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Abstract
Chemical transmission lines, petroleum and natural gas lines, pressure vessels, and pipes 
used in thermal facilities are expected to maintain their mechanical properties for many years  
without being damaged and not to be corroded in working conditions. The composite 
materials are the right candidate for these harsh conditions due to their superior proper-
ties. Reinforcement of nanoadditives to composite materials improves both the mechanical 
properties and the resistance to environmental conditions, thereby increasing the lifetime. 
In this study, multi-walled carbon nanotube (MWCNT) reinforced [± 55°] carbon fiber/
epoxy composite pipes produced with filament wound method were used. It was hydro-
thermally aged in 80 °C distilled water for 1, 2, 3 weeks in order to examine the effect of 
environmental conditions. In order to investigate its resistance against loads that may occur 
in working conditions, ring tensile tests (ASTM D 2290–16 procedure A), and low-velocity 
impact tests at 5, 10, 15 J, energy levels were carried out. The effect of hydrothermal aging 
on neat and MWCNT added epoxy composite had been examined by considering the aging 
period. Consequently, the impact resistance of neat and MWCNT added samples decreased 
with the aging process. Besides, tangential tensile strength loss was 17% in MWCNT rein-
forced sample and 13% in the neat sample.
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1  Introduction

Fiber-reinforced plastics (FRPs) produced by the filament wound method have been widely 
used for underground transportation of fluid materials such as drinking water, wastewa-
ter, thermal water, oil, and natural gas [1–5]. Filament wound FRPs have many potential 
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advantages over metal pipes, such as good corrosion resistance, high specific strength, and 
thermal insulation [6–9]. Despite their superior physical and chemical properties, FRPs can 
be damaged due to the loads and stresses they are exposed to in working conditions. Dam-
age to the composite material significantly reduces the strength of the entire installation. 
Therefore, it is crucial to increase the resistance of composite materials against various 
loadings. Nowadays, nanoadditives are added to the resins of composite materials, so the 
bond between the resin and the fiber is strengthened, and the material’s resistance to exter-
nal loads is increased [10]. Recent studies have shown that the addition of nanoadditives to 
the resin significantly improves explosion strength [11], tangential tensile strength [11–13], 
and contact force [14–16] in composite materials. Kara et al. [14] in their study, applied 
low speed impact test to carbon fiber/epoxy composite pipes reinforced with MWCNT. 
As a result of the study, they observed that MWCNT reinforcement to carbon fiber/epoxy 
composite pipes increased the rigidity and strength of the samples. Fan et al. [17] provided 
the strengthening of the interfacial strength of glass fiber reinforced composite materials by 
adding inorganic nanofillers.

Materials are hydrothermally aged in order to investigate the resistance of composite 
materials exposed to various environmental effects under working conditions. The effects 
of aging on the mechanical strength of composite materials can be determined by mechani-
cal tests performed before and after aging [18, 19]. Besides, nanoadditives are added to 
composite materials to reduce the adverse effects of aging on composite materials. There 
are some studies on this subject in the literature [20–22]. Nayak et  al. [20] investigated 
the addition of nano TiO2 filler on residual flexural strength of hydrothermally aged glass 
fiber reinforced polymer composites. The results showed that the addition of 0.1 wt.% TiO2 
improved residual flexural strength by approximately 19%, reduced moisture diffusion 
coefficient by about 9%.

When filament wound composite pipes are subjected to low-velocity impact such as drop-
ping of tools under the working conditions invisible damage consisting of internal delamina-
tion in pipes could occur. In order to prevent problems that may occur in such a situation, it 
is essential to investigate the impact response of the material and ways to increase its impact 
resistance. There are studies [23–27] in the literature showing that low-velocity impact 
resistance of composite materials is increased with nanoadditives. Taraghi and Fereidoon 
[28] performed low velocity impact tests at six different energy levels on MWCNT rein-
forced plates in their study. As a result of the study, they observed that the energy absorption 
capacity of the samples with 0.5 wt.% MWCNT was increased by 16% compared to the 
neat samples. Ranjbar and Feli [29] investigated the low velocity impact response of glass/
epoxy composite beams reinforced with various weight percentages of MWCNTs in their 
study. As a result of the study, they observed that the displacement decreased and the rigid-
ity increased in the MWCNT reinforced samples compared to the neat samples.

