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A B S T R A C T

Ageing is known to have significantly detrimental effect on mode I fatigue delamination growth (FDG) in uni-
directional (UD) composite laminates. However, composite structures are usually designed with multidirectional
(MD) layups, which raises the question that is it enough to only conducted fatigue delamination experiments on
specimens with a UD layup. The aim of this study is therefore to explore mode I FDG in MD composite laminates
with 45//45 interface after different ageing, i.e. at 70 ◦C 85 % relative humidity (RH) and immersion in 70 ◦C
water bath. Fatigue delamination experiments were conducted at stress ratios R = 0.1 and 0.5. The fatigue data,
interpreted via Paris-type fatigue laws, demonstrated that: (1) the change of ageing severity has no influence on
mode I FDG in MD composite laminates; (2) FDG remains the same in composite laminates after different ageing,
regardless of layups. In all cases, the same master resistance curves can be obtained to determine the intrinsic
mode I fatigue delamination resistance of UD and MD composite laminates after different ageing. The physical
reasons for these findings were discussed based on the moisture content analysis, Fourier transform infrared
(FTIR) analysis, dynamic mechanical thermal analysis (DMTA), and fractographic examinations. It was found
that material degradation and delamination mechanisms remain the same for UD and MD layups, as well as for
85 %RH and water bath conditioning.

1. Introduction

Fatigue delamination growth (FDG) is one of the most important
failure modes frequently reported in aeronautical composite structures
in their long-term service life [1,2], as has been established in the design
practice by the introduction of slow crack growth philosophy in com-
posite structure certification by US federal aviation administration
(FAA) Advisor Circular AC 20-107B since 2009 [3]. The initiation and
propagation of this damage can have significantly detrimental effects on
the integrity of a composite structure, thus making it crucial to have in-
depth understanding on this phenomenon. In the past several decades,
both European Structural Integrity Society Technical Committee 4 (ESIS
TC4) and ASTM D30 have performed separated round-robin test pro-
grams to develop a test protocol for characterizing mode I FDG in
composite laminates [4–8].

Fatigue delamination is essentially a material fracture phenomenon.
Fracture mechanics have been widely used in fatigue delamination

representation of composite laminates, based on the success of these
methods in fatigue crack characterization for metals [9,10]. Particu-
larly, fatigue delamination is usually correlated to the strain energy
release rate (SERR)G, instead of the stress intensity factor (SIF) K, for the
heterogeneous of composite materials. However, there is no consensus
on the specific formulation of SERR in FDG determination, which enters
the Paris-type relations for crack growth [9–11]. Some scholars used the
maximum SERR Gmax or the SERR range Δ√G in FDG characterization
[11,12,4,5], whereas others recommended to employ both Gmax and
Δ√G with the perspective of full fatigue load description [13]. The key
point in the choice of the SERR formulation is similitude [14]. Incon-
sistency in the similitude parameters can result in different conclusions
in FDG interpretation. Taking R-ratio dependence as a typical example,
there are both reports on decrease [15] or increase [16], or even no
obvious influence [17–19] of fatigue delamination with stress ratio. As a
result, it is important to employ the Paris-type relations with appropriate
SERR formulations well representing similitude in FDG characterization.
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The majority of the above mentioned studies were carried out on
specimens with UD layup, hence 0//0 configuration of the interface.
However, aeronautical composite structures are usually designed with
MD layups, rather than only UD layup that recommended in the stan-
dard test used by the research community. Referring to quasi-static
studies [20–22], the difference in layups, such as from UD to MD, may
have important effects on damage mechanisms (such as crack migration,
zig-zag crack propagation, or more or less fibre bridging development),
finally contributing to delamination resistance. All these mechanisms
can affect fatigue delamination resistance of a composite material.
Limited work exists [23–30] with MD layup fatigue delamination, and
only few studies [23–25] were performed to make a comparison on FDG
between MD and UD composite laminates. To the best knowledge of the
authors, this comparison still stays controversial. In [23], it was reported
that fatigue delamination threshold of MD composite laminates is much
higher than that of UD, for more fibre bridging generation. In work [24],
the fastest fatigue crack growth rate was observed in UD case as
compared toMD layups. A different phenomenon is reported in [25] that
the change in interface configuration had negligible effect on mode I
fatigue delamination threshold.

