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Abstract
This study experimentally investigated the effects of acidic environments on the absorptive, morphological, mechanical, 
structural, and thermal properties of glass-carbon/epoxy-based hybrid composites. For this purpose, hybrid composite speci-
mens were conditioned by immersion in an acidic environment with pH 1.0 at -10, 25, and 40 °C for different periods (1 day, 
1–3-6–9-12 weeks). A comparative study was conducted to evaluate the properties of dry and acid-immersed specimens 
and to examine failures due to the acidic environment and temperature. It has been observed that all properties of hybrid 
composites are significantly affected by acidic environmental conditions, and failure development is highly dependent on 
acidic ambient temperature and exposure time.
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Introduction

Composite materials are used in many applications and 
fields for their outstanding properties, such as high strength, 
rigidity, design capability, and lightness. These prominent 
features have made these materials an alternative to metal-
lic materials [1–3]. Despite these positive developments, 
research on “hybridisation” has come to the fore due to 
the vital need for light and inexpensive new materials with 
improved strength values [4, 5]. Fibre hybridisation is one of 
several promising strategies used in structural components 
in different industries to enhance reinforcing material failure 
strain and reduce cost where the high weight of conventional 
materials is a significant barrier. In order to collect many 

desired properties in a single material and achieve a better 
balance in properties, hybrid composites with more than one 
fibre type in the same structure were needed [6].

Hybrid composite materials became one of the research 
topics in the seventies. Interest and discussion towards the 
hybrid effect have increased with Hayashi [7] revealing that 
the fracture strain of carbon fibre layers in the carbon fibre 
composite material is 40% lower than that of the carbon/
glass hybrid composite material. The hybrid effect has been 
studied by many researchers in order to understand and 
model the subject. The main principle responsible for the 
hybrid effect includes residual thermal stresses due to dif-
ferences in the thermal expansion of different fibres [8, 9]. 
In addition, the formation of fibre clusters of fibre breaks 
[10–12] and dynamic stress concentrations [13], which cause 
changes in damage development, may also be effective in 
this mechanism. A review article on fibre hybridisation 
in polymer composites was recently published by Swolfs 
et al. [6]. Although the hybrid effect is well-defined, it is 
not yet fully understood. Research to explain the primary 
mechanism of the hybrid effect is limited and insufficient 
to observe the complex interaction.

Today, as a result of intensive research and development 
activities on hybridisation in layered composite materials, 
hybrid composites are frequently encountered as structural 
components in the automotive [14, 15], aviation [16, 17], 
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railways [18, 19], marine [20, 21], and wind energy [22, 23] 
industries. Specifically, automobile structural applications 
[24], aircraft decks [25], marine applications [26], boat hulls 
[27, 28], catamaran hull constructions [29], rotor blades of 
some helicopters [30], ship sonar domes and radomes [31], 
and wind turbine blades [32, 33] can be given as examples. 
Due to the diversity in structural applications, these compos-
ites may be exposed to environmental effects such as chang-
ing temperature, humidity, and liquid or gaseous chemicals 
during use. Avoiding these environmental factors affecting 
short- and long-term performance of materials is impossible. 
Therefore, it is essential to understand how these compos-
ite materials behave in ecological conditions with varying 
properties. However, to obtain the best material properties 
in different applications, it is necessary to clearly understand 
the environmental effects on the properties of composite 
materials during production and use [34].

One of the environments where the ageing effects of 
hybrid composites can be seen is acidic environments such 
as acid mine lakes and acid rains. Acid rain occurs due to 
the reaction of water vapour in the atmosphere, sulfur and 
nitrogen-containing gases released by coal and fossil fuels 
into the atmosphere in regions where industrialisation is 
intense. As a result of these reactions, sulfuric acid and 
nitric acid droplets fall to the earth through rain, fog, snow, 
gases, or particles in the air [35]. Acid mine lakes (where 
the water–rock interaction is intense), another exposure 
area, occur with the oxidation of iron sulfide minerals in the 
atmospheric environment, bacteria acting as a catalyst in the 
background, and some other involved metals in the process. 
It is formed by acid mine/rock drainage, the accumulation of 
natural surface and underground waters into the depression 
formed during or after the open mining operation [36, 37]. 
It is necessary to be prepared for this effect, which is faced 
by increasing industrial activities and is more likely to be 
encountered in the future. Such environments are increas-
ing day by day, and low pH values cause rapid deformation 
of materials. With innovative materials to be used in these 
environments, a considerable economic contribution should 
be provided by minimising engineering problems (notably in 
mining, maritime sectors and related business lines).

The effects of acidic environments on fibre-reinforced 
polymer composites have been the subject of numerous 
studies. The influence of acids on E-glass fibres was 
investigated by Qiu and Kumosa [38], and they revealed 
that acid causes axial and spiral cracks on the fibre surface, 
and, in addition, acid corrosion of E-glass fibres is mainly 
due to loss of calcium and aluminium ions. They noted 
that the phenomenon that significantly accelerates fibre 
corrosion is the formation of insoluble salts or complex ions 
between anions in oxalic and sulfuric acids and calcium and 
aluminium ions leached from E-glass fibres. The property 
changes caused by humidity, temperature, and chemicals 

on composites using propylene, vinyl ester, and polyester as 
matrix materials were examined by Xue et al. [39], Buck 
et al. [40], John and Naidu [41], and Singh et al. [42]. The 
bending properties and impact strength of glass fibre/epoxy 
composite after immersion in hydrochloric acid (HCl) 
and sodium hydroxide (NaOH) were analysed by Amaro 
et al. [43]. They reported that the impact strength, flexural 
strength, and flexural modulus decreased with exposure time; 
moreover, the alkaline solution significantly reduced the 
flexural properties more than the acid solution. Pai et al. [44, 
45] revealed that the isophthalic polyester grade resin showed 
superior resistance to sulfuric acid, while the general-purpose 
polyester grade resin had relatively lower resistance. The 
effects of strong acids on the mechanical properties of glass/
polyester composite pipes at average and high temperatures 
were investigated by Mahmoud and Tantawi [46]. It was 
carried out by exposing the composite pipes to four different 
acids: hydrochloric acid (HCl), sulfuric acid (H2SO4), nitric 
acid (HNO3), and phosphoric acid (H3PO4) for up to 90 days. 
Aggressive acids have been found to have a variable effect 
on the specimens exposed at different temperatures. Flexural 
strength, hardness, and Charpy impact resistance variation 
depend on the type of acids and immersion time. It has also 
been noticed that sulfuric acid (H2SO4) has a more severe 
effect on the strength of composite pipes. All these studies 
have shown that acidic environments seriously affect the 
performance of composite materials depending on their 
types and concentrations. Although the acidic environment 
primarily deforms the matrix material, any cracks or surface 
defects during moulding or cooling cause the acid to reach 
the reinforcement material. The change in the properties of 
the reinforcement material, which has undertaken the task of 
strengthening the composite material, affects the properties 
of the material. However, it remains a fascinating subject; 
hence, the changes in the properties of composite materials 
exposed to environmental effects cannot be tied to specific 
rules. In using hybrid composite materials, the situation 
becomes more complex, and explaining the underlying causes 
of the hybrid effect mechanism becomes more difficult.