It is quite essential to observe the damage behavior of filament wound composite pipes 
subjected to external mechanical loads. Hoop tensile test is applied to determine tangential 
tensile strength and damage behavior of filament wound composite pipes. There are studies 
[30–32] in the literature in which hoop tensile testing is applied to determine the tangential 
tensile strength of filament wound composite pipes. Sepetcioglu et  al. [33] performed a 
hoop tensile test on 0.25 wt.% graphene nanoplatelets (GnP) reinforced filament winding 
basalt fiber/epoxy composite (BFRP) samples. As a result of the study, they observed that 
the nano additive increased the hoop tensile strength of the samples by approximately 5%. 
Üstün et al. [11] conducted a hoop tensile test on MWCNT reinforced carbon/epoxy com-
posite pipes in their study. As a result of the study, they observed that the tangential tensile 
strength of the MWCNT added samples was 26.2% higher than the neat samples.
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In this study, carbon fiber reinforced polymer (CFRP) composite pipes with 0.3 wt.% 
MWCNT and neat samples were hydrothermally aged and then subjected to hoop tensile 
and low-velocity impact tests. The effect of hydrothermal aging on mechanical properties  
of filament winding composite pipes and the role of nanoadditives in eliminating these 
adverse effects were investigated.

2 � Material and Methods

The hydrothermal aging process was performed in a distilled water environment at a tem-
perature of 80 °C for 1, 2, 3 weeks for a neat matrix and 0.3 wt.% of MWCNT reinforced 
CFRPs in a matrix structure. In some studies in the literature [34–36], it was stated that 
the best mechanical properties would be obtained by adding 0.3 wt.% MWCNT to the 
epoxy matrix. In light of this information, 0.3 wt.% of MWCNT was added to the matrix 
in this study. In order to measure the effect of the aging process on tangential stresses of 
the pipes, hoop tensile strength test was carried out according to ASTM D 2290 Proce-
dure A [37]. Besides, low-velocity impact test was performed at 5, 10, 15 J energy levels 
in order to determine the effect of hydrothermal aging on the impact resistance of the 
pipes.

Damage and deformation mechanisms occurring in the impacted sample were visual-
ized with an optical microscope, the damage mechanisms formed were grouped, and their 
effects on the composite material were explained.

2.1 � Production of Composite Pipes

Neat and 0.3 wt.% MWCNT reinforced, filament wound carbon fiber nanocomposite pipes 
were used in this study. Each pipe was produced in accordance with the ring tensile testing 
device with an inside diameter of 72 mm and a length of 300 mm.

In this study, Araldite MY 740, the Bisphenol-A epoxy resin type, was used as the 
matrix, Aradur HY 918 anhydride hardener was used as the hardener, and DY 062 was 
used as the accelerator. The matrix materials used were purchased from Huntsman. In 
the production of pipes, A-42 12  K continuous carbon fiber was used purchased from 
DowAksa. In order to reinforce the epoxy matrix, MWCNT reinforcement was purchased 
from Nanocly. The mechanical properties of the matrix, fiber, and MWCNT are given in 
Table 1.

Figure 1 shows the process of reinforcing epoxy with MWCNT. Primarily MWCNTs 
are prepared to the desired weight ratio were added to epoxy resin (I). In order to achieve 
a homogeneous mixture, MWCNTs were mixed with a mechanical stirrer for 30 min (II) 
and an ultrasonic probe sonicator (III) for 10 min. The temperature of the mixture was kept 
under control by a thermometer, while ultrasonic mixing was performed. The air bubbles 
formed in the mixture were removed by vacuum degassing (IV) at the end of the ultrasonic 
mixing process. Then the hardener was added to the epoxy resin (V) and mixed once more 
with the mechanical stirrer (VI). As soon as the MWCNT reinforced epoxy resin had been 
prepared, the filament wound processing was immediately realized with a ± 55° winding 
angle (see Fig. 2). After the filament wound process was accomplished, on the recommen-
dation of the manufacturer, the curing process was implemented firstly at 180 °C for 2 h 
and then at 120 °C for 12 h. Figure 3 presents the dimensions of the specimens used in the 
experiments.
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2.2 � The Hydrothermal Aging

In order to carry out the hydrothermal aging process at distilled water, an aging unit 
with a volume of 64 L made of 5 mm thick glass was used (see Fig. 4). The aging tem-
perature was selected as 80  °C, which is close to the glass transition temperature of 
epoxy resin and used in hydrothermal aging of epoxy resin composites in literature [39]. 
Hydrothermal aging was performed on neat, and MWCNT reinforced CFRPs for 1, 2, 
and 3 weeks.

