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A B S T R A C T   

Fatigue delamination growth (FDG) is an important failure in composite structures during their long-term op-
erations. Hygrothermal aging can have significant effects on interlaminar resistance. It is therefore really 
necessary to explore FDG behavior in composite laminates with hygrothermal aging. Dynamic mechanical 
thermal analysis (DMTA), mode I FDG experiments and fractographic examinations were conducted to fully 
investigate hygrothermal aging effects and the corresponding mechanisms on FDG behavior. The DMTA results 
indicated that environmental aging can induce obvious Tg decrease. Mode I experimental fatigue data interpreted 
via different Paris-type correlations demonstrated that: Bridging has obvious retardation effects on FDG behavior 
via the Paris interpretations; The modified Paris relation can well characterize the intrinsic FDG behavior around 
the crack front; The use of the two-parameter Paris-type relation can appropriately account for R-ratio effects, 
contributing to a master resistance curve in determining mode I FDG behavior. According to these in-
terpretations, it can be concluded that hygrothermal aging can have adverse effects on mode I FDG behavior. 
SEM examinations demonstrated that moisture absorption can cause fibre/matrix debonding and resin matrix 
pores/voids in the composite. However, no obvious difference in damage mechanisms was identified in mode I 
fatigue delamination for composite with/without environmental conditioning. Both fibre/matrix debonding and 
matrix brittle fracture were identified on fatigue fracture surfaces. Accordingly, it was concluded that fibre/ 
matrix interface and matrix degradation induced by water absorption were the main reasons for a faster mode I 
fatigue crack growth in environmental aged composite.   

1. Introduction 

Carbon fibre reinforced polymer composites have been increasingly 
used in aerospace industry, for their excellent specific mechanical 
properties, weight saving potential, design and production flexibility, as 
compared to the traditional metallic materials. The use of these mate-
rials have been updated from secondary to primary structures, 
contributing to the weight percentage up to 50–52 % in the modern 
commercial aircrafts Boeing 787 and Airbus A350XWB [1]. Even though 
these materials take advantage of excellent in-plane mechanical per-
formance, they are vulnerable to FDG, a unique damage evolution 
frequently reported between neighbored layers [2–4]. The initiation and 
propagation of this damage can gradually cause strength/stiffness 

degradation, and may finally result in catastrophic failure of a composite 
structure during its service life. Incorporating with an important change 
of the composite structure certification philosophy from no crack growth 
to slow crack growth recommended by the US federal aviation adminis-
tration since 2009 [5], it is therefore crucial to explore FDG behavior of 
composite materials in order to guarantee the integrity of composite 
structures in their long-term operations. As a result, both the European 
Structural Integrity Society Technical Committee 4 (ESIS TC4) and the 
American Society for Testing and Materials, International, Subcommit-
tee D30.06 (ASTM D30.06) have performed separate round-robin test 
programs in the last decade for the purpose of developing a test standard 
for mode I FDG in composites [6–8]. 

Researchers [1–4,9–15] indeed have conducted a large number of 

* Corresponding authors. 
E-mail addresses: L.Yao@hit.edu.cn (L. Yao), Yonglyu.He@foxmail.com (Y. He).  

Contents lists available at ScienceDirect 

Composite Structures 

journal homepage: www.elsevier.com/locate/compstruct 

https://doi.org/10.1016/j.compstruct.2023.117830 
Received 31 August 2023; Received in revised form 22 November 2023; Accepted 17 December 2023   

mailto:L.Yao@hit.edu.cn
mailto:Yonglyu.He@foxmail.com
www.sciencedirect.com/science/journal/02638223
https://www.elsevier.com/locate/compstruct
https://doi.org/10.1016/j.compstruct.2023.117830
https://doi.org/10.1016/j.compstruct.2023.117830
https://doi.org/10.1016/j.compstruct.2023.117830


Composite Structures 330 (2024) 117830

2

experimental and numerical studies to determine FDG behavior in 
composite laminates at ambient conditions in the past several decades. 
However, it must be stressed that composite structures can endure un-
avoidable hygrothermal conditions during their long-term operations. 
And it has been reported that environmental conditions can have 
important effects on the performance of composite materials [2]. 
Particularly, aging by water absorption, i.e. hygrothermal aging, can 
have significantly detrimental influence on composites’ mechanical 
performance [16–18], making it crucial to have thorough investigations 
on the durability of these materials with hygrothermal exposure. And 
there is sufficient evidence that humidity degradation of composite 
materials can cause significant accidents of an aircraft in its long-term 
usage [19]. 

