good homogenization with
epoxy matrix. Figure 6(d) to 6(f) show fracture after
composite bending test without addition of nanoplates,
without and with aging of 5 days, and 10 days, respectively.

GNP addition * Exposure tim

o -~
- F\X“ =
: \

' Expos:vetim ' GNP addition
(b)
Calculated by Eq. Calculated by
(6) experiment
83.98 70.16
77.74 75.75
60.67 58.35
76.95 79.34
84.77 65.32
70.71 92.14
67.70 59.71
53.64 63.92
69,92 81.34

Figure 4. (a) Main effect plot for Exposure time and GNP addition%, (b) interaction plot for MOR and (c)3D plot of MOR as function of
exposure time and GNP content.
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Figure 6(g) shows sample with 0.1% GNP addition without
exposure to high temperature, while Figure 6(h) and 6(i)
show samples with addition of 0.5% GNP with 5 days
under thermal aging and 0.9% GNP with 10 days under
thermal aging, respectively.

Due to wide variety of factors, it is extremely
difficult to predict where and how damage forms and even
its propagation in composite material. The main types of

damage found in these composites were matrix cracking,
fiber rupture, fiber/matrix debonding, delamination.

Cracking in matrix, fiber breakage and fiber matrix
detachment are types of damage that can occur in any fibrous
composite material, but delamination occurs in laminated
composites. It is important to note that the increase in
composite damage impairs the mechanical properties of
laminate so that its elastic constants decrease.

Table 4. Analysis of variance with CI of 95% for model and factors (flexural stiffness)

Source Degrees of freedom Sum of squares Mean square F P-value Significance
Model 3 3.08 1.02 59.18 0.000 Significant
A 1 2.18 2.18 125.7 0.000
B 1 0.45 0.45 26.13 0.004
A? 1 0.44 0.44 25.63 0.004
Residue 5 0.08 0.01
Total 8 3.17
E =(1.982£0.076) +(0.603£0.053) A +(0.275+0.053) B —(0.472 £ 0.093) A% (7)
Model summary
S (GPa) R? R*(adj) R*(pred)
0.132 97.26% 95.62% 89.71%

adj: adjusted; F: F-test is used for comparing the factors of the total deviation; P-value: Computer method calculates the probability (p-value) of a
value of F greater than or equal to the observed value; A, B: Process parameters presented; S: ANOVA parameter; GPa: Gigapascal; pred: predictor.

Exposure time GNP addition %
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0.63 0.77
1.98 2.08
2.11 2.07
0.91 0.91
1.71 1.55
2.26 2.31
1.84 1.82
2.39 2.45
1.18 1.03

Figure 5. (a) Main effect plot for Exposure time and GNP addition%, (b) interaction plot for MOE and (c) 3D plot of MOE as function of

exposure time and GNP content.
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GNP marks

4

Figure 6. Micrographs of epoxy samples with GNP addition of 0.1% (;

iy

.. Broken
fiber

a), 0.5% (b) and 0.9% (c) without thermal aging; composite without GNP

addition and without aging (d), with aging of 5 days (e) and 10 days (f); of composite configurations (-1) (-1) (g), (0) (0) (h) and (1) (1) (i), respectively.

4 Conclusions

Bending test is one of the main mechanical tests used
to guarantee quality control and performance evaluation of
materials under this type of request. The results showed that
two factors have a significant impact on flexural properties.
Based on results, it can be concluded that experimental
design methodology associated with multiple regression and
response surface is a tool that allows evaluation of flexural
behavior of aged and no-aged composite reinforced with
fique fabric with addition, or not, of the graphene nanoplates.
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