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KEYWORDS ABSTRACT

Composite multilayers, Due to the effect of environmental conditions on the behavior of materials, in this research, the
Woven fibers, effect of acidic environment on the flexural modulus and fracture toughness of glass fiber/vinyl
Mode Il fracture, ester composite multilayers at different temperatures under second mode loading has been
Acidic-temperature investigated. The samples were placed at 25°C and 80 °C for different periods of time in acidic
environment, environmental conditions. The experimental results show that different environmental conditions,
Viscous zone model. especially at a temperature of 80 °C, have a significant effect on the behavior of composite

samples. The load-displacement diagrams and fracture toughness of the samples have been
investigated in different time intervals. The experimental results show that at the temperature of
25°C, the maximum load as well as the interlayer fracture toughness increases at the beginning
and then decreases. Also, at around 80 °C, after 250 days, more than 50% of the fracture toughness
value was observed. The scanning electron images (SEM) of the mechanisms of damage and crack
growth over time showed that fiber breakage and separation of fibers from the resin occur at the
fracture surface of the samples.

Extended Abstract

1. Introduction

geing plays a crucial role in reinforced polymer composite materials throughout their service life and

conducting accelerated aging, today. The main problem in aging is to predict the manner, time, and

speed of defects as well as the conditions that can lead to defects. In addition, determines the average
useful life of composite insulation. Polymer-based composites with woven fibers show good properties when they
are exposed to environmental conditions such as temperature, humidity, and other factors, but when they are
exposed to these factors for a long time, aging occurs. It can be seen on their surface that this issue may cause a
drop in their mechanical properties [1]. The delamination phenomenon is the most frequent and dangerous failure
mode for composite laminate materials and is one of the main reasons for failure in composite structures. One of
the reasons for the criticality of this damage mode is the hiding of the delamination phenomenon between the
composite layers. In case of shrinkage phenomenon, the stiffness of the composite structure will decrease
significantly and the load-bearing capacity of the structure will also decrease significantly. There is a possibility
of this phenomenon occurring at any moment of the structure's life for various reasons such as impact and
temperature changes. As a result, the study of the delamination phenomenon in composite laminate is very
important and has been studied by many researchers [2-5]. Almansour et al [6] studied three types of low-weight
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biocomposites. Their results showed that the initiation and growth fracture toughness in some wet composites
decreases compared to dry composites, while the growth fracture toughness in some aged samples increases, and
for the initiation fracture toughness, its value has decreased, and the reason for the reduction in the starting
toughness is the high moisture absorption of a group of fibers, which has weakened the interfacial area between
the fibers and the substrate. They showed that using basalt fibers as an external layer on a composite reinforced
with flax is an effective method to increase mechanical properties, hammerability, interlayer fracture toughness,
and moisture resistance. Koutsoks et al. [13] investigated the effect of immersing composite samples made with
carbon fibers and glass and vinyl ester and polyester substrates in seawater. Their experimental results showed that
the mechanical properties of the samples were completely reduced after being saturated in seawater due to factors
such as damage between the fibers and the substrate.

By reviewing the studies, it was found that the effect of environmental conditions on the mode Il fracture
toughness of laminated composites with woven fibers has not been investigated much. To investigate the fracture
toughness of mode Il and the mechanisms of damage and crack growth of composite samples with woven fibers
and vinyl ester resin with a layer of [0]12 and [0].4 porcelain and in different time intervals and temperatures in a
sulfuric acid environment and distilled water has been placed, it has been discussed. Also, using the viscous zone
model, the numerical simulation of crack growth has been performed and compared with the experimental results.
Examining the results indicates a significant effect of environmental factors on the mechanical properties and
failure of the composite part.

2. Experimental procedure and samples

The composite samples have been made of 200 grams of woven glass fibers and Hetron 922 vinyl ester resin.
For preparation, three other components must be added to it, which include DMA, peroxide, and cobalt. The weight
of the resin is equal to the weight of the number of fibers considered by placing them on top of each other. After
24 hours, when the parts were dried, they were placed in the oven at 60 °C for a week at room temperature and
then for 4 hours to complete their baking. Laminates that had cracks were cut into 4 smaller samples with a width
of 25 mm according to ASTM D790-3 standard for mode Il fracture test. Then, according to the timing and
temperature specified in Table 1, they were placed in 98% sulfuric acid with a weight percentage of 30%, and after
the mentioned times, the samples were taken out of the sulfuric acid and washed. Figure 1 shows ENF samples in
sulfuric acid solution. Table 1 shows the temperature and storage time of each ENF sample in experimental
conditions (a mixture of distilled water and acid).