There are three main mechanisms for moisture uptake in carbon fibre 
reinforced epoxy composite laminates [17,19,20]: water absorption in 
polymer matrix; water diffusion at fibre/matrix interface because of 
capillary/wicking effects; and water uptake via microscopic voids. In 
addition, it is worth noting that epoxy resin is a hydrophilic material 
with natural capacity of water absorption [19], promoting moisture 
absorption in carbon fibre reinforced epoxy composites. It has been 
generally reported in literatures [20–24] that moisture diffusion in 
composite materials can not only cause matrix plasticization/degrada-
tion, but also lead to significant fibre/matrix interface debonding. In 
addition, hygrothermal-induced swelling can result in internal stress at 
the interphase region, i.e. around fibre/matrix interface, which can also 
reduce the adhesion integrity between reinforced fibre and epoxy matrix 
[20,25,26]. All these changes in resin matrix and around fibre/matrix 
interface are intuitively expected to have important effects on inter-
laminar resistance of a composite material, as it significantly depends on 
the properties of matrix and fibre/matrix interface. As a result, it is 
necessary to have thorough investigations on FDG behavior not only in 
ambient conditions, but also in unavoidable hygrothermal 
environments. 

Researchers [23,27–33] indeed have paid a lot of attention to 
hygrothermal aging effects on interlaminar strength and quasi-static 
delamination resistance. People have made a consensus that 
[23,27–30] there is obvious reduction in interlaminar shear strength of 
composite materials after water absorption. The major reason for this 
reduction attributes to hygrothermal-induced fibre/matrix interface 
degradation. However, there is no consensus on hygrothermal aging 
effects on quasi-static delamination behavior. Alessi et al [20] reported 
that no obvious deviation on mode I fracture toughness after hygro-
thermal conditioning. Particularly, it was concluded that this unaltered 
behavior might be related to a balance of prevailing toughening or 
embrittling mechanisms activated by the aging conditions. Davidson et 
al [24] investigated hygrothermal aging effects on delamination resis-
tance at different mode ratios. It was found that interlaminar resistance 
can increase in mode I delamination, but decrease in mode II. The reason 
for mode I resistance increase is related to the increase of matrix 
ductility. However, less amount of damage evolution can be generated 
on mode II fracture surface after moisture absorption, finally contrib-
uting to resistance decrease. And for mixed-mode I/II delamination, 
fracture toughness demonstrated a blend of pure mode behaviors. In 
another experimental study conducted by Asp [31], it was reported that 
hygrothermal aging has negligible effect on mode I initial delamination 
resistance, but leads to reduction in interlaminar resistance of both 
mode II and mixed-mode I/II. Mamalis et al [32] investigated the effects 
of seawater aging on mode I delamination behavior of three different 
types of unidirectional composite laminates. It was found that hygro-
thermal treatment can cause obvious reduction in the initiation 
delamination resistance of all these composites, because of weakening 
fibre/matrix interface. Scholars [33] conducted experimental study on 
hygrothermal aging effects on mixed-mode I/II delamination resistance 
of composite joints with different bonded technologies (i.e. co-cured 
(CC) without adhesive, co-bonded (CB) and secondary bonded (SB)). 
The results indicated that composite joint with SB bonded technology 

demonstrates better delamination resistance as compared to joints with 
the other two bonded technologies. 

To the best knowledge of the authors, only a limited number of 
studies have been conducted in the past to determine FDG behavior in 
composites after hygrothermal aging. And there is no consensus on 
hygrothermal aging effects on FDG behavior. Nakai et al [34] conducted 
fatigue delamination experiments on two kinds of composites (i.e. 
T300/3601 and M40J/2500) with/without water absorption. It was 
found that water uptake can decrease Mode I FDG of both materials, for 
the increase of ductility in the resin matrix. However, in a study pro-
vided by Landry et al [35], it was reported that moisture absorption can 
have adverse influence on mode I FDG behavior, i.e. environmental 
conditioning can accelerate FDG. Similar conclusion was also made by 
the same authors in mode II FDG [36]. Recently, researchers [37] pro-
vided a comparison study on mode I and mode II onset fatigue delami-
nation behavior of interlayer toughened composite joints with different 
bonded technologies. The results clearly demonstrated that the effects of 
hygrothermal aging on fatigue onset behavior are significantly depen-
dent on bonded technologies. In another study [38], it was reported that 
hygrothermal aging can cause decrease of fatigue delamination in 
adhesively bonded composite structures, because of ductility increase in 
the bond. 