Composite structures can endure different hygrothermal exposure in
their long-term operation. Moisture diffusion in composite laminates
can induce mechanical deterioration in both matrix and fibre/matrix
interface, and even cause micro/macro damage evolution such as
cracking/debonding or pores/voids generation [31–33]. It has been
reported that environmental ageing can have significant effects on mode
I delamination resistance of composite materials, as well as the damage
mechanisms under quasi-static or fatigue loading [34–38]. There is a
controversy on ageing effects on fatigue delamination resistance in
composite laminates. It was reported that environmental ageing can
decrease FDG because of matrix or bond ductility increase [39,40]. In
another study [41], it was found that hygrothermal ageing can promote
faster crack propagation for interface degradation. In spite of the con-
troversy in literature [39–41], our previous work [38] has clearly
demonstrated that environmental ageing can increase FDG rate by a
factor of ~ 5. These detrimental effects induced by water absorption can
make the layup dependence or independence of FDG behaviour even
more complicated.

In addition to damage evolution concentrated around the crack front,
fibre bridging is an important shielding mechanism frequently reported
in mode I fatigue delamination of composite laminates [6,8,12,23,27].
How to appropriately interpret mode I fatigue delamination with large-
scale fibre bridging is in the centre of ISO standardization, aimed by ESIS
TC4 and ISO/TC61/SC13 [8,42]. There is solid evidence that both
layups [21,22] and long-term environmental exposure [36,43] can
affect the fibre bridging. The change of stacking sequence from UD to
MD usually promotes more fibre bridging in quasi-static delamination,
due to the presence of intralaminar damage or zig-zag crack propagation
occurring in the neighbouring layers [20,22]. More bridging fibres can
be present in fatigue delamination of aged composite laminates [38],
because of fibre/matrix interface degradation. Similar conclusion was
also made in [36,43]. Thus, it is important to have further investigation
on mode I fatigue delamination with large-scale fibre bridging in MD
composite laminates after environmental ageing.

According to above discussion and the authors’ recent study [38], a
subsequent investigation was conducted in the present work to answer
the following questions:

1. What effects does ageing severity have on mode I fatigue delami-
nation of MD composite laminates, and the corresponding damage
mechanisms?

2. Is there layup dependence on mode I fatigue delamination in com-
posite laminates after ageing with different severity?

The answers for these questions will be useful for composite structure
design, especially with the introduction of low crack growth philosophy

in the certification that recommended by the FAA. Furthermore, this
study can provide extra evidence on the validation of both the test
program and the data reduction models for ISO mode I fatigue delami-
nation test standard development of composite laminates that aimed by
ESIS TC4 and ISO/TC61/SC13.

Mode I fatigue delamination experiments were carried out on double
cantilever beam (DCB) specimens with MD layup, 45//45 interface,
after different ageing conditions, 70 ◦C 85 % RH and 70 ◦C water bath
(WB). All fatigue delamination data were interpreted via two Paris-type
laws. Both FTIR and DMAT analysis were performed to have relevant
information on material degradation induced by water absorption.
Fractographic examinations were carried out to explore the material
degradation and fatigue delamination mechanisms of MD composite
laminates after different environmental ageing.

2. Materials, experimental setup and methodology

2.1. Specimen manufacturing and conditioning

DCB specimens were manufactured using prepreg of UD continuous
carbon fibres in a thermosetting epoxy matrix, M30SC/DT120, supplied
by Delta-Tech S.p.A, Italy (see Appendix for detailed information of this
prepreg). In accordance with our previous studies [23,27], MD com-
posite laminates were design with a layup [(±45/012/∓45)//(±45/012/
∓45)] to avoid crack jumping, and minimize both residual thermal
stress and non-uniform energy release rate distribution across the width
of the crack front [20,44]. A schematic diagram of the layup is illus-
trated in Fig. 1. A 12.7 μm Teflon film was inserted into the mid-plane of
the composite panel at one end to introduce an initial delamination,
typically around a0 = 60 mm. These laminates were cured in autoclave
at a pressure of 6 bar and a temperature 120 ◦C for 90 min, as recom-
mended by the supplier. After curing, composite laminates with a
nominal thickness of 5 mm were C-scanned to guarantee there is no
obvious manufacturing imperfection. The MD DCB specimens 200 mm
× 25 mm were cut from these panels with the long direction aligned
with the 0◦ fibre direction, according to the ASTM D5528 standard [45].