In this study, the changes in the absorptive, morphologi-
cal, mechanical, structural, and thermal properties of glass-
carbon fibre reinforced epoxy polymer (GCFREP) hybrid 
composite materials immersed in an acidic environment ​​at 
different temperatures and varying exposure times are exam-
ined in detail. The results obtained are essential in revealing 
how the characteristic properties of GCFREP hybrid com-
posite materials are affected by an acidic environment. The 
fact that all the data obtained are from experimental studies 
is due to the complexity of the event, the uncertainty of the 
behaviour both within and between layers, and the neces-
sity of experimental data to make predictions and discuss 
the subject. Experimental studies carried out according to 
the standards and in sufficient quantities will significantly 
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contribute to converting physical facts into mathematical 
expressions and obtaining correct models. This study aims 
to fill this gap by examining the absorptive morphological, 
mechanical, structural and thermal properties of GCFREP 
hybrid composites.

Experimental

Materials, manufacturing, and specimen 
preparation

The materials used in the production process of hybrid com-
posites are glass fabric, carbon fabric, and epoxy polymer. 
E-glass twill weave fabric with an areal density of 300 g/m2 
(supplied by Telateks Corporation (Manisa, Turkey)) and 
carbon 3 K twill weave fabric with an areal density of 245 g/
m2 (supplied by Telateks Corporation (Manisa, Turkey)) are 
used to reinforce the Araldite LY 1564 epoxy (supplied by 
Huntsman Corporation (Texas, USA)) cured with Aradur 
3487 hardener. The mass ratio of epoxy polymer to hardener 
is 10:3.4 as per the specification of the manufacturer.

The vacuum-assisted resin-infusion method (VARIM) 
was applied to fabricate laminates with [G2C]s lay-up 
scheme, where C and G denote carbon and glass fibre, 
respectively. The resin mixture at room temperature was 
homogeneously impregnated into the GCFREP hybrid 
composite layers. The curing process for the impregnated 
plate was carried out by keeping the vacuum infusion table 
at 80 °C for 8 h and then at room temperature for 1 day 
[47]. E-glass and carbon fibre layers in the production of a 
hybrid composite plate (Fig. 1(a)) and a snapshot taken dur-
ing the production process (Fig. 1(b)) are shown in Fig. 1. 
The dimensions of manufactured composites are 1000 mm x 
1500 mm × 1.6 mm. The overall fibre weight fraction of the 
composites was approximately 66%. The composite lami-
nates were cut into specimens with a CNC Router Machine 
for mechanical tests. The cleaning process with compressed 
air was carried out to remove the adhesion of the sawdust 
and dust particles on the specimen surface that emerged 
from the composite plates during the specimen-cutting 
process. The specimens used in mechanical characterisa-
tion tests are given in Fig. 2. In addition, the standards and 
dimensions of specimens cut for mechanical tests absorption 
are given in Table 1.

Environmental conditions

Experimental exposure environments consist of acidic 
solutions with a degree of acidity with pH 1.0 at -10, 25, 
and 40 °C. Tensile, compression, three-point bending, 
Charpy impact, and absorption specimens were stored in 
12 different exposure environments for varying periods of 

1 day and 1–3-6–9-12 weeks. The schematic representa-
tion of the experimental parameters is given in Fig. 3.

The simulated acidic rain was prepared by adjusting 
the pH to 1.0 using a 5:1 mixture of concentrated sulfuric 
acid (H2SO4) and nitric acid (HNO3). Efforts were made 
to maintain pH control by conducting daily pH measure-
ments. If the pH value increased, an acid mixture was 
added; conversely, in the event of a decrease, distilled 
water was added to maintain a pH of at least 1.0 ± 0.1 [48].

While an exposure environment at -10  °C was pro-
vided by using the deep freezer of the refrigerator, expo-
sure environments at 25 and 40 °C were provided with the 
help of magnetic stirrer heaters. The experimental acidic 
immersion environments can be seen in Fig. 4. Hybrid 
composite specimens, kept in an acidic environment for 
the specified time, were removed from the acid baths, 
dried and kept at room temperature for 24 h. Further char-
acterisations were carried out with the dried specimens.

Characterisation

Absorptive properties

The weights of the marked absorption specimens were 
recorded before they were exposed to the acidic environ-
ment. In addition, the characteristic moisture absorption 
data of the GCFREP hybrid composite were obtained by 
measuring the weights of these specimens at the end of the 
determined periodic exposure times (achieved by remov-
ing surface moisture with a dry cloth and keeping them for 
1 day at room temperature). The weights of five specimens 
were measured, with each weight being measured three 
times using a Radwag AS 220/C/2 brand analytical bal-
ance with a resolution of 0.0001 g. Weight variation was 
calculated by using Eq. (1):

Morphological properties

The morphology of the GCFREP hybrid composites was 
analysed using a scanning electron microscope (SEM, Carl 
Zeiss 300VP). In order to obtain surface micrographs, a 
15 kV acceleration voltage was used in accordance with 
the E986 standard. Prior to analysis, the specimens were 
coated with 5 nm gold under vacuum via the ion sputter 
coater. In addition to that, the surface characterisation of 
absorption test specimens was examined under an optical 
microscope (Nikon LV150N).

(1)

Change in weight, %

=
weight after absorption − weight before absorption

weight before absorption
× 100
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Mechanical properties

Mechanical characterisation of GCFREP hybrid composites 
exposed to different experimental environments at specified 
times and temperatures was performed by tensile, compression, 
three-point bending, and Charpy impact tests. In order to mini-
mise experimental errors, five trials were performed for each 
parameter, and the average values were recorded as test results.

Tensile, compression, and three-point bending tests 
were performed at room temperature at a rate of 1 mm/

min using a Shimadzu 100 kN device in accordance with 
ASTM standards listed in Table 1. Tensile tests were 
performed to determine the tensile strength, Young's 
modulus, and tensile stress; compression tests were per-
formed to determine the compressive strength, strains at 
maximum compressive stress, and compressive modulus; 
three-point bending tests were performed to determine 
the maximum flexural strain and flexural modulus; and 
V-notch Charpy impact tests were performed to determine 
varying impact strength of GCFREP hybrid composites.

Fig. 1    a E-glass-carbon weave 
fabrics and b production of the 
hybrid composite

2 layers of E-glass fibre fabrics

2 layers of Carbon fibre fabrics

(a)

(b)

Peel ply fabric

2 layers of E-glass fibre fabrics

Green coloured infusion mesh

Impregnated fabric layers

Flat VARIM table
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Structural properties

Fourier transform infrared spectroscopy (FTIR) was used 
to determine the functional groups of the GCFREP hybrid 
composites aged in an acidic environment. FTIR spectra 
of hybrid composites were obtained using a Perkin Elmer 
Spectrum Two with a spectral resolution of 4 cm−1. The 
spectrometer was equipped with a diamond/ZnSe ATR 
(Attenuated Total Reflection) accessory. Before the meas-
urements, a thin layer was cut from the corners of the epoxy 
composites exposed to absorption.Data acquisition was per-
formed automatically using a computer with Spectrum™ 
10 software.

