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A B S T R A C T   

In this work, accelerated ageing experiments with circulating air and simulated oilfield water were carried out at 
95 ◦C on aromatic amine-cured GFRP pipes used in oilfield environments, with effective ageing times of 5000 h 
and 3000 h respectively. The differences in ageing behavior and ageing mechanisms of the GFRP tubes at 
different times under the two conditions were then analyzed and discussed. The changes in the apparent 
morphology and microstructure of the samples after thermal ageing were first observed using optical microscopy 
and scanning electron microscopy, and the results demonstrated that the thermal oxygen environment triggered 
more drastic color changes and obvious oxidation layers. The resin matrix manifests a large number of nano-scale 
micropores and modest matrix shrinkage pores in the micron size range, this is accompanied by damage to the 
fiber cross-section. Hydrothermal ageing causes further dissolution of the surface resin and dissolution of the 
exposed fibers. ATR-FTIR analysis verifies the increase in C––O bonding of the ester group during thermal 
oxidation and the decreasing strength of the C–O–C and C–H bonds, while the behavior of ageing water ab
sorption and glass fiber hydrolysis is illustrated by changes in the intensity of the –OH and Si–O characteristic 
bands. NMR hydrogen spectroscopy verified the formation of amides, methyl ethers and carboxylic acids in the 
thermal oxidation products of epoxy resins. Furthermore, the decay pattern of the circumferential tensile 
strength indicates that the hydrothermal environment has a more significant effect on the mechanical properties 
of GFRP pipes, which is attributed to the physical dissolution of the surface resin, significant hydrolytic damage 
to the surface exposed fibers, and the combined damage to the resin-fiber interfacial bonding by chloride ions in 
simulated oilfield water.   

1. Introduction 

Compared with traditional metal pipes, fiber reinforced composite 
pipes are widely used in many fields due to their high specific strength, 
good corrosion resistance, excellent durability, wear resistance, tensile 
properties, as well as good corrosion resistance and scale inhibition 
properties [1,2]. It has become an important way of transporting water 
and chemical raw materials, and the most economical means of trans
porting oil and gas over long distances [3,4]. Among numerous rein
forcement materials, glass fiber has become an economical and 
commonly used choice due to its excellent mechanical and insulation 
properties, as well as its resistance to degradation [5]. Glass fiber rein
forced (GFR) composites are also known for their light weight, resistance 
of corrosion and high pressure [6,7]. In recent years, glass fiber 

reinforced plastic (GFRP) pipe has gradually become an alternative 
material to traditional steel pipes in the oil and gas sector and is an 
important means of reducing corrosion and cost [8,9]. In this context, 
ensuring the long-term stable operation of GFRP pipes is essential to 
ensure production safety. Evaluating the integrity of aged GFRP pipe
lines, especially in harsh oil and gas environments such as high tem
peratures from oil and gas extraction, corrosive media and sour gases, 
and mechanical stresses from pipeline operation, is particularly impor
tant in the oil and gas industry. Therefore, the impact of thermal aging 
on the performance of fiber-reinforced composite pipes generated in 
service environments is also considered to be of great necessity. 

In recent decades, most of the research related to FRP pipes are based 
on glass fiber reinforced laminates or epoxy resin matrix, mostly 
focusing on the study of the effect of natural ageing on mechanical 
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properties under single factors. The effects of water immersion and 
hygrothermal ageing on the Mechanical behavior of fiber-reinforced 
epoxy composites have been extensively reported in the literature. 
Relevant works have shown that the effect of hydrothermal aging on 
glass fiber reinforced composite pipes is first manifested as damage to 
the fiber matrix interface [10,11], and then as the attenuation of macro 
mechanical properties such as interlaminar shear strength [12,13], 
tensile strength [14,15], bursting strength [16] and impact perfor
mance. Stocchi [17] reported changes in the mechanical properties of 
acid anhydride cured FRP tubes after 14 days of ageing in distilled water 
at 20 ◦C and 80 ◦C, ageing was observed to produce irreversible fiber 
matrix damage at the high temperatures, resulting in reduced flexural 
and impact properties. Reis [18] investigated the effect of ageing on 
failure pressure by subjecting GFRP tubes to hydrostatic tests at constant 
temperature (80 ◦C) and high pressure (1Mpa) for 6 months. It was 
found that the stiffness of tensile specimens was not significantly 
affected by the ageing time, but the ultimate tensile stress (UTS) was 
affected by the ageing time. Furthermore, studies on different humidity 
environments [19,20] and under different media conditions [21–23] 
have shown that high temperatures accelerate the diffusion and pene
tration of liquid phase media and have a significant reduction in the 
residual strength of fiber reinforced composites [24]. Similarly, the ef
fects of thermal and photochemical ageing on the properties of 
fiber-reinforced composites show a consistent pattern, causing degra
dation and oxidation of the polymer backbone [25,26]. Some re
searchers have found that after thermal oxygen aging, the matrix and 
fiber/matrix interface in composite materials gradually deteriorate in 
the form of chain breakage [27], weight loss [28], and fiber/matrix 
debonding [29,30]. However, the degradation and decay of the epoxy 
resin is delayed by the action of fibers or other reinforcing phases [31]. 
Lafarie-Frenot [32–35] systematically investigated damage to epoxy 
laminates by thermal cycling in neutral and oxidizing atmospheres and 
found that the accelerating effect of oxygen and the coupling of thermal 
cycling had an accelerating effect on microcrack extension. Yang [36] 
investigated the thermo-oxidative ageing behavior of anhydride-cured 
epoxy resins at 130 ◦C and 160 ◦C. The results manifested a signifi
cant reduction in the free volume of the sample surface and a significant 
decrease in fracture strain and flexural strength. This is also a typical 
sign of thermal ageing behavior, where the composite as a whole is more 
dependent on the matrix and therefore more sensitive to thermal ageing 
factors. There are numerous studies on the aging of GFRP composite 
materials, but few studies have compared the aging behavior in a multi 
factor coupled environment. They focus on the surface changes in me
chanical properties and mechanical behavior after aging. At the same 
time, there is little consideration given to the essential relationship 