2.3 � Hoop Tensile Strength Test

Hoop tensile strength test was implemented following ASTM D 2290 Procedure A 
[37]. Test specimens were prepared from eight layered CFRPs under the Ref. [37] (see 
Fig.  5). Test specimens were prepared according to the ASTM D 2290 Procedure A 
[37]. According to Procedure A [37], specimens shall have a minimum overall width of 
22.86 mm, a minimum width in the reduced sections of 13.97 mm, and notching on both 
sides of the sample was left to the user’s choice. In the hoop tensile test, conditions such 
as tensile speed, humidity, and temperature and specimen thickness of the test machine 
jaw were taken into consideration. The standard laboratory ambient temperature is 

Table 1   Properties of resin, fiber, and MWCNT used in the production of CFRPs [38]

Material Elasticity Modulus
(E, GPa)

Tensile Strength
(σ, GPa)

Elongation at 
Break (%)

Density
(ρ, g/cm3)

Epoxy Resin 3.2–3.8 0.075–0.080 3–4 1.25
Carbon Fiber - 4.2 1.8 1.8
MWCNT 1000 10–60 10 1.3–2

Fig. 1   The process of reinforcing MWCNT into epoxy [14]
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23 ± 2 °C, humidity, 55 ± 5%. The test speed is at least 2.54 mm/min. The hoop tensile 
test rig is shown in Fig. 6.

In this test, the strength values of the composite pipe specimen could be determined 
by Eq. 1. In the equation, σT, Pb, Am denote the hoop tensile strength value (MPa) of the 
specimen, the maximum load value (N), and the minimum cross-sectional area (mm2), 
respectively.

(1)�
T
=

P
b

2A
m

Fig. 2   Filament winding process [14]

Fig. 3   CFRP in configurations 
[± 55°]4 produced by the filament 
winding method
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2.4 � Low‑Velocity Impact Test

The low-velocity impact experiments were performed on the neat and MWCNT rein-
forced CFRPs for various energy levels as 5, 10, 15 J. The corresponding impact velocities 
to these energies, are 1.255, 1.775, 2.174 m/s, respectively. The impactor has a mass of 
6.35 kg and a semi-spherical geometry of diameter 24 mm. Composite pipes were exposed 
to low-velocity impact tests with the device shown in Fig. 7. PCB Quartz ICP Force Sensor 
(M202B04) is used as the force sensor between the tup and the mass of the impactor. The 
kinematic analysis was carried out via in-hose developed codes [40].

3 � Results and Discussion

3.1 � Hoop Tensile Strength Test Results

Hoop tensile strength test carried on until specimens were broken. Experiments were 
repeated three times for each case, and the average values were determined. Figure 8 show 
the relationship between the applied load and the displacement for neat and MWCNT 

Fig. 4   Schematic representation of the hydrothermal aging unit (a) with and (b) without a layered insula-
tion panel cover 

Fig. 5   Reduced section specimen 
following Procedure A [37]
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reinforced samples tested at the different aging times. These curves show good reproduc-
ibility for different cases. Experimental results were regrouped in Table 2.

The damage to the eight layered CFRPs unexposed to and exposed to hydrothermal 
aging for different time intervals as a result of the hoop tensile test were shown in Fig. 9. 

Fig. 6   Hoop tensile test instrument

Fig. 7   Low-velocity test instru-
ment [14]
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When the hoop tensile strength value was reached in both samples, it was observed fiber 
rupture and splitting from the notch region in the direction of the winding angle of ± 55°.

When the images of the samples are examined, it is seen that the resin flow is more evi-
dent in some samples after three weeks. This situation is due to the transition of nanoparti-
cles to the external environment through diffusion, and the porosity formed in the structure 
facilitates the flow of epoxy resin. Also, it may occur that the epoxy cannot be distributed 
homogeneously into the composite structure during manufacturing.

Figure  10 provides the average hoop tensile strength values of samples exposed to 
hydrothermal aging and unexposed to hydrothermal aging. The average hoop tensile 
strength values of non-aged CFRPs was found to be 402 MPa. After three weeks of aging 
of CFRPs, the tensile strength values were measured as an average 345 MPa with a 14% 
decrease compared to the tensile strength values of the non-aged CFRPs.