Thermal properties

The thermal properties of the GCFREP hybrid composites 
were examined by thermogravimetric analysis (TGA) and 
differential scanning calorimetry (DSC). The specimens 

(~ 10–20 mg in a platinum pan) were investigated using the 
TA TGASDT Q600 and DSC-TA Q10 thermal analysers 
with a ramp rate of 10 °C/min.

Results and discussion

The ageing effects of an acidic environment were investi-
gated on the absorptive, morphological, mechanical, struc-
tural, and thermal properties of GCFREP hybrid composites 
aged at pH 1.0 at different temperatures and time intervals.

Absorptive properties

In order to illustrate the typical diffusion properties of 
hybrid composite specimens, the percentage of weight gain 
during moisture absorption is shown in Fig. 5 as a function 
of exposure time. Each experimental point represents the 
average of three measurements on individual specimens.

Fig. 2   Mechanical characterisa-
tion test specimens

Table 1   Standards and specimen sizes used for mechanical characterisation tests

Test Standard Dimension
(mm ×mm)

Tension ASTM D3039—Standard Test Method for Tensile Properties of Polymer Matrix Composite 
Materials

250 × 25

Compression ASTM D3410—Standard Test Method for Compressive Properties of Polymer Matrix Composite 
Materials with Unsupported Gage Section by Shear Loading

140 × 12.7

Three-point bending ASTM D7264—Standard Test Method for Flexural Properties of Polymer Matrix Composite 
Materials

96 × 13

V notched Charpy impact test ASTM D256 – Standard Test Methods for Determining the Charpy Pendulum Impact Resistance 
of Plastics

65 × 12.7

Absorption ASTM D2734—Standard Test Methods for Void Content of Reinforced Plastics 30 × 30
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The moisture absorption curves reveal a pseudo-Fickian 
behaviour in which the weight gain gradually increases 
with prolonged immersion time; notably, the pattern does 
not reach an equilibrium as postulated by Weitsman and 
Barjasteh [49, 50].

The absorption capacity of the specimens is quite strong 
in the acidic solution at 40 °C, followed by that at 25 °C, 
and weak in the acidic solution at -10 °C. In other words, 
an increase in the acidic ambient temperature increases the 
moisture absorption rate. This is because the increased tem-
perature accelerates the degradation process in the epoxy 
resin, and as a result, the porosity and liquid uptake of 
the specimens increases [51]. The increase in initial high 

moisture absorption rate slowed after the sixth week, and 
partial saturation set in for specimens immersed in an acidic 
environment at 40 °C. These specimens absorb the maxi-
mum amount of moisture of 8%. However, for the speci-
mens kept at 25 °C, the absorption rate slowed down after 
the ninth week. The highest moisture contents of 7% were 
observed at 12 weeks under 25 °C conditions. The spec-
imens at a lower temperature of -10 °C continue to gain 
weight throughout the exposure time with maximum mois-
ture contents of 0.66% at 12 weeks. This implies that the 
moisture absorption rate is very low for the specimens under 
-10 °C conditions. The diffusion accelerating effect of tem-
perature is approximately 13.16 times greater at 40 °C and 
11.67 times greater at 25 °C compared to the situation at 
-10 °C. This indicates that specimens exposed to an acidic 
environment at -10 °C exhibit much better chemical resist-
ance than specimens exposed to acidic environments at 
higher temperatures.

An increase in the overall weight of the specimen can be 
attributed to the penetration of acid solution in the speci-
men during immersion. However, a slight decrease in sample 
weight can occur when soluble compounds are leached into 
the acidic solution. The presence of voids or cracks in the 
matrix as well as fibre–matrix interface, can expedite the 
weight gain/loss effect in the materials [47].

Morphological properties

In order to identify the damage on the specimen surfaces 
and to present the micro damage morphology in the failure 
regions, optical microscope and SEM observations were 
performed on GCFREP hybrid composites immersed in an 

Fig. 3   The schematic representation of the experimental parameters

Fig. 4   Experimental pH 1.0 
acid exposure environments at 
-10 and 40 °C

pH 1.0 acid 

at 40 °C 

Magnetic stirrer

Parafilm sealing 

5-liter glass beakers

Digital display

Temperature sensor

Deep freezer of the refrigerator

pH 1.0 acid 

at -10 °C 
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Fig. 5   Weight gain as a function 
of duration for GCFREP hybrid 
composites after exposure to 
acidic environment at tempera-
tures of -10, 25, and 40 °C

Table 2   Optical microscope 
images of the specimen surfaces 
before and after ageing

Temperature / 

Duration
Raw -10 °C 25 °C 40 °C

1 day

1 week

3 weeks

6 weeks

9 weeks

12 weeks
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acidic environment with a pH of 1.0 for various exposure 
times and temperatures. Table 2 shows the optical micros-
copy images of the specimen surfaces of the hybrid compos-
ites after 12 weeks of exposure.

Table 2 shows that the surface of the raw (non-aged) speci-
men is smooth compared to the surfaces of the specimens kept 
in acidic environments. As the ageing duration increases, the 
surfaces of the specimens are no longer smooth, and voids 
become evident. These surface changes are caused by leaching 
of soluble compounds into the acidic solution. Colour changes 
can also be observed typically caused by degradation and oxi-
dation of the epoxy resin and the pigments or fillers used in 
the composite material [52]. No significant difference was 
observed in the colour of the specimens cooled at -10 °C com-
pared to those at 20 and 40 °C. Although the surface colour of 
specimens cooled at -10 °C changed from black to grey after 
12 weeks of acid exposure, the surface colour of specimens 
under the same conditions remained almost unchanged for up 
to 3 weeks, resulting in slight discolouration. The most severe 
colour change was detected for the specimens immersed in an 
acidic environment of 40 °C. The surface colour of the speci-
mens under 40 °C condition changed from black to yellow 
after 12 weeks of acid exposure. Moreover, the acidic environ-
ment of 40 °C has a more significant effect on the gloss loss of 
the specimens over 12 weeks.

SEM micrographs of the specimens kept in an acidic 
environment with a pH of 1.0 at -10, 25, and 40 °C for 1, 6, 
and 12 weeks are shown in Fig. 6. Some markers were used 

to raise awareness. Micro-cracks and micro-voids are rep-
resented by an orange arrow sign and a yellow rectangular 
marker, respectively. Acid attacks start from the surface of 
the specimens in the first week. Due to the sensitivity of the 
epoxy resin to the acidic environment, the hybrid composites 
are affected, leading to the emergence of matrix microcracks 
and microvoids on the specimen surfaces. These deforma-
tions become more pronounced as the acidic ambient tem-
perature and duration of acid exposure increase.

Mechanical properties

Tensile tests

The tensile strengths with trend lines of GCFREP hybrid 
composites immersed in an acidic environment with pH 
1.0 at three different temperatures for exposure times up 
to 12 weeks and the corresponding failure modes after 
12 weeks are given in Fig. 7. In addition, the values for ten-
sile strength, strain at tensile strength, ​​and Young’s modulus 
are given in Table 3. In Table 3, the up-down trends of the 
specimens compared to the raw specimen data are indicated 
with arrows along with the percentage change.