between factors such as microstructure and chemical composition after 
aging and performance degradation during the aging process, and the 
research and discussion on the mechanism of thermal aging are not 
in-depth enough. At present, there is not a unified understanding of the 
aging and degradation mechanism of GFRP composite materials under 
the influence of multiple factors. However, the diversity of methods and 
the wide range of values also imply that further investigation deserves to 
be conducted before reaching a consensus on such a scientifically 
reasonable and feasible method in engineering. 

In order to solve the aging failure problem of non-metallic composite 
pipes represented by glass fiber reinforced plastic (GFRP) in the oil and 
gas field environment, an experimental program based on the principle 
of time-temperature equivalence is designed in this work. Accelerated 
aging experiments were carried out on GFRP tubes in simulated oilfield 
produced water medium heated by hot air in a circulating hot oven and a 
constant temperature water bath. Using a combination of macroscopic 
experimental data and microstructural analysis, the aging behaviors of 
GFRP tubes with different aging times under the two environments were 
compared in terms of the microscopic morphology and organization, 
chemical and mechanical properties of the GFRP samples before and 
after aging, and the differences in the aging mechanisms were investi
gated. The oxidation behavior of the samples and the morphological and 
structural changes after aging were observed by optical microscope and 
scanning electron microscope; the compositional changes of the aging 
samples were determined by FTIR and NRM; the attenuation of axial and 
circumferential tensile strengths and modulus was evaluated by tensile 
method, and the failure mechanism of GFRP pipes under the influence of 
the main factors of the oilfield working conditions was analyzed. 
Meanwhile, in the next step, we plan to carry out the research on the 
aging mechanism and remaining life prediction method of FRP pipes 
under oil medium and stress environment. On the premise of clarifying 
the failure mechanism, we will establish a prediction model for the 
remaining life of FRP pipes in service environment, which can make 
timely risk assessment and prediction for the pipes in the field. This is of 
practical value to ensure the safe production in the field and of great 
significance to guarantee the stable operation of pipelines in the field. 

2. Experimental 

2.1. Materials and specimens 

This work adopts the glass fiber reinforced pipes produced by 
Shandong Shengli Xinda Industrial Co., Ltd. whose structure contains an 
epoxy resin matrix as the bonding phase and glass fibers as the rein
forcing phase. The pipe is prepared by a continuous winding forming 

Fig. 1. Schematic diagram of (a) continuous winding process and (b) pipeline structure for glass fiber composite pipes.  
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process, using surface-treated glass fiber bundles as the reinforcing 
phase, which are uniformly infiltrated with resin glue and wound 
continuously around the mould core or liner at a certain winding angle 
(±45◦), and then cured and demoulded to become a FRP pipe. The 
production process and pipeline structure of the pipeline are shown in 
Fig. 1. The glass fibers used in this line are commercial E glass fiber 
bundles (Owens Corning, 111A silane sizing, 300 tex), with a yarn width 
of 0.5 mm, a nominal diameter of 15 μm and a raw wire density of 300 
tex. The resin solution used is based on Diglycidyl Ether of Bisphenol A 
(DGEBA) and contains the curing agent 4,4′ Diamino Diphenyl Methane 
(4,4′ DDM) and is cured by an internal heating process following a step- 
by-step procedure of 90 ◦C for 2 h, 110 ◦C for 1 h and 130 ◦C for 4 h. 

2.2. Isothermal accelerated thermal aging 

The GFRP pipe used in the experiments has an inner diameter of 76 
mm and an outer diameter of 84 mm, with a pressure resistance of 5.5 
Mpa. The accelerated thermal ageing consisted of both thermal oxygen 
ageing and hydrothermal ageing. The pipes were cut into 100 mm and 
500 mm long sections, cleaned and dried, and then used for the thermal 
oxygen and hydrothermal tests respectively, with three control speci
mens in each group to ensure the accuracy of the experimental data. 
Based on the on-site investigation of the oil field site before the exper
iment, it was confirmed that the maximum operating temperature of the 
water injection pipeline at the site was lower than 65 ◦C, and in order to 
conduct the accelerated aging experiment it was necessary to appro
priately increase the simulation temperature. The design of the experi
mental temperature is based on the high-temperature accelerated test 
procedure and the time-temperature equivalence principle in the stan
dard API 15S, while taking into account the glass transition temperature 
of the epoxy resin matrix in the GFRP pipeline. The experiment was 