The average hoop tensile strength values of non-aged MWCNT reinforced CFRPs 
was 471 MPa. As a result of measurements after three weeks of aging of MWCNT rein-
forced CFRPs, the tensile strength values were measured as an average 389 MPa with a 
17% decrease compared to the tensile strength values of the non-aged MWCNT reinforced 
CFRPs.

Fig. 8   Load–displacement curves for (a) Non-aged CFRP; (b) 1  week, (c) 2  weeks, (d) 3  weeks aged 
CFRPs, and (e) representative of CFRPS, (f) non-aged MWCNT reinforced CFRP; (g) 1 week, (h) 2 weeks, 
(ı) 3 weeks aged MWCNT reinforced CFRPs, (i) representative of MWCNT reinforced CFRPS

▸

Table 2   Mechanical properties of composite pipes exposed to hydrothermal aging

Aging 
time 
(weeks)

Tests Neat samples MWCNT reinforced samples

Max load (kN) Displacement at 
break (mm)

Max load (kN) Displacement at 
break (mm)

0 1 14.564 3.180 15.561 2.638
2 14.079 3.127 16.479 2.647
3 13.565 3.098 17.400 2.668
Average 14.069 3.135 16.480 2.651
Standard Deviation 0.500 0.042 0.920 0.015

1 1 13.201 3.345 13.662 2.851
2 12.567 3.390 15.193 2.879
3 13.745 3.287 16.424 2.909
Average 13.171 3.341 15.093 2.880
Standard Deviation 0.590 0.052 1.384 0.029

2 1 13.170 3.544 13.149 3.099
2 12.360 3.476 14.252 3.167
3 11.580 3.444 14.755 3.185
Average 12.370 3.488 14.052 3.150
Standard Deviation 0.795 0.051 0.821 0.045

3 1 12.795 3.643 12.983 3.252
2 11.884 3.610 13.938 3.266
3 11.139 3.584 13.869 3.298
Average 11.939 3.612 13.597 3.272
Standard Deviation 0.829 0.030 0.533 0.024
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Fig. 9   Images of damage for (a) 
Non-aged CFRP; (b) 1 week, (c) 
2 weeks, and (d) 3 weeks aged 
CFRPs, (e) non-aged MWCNT 
reinforced CFRP; (f) 1 week, (g) 
2 weeks, and (h) 3 weeks aged 
MWCNT reinforced CFRPs
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Tangential strength values were higher in MWCNT reinforced pipes than non-reinforced 
pipes for all aging periods. As stated in the study of Taşyurek and Tarakcioğlu [12], the addi-
tion of MWCNT strengthens the fiber-matrix interface bonds. Based on a loading situation, 
the damage first observed in composite materials is generally the debonding of fiber–matrix 
interface [14, 33]. Strengthening the interfacial bonds with MWCNT reinforcement resulted 
in debonding damage of the fiber–matrix interface at higher strength values. Even if matrix 
rupture occurred, MWCNT could continue to serve as a bridge between the fibers without 
breaking. Therefore, it was observed that reinforced samples had higher strength values.

However, as the aging time increases, the strength reduction is higher in nanoparticle 
added samples. Depending on time and temperature, the epoxy flow causes deterioration of 
the mechanical bonds formed by the nanoparticles in the matrix structure and decreasing 
its functionality. In samples without nanoparticle reinforcement, epoxy flow causes some 
of the matrix cavities due to manufacturing to be eliminated and less loss of strength.

3.2 � Low‑Velocity Impact Test Results

Low-velocity impact test was performed at 5, 10, 15 J energy levels in neat epoxy and 
0.3 wt.% MWCNT added composite pipes aged for 1, 2, 3 weeks in the hydrothermal 
aging unit. There are non-aged control samples in each pipe group. The low-speed 
impact test was repeated at least three times for each sample at all impact energy levels. 
With the data obtained from the experiments, force–time (F-t), and force–displacement 
(F-d) graphs were plotted and the effect of aging times and the addition of nanoparticles 
on impact resistance and impact damage in composite pipes were examined. The data 
obtained as a result of the experiments were presented in Table 3.
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3.2.1 � Force–Time Histories

Figures 11, 12, and 13 show force–time plots of samples with 5, 10, 15 J impact energy 
applied, non-aged, and aged for 1, 2, 3 weeks, respectively.