Firstly, it should be noted that there are differences 
between the failure modes. When the tensile stresses due 
to axial loading exceed the tensile strength of the hybrid 
composite, failure of the composite occurs. The photo-
graphs show that the acidic ambient temperatures at which 
the hybrid composites are aged change their tensile failure 
modes. Similar to the behaviour of raw specimens, speci-
mens kept at low temperatures in an acidic environment rup-
ture in a brittle manner through the horizontal axis without 
warning before final failure, while specimens fail in a ductile 
manner at higher temperatures. In addition, E-glass fibres 
in the outermost layers are revealed in the GCFREP hybrid 
composite laminates with [G2C]s orientation due to the 
degradation of the outermost layer epoxy of the specimens 
exposed to a pH 1.0 acidic environment at 25 and 40 °C. 
The browning/darkening effect caused by exposure to the 
pH 1.0 acidic environment at 40 °C reduces the failure mode 
conspicuity of E-glass fibres.

When evaluated in terms of tensile strength, it has been 
observed that the specimens exposed to all conditions of 
pH 1.0 acidic environment are lower than that of the raw 
specimens. In addition, the effects of temperatures on ten-
sile strength are found to be different. Increasing tempera-
tures have an increasing impact on the tensile strength of 
the GCFREP hybrid composites. A clear change trend in 
tensile strength is not observed for specimens kept at -10 °C, 
where only a tiny amount of moisture absorption was expe-
rienced during ageing. As seen in Fig. 6, voids and cracks 
in the resin caused by moisture penetration are rare in an 
acidic environment at -10 °C. It has been revealed that the 

Fig. 6   SEM micrographs of the a control specimen and specimens 
stored for b-h 1  week, c-i 6  weeks, and d-j 12  weeks in an acidic 
environment at different temperatures
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tensile strength of the specimens kept at 25 °C decreases 
with the prolonged exposure times, and the specimens with 
the lowest values ​​are those of that were kept for 12 weeks, 
which was the longest experimental exposure time. This 
decrease is caused by partial interfacial debonding between 
the fibre and the resin due to the hydrolysis reaction of the 
epoxy resin [53]. The tensile strength of the specimens kept 
at 40 °C shows a rapid decrease during the initial ageing 
period, and this deterioration gradually slows down with 
the prolongation of the ageing period. The rapid degrada-
tion observed in the first 3 weeks is due to delamination 
and separation of the fibre/matrix interface bond caused 
by swelling of the moisture absorption, corresponding to 
the Fickan diffusion process in Fig. 5. However, the slower 
degradation after three weeks of ageing could be attributed 
to the polymer of composites relaxation, as Li et al. pointed 
out [54]. The strength of specimens at 40 ºC remains con-
stant at about 279 MPa after 6 weeks of ageing. The tensile 
strength of specimens exposed to an acidic environment with 

a pH of 1.0 for 12 weeks at 40 °C has decreased by 51.4%, 
and that of the specimens stored at 25 °C for 12 weeks has 
decreased by 50.2%. Similar to the tensile strength, the ten-
sile strains of the specimens at 25 and 40 °C mostly decrease 
with increasing acid exposure time. The strain values of the 
specimens exposed to an acidic environment with a pH of 
1.0 at 25 and 40 °C for 12 weeks have decreased by 50.0% 
and 55.6%, respectively, compared to the values of the raw 
specimens. The decreased failure strain can pose a risk to 
the service reliability of the hybrid composite. However, the 
strain values of the specimens held at -10 °C have always 
been found higher than that of the raw specimen. At the end 
of the 12 weeks, the maximum tensile strain is 1.25 times 
higher than that of the raw specimen. This may be attributed 
to the lower decomposition at low temperatures. The scatter-
ing seen in results for strains does not allow clear and con-
clusive conclusions regarding the mechanisms of chemical 
ageing. The modulus of elasticity of hybrid composites tends 
to decrease with exposure time, it is generally seen that acid 

Fig. 7   Failure modes of 
12 weeks acid-exposure and 
tensile strength – strain graph 
for GCFREP hybrid composites
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exposure causes a decrease in the stiffness. At the end of 
12 weeks, the decrease in Young’s modulus is approximately 
25–40%. Young’s modulus reduces from 38.4 GPa to 22.9 
GPa, 21.4 GPa, and 28.6 GPa for specimens exposed to an 
acidic environment at -10, 25, and 40 °C, respectively.

Compression tests

The values of compressive strength, compressive strain at 
failure, compression modulus, and failure modes through the 
thickness and in-plane of GCFREP hybrid composites as a 
result of compression tests are given in Fig. 8 and Table 4. 
In compression, while fibre crushing is observed in the raw 
specimen and specimens at -10 °C, the formation of in-plane 
kink bands [55] was observed in specimens at 25 and 40 °C 
conditions. In the literature, fibre crashing failure and kink 
formation are reported as the most common failures of fibre-
reinforced polymer composites [56]. Fibre crashing failure 
is defined as damage that occurs when the compressive 
stress applied to the composite exceeds the intrinsic crush-
ing strength of the fibres [57], while kinging is defined as 
a localised deformation in a band across the composite in 
which the fibres exhibit rotation and the matrix material 
undergoes severe shear deformation [55].

Similar to the effect of an acidic environment on the ten-
sile strength of GCFREP hybrid composites, increasing tem-
peratures also significantly reduce the compressive strength 
of these composites. Due to the ductility of the polymers 
at high temperatures, lower compressive strength at higher 
temperatures is expected. The decrease in compressive 
strength of the specimens stored at 40 °C for 12 weeks is 

23.9% compared to that of the raw specimen. Hybrid com-
posites stored at 25 °C show similar performance at com-
pression loading. However, the situation is reversed for the 
specimens exposed to an acidic environment at -10 C. The 
compressive strength of the specimens stored at -10 °C for 
3 and 6 weeks is higher than that of the raw specimen due 
to their brittle behaviour. The decrease in the compressive 
strength of the hybrid composites in the first week can be 
explained by the absorption of acidic solution, while their 
high chemical degradation can explain the decrease seen 
in the 12th week. The highest value for the compressive 
strength of the specimens stored under the specified condi-
tions was found to be 66.1 MPa for the specimens stored at 
-10 °C for 3 weeks, and the lowest compressive strength was 
found to be 49.7 MPa for the specimens stored at 40 °C for 
12 weeks. Compared with the raw specimen, the maximum 
increase in compressive strength is 1.2%, while the maxi-
mum decrease in compressive strength is 23.9%.

When the compressive strain values are examined, it is 
seen that acid exposure time increases the compressive strain 
in the first weeks and decreases it for high-temperature envi-
ronments in the later period. The increase in strain in the 
first week can be explained by the ductility of the material 
due to acid absorption.