According to above discussions, even researchers have got a 
consensus that hygrothermal aging can have detrimental effects on 
composite material performance, limited studies were conducted to 
determine delamination behavior of composite laminates with hygro-
thermal aging under fatigue loading, as well as to examine the corre-
sponding physical mechanisms. And no consensus has been achieved for 
hygrothermal aging effects on FDG behavior in composite laminates 
until now. As a result, further investigations on FDG behavior of com-
posite laminates are still required in this field. To this aim, DMTA ex-
periments were carried out to determine hygrothermal effects on the 
dynamic mechanical response of the composite. Mode I FDG experi-
ments were subsequently conducted on pre-conditioned composite 
specimens at different R-ratios to thoroughly determine hygrothermal 
aging effects on fatigue delamination behavior. SEM examinations were 
finally performed on both material morphology and delamination frac-
ture surfaces to thoroughly investigate the physical reasons and damage 
mechanisms for hygrothermal aging effects on FDG behavior. 

2. Material and specimen pre-conditioning 

The composite material used here is carbon fibre/epoxy prepreg 
M30SC/DT120 (high strength and modulus carbon fibre/toughened 
thermosetting epoxy). Composite laminates were laid in the designed 
stacking sequence [016//016] (// indicates the delamination plane). A 
Teflon insert film with 12.7 μm thickness was placed in the middle plane 
to introduce an initial delamination, typically around a0 = 60 mm. 
Laminates were cured in the autoclave at a pressure of 6 bars and curing 
temperature of 120 ◦C for 90 min. After curing, composite laminates 
were C-scanned for imperfections. Samples were taken from these areas 
where no imperfections were identified via the non-destructive testing. 

Double cantilever beam (DCB) specimens, L = 200 mm length by B =
25 mm width with thickness of h = 5 mm, were cut from composite 
laminates with a diamond-coated cutting machine. One side of each DCB 
specimen was coated with a thin layer of typewriter correction fluid to 
enhance the visibility of delamination front during fatigue tests. A strip 
of grid paper was pasted on the coated side of the sample to aid in 
measuring fatigue crack propagation length a-a0. 

DCB specimens were exposed to the required environmental condi-
tion at temperature 70 ◦C and relative humidity (RH) 85 %, using the 
WEISS WK111-340 environmental chamber, according to the ASTM 
D5229 standard [39]. The weights of three conditioned samples were 
measured with pre-defined time intervals until the moisture absorption 
equilibrium, i.e. in a state that the effective moisture equilibrium 
changes less than 0.02 % within the reference time span. These DCB 
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specimens with moisture saturation were well stored in the environ-
mental chamber until the moment of their fatigue delamination 
experiments. 

In accordance with the ASTM D5229 standard, the average moisture 
content M can be calculated with the measured mass information at 
different time intervals as 

M =
Wi − W0

W0
× 100 (1)  

where Wi is the current specimen mass; and W0 is the initial specimen 
mass. 

The single-phase Fickian diffusion model has been widely recom-
mended and employed by different scholars [17,37] in determining the 
absorption curves of carbon fibre reinforced composite materials. 
Referring to the ASTM D5229 standard, the moisture diffusivity constant 
Dz can be determined as 

Dz = π
(

h
4Mm

)2( M2 − M1
̅̅̅̅
t2

√
−

̅̅̅̅
t1

√

)2

(2)  

where h is the specimen thickness; Mm is the moisture equilibrium 

content; and 
(

M2 − M1̅̅̅
t2

√
−

̅̅̅
t1

√

)
represents the slope of moisture absorption plot 

in the initial linear portion of the curve. 
After the determination of the moisture diffusivity constant Dz, the 

moisture contents at different moments can be calculated with the 
following equation [32,39] 

Mt = Mm

{

1 −
8
π2

∑∞

j=0

1
(2j + 1)2 exp

[

−
Dz(2j + 1)2π2t

h2

]}

(3)  

3. Experimental procedure and data reduction methodology 

3.1. Fatigue delamination experiments 

All mode I fatigue experiments were conducted on a 15kN MTS 
servo-hydraulic test machine at a frequency of 5 Hz with stress ratios of 
R = 0.1 and 0.5 under displacement control. The load, displacement and 
number of cycles were automatically stored in an Excel file by the ma-
chine, enabling data reduction after the test. A computer controlled 
digital camera system with high resolution was employed to monitor 
delamination propagation via automatically recording an image of the 
tested specimen profile at pre-defined intervals. These recorded images 

could be subsequently analyzed to determine the fatigue delamination 
propagation length a-a0. Detailed information of the experimental setup 
is demonstrated in Fig. 1. 