A pair of aluminium loading blocks, 25 mm width by 20 mm length
with 6 mm thickness, was adhesively bonded on the DCB specimens at
the side of Teflon insert for introducing cyclic loads. One side of each
DCB specimen was coated with a thin layer of typewriter correction fluid
to enhance the visibility of delamination front during the fatigue test. A
strip of grid paper was pasted on this coated side to aid in measuring
crack propagation length.

DCB specimens with 45//45 interface were conditioned at two
typical environments, i.e. 70 ◦C 85 % RH and 70 ◦CWB, using the WEISS
WK111-340 environmental chamber, according to the ASTM D5229
standard [46]. The weights of three conditioned samples for each
environmental ageing were measured with pre-defined time intervals
until moisture absorption equilibrium, i.e. the state that the effective
moisture equilibrium changes less than 0.02 %within the reference time
span. This definition of the equilibrium is given by ASTM D5229 stan-
dard, and used in literature, for example [47]. This finally results in the
total exposure time of four months for WB specimens and almost six
months for 85 %RH ones. These measured mass data enable moisture
contentM calculation, which was subsequently analyzed via the Fickian
diffusion law following the standard [46]. All these conditionedMDDCB
specimens at moisture equilibrium were appropriately stored in the
environmental chamber until the moment of the fatigue tests at the
ambient conditions, i.e. at temperature 20-25 ◦C 50 %RH.

2.2. Fatigue delamination experiments and data reduction methodology

All mode I fatigue delamination experiments were conducted on a 15
kN MTS hydraulic-servo test machine at a relative low frequency 5 Hz
(avoid heating effects) with stress ratios R = 0.1 and 0.5 under
displacement control, according to the specific test protocol proposed in

L. Yao et al.
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the previous studies [23,27,38,42]. A schematic illustration of this
specific test procedure has been provided in [48], see Fig. 2(a). With this
test procedure, multiple fatigue delamination tests could be performed
on the same DCB specimens at a given R-ratio, but with a succession of
fatigue pre-crack lengths. The different initial crack lengths lead to
different amounts of fibre bridging. Multiple fatigue delamination
resistance curves, with each one representing FDG with a certain
amount of fibre bridging, and the fatigue R-curve GIC(a-a0), representing
interlaminar resistance increase because of fibre bridging, can be
obtained.

Similar to what has been reported in [49] using video image pro-
cessing in determining fatigue delamination length during the test, a
computer controlled digital camera system with high resolution was
used to monitor delamination propagation length during the experi-
ments in the present study. According to this system, images of the fa-
tigue crack extension at one side of the specimen were automatically
recorded at the maximum displacement during the test with pre-defined
intervals. Particularly, the interval was set to be every 100 cycles in the
first 5000 fatigue cycles, every 500 cycles in the following 15,000 fa-
tigue cycles, and every 1000 cycles when the fatigue cycle number ex-
ceeds 20000. These recorded images were analysed after the tests via
ImageJ software to measure crack propagation lengths at different fa-
tigue cycles. This experimental setup is illustrated in Fig. 2(b). Table 1
summarizes all fatigue delamination experiments with different fatigue
pre-crack lengths (i.e. different amounts of fibre bridging).

The modified Paris law Eq. (1) [27] and the two-parameter fatigue
model Eq. (2) [19] were employed to perform the data reduction. This
allows determining the intrinsic fatigue delamination resistance around
the crack front excluding fibre bridging. The use of the two-parameter
model is to account for R-ratio effects in intrinsic fatigue delamination
resistance characterization.

da
dN

= CΔGntip = C
[

GIC0
GIC(a − a0)

( ̅̅̅̅̅̅̅̅̅̅
Gmax

√
−

̅̅̅̅̅̅̅̅̅
Gmin

√ )2
]n

(1)

da
dN

= CΔGneff = C

⎡

⎢
⎢
⎣ΔG

[

1−

(
Gmax tip
GIC0

)γ]

tip G

(
Gmax tip
GIC0

)γ

max tip

⎤

⎥
⎥
⎦

n

(2)

where C and n are curve-fitting parameters for the Paris-type correla-
tions; Gmax and Gmin respectively represent the maximum and minimum
SERR of a fatigue cycle, which can be determined via the modified
compliance calibration method (MCC) Eq. (3) recommended in the
ASTM D5528 standard [45]; Gmax_tip and ΔGtip determine the maximum
SERR and SERR range around the crack front; GIC(a-a0) is the fatigue R-
curve; GIC0 is fatigue resistance excluding fibre bridging, i.e. GIC(0); γ
can be best interpreted as the weight-parameter; and da/dN is the fa-
tigue crack growth rate, which can be determined via the seven-point
incremental polynomial method recommended in the ASTM E647
standard [50].