carried out with a maximum operating temperature increase of 30 ◦C 
(that is 95 ◦C) as the aging temperature, which is intended to accelerate 
the diffusion process but not to lead to premature degradation or to 
affect the degradation mechanism of the material. The field study also 
identified the composition of the field produced water and used this as 
the basis for configuring the produced water simulation solution for the 
laboratory environment, as manifested in Table 1 thermal oxygen ageing 
experiments were completed in an air circulation oven at 95 ◦C, which 
provided a continuous replenishment of oxygen in the ambient air. 
Hydrothermal ageing was carried out in a 95 ◦C water bath containing a 
simulated solution of oilfield produced water, with the solution volume 
determined to be 150 L in accordance with standard GB/T 1462–2005 
ensuring a solution loading ratio greater than or equal to 8 mL/cm2. The 
thermal oxygen ageing and hydrothermal ageing were carried out for 
5000 h and 3000 h respectively. The samples were observed and 
weighed during the experiment and the pH of the simulated solution was 
adjusted with hydrochloric acid in time. 

2.3. Characterization method 

In order to further analyze the structural evolution of the aging 
samples in detail, the samples need to be cut and then polished with 
sandpaper, followed by optical microscopy to observe the appearance 
morphology and color changes of the GFRP tubes under different aging 
conditions, and to compare the growth of the oxide layer on the cross- 
section of the tubes. The microscopic morphology and structural char
acteristics of the fiber composite pipes were observed with a scanning 
electron microscope (ZEISS mini 300), the trend of increasing pores and 
resin defects on the inner and outer surfaces of the pipes after ageing was 
analyzed, and the damage at the fiber resin interface after thermal 
ageing was verified with a transmission electron microscope (FEI talos 

Table 1 
Simulations composition of produced water from the Oilfield (Ionic content units/mg⋅L− 1).  

Ionic species Ca2+ Mg2+ S O2−
4 HC O−

3 Cl− Fe2+ Na+/K+ pH 

Concentration 6300 290 635 325 85,000 20 5000 5.7  

Fig. 2. Sampling schematic and testing procedure for hoop tensile strength testing by separating disk method.  
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F200× G2). In addition, for subsequent analysis of degradation behavior 
during thermal oxidation and hygroscopic behavior during hydrother
mal aging, the overall weight of the sample before and after thermal 
aging needs to be weighed. The change in sample weight due to hy
drothermal aging was recorded as a function of time as hygroscopicity, 
calculated by Equation (1) [37,38]. 

Mt= 100×
Wt − W0

W0
(1)  

Where Mt is the percentage moisture content of the specimen at time t 
(expressed as a function of the square root of the aging time), W0 is the 
original weight of the specimen in the dry state, and Wt is the weight of 
the specimen at moment t. 

For infrared spectroscopic testing, a cross-section of the sample was 
powdered with a file, mixed with potassium bromide, then ground 
thoroughly and pressed for testing. The changes in the chemical struc
ture of the aged sample surface were investigated by Fourier transform 
infrared spectroscopy (FTIR, Nicolet 6700, Thermo Scientific) in the 
attenuated total reflection (ATR) mode in the range 4000–450 cm− 1 

with a resolution of 4 cm− 1. During the aging process, the thermal 
oxidation reaction introduces a large number of oxygen-containing 
groups such as (C–O–C, C––O, etc.) into the main chain of the epoxy 
resin, and the degree of oxidation is quantitatively characterized by the 
hydroxyl index in order to facilitate the analysis and comparison. The 
aging index represents the overall degree of oxidation by three indexes I 
(912 cm− 1), I (1224 cm− 1) and I (1738 cm− 1), which are used to 
represent the relative content C–O–C (846-969 cm− 1), C–O (1197-1274 
cm-1) and C––O (1670-1760 cm− 1) bonding in the epoxy matrix, 
respectively. The formula is the ratio of the integral area of the corre
sponding band to the area of the reference methyl band (2580-2930 
cm− 1, denoted as A2580-2930 cm-1, which remains constant during aging) 
[39], for example the aging index for carbonyl (C––O) is calculated as 
follows. 

Aging index (I1738cm-1)=
A1670− 1760cm− 1

A2580− 2930cm− 1
× 100% (2)  

where A1670-1760 cm-1 and A2580-2930 cm-1 denote the integral areas of the 
carbonyl band and the reference methyl band, respectively, and the 
samples under each condition were tested three times to ensure the 
reproducibility of the data. The 1HNMR spectra were recorded at room 
temperature using Bruker Avance II-600 MHz NMR using deuterated 
chloroform (CDCl3), as solvent and tetramethylsilane (TMS) as internal 

standard. 

2.4. Mechanical tests 

In the accelerated aging section, the GFRP tubes were cut into 100 
mm sections for thermal aging under circulating air conditions. Due to 
the limitation of the sample size by the aging equipment, the aging 
specimens under this condition were only subjected to the tensile test of 
the split disk method according to ASTM D2290 for the hoop strength 
test, and the pipe segments were sampled as shown in Fig. 2a. The pipe 
section with a cut length of 500 mm was used for thermal aging in the 
extracted water environment, and both annular and axial strength ten
sile were carried out after aging. In addition to the annular strength 
characterization, the axial tensile properties of the fiber-reinforced 
thermoset plastic pipe were also determined according to the standard 
GB/T 5349–2005, and the sample was taken as shown in Fig. 2b. Ring 
tensile strength experimental method used in this experimental study is 
strictly based on procedure A in the standard ASTM D2290-12, which is 
applicable to the determination of the apparent tensile strength of 
reinforced thermosetting resin tubes. The experiments were carried out 
by the separating disk method, in which the fixture style used is shown 
in Fig. 2c and the specimen size specification is shown in Fig. 2d. The 
minimum width of the specimen was taken as 25 mm, the minimum 
width of the notched part was taken as 10 mm, and the two notches were 
distributed symmetrically at 180◦. The experimental process is shown in 
Fig. 2e. The experimental parameters were selected according to the 
standard with the ambient temperature of 23 ◦C and the tensile rate of 
10 mm/min in the tensile process. 