Significant fibre bridging was observed in mode I fatigue delamina-
tion experiments in the previous studies [40,41]. To determine FDG 
behavior with different amounts of fibre bridging, DCB specimens were 
repeatedly tested for several times with increased displacements keep-
ing the R-ratio constant. This specific test procedure has been introduced 
and used several times in fibre-bridged FDG characterization [40,41]. 
Particularly, FDG can gradually decrease with crack propagation in a 
displacement controlled fatigue test. This test was therefore manually 
terminated in case of crack retardation. After this, a monotonic loa-
ding–unloading cycle was conducted on this tested specimen to evaluate 
the minimum/maximum displacements which should be applied in the 
subsequent fatigue sequence. With this specific test procedure, multiple 
delamination resistance curves can be obtained, with each one repre-
senting delamination resistance equivalent to a specific fatigue pre- 
crack, i.e. delamination length at which that particular fatigue test 
was initiated. In addition, according to the monotonic loading–unload-
ing cycle, interlaminar resistance at different fatigue crack lengths can 
be calculated to form the fatigue resistance curve (i.e. fatigue R-curve) 
GIC(a-a0). 

Table 1 provides a summary of all mode I FDG experiments with 
different fatigue pre-crack propagation (i.e. equivalent to different 
amounts of bridging fibres) at different stress ratios on DCB specimens 
with environmental conditioning. A total number of 24 fatigue experi-
ments were conducted in the present study to explore mode I FDG 
behavior with hygrothermal aging. 

3.2. Fatigue data reduction 

The Modified Compliance Calibration (MCC) method Eq.(4), rec-
ommended in the ASTM D5528 standard, was employed to calculate the 
SERR G with the load, displacement and crack length information 
recorded in fatigue delamination tests. The 7-point Incremental Poly-
nomial Method, recommended in the ASTM E647 standard, was used to 
fatigue crack growth rate da/dN calculation. 

G =
3P2C(2/3)

2A1Bh
(4)  

where P is the load; C is the compliance of the DCB specimen; A1 is the 
slope of the curve in the graph where a/h is plotted against C1/3. 

All experimental fatigue delamination data were interpreted via 
different Paris-type relations to have thorough discussions on mode I 
fatigue delamination behavior with fibre bridging at different R-ratios 
with hygrothermal aging. Particularly, the basic Paris relation Eq.(5) 
was used to explore fibre bridging effects on FDG behavior with 
hygrothermal aging. In this specific formulation, fatigue crack growth 
rate da/dN is linked to the fracture mechanics concept SERR range Δ√G. 

da
dN

= CΔ
̅̅̅̅
G

√ n
= C

[( ̅̅̅̅̅̅̅̅̅̅
Gmax

√
−

̅̅̅̅̅̅̅̅̅
Gmin

√ )2
]n

(5)  

According to energy dissipation analysis as well as damage mechanism 
investigations [40], a modified Paris relation Eq.(6) has been proposed 
to interpret FDG behavior excluding fibre bridging, i.e. the intrinsic 
fatigue delamination resistance around the crack front. There is 

Fig. 1. Fatigue delamination experimental setup.  

Table 1 
Mode I fatigue delamination test matrix.  

Sample R-ratio Fatigue pre-crack propagation a-a0 [mm] 

85 %RH-1-R01 R = 0.1 4.60; 24.50; 43.15; 65.03; 91.02 
85 %RH-2-R01 5.44; 22.01; 35.75; 50.06; 66.35; 77.41 
85 %RH-1-R05 R = 0.5 4.09; 14.38; 26.37; 37.68; 50.20 
85 %RH-2-R05 2.16; 8.80; 17.57; 24.96; 33.62; 42.88; 58.54; 71.24  
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sufficient evidence [40,41] that the use of this formulation can appro-
priately determine fatigue delamination behavior at a given R-ratio, 
which agrees well with the requirements of similitude principles. 

da
dN

= CΔ
̅̅̅̅
G

√ n
tip = C

[
GIC0

GIC(a − a0)
Δ

̅̅̅̅
G

√
]n

(6)  

where Δ√Gtip is the SERR range around delamination front; GIC(a-a0) 
represents fatigue resistance increase because of fibre bridging; and GIC0 
is fatigue resistance excluding fibre bridging contribution. 

