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1. Introduction 

Today, fiber-reinforced polymer (FRP) compo-

sites, thanks to their potential advantages such as high-

specific strength, stiffness and being lightweight, have tak-

en the place of traditional metals in many areas, such as 

automotive, aircraft industry, wind turbine, and marine 

applications. Despite the many advantages of polymer ma-

trix composites compared to conventional metals, the big-

gest challenge is to ensure that they work with minimal 

external inspection and maintenance, especially over the 

years. For example, wind turbine blades or offshore struc-

tures that are difficult to monitor and maintain should be 

resistant to long-term humidity, cyclic temperatures, loads 

and UV radiations aging [1].  

The durability of polymer matrix composite mate-

rials (PCMs) under environmental conditions has become 

an ongoing concern for the industry and researcher due to 

increasing use of polymer composite materials. In some 

application areas, environmental factors, such as heat, 

moisture, ultraviolet rays and loads may degrade the mate-

rial properties [2, 3]. In some applications, PCMs may be 

exposed to some hygrothermal conditions with high tem-

perature and moisture content and this environment will 

lead to deterioration of composites properties [4, 5]. There-

fore, most researchers have focused on hygrothermal aging 

effects on PCMs [6-12]. Fitriah et al. [13] investigated the 

hygrothermal aging effects on crushing behaviour of glass 

fiber-reinforced epoxy pipes that were manufactured with 

three different winding angles by filament winding pro-

cess. The pipes were then hydrothermally aged in tap water 

at a constant temperature of 80 °C for periods of 500, 

1000, and 1500 h. They observed that at the end of the 

tests conducted, the strength of the pipes decreased with 

the waiting period. Hu et al. [1] reported that hygrothermal 

exposure affect matrix, fibers and interfaces in a different 

way. Carbon fibers are inert, while glass fibers are sensi-

tive to humid environments.  

Aging is generally divided into two classes, phys-

ical and chemical. Physical aging is the type of reversible 

aging involving both property and dimensional changes. 

On the other hand, in the case of chemical aging, there is 

irreversible degradation of the molecular structure caused 

by mechanisms such as chain scission, changes in cross-

linking density and oxidation [14, 15]. During hygrother-

mal aging, additional cross-linking due to residual curing, 

secondary cross-linking between the polymer chains and 

the water molecules, swelling, micro-cracking, leaching of 

low molecular weight segments (decomposition), plastici-

zation, polymer relaxation, etc. may occur [2, 16- 20].   

Polymers have several significant transition tem-

peratures. The most important of these is the glass transi-

tion temperature (
g

T ). 
g

T  may be the most important pa-

rameter that gives information about the aging of the mate-

rial. During the hygrothermal aging process, an increase in 

g
T  may occur due to post-curing, while a decrease in 

g
T , 

modulus, and strength is based on plasticization and dete-

rioration [21, 22]. On the other hand, Alessi et al. [20] re-

ported that moderate plasticization can increase fracture 

toughness by impeding propagation.  

In this present study, effects of the hygrothermal 

aging behaviour of glass fiber and carbon fiber reinforced 

epoxy resin were compared. Vacuum-assisted resin infu-

sion method was used to produce composite materials. 

Different from the literature review given above, hybrid 

composites were also investigated. It is well known that 

the carbon is more resistant to the humid environment than 

glass. However, the price of carbon is higher than glass. 

The aim of this study is to compare carbon and glass rein-

forced epoxy composites and the effects of stacking se-

quence on the mechanical properties of composites sub-

jected to hygrothermal aging. The samples were exposed to 

a hygrothermal aging process for five weeks. 

2. Experimental procedure  

2.1. Sample preparation  

 

The composite samples were produced by using 

vacuum-assisted resin infusion method. The areal density 

of the unidirectional glass fibre and carbon fibre fabric 

used was 300 g/m2, respectively. A bicomponent Araldite 

LY 564 epoxy resin with an Aradur 3487 BD hardener was 

selected as a thermoset polymeric matrix. The mixing ratio 

of the epoxy to the hardener was 3:1 by weight. All the 

materials were packaged and the resin was infused under 

the vacuum as 1 bar. Curing was performed on a specially 

designed heating table at 50 oC for 30 min preheating and 

cured at 100ºC for 2 hours, followed by cooling at room 

temperature. Four different composite materials, two of 

them hybrid, were fabricated by arranging carbon and E-

glass fabrics with different stacking sequences symmetri-

cally to the center. All composites materials consist of 

eight layers. The stacking sequences of composite materi-

als are given in Fig. 1. Type A and B were produced using 
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only glass and carbon reinforcement respectively, while 

type C and D were fabricated hybrid as shown schemati-

cally in Fig. 1. The thicknesses of samples for Type A, B, 

C and D were measured 2.1, 2,3, 2.25 and 2.25 mm, re-

spectively. In order to determine the mechanical properties, 

the test coupons were cut out from composite panels with a 

stacking sequence of [0]8 according to ASTM D3039 [23] 

standard for tensile properties and ASTM D7264 [24] 

standard for flexural properties. The fiber volume fractions 

of all the plates were found as 57 ± 3%. 
 