The ultimate breaking load was measured experimentally and then 
the circumferential tensile strength of the GFRP pipe was calculated 
according to Eq. (3). 

σa=Pb / 2Am (3)  

Where σα is the apparent yield or ultimate tensile stress of the specimen, 
(MPa); Pb represents maximum or breaking load, or both, (N); and Am is 
the minimum cross-sectional area of the two measurements, mm2. 

3. Results and discussion 

3.1. The effect of thermal aging on macrostructure and microscopic 
morphology 

Fig. 3 demonstrates the color and appearance changes of aromatic 

Fig. 3. Macroscopic surface morphology of (a) thermal oxygen aging for 5000h and (b) hydrothermal aging for 3000h.  
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amine cured GFRP pipes after aging for different times under 95 ◦C 
thermal oxidation environment. The results showed that the GFRP pipes 
in the initial state manifested chartreuse, and the color gradually 
deepened with the aging time. The color of outer layer changed from 
chartreuse to brown after 1000 h of oxidation, and then further trans
formed to black after 5000 h. The color change indicates that the epoxy 
resin undergoes a chemical reaction due to thermal oxidation [40], 
related studies have demonstrated that the deepening of the color of 
epoxy resins after thermal aging may be related to the formation of 
polyolefin structures and the synthesis of quinone or cyclized conjugated 
nitrogen compounds [26]. There are literature also reports that color 
changes are related to the invasion of oxidative degradation products 
[41]. From Fig. 4a, it can be observed that the changes in the oxide layer 
on the cross-section of GFRP tubes after thermal aging, oxidative 
degradation occurs first in the exposed areas of the surface. The oxida
tion layer also darkens with increasing aging time and the oxidation 
depth further increases. In comparison, Fig. 4b manifests that the surface 
color of the hydrothermal ageing samples is lighter than that of the 
thermal oxygen ageing samples at the same ageing time, but obvious 
signs of water absorption are also found in the core of the sample. 

Related research [40,42] has demonstrated that the resin layer that 
changes color significantly after thermal ageing can be defined as the 
surface oxide layer, and the oxidation depth can be counted and then the 
damage depth can be calculated. The oxidation depth of the aged 
specimens was counted according to the above method and the results 

are shown in Fig. 5a. The results indicate that the oxidation depth 
rapidly increases in the early stage of aging, and the growth rate slows 
down and tends to stabilize in the later stage. The oxidation depth 
reaches 183.7 μm after 3000 h of hydrothermal ageing, the depth of the 
oxidation layer reached 208.5 μm after 3000 h, and after 5000 h, it was 
258 μm. Due to the differences in the internal and external structures of 
the pipes, the resin rich layer on the outer surface is pure epoxy resin, 
which rapidly oxidizes under the action of oxygen and high temperature. 
The reinforcement effect of glass fibers inside the pipeline makes it 
difficult for the medium to diffuse and hinders the oxidation process 
[42]. The core is protected by both the inner and outer layers and is not 
oxidized, but a damaged area of the core was also observed after 5000 h. 
This phenomenon indicates that the oxygen medium has diffused to the 
core of the material after prolonged aging. The large number of micro
pores generated inside the aged composite material provide channels for 
the permeation and diffusion of oxygen, while the high temperature of 
the environment accelerates the diffusion of oxygen into the material. 
The hygroscopicity results of thermally aged GFRP tubes are shown in 
Fig. 5b, which shows the variation of water content with aging time. 

The weight change curves in both thermo-oxidative and hydro- 
thermal environments can be divided into two phases, showing rapid 
changes at the beginning of the aging period and a steady slow growth 
subsequently. In the thermal oxidation process due to oxidative degra
dation of the epoxy resin leads to breakage of the main chain molecules 
into small molecules, and weight loss is the main feature in this process. 

Fig. 4. Macroscopic cross-sectional morphology of samples (a) thermal-oxygen aging for 5000h and (b) hydrothermal aging for 3000h.  

Fig. 5. Physical properties of GFRP tubes after thermal aging at 95 ◦C under two conditions (a) aging time vs. oxidation depth curve, (b) aging time vs. weight 
gain curve. 
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In the first stage of thermal oxidation, the continuous heat input accel
erates the oxidative degradation of the resin molecules, resulting in the 
formation of small molecule products and leaving dense pores in the 
pipe cross-section. This phenomenon was observed in scanning electron 
microscopy images of the pipe cross-section. In the second stage of 
thermal oxidation, prolonged heat leads to post-curing of the epoxy resin 
and an increase in resin cross-link density, which makes the matrix 
structure more stable and slows down the rate of oxidative degradation 
of the resin. During hydrothermal aging, the absorption of water by the 
GFRP pipe competes with the decomposition of the resin due to high 
temperatures. In the first stage of hydrothermal aging, the sharply 
increasing slope implies a rapid moisture absorption process in the 
specimen, which can be well predicted by the fickian model [37,43]. At 
this point, the effect of hygroscopic behavior dominates and is man
ifested by a continuous increase in overall weight. In the final stage of 
hydrothermal aging, a continuous hygroscopic process leads to a slow
ing down of water absorption until a moisture saturation level is 

reached, and it has been shown that both prolonged immersion and 
supersaturated moisture absorption adversely affect the mechanical 
properties of glass fiber/epoxy composites [44]. 