Obvious R-ratio effects can be observed using Eq.(6) in fatigue data 
interpretations [41]. Thus, a new fatigue model Eq.(7), employing both 
Δ√Gtip and Gmax_tip to fully describe the fatigue loading, has been 
recently developed to characterize FDG behavior [42]. There is evidence 
[41,42] that the use of this new formulation can appropriately account 
for R-ratio effects in FDG interpretations. 

da
dN

= CΔ
̅̅̅̅
G

√ n
eff = C

⎡

⎢
⎢
⎣Δ

̅̅̅̅
G

√

[

1−

(
Gmax tip

GIC0

)γ ]

tip G

(
Gmax tip

GIC0

)γ

max tip

⎤

⎥
⎥
⎦

n

(7)  

where Gmax_tip represents the maximum SERR around delamination 
front, which can be conveniently determined via Δ√Gtip and R-ratio; 
and γ can be best interpreted as the weight-parameter. 

3.3. DMTA experiments 

DMTA experiments were conducted to have necessary information of 
environmental aging effects on the glass transition temperature Tg, 
storage modulus E΄ and damping factor tanδ of the composite material 
M30SC/DT120 used in the present study. These experiments were per-
formed in PerkinElmer DMA8000 dynamic mechanical analyzer via 
single cantilever beams with dimensions of 20 mm length by 5.0 mm 
width and 5.0 mm thickness. All these experiments were conducted at a 
temperature range between 25 ◦C and 200 ◦C with a frequency of 1.0 Hz 
and temperature ramp rate of 5 ◦C/min. 

4. Results and discussions 

4.1. Moisture absorption analysis 

Fig. 2 summarizes moisture absorption data obtained from the 
conditioned DCB specimens in terms of percent moisture content against 
immersion time. It is clear that the moisture content can significantly 
increase at the initial stage, and gradually flat off with long-time aging, 
corresponding to moisture equilibrium. The saturation moisture content 
was calculated as (0.75 ± 0.02)%. And these moisture uptake data were 
subsequently described by the Fickian diffusion law Eq.(3). The results 
clearly demonstrate that the use of this model can well represent 
moisture absorption change during the entire exposure period. 

Fig. 2. Moisture absorption versus time for composite laminates M30SC/DT120.  

Fig. 3. Storage modulus and damping factor curves for composite laminates with/without environmental conditioning and after moisture desorption.  
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4.2. DMTA results 

DMTA characterizations were carried out to provide relevant infor-
mation on the degree of damage/degradation in resin matrix as well as 
around fiber/matrix interface after hydrothermal aging. The experi-
mental data obtained from these tests were organized in terms of storage 
modulus E΄, damping factor tanδ against temperature T, as shown in 
Fig. 3. Accordingly, the glass transition temperature Tg for the composite 
material with/without pre-conditioning, as well as after water desorp-
tion, can be conveniently determined via the peak of these tanδ curves. 

There is an obvious decrease in Tg for composite material after 
moisture absorption (from 132.95 ◦C to 107.4 ◦C), as shown in Fig. 3. 
After oven drying treatment, a slight Tg recovery (i.e. 111.45 ◦C vs. 
107.4 ◦C) is observed in this graph. A similar trend was also observed in 
the transition temperature (representing the change of material 
behavior from glassy state to glass-rubber transition state) in the storage 
modulus curves. Generally, moisture absorption in composite materials 
can not only lead to irreversible damage/debonding at fibre/matrix 
interface region or micro cracks/voids around resin matrix, but also 
cause reversible matrix swelling/degradation [43–45]. All these changes 

can finally contribute to Tg decrease of a composite material after 
environmental conditioning, as demonstrated in Fig. 3. It has been re-
ported [43] that this Tg decrease, related to reversible matrix swelling/ 
degradation, can be almost fully recovered after moisture desorption. 
However, in the present study, only a slight recovery of Tg is observed 
after water desorption as illustrated in Fig. 3. This means that there is 
significant irreversible damage/degradation occurrence during the 
aging procedure of the composite material M30SC/DT120. Detailed 
information related to these irreversible changes in composite will be 
evidenced via SEM examinations on both material microstructures and 
fatigue fracture surfaces in the subsequent section. 