 

Fig. 1 Schematic view of stacking sequence of composite 

materials 

2.2. Hygrothermal aging process 

 

ATT Discovery DY110C climatic which allows 

conducting tests between -70ºC and 180ºC and provides to 

control humidity at positive temperatures under 100ºC was 

used to conducted aging process. The temperature and hu-

midity values were respectively chosen as 90ºC and 90%. 

With 168 hours at each increment, test durations were in-

creased gradually from 0 to 840 hours. A high selection of 

climate temperature was chosen because it is frequently 

used in the literature to accelerate aging in fiber reinforced 

polymers, especially during laboratory aging studies.  

 

2.3. Gravimetric measurement  

 

Before hygrothermal aging, the weight of five 

specimens 0
W  (40mm x 40mm) for each type were meas-

ured and recorded. The samples were removed from the 

climatic cabin after aging durations of 100, 200, 300, 400, 

500, 600, 840 h, wiped dry with tissue paper and weighed 

by electronic scales. The moisture absorption content Mt is 

defined in Eq. (1) [2]: 
 

0

0

(%) 100,t

t

W W
M

W


   (1) 

 

where: t
W  and 0

W  are the specimen weights at time t and 

initial state, respectively.  

 

2.4. Tensile tests 

 

For tensile testing, the tensile test specimens, 

which were of dimensions 15 mmx250 mm in the 

longitudinal direction and of dimensions 25 mmx175 mm 

in the transverse direction, were prepared from composite 

plates according to ASTM D3039. Shimadzu AG-X test 

machine having 100 kN load capacity was used. Integrated 

video extensometer was used to measure the elongation of 

the specimens during the tensile test. From these tests, 

modulus of elasticity and tensile strengths in principal ma-

terial directions were determined. The speed of crosshead 

was chosen as 1 mm/min. At least five tests were carried 

out for each type and duration times.  

 

2.5. Flexural property tests 

 

The three-point bending tests were conducted by 

the Shimadzu AG-X with a crosshead speed of 1 mm/min. 

The flexural test specimen’s dimensions are 

80 mmx12.7 mm and support span is 64 mm. Similarly, in 

tensile tests, each test was repeated five times. The flexural 

strength 
f

  of the composites was calculated by Equation 

(2): 
 

2

3
,

2

PL

bd
   (2) 

 

where: L, b, d, and P are the support span, specimen width, 

specimen depth, and flexural load, respectively. 
 

2.6. XPS analysis 
 

Surface chemistry of all samples was analyzed 

through X-ray photoelectron spectroscopy (XPS, Thermo 

Scientific) with monochromatic Al-Kα (1486.7 eV) X-ray 

source and a beam size of 400 nm diameter. The device 

was calibrated according to gold; 4f7/2. The vacuum pres-

sure was below 10−9 Torr during spectra data acquisition. 

Survey XPS data were acquired to 1350 eV from −10 eV 

with a pass energy of 150 eV and a resolution of 1 eV. 20 

scans from a single point were recorded. The operation 

conditions were determined for a pass energy of 30 eV and 

a resolution of 0.1 eV. Before operation surfaces of all 

samples were sputtered with ionic argon gas. Ar sputter 

cleaning was operated for 10 s (ion energy = 3 kV, primary 

current = 21 μA). Binding energies and atom concentration 

ratios were obtained using the curve fitting software [25]. 

3. Result and discussion 

In this work, the effects of the combination of 

temperature and humidity on mechanical properties of E-

glass/epoxy and carbon/epoxy composites were investigat-

ed experimentally.  