The general trend in compression modulus is a decrease 
with increasing temperature and acid exposure time. It shows 
its lowest value of 3.9 GPa at 40 °C in the 12th week. At the 
end of 12 weeks, the compressive modulus value decreased 
by 17.0%, 22.6%, and 26.4%, respectively, at -10, 25, and 
40 °C relative to the raw specimen. After the ninth week, 
the sharp decrease in the compression modulus decreased.

Table 3   Tensile strength, Tensile strain, and Young’s modulus of raw and acid-exposure GCFREP hybrid composites

Tensile strength
(MPa)

Strain at Tensile Strength (%) Young’s Modulus
(GPa)

Raw 558.3 (± 17.4) 1.8 (± 0.2) 38.4 (± 4.9)

Temperature /  
Duration

-10 °C 25 °C 40 °C -10 °C 25 °C 40 °C -10 °C 25 °C 40 °C

1 day 504.7 (± 23.6)
-9.6%↓

551.3 (± 13.2)
-1.3%↓

468.7 (± 26.3)
-16.0%↓

2.2 (± 0.4)
22.2%↑

1.6 (± 0.1)
-11.1%↓

2.5 (± 0.4)
38,9%↑

24.9 (± 1.6)
-35.2%↓

38.4 (± 3.6)
0.0%↓

31.6 (± 3.1)
-17.7%↓

1 week 493.5 (± 20.0)
-11.6%↓

446.1 (± 23.7)
-20.1%↓

407.1 (± 15.)1
-27.1%↓

2.1 (± 0.5)
16.7%↑

1.7 (± 0.5)
-5.6%↓

2.5 (± 0.5)
38,9%↑

36.7 (± 1.3)
-4.4%↓

34.9 (± 8.2)
-9.1%↓

30.2 (± 7.9)
-21.4%↓

3 weeks 478.0 (± 8.6)
-14.4%↓

417.8 (± 17.3)
-25.2%↓

306.9 (± 35.9)
-45.0%↓

1.4 (± 0.3)
-22.2%↓

2.0 (± 1.4)
11.1%↑

1.2 (± 0.2)
-33,3%↓

25.5 (± 6.6)
-33.6%↓

23.1 (± 8.6)
-39.8%↓

29.7 (± 0.7)
-22.7%↓

6 weeks 511.2 (± 21.8)
-8.4%↓

361.1 (± 9.1)
-35.3%↓

279.2 (± 13.8)
-50.0%↓

2.1 (± 0.4)
16.7%↑

1.9 (± 0.3)
5.6%↑

1.5 (± 0.4)
-16,7%↓

22.3 (± 4.2)
-41.9%↓

24.7 (± 7.5)
-35.7%↓

29.1 (± 4.1)
-24.2%↓

9 weeks 483.2 (± 19.2)
-13.5%↓

325.1 (± 14.1)
-41.8%↓

276.9 (± 10.4)
-50.4%↓

2.6 (± 1.0)
44.4%↑

1.0 (± 0.1)
-44.4%↓

1.3
(± 0.1)
-27,8%↓

18.7 (± 0.2)
-51.3%↓

22.5 (± 2.4)
-41.4%↓

28.3 (± 2.5)
-26.3%↓

12 weeks 493.1 (± 20.9)
-11.7%↓

277.9 (± 19.8)
-50.2%↓

271.6 (± 8.4)
-51.4%↓

2.3 (± 0.2)
27.8%↑

0.9 (± 0.1)
-50.0%↓

0.8 (± 0.2)
-55,6%↓

22.9 (± 4.9)
-40.4%↓

21.4 (± 0.5)
-44.3% ↓

28.6 (± 6.9)
-25.5%↓
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Three‑point bending tests

The flexural strengths, strain to failure, and flexural modulus 
of the specimens, which were kept for 12 weeks in an acidic 
environment with pH 1.0 as a result of the three-point bending 
tests, are listed in Table 5 and shown graphically in Fig. 9. As 
can be seen from the results, the bending properties of hybrid 
composites decrease with the increase of the acidic ambient 
temperature and exposure time in an acidic environment.

The tendency to change in flexural strength of hybrid 
composites due to acidic ambient temperature and exposure 
time in an acidic environment is similar to that of tensile 

strengths. The increased absorption of acidic solution at 
high temperatures increased the sensitivity of the mechani-
cal responses of the hybrid composites.

Figure 9 shows the strong influence of increasing temper-
ature on the flexural strength of the specimens. Even keep-
ing the specimen in an acidic environment for 1 day caused 
poor bending performance. While the flexural strength of 
the specimens exposed to the acidic environment at 40 and 
25 °C tended to decrease with a trend related to their mois-
ture absorption behaviours as the exposure time increased, 
no significant change in the flexural strength is observed for 
the specimens kept at -10 °C. This indicates that a weight 

Fig. 8   Failure modes of 
12 weeks acid-exposure and 
compression strength – dura-
tion graph for GCFREP hybrid 
composites
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change may indicate a change in flexural strength. The low-
est bending strength was observed in the specimens kept at 
40 °C for 12 weeks. The decrease in the flexural strength of 
these specimens is 75.0% compared to that of the raw speci-
mens, while it is 16.7% for the specimens kept at -10 °C. 
This situation can be explained by the higher degradation 
rate associated with the poor fibre-matrix interface due to 
the high moisture absorption at high acidic ambient tempera-
tures. On the other hand, the reduction in flexural strength 
and flexural modulus caused by acid exposure of hybrid 
composites compared to that of raw samples can be attrib-
uted to swelling and deterioration of the matrix. A greater 
property reduction is observed with increasing immersion 
time and acidic ambient temperature. This reduction is 

maximum in specimens kept in an acidic environment for 
12 weeks and is 38.2% for flexural strain and 73.9% for 
flexural modulus. When the flexural strain changes due to 
acid exposure time are compared, it is noted that the flexural 
strains of hybrid composites increase until partial saturation. 
The increase in flexural strain can be attributed to the flex-
ible structure resulting from the absorption of solvent mol-
ecules filling the voids and cracks in the hybrid composite 
and acting as plasticisers in the composite.

After bending testing, compression failure is observed 
at the upper surface of the specimens and tensile failure at 
the lower surface. In compression, macrocracks and local-
ised kink bands are evident, extending across the entire 
width of the specimen. Kinking, the most predominant 

Table 4   Compression strength, strain, and modulus of raw and acid-exposure GCFREP hybrid composites

Compression strength (MPa) Strain (%) Compression Modulus (GPa)

Raw 65.3 (± 2.1) 2.4 (± 0.2) 5.3 (± 4.9)