4.3. Fatigue delamination behavior interpretations 

All mode I fatigue delamination data were respectively interpreted 
via three different Paris-type relations introduced in section 3.2 to have 
full understanding on FDG behavior in composite laminates after envi-
ronmental aging. Particularly, the basic Paris relation Eq.(5) was used to 
explore fibre bridging effects on FDG behavior. The modified Paris 
relation Eq.(6) was employed to determine the intrinsic delamination 

Fig. 4. Paris representation of FDG behavior with fibre bridging (a) R = 0.1; (b) R = 0.5.  
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resistance around the crack front. And all these data were finally 
interpreted via the two-parameter Paris-type correlation Eq.(7) to ac-
count for the R-ratio effects in FDG interpretations, and to determine the 
hygrothermal aging effects on FDG behavior. 

4.3.1. Paris interpretations 
Fig. 4 summarizes all fatigue data at different R-ratios in terms of da/ 

dN against Δ√G. Significant bridging retardation effects on mode I FDG 
behavior were identified according to these interpretations. Particularly, 
the obtained Paris resistance curves can downwards shift with crack 
propagation (i.e. fibre bridging development), and finally collapse into a 
narrow band region (i.e. indicating bridging saturation). This means that 
the magnitude of da/dN at a given Δ√G is not constant, but decreases 
significantly with crack propagation for fibre-bridged FDG. As discussed 
in the previous studies [40,46], the presence of bridging fibres in the 
wake of delamination front is the main reason for this retardation. 
Particularly, more bridging fibres can be present in a longer crack 
growth, contributing to more strain energy being cyclically stored and 
released in them under fatigue loading. And there is a saturation of fibre 
bridging development, in which the new generation of bridging fibres 
around the crack front can balance with the final failure of bridging fi-
bres at the end of bridging region. As a result, the Paris resistance curves 
with really long crack propagation intend to converge into a narrow 
band region, as shown in Fig. 4. 

The results illustrated in Fig. 4 clearly demonstrate that the presence 
of fibre bridging can cause mode I FDG behavior crack length depen-
dence, once using the Paris relation in fatigue data interpretations. This 

indeed violates the basic requirements of the similitude principles. In 
accordance with this hypothesis, FDG behavior in the same composite at 
the same SERR should be the same or at least similar, regardless of crack 
propagation length [47,48]. As a result, a new similitude parameter, 
appropriately representing the similarity in FDG, should be proposed 
and applied to determine FDG behavior with fibre bridging. The modi-
fied Paris relation [40], employing the SERR range Δ√Gtip applied 
around delamination front, will be subsequently used to interpret fibre- 
bridged FDG behavior. 

4.3.2. Modified Paris interpretations 
As a prerequisite of using Eq.(6) in fatigue data interpretations, fa-

tigue R-curves GIC(a-a0) must be determined in advance in order to 
calculate the SERR range Δ√Gtip around the crack front. And it should 
be stressed that the magnitude of fatigue R-curve differs from that in 
quasi-static delamination, physically making it incorrect to directly use 
quasi-static R-curve in fatigue data analysis [46]. Thus, the fatigue R- 
curve for each tested DCB specimen was carefully determined via the 
specific test procedure introduced in the section 3.1, in order to use this 
modified Paris relation in fibre-bridged FDG interpretations. 

Fig. 5 summarizes all fatigue R-curves in terms of interlaminar 
resistance GIC against crack propagation length a-a0. It is clear that there 
is significant increase in GIC with delamination growth because of fibre 
bridging for both R-ratios. No obvious scatter was observed for R = 0.1. 
However, some scatter was identified for R = 0.5, which may be related 
to the deviations in fibre bridging generation during FDG. Furthermore, 
the magnitude of GIC(a-a0) for R = 0.5 is slightly higher than that of R =

Fig. 5. Fatigue resistance curves for delamination at different R-ratios.  

Fig. 6. Fatigue data interpretations via the modified Paris relation.  
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0.1, indicating more fibre bridging generation in fatigue delamination at 
a higher R-ratio. The possible reason (i.e. crack closure) for this differ-
ence has been given in the previous studies [49,50]. Particularly, the 
resistance increase for each tested specimen can be well fitted via a 
second-order polynomial function as demonstrated in Fig. 5. 

According to these fitted resistance curves, mode I fatigue data of 
each tested specimen can be interpreted via the modified Paris relation 
Eq.(6). All these interpretations are summarized in terms of da/dN 
against Δ√Gtip, as illustrated in Fig. 6. It is clear that fatigue data with 
different crack propagation can converge into a narrow band region, as 
compared to the interpretations illustrated in Fig. 4. This means FDG 
behavior for the same SERR remains the same or at least similar, which 
obeys well with the similitude principles. And there is good repeatability 
for fatigue experiments at the same R-ratio. As a result, a master resis-
tance curve can be fitted to appropriately represent FDG behavior. 
Furthermore, there is still obvious R-ratio dependence using this corre-
lation in fibre-bridged FDG interpretations. Particularly, FDG rate of R 
= 0.5 is much faster than that of R = 0.1 at a given Δ√Gtip. 