Fig. 2 presents the percent weight change of the 

four different composite materials samples as a function of 

aging time. As shown, in the first 100 hours a linear and a 

rapid increase was observed in water absorption, then the 

sorption rate gradually slows down and reaches a saturated 

moisture level after a prolonged time.  The saturated mois-

ture content of Type A, B, C and D samples is 0.97%, 

0.95%, 1.01% and 0.88%, respectively. The highest ab-

sorption was observed in Type C, while the least in Type 

D. Glass and carbon fiber has a negligible quantity of wa-

ter absorption, water uptake is mainly from water diffusion 

into microgaps between the polymer and fibre [26]. Yu and 

Yang [27] reported that moisture absorption of composites 

is highly affected especially when the matrix content is 

high in the interphase and void is an important factor in 

determining the water uptake of polymer-based compo-

sites.  
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Fig. 2 Percent moisture content as a function of the square 

root of aging time for Type A, Type B, Type C and 

Type D composite samples 

Stress-strain curves of the fiber direction at different 

aging times are shown in Fig. 3. As seen in the figures, the 

curves vary in an exactly linear fashion until rupture, due 

to the fact that the reinforcing material, namely glass fibre 

and carbon fibre are brittle materials and they dominate on 

the properties of composites in the fiber direction.  It seems 

that, the failure stress and strain decrease with the increase 

of aging time for only glass reinforced epoxy composites 

(Type A). The failure elongation decreased by 30 % for 

aging time of 5 weeks. That is, composite samples become 

more brittle as the aging time increases. However, in car-

bon and hybrid reinforced epoxy composite (Type B, C 

and D) no significant change has taken place.  The slope of 

the curves implies the stiffness of specimens.  The same 

behavior was observed for stiffness. In Fig. 4, variations of 

the tensile strength including standard deviation in fiber 

direction (Xt) versus aging time are given. In the first week, 

a sudden drop occurs in the tensile strength of Type A 

samples. After that time, relatively slower decline hap-

pened. The tensile strength of type A decreased 30 % for 

an aging of 5 weeks. But, a slight increase was observed in 

the tensile strength for other types of samples. The post-

curing process may have occurred.  

The tensile strength in the transverse direction as a 

function of aging time is given in Fig. 5. The tensile 

strength decreases for all composites because in transverse 

direction matrix material dominates. In polymer compo-

sites, the matrix is one of the most exposed phases to envi-

ronmental conditions [28]. The biggest decline occurred in 

Type B with approximately 40%. Types C and D followed 

almost the same behavior. There was a rapid decline in 

transverse tensile strength after 1 week and it remains al-

most constant until 5 weeks.  The same behavior occurred 

in water absorption as shown in Fig. 2. The penetration of 

water molecules to resin cause plasticization and deteriora-

tion of the resin, which causes the degradation of the ten-

sile strength [2]. Yu and Yang [27] reported that hydrolysis 

leads to chain dissociation and segmentation. Therefore, 

the most water uptake occurred in the first week and this 

may have caused cracking and flaking of polymers.    
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Fig. 3 Stress-strain curves of the samples for fiber direction 

at different aging times - a) Type A, b) Type B, c) 

Type C, d) Type D 
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Fig. 4 Variation of the tensile strength in fiber direction 

versus aging time for four different samples 
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Fig. 5 Variation of the tensile strength in transverse direc-

tion versus aging time for four different samples 

In Fig. 6, the stress-displacement curves of three-

point bending for all types of composites are presented 

with different aging times. The three-point bending stress-

displacement curves give valuable information about the 

elastic modulus. As shown in the figure, the slope of 

curves decreases with aging time, this implies a reduction 

in the flexural stiffness. Flexural strength of all composites 

was decreased with aging time, as shown in Fig 7. The 

greatest reduction occurred in Type D and it is almost 

43%. The highest stress occurs at the outermost layer dur-

ing the bending stress and the E-glass is more sensitive to 

the humid environment compared to carbon. In type D, the 

outermost layer consists of glass fiber. Less reduction oc-

curred in type B. As a result of mechanical tests, the high-

est reduction occurred in matrix-dominated properties such 

as the tensile strength in the transverse direction and flex-

ural strength. The most common damage in laminated 

composites is matrix microcracking, which is transverse to 

the loading direction. Polymer composites are degraded 

faster than their components because the interphase be-

tween fiber and matrix plays a significant role in the prop-

erties of composites. The fiber /matrix interface is nega-

tively affected by the water absorption at the interface [27]. 
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Fig. 6 Stress–strain curves of the samples for three-point 

bending test at different aging times 
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Table 1 

The relative atomic concentration of elements presents in the surface of composites after and before aging by XPS 

 