Temperature 
/ Duration

-10 °C 25 °C 40 °C -10 °C 25 °C 40 °C -10 °C 25 °C 40 °C

1 day 63.5 (± 0.6)
-2.8%↓

62.7 (± 0.4)
-4.0%↓

62.9 (± 0.3)
-3.7%↓

2.2 (± 0.1)
-8.3%↓

2.5 (± 0.4)
4.2%↑

2.6 (± 0.2)
8.3%↑

5.1 (± 0.3)
-3.8%↓

5.2 (± 0.7)
-1.9%↓

5.3 (± 0.2)
0%↔

1 week 60.1 (± 0.8)
-8.0%↓

60.00 (± 0.3)
-8.1%↓

58.5 (± 1,7)
-10.4%↓

2.1 (± 0.2)
-12.5%↓

1.8 (± 0.7)
-25.0%↓

2.8 (± 0.5)
16.7%↑

5.3 (± 0.4)
0.0%↔

5.2 (± 0.6)
-1.9%↓

4.3 (± 0.3)
-18.9%↓

3 weeks 66.1 (± 1.2)
1.2%↑

57.9 (± 1.5)
-11.3%↓

54.1 (± 1.1)
-17.2%↓

2.4 (± 0.4)
0.0%↔

2.0 (± 0.5)
-16.7%↓

1.4 (± 0.2)
-41.7%↓

5.2 (± 0.1)
-1.9%↓

4.5 (± 0.1)
-15.1%↓

4.7 (± 0.3)
-11.3%↓

6 weeks 65.9 (± 0.9)
0.9%↑

56.8 (± 2.0)
-13.0%↓

52.9 (± 1.4)
-19.0%↓

2.9 (± 0.4)
20.8%↑

1.7 (± 0.1)
-29.2%↓

1.5 (± 0.1)
-37.5%↓

4.6 (± 0.1)
-13.2%↓

4.3 (± 0.1)
-18.9%↓

4.1 (± 0.1)
-22.6%↓

9 weeks 64.5 (± 1.3)
-1.2%↓

51.9 (± 1.2)
-20.5%↓

51.7 (± 0.8)
-20.8%↓

2.8 (± 0.2)
16.7%↑

1.6 (± 0.1)
-33.3%↓

1.4
(± 0.1)
-41.7%

4.3 (± 0.1)
-18.9%↓

4.2 (± 0.1)
-20.8%↓

3.9 (± 0.1)
-26.4%↓

12 weeks 61.8 (± 0.5)
-5.4%↓

50.4 (± 1.0)
-22.8%↓

49.7 (± 1.3)
-23.9%↓

2.8 (± 0.6)
16.7%↑

1.6 (± 0.2)
-33.3%↓

1.6 (± 0.1)
-33.3%↓

4.4 (± 0.1)
-17.0%↓

4.1 (± 0.2)
-22.6%↓

3.9 (± 0.2)
-26.4%↓

Table 5   Flexural strength, strain, and modulus of raw and acid-exposure GCFREP hybrid composites

Flexural Strength (MPa) Flexural Strain (%) Flexural Modulus (GPa)

Raw 915.3 (± 15.7) 3.4 (± 0.1) 35.2 (± 0.5)

Temperature 
/ Duration

-10 °C 25 °C 40 °C -10 °C 25 °C 40 °C -10 °C 25 °C 40 °C

1 day 721.2 (± 7.3)
-21.2%↓

719.0 (± 43.2)
-21.4%↓

592.7 (± 26.1)
-35.2%↓

2.7 (± 0.1)
-20.6%↓

2.7 (± 0.1)
-20.6%↓

2.6 (± 0.2)
-23.5%↓

24.7 (± 1.1)
-29.8%↓

28.1 (± 4.2)
-20.2%↓

28.3 (± 4.2)
-19.6%↓

1 week 769.8 (± 32.0)
-15.9%↓

562.6 (± 28.2)
-38.5%↓

408.4 (± 17.5)
-55.4%↓

2.7 (± 0.1)
-20.6%↓

2.5 (± 0.1)
-26.5%↓

3.1 (± 0.7)
-8.8%↓

31.8 (± 1.7)
-9.7%↓

23.6 (± 3.0)
-33.0%↓

19.4 (± 2.1)
-44.9%↓

3 weeks 777.9 (± 38.0)
-15.0%↓

450.6 (± 29.1)
-50.8%↓

282.6 (± 10.5)
-69.1%↓

2.8 (± 0.1)
-17.6%↓

2.7 (± 0.1)
-20.6%↓

2.9 (± 0.6)
-14.7%↓

30.0 (± 2.5)
-14.8%↓

15.9 (± 1.5)
-54.8%↓

13.5 (± 1.1)
-61.6%↓

6 weeks 787.5 (± 19.0)
-14.0%↓

388.5 (± 12.5)
-57.6%↓

234.5 (± 25.4)
-74.4%↓

2.9 (± 0.1)
-14.7%↓

3.0 (± 0.2)
-11.8%↓

2.1 (± 0.2)
-38.2%↓

33.5 (± 2.9)
-4.8%↓

15.2 (± 1.6)
-56.8%↓

12.4 (± 2.0)
-64.8%↓

9 weeks 752.4 (± 37.4)
-17.8%↓

266.0 (± 10.0)
-70.9%↓

245.1 (± 4.1)
-73.2%↓

2.9 (± 0.1)
-14.7%↓

2.2 (± 0.6)
-35.3%↓

1.9
(± 0.2)
-44.1%↓

26.1 (± 3.9)
-25.9%↓

13.0 (± 2.5)
-63.1%↓

10.5 (± 1.7)
-70.2%↓

12 weeks 762.8 (± 46.1)
-16.7%↓

229.9 (± 13.9)
-74.9%↓

229.2 (± 19.7)
-75.0%↓

2.9 (± 0.1)
-14.7%↓

2.7 (± 0.2)
-20.6%↓

2.1 (± 0.1)
-38.2%↓

31.5 (± 2.1)
-10.5%↓

9.2 (± 2.1)
-73.9%↓

9.3 (± 1.8)
-73.6%↓
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form of compressive failure, is also reported by Bonsu 
et al. [58] and Dong et al. [59]. Figure 8 shows that the 
damage at -10 °C is more pronounced than the failure at 
40 °C, although it exhibits higher bending strength.

V‑notched charpy impact tests

As a final test of mechanical characterisation, Charpy tests 
were performed to examine the energy absorption capacity 
of the hybrid composites. The fracture energy values found 
as a result of the V-notch Charpy impact test are given in 

Fig. 10 with the standard deviation and listed in Table 6. The 
first implication from the graph is that exposure to an acidic 
environment decreased the fracture toughness of the hybrid 
composites. The negative effect on the fracture toughness 
of the specimens kept at 25 and 40 °C is more pronounced 
than those kept at -10 °C. The fracture toughness of the 
composites is affected by the ambient temperature to which 
the specimens are exposed rather than the acid exposure 
time. Contrary to expectations, no increase in fracture tough-
ness is observed with increasing acidic ambient tempera-
ture. However, with the increase in the acid exposure time, 

Fig. 9   Failure modes of 
12 weeks acid-exposure and 
flexural strength – duration 
graph GCFREP hybrid com-
posites
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fluctuations are seen in fracture energy values. The fracture 
energy of the specimens after 12-week ageing is 3.0, 1.9, and 
2.1 J for specimens exposed to the acidic ambient tempera-
ture of -10, 25, and 40 °C, respectively. Local heterogenei-
ties in both microstructure and interfacial quality between 
laminates with different properties may be the reason for 
this situation.