As the impact energy increases in all samples, the highest contact force value obtained 
from the experiments also increases. For all impact energy levels, higher contact force val-
ues were obtained in MWCNT added samples compared to the non-reinforced ones. With 
the increase of impact energy, the maximum contact force value increased more than the 
neat samples in MWCNT addition samples. Therefore, 0.3 wt.% MWCNT reinforcement 
dramatically contributes to the stiffness of the pipe. When the literature was examined, some 
studies presented similar results [14, 24, 29, 41]. In these studies, the stiffness of compos-
ite materials increased with the addition of different amounts of MWCNT. Moreover, Kara 
et al. [14] observed an increase in the stiffness of carbon fiber epoxy composite materials 
when they added 0.3 wt.% MWCNT to the same matrix (bisphenol-A epoxy resin).

It is observed that hydrothermal aging negatively affects the stiffness of the samples 
exposed to the impact. Because, depending on the aging time, the highest contact force 
obtained from the samples decreases.

The highest contact force in MWCNT reinforced samples was higher than neat sam-
ples. Significant decreases in maximum contact force occurred as the aging period was 
extended. These decreases in the highest contact force also show that the impact resist-
ance decreases. The most significant decrease in the maximum contact force occurred in 
MWCNT reinforced samples and approximately 26% decrease occurred after three weeks 
of aging. This decrease can be caused by the diffusion of nanoparticles from resin to water 
and porosity in the matrix.

Fig. 11   Contact force histories at 5  J energy level for (a) Non-aged (b) 1  week, (c) 2  weeks, and (d) 
3 weeks aged CFRPs
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3.2.2 � Force–Displacement Histories

Figures 14,  15, and 16 show force–displacement plots of 5, 10, and 15  J impact energy 
applied samples. Force–displacement curves occur in three different ways, depending on 
the rebound of the striker, the stub and the piercing of the specimen. In the experiments 
conducted in this study, the striker bounced back from the sample after the impact for all 
energy levels. The curves obtained are closed type curves. The maximum loading value 
that the specimens could withstand was not determined as there was no penetration in the 
samples [42].

In the force–displacement curve, the force drops when it reaches a specific value. This 
value is shown as “F1” in Fig. 14a. The F1 force does not represent the onset of physical 
damage because non-critical matrix cracks and small delaminations during the impact may 
occur at lower force values. The F1 force expresses the initial value of change in rigid-
ity characteristic (ASTM D7136) [43]. For experiments at all impact energy levels, the 
value of F1 was obtained higher in MWCNT reinforced composite samples. The addition of 
MWCNT to composite specimens increases rigidity. The oscillations in the loading phase 
of the force–displacement curve indicate the damages that occurred in the sample.

With the increasing impact energy level, the amount of deformation in all samples also 
increases. The addition of nanoparticles increased rigidity of the pipes, and accordingly, 
the maximum displacement value was seen in neat samples.

When the effects of aging and aging period are examined, the aging time of neat and 
MWCNT reinforced samples for all impact energy levels caused a decrease in F1 force 
values. This decrease indicates a decrease in stiffness value. While the displacement values 

Fig. 12   Contact force histories at 10  J energy level for (a) Non-aged (b) 1  week, (c) 2  weeks, and (d) 
3 weeks aged CFRPs
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of MWCNT reinforced samples increased at all impact energy levels due to aging, the dis-
placement values of 5 and 10 J impact energy levels of neat samples were nearly the same. 
They increased at 15 J impact energy levels.

3.3 � Damage Mechanisms

The damages of the samples subjected at 5, 10, 15 J energy levels were examined with an 
optical microscope. The impacted samples were cut from the contact areas of the striker 
tip for examination. Subsequently, the damage mechanisms in the sections were displayed.

Damage formation in samples was observed at all impact energy levels. As expected, 
with increasing impact energy, the area of the damaged area increases, and the deformation 
mechanism is visible. Damage at all impact energy levels was mainly in the form of crack 
formation and delamination. At 10, 15 J energy levels, this damage occurred, and the num-
ber of damaged layers increased.