The asymptotic micromorphology of the specimens at different aging 
times is shown in Fig. 6. The cross-section shows that in the initial state 
there is a pure resin layer with an average thickness of approximately 
420 μm, which is dense but not uniform (in Fig. 6a). The single glass 
fiber in the cross-section is 15 μm in diameter and the fiber is tightly 
bound to the resin interface but not uniformly distributed between the 
layers. Fig. 6b demonstrates the morphological characteristics of the 
inner surface of the pipe, which shows a few linear pits on the inner wall 
of the pipe caused by insufficient resin filling. 

As the thermal oxidative ageing process continued, distinct matrix 
holes were observed in the cross section of the GFRP pipe after 500h 
(Fig. 6c). The resin on the inner surface of the pipe underwent significant 
shrinkage and deformation, and the fibers showed signs of gradual 
exposure. Lafarie-Frenot found similar matrix shrinkage holes in epoxy 

Fig. 6. Microscopic cross-sectional morphology (a) 0h, (c) 500h, (e) 3000h, (g) 5000h and internal surface morphology (b) 0h, (d) 500h, (f) 3000h, (h) 5000h of 
thermal oxygen aging at 95 ◦C. 
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resin sheets in thermal cycling ageing experiments and attributed the 
cause to the presence of high local stresses in the matrix and fibers 
leading to interfacial cracking and shrinkage [34]. Yang [45–47] et al. 
systematically investigated the thermal oxidation behavior of 
fiber-reinforced ceramic matrix composites with a two-dimensional 
woven structure under different conditions, and demonstrated a direct 
correlation between the porosity and the changes in the mechanical 
properties of the composites after aging. After 3000 h of ageing, a sig
nificant increase in the number of fiber exfoliation holes can be observed 
in the cross-section of the pipe, the epoxy resin matrix between the fibers 
starts to manifest significant microporosity (Fig. 6g). The inner surface 
resin demonstrates significant exfoliation, forming significant linear 
defects leading to partial exposure of the fibers to the oxygen environ
ment. After the final 5000 h ageing experiment, a large number of 
micro-pores were found on both the pure resin layer on the surface and 
the resin between the glass fibers, with a maximum size close to 500 nm. 
The glass fiber interface also demonstrated severe damage, while the 
shrinkage of the resin on the inner surface became more pronounced. 

It is found that the hydrothermal ageing process of GFRP tubes is 
accompanied by ageing characteristics similar to those of thermal oxy
gen ageing. Compared with thermal oxygen ageing, hydrothermal 
ageing differs in that it involves a complex combination of chemical 
reactions and physical dissolution processes [21]. Morphological anal
ysis revealed that the damage to the fiber interface caused by hydro
thermal environment was more severe than that caused by thermal and 
oxygen aging, as evidenced by the widespread fiber damage observed in 
Fig. 7i. The micro-pores and the matrix holes became increasingly 
evident as the degree of aging increases. In addition, a large number of 
uniformly distributed circular corrosion pits with a maximum diameter 
of 20 μm were observed on the inner and outer surfaces of the pipe after 
hydrothermal aging for 3000 h. These phenomena indicate that both the 
dissolution damage to the glass fiber and the corrosion pits on the resin 
surface are related to the hydrolysis process. 

3.2. Analysis of the chemical composition 

Fig. 8 manifests the IR spectrum of the FRP tube after thermal oxygen 
ageing. For comparison, the spectra were panned vertically so that their 
baselines overlapped and magnified in specific spectral bands. Obser
vation of Fig. 8 a demonstrates that no new peaks appear in the IR 
spectrum after ageing and the spectrum is consistent with that of the 
unaged specimen, indicating that no decomposition of the material has 
occurred. Analysis of the bands revealed that the peaks at 3320 cm− 1 

and 1650 cm− 1 are characteristic peaks for the N–H bonding in the 
amine chain in amine-cured epoxy resins [26]. Calibration and identi
fication of the characteristic peaks showed that the peaks at 3500 cm− 1 

were the stretching vibrations of O–H bonds, 3050 cm− 1 were benzene 
ring-H bonds, 2580-2930 cm− 1 were C–H and CH2, 1580-1610 cm− 1 

were aromatic ring signals, and 1460 cm− 1 were absorption peaks of 
stretching vibrations of CH2 bonds. Comparison of the changes in peak 
intensity between the different spectral bands reveals that the broad 
band increases and the peak position shifts between 3200 cm− 1 and 
3600 cm− 1 after ageing, and that the spectral band is probably a tension 
signal of the hydroxyl group, which is a result of the overlap of the 
spectral bands characteristic of the epoxide anhydride reaction and 
many oxidation products [29]. Some researchers have demonstrated 
that C––O and C–O–C are the main functional groups in the volatile 
products of thermal degradation of resins [48]. Therefore, the degree of 
oxidation can be expressed by quantitative analysis [39] of the infrared 
spectrum through three ageing indices I(912 cm-1), I(1224 cm-1) and I(1738 

cm-1), which are used to represent the relative C–O–C at 846-969 cm− 1, 
C–O at 1197-1274 cm− 1 and C––O bond at 1670-1760 cm− 1 respectively 
which is defined as the ratio of the area of the C––O band (1670-1760 
cm− 1) to the area of the reference methyl band (2580-2930 cm− 1, 
constant during ageing). 