 
Carbon fibre reinforced samples Glass fibre reinforced samples 

 
Uanged 2 weeks aged 4 weeks aged Uanged 2 weeks aged 4 weeks aged 

C 83.40 81.07 78.69 79.30 73.58 72.70 

O 12.01 13.03 15.36 13.58 18.06 18.59 

N 1.9 2.64 3.13 2.61 2.98 3.52 

Si 2.27 1.53 1.88 2.21 2.45 2.57 

Ca 1.34 1.01 0.68 0.50 1.21 1.44 

O/C 0.144 0.160 0.195 0.171 0.245 0.255 

 

XPS was used to understand the distribution of 

atoms on the surface of specimens. The atomic concentra-

tion of elements in the surface for glass and carbon rein-

forced samples is given in Table1. The XPS analyses were 

carried out on samples un-aged, 2 and 4-weeks aged sam-

ples.  Both the glass and carbon reinforced epoxy compo-

site’s surface oxygen content has increased. However, the 

carbon content of sample surface was decreased. Surface 

oxidation may be the dominant process for samples as a 

result of hygrothermal aging. Fan et al. [29] reported that 

the parts of carbon  functional  group  were oxidized by O2  

 

0

100

200

300

400

500

600

700

800

900

1000

0 1 2 3 4

F
le

xu
ra

l S
tr

en
gt

h 
(M

P
a)

Type A

Type B

Type C

Type D

Aging Time (week)  
 

Fig. 7 Variation of the flexural strength in fiber direction-

versus aging time for four different samples 

 

 
 

Fig. 8 Images of the damaged specimens subjected to 

tensile test for transverse direction 

or oxidation of the carbonyl species was likely to 

form CO2, resulting in increasing of O content and de-

creasing of the C content. The increase of O/C ratio may 

indicate that epoxy resin gained oxygen through interac-

tions with water molecular [30]. 

Images of the specimens subjected to tensile test 

are given in Fig. 8. From the figures, it is seen that the col-

ors of specimens changed from light green to dark brown 

with aging time for type A and D. On the other hand, there 

are no color change in the type B and C.  It is proved that 

irreversible mechanism occurring during aging affected the 

optical properties of the glass reinforced composites. In 

addition to the surfaces, color change takes place through 

cross-sections of the samples which may be related to hy-

drolysis, and oxidation and hydrolysis affect whole the 

thickness [3]. 

4. Conclusion  

This present work has studied the effect of hygro-

thermal aging on mechanical properties of epoxy resin 

composites that are reinforced with E-glass and carbon. 

The role of stacking sequence was also investigated. Ten-

sile and three-point tests were conducted. Carbon and hy-

brid reinforced samples showed relatively good mechani-

cal performance in tensile strength in fiber direction ac-

cording to glass fibre reinforced samples. However, a 

significant decrease was observed for E-glass reinforced 

samples. Tensile strength in the transverse direction and 

flexural strength of all samples was decreased. All of the 

composites showed similar water uptake. Hygrothermal 

aging of PMCs is a major concern for structural durability 

in humid service environments. This work is expected to 

be helpful in understanding the effects of hygrothermal 

aging on the durability of epoxy resin. 
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A. Dogan, Y. Arman 

 

THE EFFECT OF HYGROTHERMAL AGING ON THE 

GLASS AND CARBON REINFORCED EPOXY 

COMPOSITES FOR DIFFERENT STACKING 

SEQUENCES 

S u m m a r y 

The present paper examines the effects of hygro-

thermal aging on the reinforced epoxy composites.  The 

roles of reinforcement types and stacking sequence on the 

mechanical properties of composites under hygrothermal 

aging are investigated. Four different composite materials 

with different stacking sequence were produced.  Unidirec-

tional E-glass and carbon fabrics with an areal density 

300 gr/m2 as reinforcement and epoxy as matrix were used. 

Composites were manufactured using vacuum-assisted 

resin infusion molding. In order to determine the mechani-

cal properties of the composites, specimens were prepared 

according to the ASTM standards.  The aging process was 

carried out in climatic test cabin at a temperature of 90oC 

and a humidity of 90%. As a result of the tests, while the 

tensile strength of the glass reinforced composites de-

creased with aging time, no significant change was ob-

served for carbon and hybrid composites. On the other 

hand, the tensile strength decreased in the transverse direc-

tion for all types of composites. XPS analysis was used to 

understand the distribution of atoms on the surface of spec-

imens.  

Keywords: glass and carbon fibers, epoxy, XPS, mechani-

cal properties, hygrothermal aging. 
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