It has been reported [40] that most permanent energy dissipation in 
fibre-bridged FDG indeed concentrates around the crack front, and fibre 
bridging indeed has negligible contribution to permanent energy 
release. This is the physical reason for the validity of using Eq.(6) with 
Δ√Gtip as the similitude parameter in fibre-bridged mode I FDG char-
acterization. Particularly, the use of this formulation in fibre-bridged 
fatigue interpretations indeed represents damage propagation around 
the crack front, i.e. the intrinsic delamination resistance. Thus, the re-
sults illustrated in Fig. 6 demonstrate that the intrinsic delamination 
resistance remains the same or similar for fatigue delamination with 

fibre bridging at a given R-ratio, i.e. there is no crack length dependence 
in FDG. 

4.3.3. Two-parameter model interpretations 
All fatigue data of different R-ratios were finally interpreted via Eq. 

(7) to account for R-ratio effects. Different from Eq.(6), both Δ√Gtip and 
Gmax_tip were employed in FDG interpretations in the perspective of fully 
describing fatigue loading. It is clear that the use of this correlation can 
well account for R-ratio effects, as illustrated in Fig. 7. Particularly, all 
fatigue data of different R-ratios can collapse into a narrow band region, 
contributing to a master resistance curve in representing mode I FDG 
behavior at various R-ratios. 

In our previous studies [40,49,51], mode I fatigue delamination 
experiments have been carried out at two different R-ratios (i.e. R = 0.1 
and 0.5) with different amounts of fibre bridging without hygrothermal 
aging. The use of Eq.(7) in fatigue data interpretations makes the pos-
sibility of exploring hygrothermal aging effects on FDG behavior at 
different stress ratios. All these results are summarized and compared in 
terms of da/dN against Δ√Geff, as shown in Fig. 8. And a master resis-
tance curve can be respectively fitted to represent FDG behavior in 
composite laminates with or without hygrothermal aging. It is clear that 
hygrothermal aging has significantly detrimental effects on the intrinsic 
FDG behavior. Particularly, FDG in composite with water absorption is 
much faster than that without moisture absorption. In general, as dis-
cussed in the literature [43–46], moisture immersion induced degra-
dation in matrix and around fibre/matrix interface may be the reason for 
this FDG acceleration. And detailed evidence to explain this FDG in-
crease will be provided and discussed via the SEM observations on both 

Fig. 7. Fatigue data interpreted via the two-parameter Paris-type relation.  

Fig. 8. Hygrothermal aging effects on fatigue delamination behavior.  
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material morphology and fatigue fracture surfaces. 

5. Damage mechanisms in FDG of composite laminates with 
environmental conditioning 

SEM examinations were first conducted on composite with/without 
water uptake, to have detailed information on hygrothermal aging ef-
fects on material morphology. Fractographic SEM observations were 
subsequently performed on fatigue fracture surfaces of different R-ra-
tios, to explore the damage mechanisms in delamination growth as well 
as to provide the physical reasons for the results that illustrated in Fig. 8. 

5.1. Fractographic analysis on material microstructure 

Fig. 9 provides morphology of composite with/without environ-
mental aging. Some important differences can be clearly identified in the 
composite after hygrothermal conditioning, as compared to that without 
moisture absorption. Particularly, both fibre/matrix interface debond-
ing and micro voids induced by water absorption were clearly observed 
in composite material with hygrothermal aging, as illustrated in Fig. 9 
(a). However, these micro features are not obvious in composite without 
environmental aging. Particularly, the material remains intact as shown 
in Fig. 9(b). Referring to the previous discussions on Tg decrease in 
environmental aged composite, these observations can provide neces-
sary evidence to physically interpret the Tg decrease that illustrated in 
Fig. 3. In addition, it should be noted that resin matrix property 

Fig. 9. Morphology of composite laminates with/without hygrothermal conditioning (a) Environmental aged composite; (b) No environmental aged composite.  
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degradation (such as plasticization) induced by water uptake can be 
partly or fully recovered after water desorption. However, this observed 
irreversible damage, i.e. interface debonding and matrix pores, cannot 
be recovered after drying. As a result, only a slight increase of Tg for 
conditioned composite with drying treatment is observed as shown in 
Fig. 3. 