G =
3P2C(2/3)

2A1Bh
(3)

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.

2.3. FTIR analysis

FTIR spectroscopy was employed to identify the changes of chemical
bands and functional groups of composite material M30SC/DT120
before and after different environmental ageing. These samples were
scanned via a Thermo Scientific Nicolet IS50 FTIR instrument at a res-
olution of 4 cm− 1 in attenuated total reflection (ATR) to obtain the FTIR
spectrum in the wavenumber range of 400 to 4000 cm− 1 with 16 scans
per spectrum.

2.4. DMTA experiments

DMTA experiments were conducted to have information of envi-
ronmental aging effects on mechanical degradation of the composite
material M30SC/DT120. These experiments were performed in Perki-
nElmer DMA8000 dynamic mechanical analyser via single cantilever
beam with dimensions of 20 mm length by 5 mm width and 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.

2.5. SEM fractographic analysis

SEM observations on aged/un-aged material morphology and fatigue
delamination surfaces were conducted on TESCAN AMBER GMH. The
SEM samples were prepared with gold sputter-coating in vacuum to
avoid static charging due to the non-conductive nature of the material
used in the present study.

3. Results and discussions

A comparison based on the Fickian diffusion law was first carried out
to have detailed information of ageing severity effects on moisture ab-
sorption in Section 3.1. Both FTIR and DMTA analysis were subse-
quently performed to provide necessary information of environmental
ageing effects on material’s chemical structure and glass transition
temperature Tg in Sections 3.2 and 3.3. In Section 3.4, all fatigue data
were interpreted via Eqs.(1) and (2) to explore ageing severity and layup
effects on the intrinsic fatigue delamination resistance of MD composite
laminates. In Section 4, fractographic analysis was conducted, supported
by the FTIR and DMTA results, to identify the physical reasons for
environmental ageing and layup effects on mode I fatigue delamination
of MD and UD composite laminates.

Fig. 1. A schematic illustration of the MD layup.

L. Yao et al.
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Fig. 2. Mode I fatigue delamination with fibre bridging: (a) A schematic illustration of the test procedure for fatigue delamination with fibre bridging [48]; (b)
Fatigue experimental setup.

L. Yao et al.
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3.1. Moisture absorption

Fig. 3 provides the moisture absorption curves, in terms of percent
moisture content against immersion time, for MD composite laminates
after different environmental ageing. The results demonstrate that
ageing conditions have important influence on material’s water im-
mersion performance. The moisture content increases much faster and
achieves a higher plateau (1.22 ± 0.02 %) with shorter exposure for WB
condition, as compared to 85 %RH (0.72 ± 0.02 %). The Fickian
diffusion law can well determine the moisture absorption behaviour of
MD composite laminates at different ageing conditions.

Table 2 provides a summary of the equilibrium moisture contents for
both UD andMD composite laminates after different ageing. UD and MD
composite laminates have the same equilibrium moisture contents after
the same environmental ageing.

3.2. Characteristic FTIR bands

The FTIR spectra of aged/un-aged MD and UD composite laminates
is illustrated in Fig. 4, as an evidence to identify if there is any change in
bonds and functional groups in the un-aged and aged composite material
by analysing the peak intensity at different wavenumbers.

According to the infrared spectrum, it is evident that intensity
changes were observed at wavenumbers 3300, 1640, 1606, 1580, and
1508 cm− 1 for MD composite laminates as illustrated in Fig. 4(a), which
corresponding to different groups and molecules shown in Table 3.
Particularly, the broad peak at 3100 ~ 3600 cm− 1 represents the O–H
stretching and the intermolecular hydrogen bonds [52]. This peak is
observed at 3300 cm− 1 in the present study. In addition, the absorption
intensity at 1640 cm− 1 (corresponding to the carbonyl group C=O) was
identified in composite material after environmental ageing. All these
indicate that hygrothermal ageing can induce hydroxyl group formation
with moisture immersion in the epoxy resin. The hygrothermal ageing
can also increase the free water content in the carbon fibre reinforced
epoxy composite, which can also lead to the intensity increase at 3300
cm− 1. In addition, the intensity increase at 1640 cm− 1 (corresponding to

the carbonyl group C = O) indicates that hygrothermal ageing can cause
hydrolysis reaction via attacking the polymer networks as