Fig. 7. Effect of 95 ◦C hydrothermal aging on the appearance and morphology of GFRP tubes.  
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Aging index (I1738cm-1)=
A1670− 1760cm− 1

A2580− 2930cm− 1
× 100%  

Where A1670-1760 and A2580-2930 indicate the integral areas of the 
carbonyl and reference methyl bands respectively, samples were tested 
three times for each condition to ensure reproducibility of the data. It 
was found that as the signal of the C–O–C band decreased, an 
enhancement of the C–O at 1224 cm− 1 and the C––O characteristic band 
at 1738 cm− 1 was observed, and as the carbonyl and ether indices in the 
IR spectrum increased, the epoxide index decreased, indicating that 
oxidation of the epoxide group on the main chain had occurred. The 
intensity of the C–H characteristic bands around 958 cm− 1, 2923 cm− 1 

and 2854 cm− 1 were also found to decay, these phenomena indicate that 
the C–H bond in the methyl or methylene group between the benzene 
rings is oxidized and the oxygen atom attacks the C–H bond attached to 
the hydroxyl group on the main chain to form an acid compound first, 
which continues to break to form small molecules of gas, as in the re
action equations (1) and (2). It is noted in the literature [49] that the 
ester group is more heat resistant than the ether group, and the molec
ular chain will break at the β position of the alcohol group, which will 
produce compounds containing esters, ketones and aldehydes. The 
curing agent will also continue to decompose under the action of oxygen 
after the bond break, and the N element in the curing agent connected to 
the epoxy resin will be oxidized to the C––O bond in the amide. 

Fig. 8. Infrared spectra of samples aged at different thermal oxidation times (a) full spectrum, (b) (c) local magnification, (d) ageing index.  
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The changes in the chemical composition of the hydrothermally aged 
samples were characterized by infrared spectroscopy as shown in Fig. 9, 
detailing the functional groups of the main absorption peaks. Compared 
to the FTIR spectrum of the original GFRP, the intensity of the absorp
tion peaks at spectra 1738 cm− 1, 1508 cm− 1 and 1183 cm− 1 increased 
slightly after ageing. These absorption peaks are associated with the 
C––O bond in the ester chain, the aromatic structure and the epoxy bond 
in the fatty ether group [50], respectively. The difference with thermal 
oxygen ageing is that a distinct peak is observed in hydrothermal ageing 
located at 3200-3700 cm− 1, which is caused by hydroxyl (-OH) 
stretching [51]. This phenomenon is related to the water absorption 
behavior of glass fiber reinforced plastics and Jojibabu [31] responded 
to the extent of water absorption by the intensity of this absorption peak. 
Based on this conclusion, we can find that the GFRP tube has the most 
severe absorption of water after hydrothermal aging for 3000 h. In 
addition, other researchers have found that the absorption peak at 480 
cm− 1 correlates with the Si–O bond in the glass fiber. In the present 
experiments it was also found that the intensity of the Si–O peak decayed 
significantly with increasing ageing time, which can be explained by the 
hydrolysis of the glass fiber during hydrothermal ageing [21,52,53]. The 
microstructure after hydrothermal aging in Fig. 7 also verified the 
morphology of the fibers after hydrolysis, and it has been shown in the 
literature that the process of glass fiber hydrolysis is related to the 
destruction of siloxane bonds in the glass by hydroxide ions, which 
further results in the gradual dissolution and destruction of the silicate 
network, and the formation of silicate that migrates into the solution 
[54–56]. 

1H NMR was used to further characterize the structure of the epoxy 
resin matrix in its pristine state and to compare the changes in the 
structure of the resin after ageing, as shown in Fig. 10. The structures of 

the epoxy resin matrix in the initial state were found by comparison to 
include (1H NMR, CDCl3) δ (ppm): 7.14–6.8 (aromatic ring proton), 3.65 
(CH2OH), 2.05 (CH3CO), 1.8–1.6 (CH3), 1.25 (CH3CH2). After thermal- 
oxidative ageing the resin structure was altered and some significant 
new peaks were observed on the NMR hydrogen spectrum, no significant 
compositional changes were found after hydrothermal ageing. A com
parison with the literature [57–59] confirmed the amide signal at 6.72 
ppm, diglyme at 3.57 ppm and some signals for dimethoxyethane and 
carboxylic acids. This indicates that degradation of the resin composi
tion occurred after oxidation, producing some new substances in 
agreement with the analytical results of the IR spectra. 