5.2. Fractographic examinations on fatigue fracture surfaces 

Figs. 10 and 11 summarize SEM observations on mode I fatigue 
fracture surfaces of composite laminates at different R-ratios after 
environmental conditioning. Both fibre print and matrix brittle fracture 
failure were identified on the delamination surfaces for both R-ratios. 
Particularly, fibre print, resulting from fibre/matrix interface debond-
ing, is the dominant microscopic feature distributed on mode I delami-
nation surface. Matrix brittle fracture, characterized by riverlines, scarps 
and hackles, was also identified at some locations on the delamination 
surface. And no obvious matrix plastic deformation was found on the 

delamination surface. In addition to above mentioned microscopic fea-
tures (which has also been reported in fatigue delamination without 
environmental conditioning [40]), some new microscopic features were 
found on these delamination surfaces with hygrothermal aging. The first 
important new feature is micro-debonding at fibre/matrix interface, as 
indicated in the red circle in Figs. 10(a) and 11(a). The second important 
new feature is obvious micro-void that distributed in matrix and around 
fibre/matrix interface, as illustrated in Figs. 10(b) and 11(b). These 
micro features were not reported in fatigue delamination of the same 
composite without environmental conditioning [40]. To the authors’ 
opinion, the presence of these additional features is closely related to 
hygrothermal aging. Particularly, water uptake around fibre/matrix 
interface region due to the capillary effects can weaken interface 
adhesion and finally lead to this micro-debonding feature, as illustrated 
in Figs. 10(a) and 11(a). And long-term moisture absorption in the resin 
matrix can not only gradually result in micro-void generation in the 
matrix material, but also tend to promote above mentioned micro- 
debonding at the interface region, as shown in Figs. 10 and 11. 

Fig. 10. SEM observations on fatigue fracture surfaces of R = 0.1 (a) Dominant fibre/matrix debonding; (b) Matrix brittle failure at local region.  
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As discussed above, the dominant damage mechanisms in mode I 
fatigue delamination for composite laminates with environmental con-
ditioning remain the same to that without hygrothermal aging. Both 
fibre prints and matrix brittle fracture were identified on the fatigue 
delamination surfaces. However, there is evidence that hygrothermal 
aging can have significantly detrimental effects on matrix property (i.e. 
the presence of pores/voids) and fibre/matrix bonding performance (i.e. 
micro debonding generation). These are the physical reasons for the FDG 
increase as illustrated in Fig. 8, i.e. hygrothermal aging can accelerate 
FDG behavior. Furthermore, this adverse influence can result in some 
new features distributed on fatigue delamination surfaces. 

6. Conclusions 

Hygrothermal aging effects on mode I fatigue delamination behavior 
with fibre bridging in composite laminates have been thoroughly 
investigated in the present study. Three different Paris-type correlations 
were employed to explore FDG behavior. These interpretations based on 

the Paris relation demonstrate that fibre bridging has important retar-
dation effects on FDG behavior. The use of the modified Paris relation 
can well represent the similarity in fibre-bridged FDG, contributing to a 
master resistance curve in determining the intrinsic FDG behavior at a 
given R-ratio. The use of the two-parameter Paris-type relation can 
appropriately account for R-ratio effects, making a master resistance 
curve in characterizing FDG behavior at different R-ratios. Furthermore, 
fatigue data interpreted via this two-parameter correlation clearly 
demonstrated that hygrothermal aging has detrimental effects on mode I 
FDG behavior of composite laminates. 

Fractographic analysis demonstrated that environmental aging can 
have important effects on the microstructures of composite laminates. 
Particularly, both pores/voids in resin matrix and debonding at fibre/ 
matrix interface were identified in composite because of environmental 
conditioning. However, no obvious difference in damage mechanisms 
was identified in mode I FDG for composite with/without water im-
mersion. Both dominant fibre prints and local matrix brittle fracture 
were observed on the delamination surfaces. And no matrix plastic 

Fig. 11. SEM observations on fatigue fracture surfaces of R = 0.5 (a) Dominant fibre/matrix debonding; (b) Matrix brittle failure at local region.  
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deformation was found in fatigue delamination with environmental 
aging. Accordingly, it can be concluded that the major reason for 
hygrothermal aging detrimental effects on mode I FDG behavior is 
related to the degradation of interface adhesion and resin matrix that 
induced by water absorption. 
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