Exposure to an acidic environment at different tempera-
tures and prolonged periods causes different degradation 
rates in the matrix, resulting in differences in hybrid compos-
ite matrix behaviour. Accordingly, different behavioural ten-
dencies are observed in fracture energy values. The matrix 
and fibre thermal coefficient differences of the specimens 
exposed to the acidic environment at different temperatures 
cause different expansion and contraction behaviours. These 

differences reveal defects such as microcracking, debonding, 
and delamination in the interfacial region between fibre and 
matrix [60]. This may be why the different fracture energy 
behaviour is stable at low temperatures and tends to decrease 
at high temperatures.

The change in tensile, compressive, and flexural proper-
ties of hybrid composites as a function of the duration of 
acid exposure and the temperature of the acidic environment 
is shown in Fig. 11. In this graph, all properties are normal-
ised to the properties of the raw specimen. The results show 
that all properties reduce regardless of the acidic environ-
ment temperature. The reduction is more pronounced for 
flexural loading than other properties. However, flexural 
strength is more affected by the acidic environment than 
the flexural modulus. This effect is more significant at 
40 °C than at -10 °C. For example, after 12 weeks, flexural 
strength and flexural modulus have decreased by 16.7% and 
10.5%, respectively, compared to the raw material, while 
at 40 °C, they have decreased by 75.0% and 73.6%, respec-
tively. Reduction in flexural properties is more pronounced 
than other properties at 40 °C. While both strength and stiff-
ness values are not affected much by exposure to the acidic 
environment at -10 °C, the sensitivity of specimens at 40 °C 
to the acidic environment increases. Depending on the expo-
sure time, there is no significant change in the mechanical 
properties of the samples exposed to the acidic environ-
ment at -10 °C. The slight differences that occur when the 
mechanical test results of these samples are compared can be 
associated with differences that may arise due to the nature 
of the production processes.

Comparing the behaviour of the specimens kept at dif-
ferent temperatures in an acidic environment under three 
different loading conditions shows that the property is least 
affected under compressive loading. Unlike flexural loading, 
the effect of the acidic environment on compressive strength 
is less than the effect on compressive modulus. Considering 
the behaviour of the hybrid composites under tensile load-
ing, the tensile modulus of the specimens at -10 °C is more 
affected by the acidic environment, while the tensile strength 
of specimens at 40 °C is more affected.

Structural properties

FTIR spectra showing the variation of pH 1.0 acid 
exposure for 12 weeks on the specimens against tem-
perature are given in Fig. 12(a) (FTIR spectra of the 
specimens at 1, 6, and 12 weeks, along with tempera-
ture variations, are given in Fig. SI1. The broad band 
centred at 3380 cm−1 corresponds to the O–H stretch-
ing of the hydroxyl groups. C–H stretching bands of 
methyl (CH2) and methylene (CH3) groups are observed 
at 2970 cm−1 and 2925 cm−1, respectively. The bands 
at 1608 cm−1 and 1510 cm−1 are due to the C = C and 
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Fig. 10   Fracture energy – duration graph of raw and acid-exposure 
GCFREP hybrid composites

Table 6   Fracture energy of raw and acid-exposure GCFREP hybrid 
composites

Fracture Energy (J)

Raw 3.4 (± 0.1)

Temperature / 
Duration

-10 °C 25 °C 40 °C

1 day 3.2 (± 0.6)
-5.9%↓

2.7 (± 0.7)
-20.6%↓

2.5 (± 0.2)
-26.5%↓

1 week 3.0 (± 0.6)
-11.8%↓

2.4 (± 0.7)
-29.4%↓

2.3 (± 0.3)
-32.4%↓

3 weeks 3.0 (± 0.6)
-11.8%↓

2.1 (± 0.1)
-38.2%↓

2.1 (± 0.4)
-38.2%↓

6 weeks 3.0 (± 0.3)
-11.8%↓

2.4 (± 0.5)
-29.4%↓

2.3 (± 0.3)
-32.4%↓

9 weeks 3.3 (± 1.0)
-2.9%↓

1.9 (± 0.1)
-44.1%↓

2.3 (± 0.4)
-32.4%↓

12 weeks 3.0 (± 0.4)
-11.8↓

1.9 (± 0.1)
-44.1%↓

2.1 (± 0.5)
-38.2%↓
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C–C stretching vibrations in the aromatic ring of epoxy 
(diglycidyl ether bisphenol). In addition, C–O bands from 
C–OH stretching (1180 cm−1) and aryl–alkyl asymmet-
ric stretching (1240 cm−1) are present in all specimens. 
The specimens underwent a significant chemical change 
after being treated with an acidic environment at various 

temperatures and immersion times. The increase in the 
intensity of the O–H stretching of the hydroxyl group and 
the newly formed bands at 3405 and 3540 cm−1 indicate 
the formation of surface Si–OH groups linked by hydro-
gen bonds to surface water. The hydrolysis of the surface 
of the glass fibres is likely responsible for the decline in 

Fig. 11   a Normalized tensile 
strength-modulus, compressive 
strength-modulus, and flexural 
strength-modulus of GCFREP 
hybrid composites acid-expo-
sured at a -10 °C, b 25 °C, and 
c 40 °C
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mechanical properties [58]. Si–O–Si stretching (1030 and 
824 cm−1) and bending (555 cm−1) vibrations of Si–O 
(Fig. 12(b-c)) originating from the glass fibres used in 
the hybrid composites [61]. However, the degradation of 
glass fibres commenced through dissolution upon expo-
sure to the acidic environment, particularly at 25 °C and 
40 °C, as evidenced by the shift in the intensity of Si–O 
bands compared to those of the control and specimens 
treated at -10 °C. Furthermore, the C–O deformation 
of the oxirane ring, which is characteristic of epoxy, is 
observed at 920 cm−1 and decreased with temperature 
(Fig.  12(d)). This observation suggests the degrada-
tion and oxidation of epoxy, which may contribute to 

a decline in the mechanical properties because of chain 
scissions – a result of bond breakage along the polymer 
chain [62, 63]. Unlike the control specimen another new 
band formation was observed at 1675 cm−1 at all temper-
atures, and this band may belong to the C = C stretching 
due to oxidative degradation of epoxy [52].

High temperatures are known to accelerate the degrada-
tion processes that result from exposure to acids or alkalis. 
In the acid-glass fibre interaction, ionic exchange occurs 
between the metallic cations on the fibre surface and the 
hydrogen ions in the acid solution [64]. Thus, both thermal 
and chemical ageing cause deterioration of the mechanical 
properties (see Figs. 7– 9).