RCOOŔ +H2O↔RCOOH+ ŔOH (4)

This reaction is reversible, which can be partial or full recovery after
water desorption. The peaks at 1606, 1580, and 1508 cm− 1 are related
to the carbon–carbon double bond peaks on the benzene ring [53,56].
These chemical bonds of methylene and benzene were extremely stable
for composites after ageing. As a result, these intensity decreases in
spectrum band after hygrothermal exposure may be due to the increase
in the material surface roughness or material homogeneity, leading to a
decrease in the intensity of ATR testing during the process.

Fig. 4(b) provides the FTIR spectra of UD composite laminates. No
obvious difference (i.e. the location of the peak) in the infrared spectrum
was observed between UD and MD after environmental ageing. This
means that the same or similar changes may occur in UD composite
laminates after environmental ageing, as compared to MD composite
laminates, which agrees well with the equilibrium moisture content
information given in Table 2.

According to the FTIR analysis, it can be concluded that: (1) there is
no evidence of obvious irreversible chemical change occurring during
the hygrothermal ageing, and the main physical process occurring in the
composite laminates may be matrix swelling caused by the infiltration of
water molecules; (2) neither ageing severity nor layups has obvious ef-
fect on material chemical structure (change) after environmental
ageing.

3.3. DMTA analysis

Fig. 5 provides the DMTA results in terms of damping factor tanδ
against temperature T for un-aged and aged composite laminates with/
without water desorption, which were used for glass transition tem-
perature Tg definition via the peak of these curves. It is clear that
environmental ageing and the followed drying treatment can have
obvious effects on the shapes of the DMTA results, contributing to
different values of Tg.

Table 4 gives a summary of Tg for MD and UD composite laminates
after different environmental exposure. The results demonstrate that

Table 1
Mode I fatigue delamination test matrix.

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

85 %RH-Spe-1 0.1 0.68; 11.04; 25.81; 43.17; 64.52
85 %RH-Spe-2 0.5 2.10; 11.21; 19.02; 27.73; 36.27; 47.35; 58.27
85 %RH-Spe-3 2.34; 9.96; 17.09; 25.86; 36.00; 47.03
WB-Spe-1 0.1 4.22; 17.77; 34.47; 54.32; 72.95
WB-Spe-2 0.5 5.36; 13.33; 21.95; 30.38; 41.43

Fig. 3. Moisture absorption curves for MD composite laminates.

Table 2
Equilibrium moisture contents for UD and MD composite laminates.

70 ◦C 85 %RH 70 ◦C WB

UD composite laminates** 0.74 ± 0.02 % 1.20 ± 0.02 %
MD composite laminates 0.72 ± 0.02 % 1.22 ± 0.02 %

** Data of UD composite laminates are from [38,51].

L. Yao et al.
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hygrothermal ageing can cause obvious degradation of MD composite
laminates, as indicated by the decrease of Tg. Particularly, the magni-
tude of Tg decreases from 133.0 ◦C to 106.3 ◦C for 85 %RH, and to an
even lower 95.6 ◦C for WB. Partial recovery is observed in aged com-
posite material after drying treatment. It is interesting that the differ-
ence in Tg for different ageing conditions (i.e. 85 %RH andWB) becomes
narrow (i.e. 109.3 ◦C vs. 105.5 ◦C) after drying, as compared to the
initial condition without drying (i.e. 106.3 ◦C vs. 95.6 ◦C). This finding is
the same as what has been reported in UD composite laminates in
[38,51].

Furthermore, the magnitude of Tg for UD and MD composite

laminates is similar after a given environmental ageing without drying
(107.4 ◦C vs. 106.3 ◦C 85 %RH, 96.5 ◦C vs. 95.6 ◦C WB). After drying,
these conditioned UD and MD composite laminates still have the similar
Tg (111.5 ◦C vs. 109.3 ◦C 85 %RH, 108.2 ◦C vs. 105.5 ◦C WB).