The addition of nanoparticles contributed to the homogeneous dissipation of impact 
energy in the material. In this way, nanoparticles prevented large deformations in the 
local area within the structure. As a result, delamination, which is the predominant dam-
age mechanism in neat samples, has been replaced by matrix cracks that can be seen in 
all layers in nanoparticle-added samples. Thus, nanoparticle added samples absorbed more 
impact energy, and they are more resistant against impacts. Figure 17 gives cross-sectional 
images of non-reinforced and nanoparticle reinforced samples that have not been subjected 
to the aging process, damaged at different energy levels.

Fig. 13   Contact force histories at 15  J energy level for (a) Non-aged (b) 1  week, (c) 2  weeks, and (d) 
3 weeks aged CFRPs
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Fig. 14   Contact force–displacement variations at 5 J energy level for (a) Non-aged (b) 1 week, (c) 2 weeks, 
and (d) 3 weeks aged CFRPs

Fig. 15   Contact force–displacement variations at 10  J energy level for (a) Non-aged (b) 1  week, (c) 
2 weeks, and (d) 3 weeks aged CFRPs
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The aging process caused a loss in material stiffness. As a result, aged samples showed 
more elastic behavior against impacts. In the non-aged composite sample, which is frag-
ile and rigid, the softening and deforming ability resulting from aging has changed the 
damage mechanism within the structure. A stress mismatch develops between the layers 

Fig. 16   Contact force–displacement variations at 15  J energy level for (a) Non-aged (b) 1  week, (c) 
2 weeks, and (d) 3 weeks aged CFRPs

Fig. 17   Images of the cross-section of non-aged neat samples subjected to impact at (a) 5 J; (b) 10 J, (c) 
15 J energy levels and non-aged MWCNT reinforced samples subjected to impact at (d) 5 J; (e) 10 J, (f) 
15 J energy levels
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because the layers have different stiffness. This mismatch causes delamination in the struc-
ture. Therefore, in aged samples, delaminations are observed rather than matrix cracking 
due to the effect of shear force. Thus, the impact strength of the material decreases as the 
aging period extends.

The most considerable deformations are seen in samples subjected to 15  J impact 
energy. Deformations occurred in almost every layer of these samples on a large scale. 
Damage images of samples with 15 J impact tests for various aging periods are presented 
in Fig. 18. It is seen that the deformation mechanism varies in the samples with nanoparti-
cle added.

4 � Conclusion

In this study, the effects of hydrothermal aging process on the mechanical strength and 
low speed impact behavior of neat and MWCNT reinforced carbon/epoxy composite 
pipes were investigated. The results obtained from the study are presented below.

•	 The highest tangential tensile strength value was obtained from MWCNT reinforced 
non-aged composite sample. The lowest tangential tensile strength was recorded in 
the neat sample aged for three weeks.

•	 The addition of nanoparticles strengthens matrix-fiber interface connections. For 
this reason, the tensile strength of nanoparticle added samples is higher than that of 
neat samples.

•	 The aging process causes a loss of strength in all samples. As a result of hydrothermal 
aging, the nanoparticles pass through the resin through diffusion, and porosity occurs in 

Fig. 18   Images of the cross-section of (a) non-aged; (b) 1 week, (c) 2 weeks, (d) 3 weeks aged neat and (e) 
non-aged; (f) 1 week, (g) 2 weeks, (h) 3 weeks aged MWCNT reinforced CFRPs damaged with the impact 
energy level of 15 J
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the matrix. Then, the voids were formed by the nanoparticles coming out of the structure. 
For this reason, after three weeks of aging, tangential tensile strength loss was 17% in 
MWCNT reinforced sample and 13% in the neat sample.

•	 The addition of nanoparticle increases the impact resistance of the material as 
well as its tensile strength. The reason for this increase is that the nanoparticles 
strengthen the matrix-fiber interface connections and provide homogeneous diffu-
sion of force with more surface areas in the material.

•	 It has been observed that nanoparticles ensure the homogeneous dissipation of the 
impact energy in the material. Thus, nanoparticles prevented large deformations in the 
local area within the structure. While damages in the neat composite pipes are mostly 
delaminations, matrix cracks have occurred in all layers in samples with nanoparticle 
addition. MWCNT added samples absorbed more impact energy and showed a more 
resistant feature against impacts.

•	 As a result of the aging process, rigidity of the samples decreased significantly. In sam-
ples that lost their rigidity, delaminations occurred instead of shear crack formation. 
Therefore, the first contact response to the impact in aged samples has decreased, but 
the contact time has increased. With the aging process, the impact resistance of the 
samples decreased.
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