Fig. 12   a FTIR spectra illustrat-
ing the impact of pH 1.0 acid 
exposure on the specimens over 
12 weeks at various tempera-
tures, b-e Enlarged views of the 
spectra in the range of 500 and 
1000 cm−1
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Thermal properties

The thermal behaviour of the specimens exposed to acid 
and different temperatures/immersion times is shown in 
Fig. 13. The three weight losses observed for the speci-
mens are consecutive to the elimination of absorbed water, 
the dehydration and decomposition of the epoxy resin, and 
the conversion of Si–OH to SiO2. Since the amount of 
acid solution absorbed in the composites increased with 
temperature and time, the water loss was the highest in 
the specimens exposed to acid at 25 °C and 40 °C for 
12 weeks compared to other specimens. This finding is 
consistent with the absorption behaviour of the specimens. 
The weight of the specimens remains constant at around 
550 °C, and the majority of remaining residue originat-
ing from glass fibre is anticipated to be composed of 
SiO2. From this point of view, since the maximum SiO2 is 
observed for the specimen at -10 °C and 12 weeks of acid 
exposure, glass fibres are preserved at low temperatures, 

which is also in line with the FTIR results. The glass fibres 
start to dissolve, and the remaining SiO2 amount decreases 
in comparison to the control specimen after 6 weeks at 
25 °C. As the temperature is further raised, the glass fibres 
begin to dissolve as early as the first week, and the amount 
of SiO2 continues to decline as exposure time increases. In 
summary, it has been found that the thermal stability value 
is decreased by longer exposure times for specimens kept 
in an acidic environment. The specimens treated at 40 °C 
were shown to be the most adversely affected.

Thermograms were obtained with DSC analyses to 
observe the effects of acidic environments at various expo-
sure temperatures and durations on the glass transition tem-
peratures (Tg) of GCFREP hybrid composite materials. In 
the DSC thermogram, the upper transition peaks indicate 
the heat requiring an endothermic zone, while the lower 
transition peaks indicate the heat melting exothermic zone. 
Decomposition temperatures are obtained from endother-
mic transition peaks. Tg represents the temperature region 

Fig. 13   TGA curves showing the variation of pH 1.0 acid exposure on the specimens versus temperature and time
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where the polymer changes from a rigid, glassy structure to 
a rubbery structure. Tg characterises the amorphous region 
feature of the polymers.

Tg can be affected by ageing, thermal/chemical applica-
tions, polymer chemistry, and degree of crystallinity. Chemi-
cal environment exposure may cause some changes in the 
polymer molecular chain structure. Figure 14 presents DSC 
thermograms of the specimens in the pH 1.0 acidic envi-
ronment at 10, 25, and 40 °C for 1, 6, and 12 weeks. In 
addition, the glass transition temperatures (Tg) calculated 
from the thermograms are listed in Table 7. The changes in 
characteristic temperatures given in the table directly affect 
design considerations. In particular, the value of Tg is an 
important parameter to consider in determining the maxi-
mum service temperature of polymeric composites. Operat-
ing the composites at temperatures above the Tg value causes 
them to be unable to maintain their solid state and decreases 
their mechanical strength. Accordingly, compared to the raw 
specimens, it can be seen that the Tg increases relatively 

for all specimens. This is inconsistent with results where 
there is a lost in specimen stiffness and an increase in failure 
strain. The Tg of the raw specimens is found to be 65.88 °C. 
In specimens exposed to the acidic environment at 25 and 

Fig. 14   DSC thermogram showing the variation of pH 1.0 acid exposure on the specimens versus temperature and time

Table 7   Glass transition temperatures of specimens exposed to pH 
1.0 acidic environment

Tg(°C)

Raw 65.9

Temperature / 
Duration

-10 °C 25 °C 40 °C

1 week 66.3
0.6%↑

65.0 
-1.4%↓

66.6
1.1%↑

6 weeks 64.1
-2.7%↓

69.2 
5.0%↑

71.1
7.9%↑

12 weeks 65.5
-0.6%↓

81.6
23.8%↑

78.2
18.7%↑
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40 °C, the Tg increases with increasing exposure time, while 
the Tg at -10 °C is almost unchanged and exhibits properties 
similar to those of the raw specimens. This increase in Tg is 
attributed to the steric hindrance effect provided by benzene 
rings in the epoxy resin and an increase in crosslinking den-
sity, which reduces the mobility of the polymer chains [65]. 
Upon acid exposure, penetration of ions through the aqueous 
systems into the composites can limit the segmental interac-
tions, thereby enhancing Tg [66]. Similar results have been 
reported in our previous work [67, 68].

Conclusion

This study investigated the effects of concentrated sulfu-
ric acid (H2SO4) and nitric acid (HNO3) based simulated 
acidic rain solvent on absorptive, morphological, mechani-
cal, structural, and thermal properties of GCFREP hybrid 
composites. The selected durations for exposure to the pH 
1.0 acidic environment were 1 day, 1 week, 3, 6, 9, and 
12 weeks, and ambient temperatures were -10, 25, and 
40 °C. After the specimens were exposed to the acidic envi-
ronment under the specified conditions, they were subjected 
to characterisation tests. Accordingly, the following findings 
were itemised.

•	 Due to the degradation reaction that occurs due to long-
term physical and chemical ageing, changes occur in both 
the mechanical and thermal properties of hybrid com-
posites. A strong correlation is observed between acid 
diffusion and mechanical/thermal properties.

•	 Based on the absorption tests, the immersion duration for 
specimens to partially saturate with the acidic solvent is 
estimated to be approximately 6 weeks for those exposed 
at 40 °C and 9 weeks for those exposed at 25 °C. Maxi-
mum weight gain is observed after 12 weeks of exposure 
in all specimens. After 12 weeks of immersion, maxi-
mum weight gains of approximately 7.9%, 7%, and 0.6% 
are obtained for specimens exposed at 40, 25, and -10 °C, 
respectively.

•	 Regarding aesthetics, after 12 weeks of exposure to a pH 
1.0 acidic environment, a slight discolouration is observed 
in the specimens exposed at -10 °C, while the most notice-
able colour change is observed in those exposed at 40 °C.

•	 It has been revealed that the temperature of the acidic 
environment and its exposure time affect all mechanical 
properties. When evaluating the strength of GCFREP 
hybrid composites, the maximum tensile, compression, 
and flexural strength reduction is 51.4%, 23.9%, and 
75.0%, respectively, in the specimens exposed to pH 1.0 
acidic environment at 40 °C for 12 weeks.

•	 Experimental results have shown that tensile moduli of 
the specimens kept at pH 1.0 at -10 °C tend to decrease 
after 1 week, and compression moduli decrease after 
3 weeks. The tensile, compressive, and flexural modu-
lus of the specimens kept at pH 1.0 at 25 °C decrease 
with prolonged exposure times. While the tensile and 
compression moduli of the specimens kept at pH 1.0 at 
40 °C do not change, the flexural moduli show a continu-
ous downward trend.

•	 When absorption test data and mechanical properties are 
considered together, diffusion can accelerate the reduc-
tion of mechanical properties, and the presence of this 
reduction or damage may accelerate the penetration of 
acidic solutions.

•	 The absorption and TGA analyses are consistent with the 
amount of acidic solution absorbed and lost. The highest 
amount of moisture absorbed and lost is seen in samples 
exposed for 12 weeks at 25 and 40 °C.

•	 When the thermal stability values of GCFREP hybrid 
composites are examined, it is revealed that the most crit-
ical decrease occurs in the specimens exposed at 40 °C 
for 12 weeks to the pH 1.0 acidic environment, and it has 
been found that prolonged exposure durations have an 
inversely proportional effect on thermal stability values.
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