Table 1. Different samples of ENF with sample numbers in different environmental conditions.

Duration of exposure to test conditions (day) Test temperature (°C) Sample number
7 25 ENF1-2-3
308 25 ENF4
21 25 ENF5-6-7
308 25 ENF8
112 25 ENF9
112 25 ENF10
308 25 ENF11
308 25 ENF12
10 80 ENF13
10 80 ENF14
32 80 ENF15-17-18
52 80 ENF20
52 80 ENF21
52 80 ENF22
151 80 ENF19
151 80 ENF23
151 80 ENF24
246 80 ENF16
246 80 ENF25
Reference sample ENF26
Reference sample ENF27
Reference sample ENF28
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Figure 2. Composite part during three-point bending test.

The interlayer fracture toughness (GllI) is obtained according to equation 1 based on the theory of fracture
toughness, where m is the slope of the force-displacement diagram, P is the applied load, a0 is the length of the
crack, and b is the width of the piece [14]. Figure 2 shows the composite part during the three-point bending test.

3. Finite element modeling of delamination growth

In order to model the crack growth, the COH2D4 viscous zone element has been used, in which the elastic
behavior is defined as contraction, and its nonlinear behavior is defined as the separation contraction law and stress
damage method (Figure 3). delamination using two-dimensional adhesive elements COH2D has been used in the
interface of delamination. Also, 10 elements are used in the thickness direction and 8 elements are used in the
length direction for each millimeter. Boundary conditions according to the type of test are considered here as
simple boundary conditions. For this purpose, the first and last nodes of the beam are given zero displacement in
the vertical direction.

Figure 3. Crack growth modeling using the viscous zone element.

4, Results and discussion

The samples made in two periods of 7, 21, 110, and 308 days at a temperature of 25 degrees and 10, 32, 52,
151, and 246 days at a temperature of 80 degrees Celsius were subjected to acidic environmental conditions and
after the failure of the mode 11 test, the load-displacement diagrams have been shown in Figure 4.
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Figure 4. Load-displacement diagram for (a) reference parts and placed at (b) 25 and (c) 80°C temperatures.
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In order to investigate the damage mechanisms, scanning electron microscope (SEM) images of the fracture
surfaces of the samples were examined. Examining electron microscope images shows that fiber breakage and
warping as well as resin loss occur over time, leading to increased wear and tear. Figure 5(a), photographed by
electron microscopes for the reference sample, shows the resin showing the effects of the remaining fibers when
the top of the crack is separated from the bottom of the crack. Figure 5(b) shows the microscopic image of a sample
stored at 25°C for 21 days. This photo shows fibers that are not completely broken and the resin is separating.
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Figure 5. SEM images for samples; (a) reference, kept (b) 21 days at 25°C, (c) 308 days at 25°C, (d) and (e) 246 days at 80°C.

In Figure 6, the force-displacement diagrams for each group of similar composite specimens are presented. As
can be seen, each of the experimental test samples in specific environmental conditions has been compared
separately with numerical simulation. Here, the behavior of the simulated part is in good agreement with the
experimental results of the parts, and the results show that the force graph is decreasing over time, and also the

force tolerance decreases with increasing temperature.
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Figure 6. Comparison of experimental and numerical analysis results for aging temperature a) 25°C and b) 80 °C.
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5. Conclusion

In this research, the effect of acidic environmental conditions with temperatures of 25 and 80 °C on the mode
Il fracture toughness of composite multilayers has been investigated. Some of the results of this research are as
follows:

- At a temperature of 25 °C, the flexural modulus increases over time due to the penetration of water in the
matrix and the increase in stiffness, but after 21 days, this trend becomes decreasing. At a temperature of 80
°C, the flexural modulus increases after 10 days, and after that, it drops sharply.

- The fracture toughness value of the sample at a temperature of 25 °C increases with time, but after 7 days,
this trend becomes decreasing. At the temperature of 80 °C, with time, the fracture toughness decreased, and
after 246 days, more than 50% drop in the toughness value was observed.

- The mechanisms of damage and crack growth, which were investigated by SEM, indicated the initiation and
growth of cracks over time due to the failure of fibers and also the loss of connection between resin and
fibers.
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