3.3. The effect of thermal aging on mechanical behavior 

In order to assess the ability of the GFRP tubes to withstand internal 
pressure, tensile stress-strain curves of the aged specimens were ob
tained by means of a circular tensile test. The tensile behavior of the 
thermally aged composite tubes at 95 ◦C is given in Fig. 11, which also 
shows the variation in tensile properties under different ageing condi
tions. The tensile behavior of the GFRP ring specimens was found to 
exhibit typical brittle fracture characteristics, with the tensile process 
progressing directly from elastic deformation to fracture without the 
presence of a plastic deformation stage and yielding stage. A slight in
crease in the tensile strength of the GFRP tubes was found to occur at 50 
h of thermal oxygen ageing based on comparison of the tensile data, 
which may be related to the post-curing at the beginning of the ageing 
period. Also, the change in properties during thermal ageing is a result of 
the competing effects of post-curing induced thermo-oxidative degra
dation and matrix hardening [60]. A significant decrease in the tensile 
strength of the composite with increasing ageing time is observed in 

Fig. 9. Infrared spectra of samples after hydrothermal ageing at different times (a) full spectrum, (b) (c) (d) local magnification, (e) ageing index.  
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Fig. 10. 1HNMR spectra of epoxy resin in FRP tubes after ageing (a) pristine, (b) thermal oxygen ageing for 5000h, (c) hydrothermal ageing for 3000h.  
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Fig. 11 b. The initial slope increases significantly and plateaus after 
prolonged ageing. In comparison, the hydrothermal ageing samples 
demonstrated shorter ageing times, but more significant property 
degradation in terms of elastic modulus and tensile strength. This is 
explained by the fact that hydrothermal ageing causes the resin on the 
GFRP surface to physically dissolve and form corrosion pits, causing the 
exposed fibers on the surface to hydrolysis and form significant defects. 

The chloride ions in the simulated fluid prevent the formation of 
intramolecular and extra-molecular hydrogen bonds in the composite 
[61], causing damage to the bonding properties at the fiber/resin 
interface. 

Fig. 12 demonstrates the damage to the microscopic interface of 
GFRP pipes following thermal and oxygen ageing, with significant 
damage to the resin fiber interface observed following thermal ageing. 

Fig. 11. Tensile curves and tensile strength retention of specimens after thermal ageing (a) (b) Thermal oxygen ageing, (c) (d) Hydrothermal ageing.  

Fig. 12. TEM of the damaged area at the fiber-resin interface before and after thermal oxygen ageing (a) pristine, (b) after 5000h ageing.  
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Fracture studies are essential to correlate the different failure mecha
nisms for each condition and outcome, where the main observation is 
the correlation between fiber pull-out and fiber/matrix interface quality 
and fiber bundle fracture. The fracture morphology of the tensile spec
imens after ageing was analyzed in Fig. 13, and it was compared the 
macroscopic fracture and microstructure of the samples after tensile 
fracture. From the macroscopic features of the fractures (Fig. 13a-c), it 
can be observed that the samples in the initial state have a neat fracture 
with a small damage area and inconspicuous fiber pull-out, while the 
damage deformation area is significantly larger and obvious fiber pull- 
out is observed in the aged specimens. It has been shown in the litera
ture that the interfacial properties between the reinforcing fibers and the 
resin matrix can be quantified by using interfacial shear strength (IFSS) 
[62]. Observation of SEM images of fractured interfaces of 
fiber-reinforced epoxy resin materials revealed that some matrix parti
cles adhered to the fiber surface after the structure of the 
fiber-reinforced composites was disrupted. The IFSS results suggest that 
stronger interfacial shear strength leads to an increase in epoxy resin on 
the fiber surface, and that better interfacial properties are manifested in 
better adhesion properties. The micromorphological features 
(Fig. 13d-f) shows that the fibers in the tensile fracture of the initial state 
samples are completely encapsulated by the resin. Fracture of the 
specimens showed complete fracture in the fiber bundles without fiber 
pull-out, which is evidence of good fiber/matrix bonding. Fiber 
debonding from the resin was observed in the fractures of both sets of 
samples after ageing and the fractured fibers had a long pull-out length. 
This can be explained by the fact that the action of oxygen and moisture 
directly affects the fiber/matrix interface, leading to a weakening of the 
bond and fiber pull-out. This further leads to a reduction in fracture 
toughness and a reduction in tensile strength. 

3.4. Analysis of ageing mechanisms 

The structural characteristics of the GFRP pipe in its original state are 
shown in Fig. 14a. The epoxy resin matrix has a crosslinked mesh 
physical structure, which contains a fully cured crystalline portion and 
an incompletely cured amorphous portion. The bonding between the 
resin matrix and the glass fibers is dominated by mechanical bonding 
and hydrogen bonding. The resin and fiber interfaces in the initial state 
of the pipe cross-section are well bonded without obvious defects. When 
high temperature and oxidizing atmosphere are introduced, the pipe 
aging rate increases. Due to the difference in thermal conductivity be
tween the resin matrix and the glass fiber, the addition of high tem
perature causes thermal stress at the interface, resulting in shrinkage 
and deformation of the resin matrix and breakage of the fiber cross- 
section, as shown in Fig. 14b. The macroscopic morphology is charac
terized by a good bonding between the resin and the fiber in the initial 
state. The macroscopic morphology is characterized by resin shrinkage 
holes observed in the pipe cross-section, and some resin shrinkage is 
observed on the inner surface of the pipe resulting in fiber exposure. 
However, the pure resin structure on the outer surface of the pipe is 
uniform and dense, and the thermal stress generated by the additional 
high temperature is very small, so it does not trigger significant 
shrinkage and deformation in the pure resin layer. 

In the early stage of thermal oxidation, the continuous heat intake 
accelerates the oxidative degradation of resin molecules. In the late 
stage of thermal oxidation, the prolonged heat leads to post-curing of the 
epoxy resin, which slows down the oxidative degradation of the resin. In 
our study, we found that after 500 h of thermo-oxidative aging, the resin 
matrix in the cross-section of the GFRP pipe began to show micropores 
formed by the escape of small molecule products. A large number of 
uniform nanoscale micropores were found in the resin matrix after 5000 
h of aging (Fig. 6g) and compositional changes in the aged samples were 
detected by infrared. The molecular chain of the epoxy resin is degraded 

Fig. 13. Macrostructure of tensile fracture and microscopic morphology of fiber pull-out (a) (d) pristine, (b) (e) Sample for 3000 h by hydrothermal aging, (c) (f) 
Sample for 5000 h by thermal oxygen aging. 
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under the continuous action of high temperature and oxygen, and it has 
been documented that the oxidative decomposition reaction of epoxy 
resins preferentially generates small molecules such as CO2, CO, H2O 
[27]. Further, oxidation of benzene ring hydrogen, methyl and methy
lene, and epoxy bonds on the main chain produces aldehydes, ketones, 
esters, or carboxylic acid products. 

In comparison to thermo-oxidative aging, hydrothermal aging is 
differentiated in that the liquid phase medium further promotes the 
aging reaction. Moisture absorption and weight loss by degradation 
compete with each other in the aging process of GFRP pipes, but overall 
moisture absorption is more dominant, which is manifested in the 
continuous increase of overall weight. Hydrothermal aging promotes the 
dissolution of the resin on the inner and outer surfaces, forming a large 
number of dissolution pits and interfacial damage in the surface layer of 
the pipe, as shown in Fig. 14c. The GFRP pipe is then subjected to the 
process of hydrothermal aging. In turn, the creation of defects acceler
ates the moisture absorption process of GFRP pipes. In addition, the 
action of water molecules will promote the hydrolysis of glass fibers, and 
chloride ions in the simulated solution will hinder the formation of 
intramolecular and extramolecular hydrogen bonds in the composites, 
resulting in the degradation of the adhesive properties of fibers and 
matrix. All of these would adversely affect the mechanical properties of 
the glass fiber/epoxy composites. We also observed resin dissolution pits 
and severe glass fiber damage on the inner surface of the pipe after 
hydrothermal aging for 3000 h by scanning electron microscopy 

(Fig. 7i). At the same time, a decrease in the concentration of Si–O bonds 
was detected in the infrared spectra. Ultimately, the multiple damages 
caused by hydrothermal aging synergistically exacerbated the rapid 
degradation of the mechanical properties of GFRP pipes. 

4. Conclusions 

In this project, the thermal aging behavior and aging mechanism of 
aromatic amine-cured glass fiber reinforced composite tubes used in 
oilfield environments were investigated. We designed accelerated aging 
experiments based on the principle of time-temperature equivalence in 
thermal oxygen and simulated extracted water environments. Thermal 
aging experiments were carried out at 95 ◦C for 5000h and 3000h in two 
media, circulating air and simulated oilfield water, respectively. The 
differences in the aging behaviors and aging mechanisms of GFRP tubes 
at different times under the two conditions were analyzed and discussed, 
and the intrinsic connection between structural evolution and perfor
mance decay was explored. Based on the present experimental results, 
the following main conclusions were obtained.  

1) The observation of the apparent morphology and microstructure of 
the GFRP pipes after ageing under both conditions revealed that the 
effect of the thermal oxygen environment on the color change and 
oxidation process of the surface resin was more significant. Uniform 
nanoscale micropores and a few matrix shrinkage holes were found 

Fig. 14. Schematic diagram of the ageing mechanism of the two thermal ageing methods (a) pristine; (b) Thermal oxygen ageing; (c) Hydrothermal ageing.  
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in the pipe cross-section after thermal-oxidative ageing, while 
damage to the glass fiber cross-section was observed. Hydrothermal 
ageing further causes dissolution of the surface resin and dissolution 
of the exposed fibers.  

2) IR spectra in total reflectance attenuation mode demonstrate a 
decreasing concentration of C–O–C and C–H bonds in the resin ma
trix during thermal oxidation and an increasing concentration of 
ester C––O and C–O bonds in the oxidation products, indicating that 
the oxidation products are saturated aldehydes, ketones, esters or 
carboxylic acids. At the same time, the ageing behavior of resin water 
absorption and glass fiber hydrolysis during hydrothermal ageing 
was verified by the intensity changes of –OH and Si–O characteristic 
bands. Furthermore, NMR hydrogen spectroscopy verified the for
mation of amides, methyl ethers and carboxylic acids in the thermal 
oxidation products of epoxy resins.  

3) Circumferential tensile tests on GFRP pipes show that both thermal 
ageing methods cause a rapid reduction in the tensile strength of the 
pipe, with the hydrothermal environment causing more significant 
damage to the mechanical properties of the GFRP pipe. This is 
attributed to the physical dissolution of the resin on the surface of the 
GFRP pipe due to hydrothermal ageing, significant hydrolytic dam
age to the exposed fibers on the surface, and the combined damage to 
the resin/fiber interfacial bonding by chloride ions in simulated 
oilfield water, resulting in a rapid reduction in the overall GFRP 
properties. 
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