As discussed in [31–33,38,51], environmental ageing can induce
irreversible changes (such as interface crack/debonding, matrix pores/
voids, and chemical composition changes), as well as reversible matrix
swelling and hydrolysis. All these changes can cause Tg decrease. The
similar value of Tg therefore implicitly indicates the same or similar
material degradation induced by moisture absorption. Referring to the
information illustrated in Figs. 3 and 4(a), as well as the Tg values for MD
after drying given in Table 4, one can deduce that these irreversible
changes (i.e. interface crack/debonding and matrix pores/voids) may be
the same or similar for MD composite laminates after different envi-
ronmental ageing. Detailed information related to the irreversible
degradation could be provided via SEM examinations on the
morphology of aged MD composite laminates in Section 4.1. In addition,
the difference in Tg for MD composite laminates without drying treat-
ment also indicates that more reversible matrix swelling and hydrolysis
can occur at WB as compared to 85 %RH, due to more moisture

Fig. 4. Infrared spectrum analysis for composite laminates with/without ageing (a) MD composite laminates; (b) UD composite laminates.

Table 3
The major bands in FTIR spectrum of the epoxy resin [52–55].

Bands (cm− 1) Assignment

3300 Hydroxyl (–OH) stretching
1640 Carbonyl group (C = O)
1606, 1580,1508 Stretching of the benzene ring

Fig. 5. DMAT results for MD composite laminates after different ageing.

L. Yao et al.
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absorption.
As a conclusion, the results given in Fig. 4 and Table 4 demonstrate

that ageing severity has no effect on irreversible degradation, but causes
difference in reversible matrix swelling and hydrolysis in composite
laminates after different hygrothermal ageing. Layups have no influence
on moisture absorption and material degradation at the same environ-
mental ageing.

3.4. Fatigue delamination analysis

Both the modified Paris relation Eq.(1) and the two-parameter fa-
tigue model Eq.(2) were employed to explore mode I intrinsic FDG
around the crack front regardless of fibre bridging in MD composite
laminates after different environmental ageing. According to these in-
terpretations, a comparison was carried out (with fatigue delamination
data of UD composite laminates after different environmental ageing
[38,51]) to explore the effects of layups on mode I FDG after environ-
mental ageing.

3.4.1. Modified Paris interpretation
As a prerequisite of using the modified Paris correlation Eq.(1) in

fatigue data reduction, fatigue R-curve was determined via the specific
test procedure proposed in [23,27,38,42,48,57]. Fig. 6 summarizes
interlaminar resistance increase with fatigue delamination. It is clear
that delamination resistance can increase significantly with crack
growth. As discussed in [27,38,51,57], the presence of fibre bridging
behind the crack front is the principal reason for this increase. This in-
crease is independent on ageing severity and R-ratios in FDG of MD
composite laminates, contributing to a single second-order polynomial
curve-fitting as shown in Fig. 6. This means the development of fibre
bridging inmode I fatigue delamination of MD composite laminates does
not depend on either ageing severity nor stress ratio. For UD laminates
[51], there is also no dependency on the ageing severity, but there is a
strong dependence on R-ratio (see Fig. 6). A possible explanation for this
may be related to crack closure. The stiffness of a UD DCB specimen is
higher than that of a MD one with the same crack growth. Thus, for the

same minimum force applied in a fatigue experiment, a larger value of
displacement should be applied in MD specimen as compared to UD one.
This increase in applied displacement can reduce crack closure in FDG
with low stress ratio R = 0.1 of MD composite laminates.

Fig. 7 summarises mode I fatigue delamination interpretations in
terms of da/dN against ΔGtip for MD composite laminates after different
ageing at different stress ratios R = 0.1 and 0.5, as well as the data
reduction of UD composite laminates [51]. The use of this correlation
Eq.(1) can make fatigue data with different amounts of fibre bridging
converge into a narrow band region, contributing to a master resistance
curve with moderate determination coefficient R2 in determining FDG at
a given R-ratio of MD composite laminates. The physical reason for the
validity of using this relation in fatigue delamination determination has
been given in [58]. The damage evolution around the crack front re-
mains the same with fatigue delamination (i.e. fibre bridging develop-
ment), physically making it reasonable to employ the SERR around the
crack front (i.e. ΔGtip) to represent the similarity in FDG characteriza-
tion. Furthermore, a comparison on FDG betweenMD and UD composite
laminates (see Fig. 7) demonstrate that there is the same fatigue
delamination behaviour in composite laminates with different layups at
a given R-ratio after the same environmental exposure, evidenced by the
overlap of the delamination data in these graphs.

Data reduction illustrated in Fig. 7 enables a comparison on envi-
ronmental ageing effects on mode I FDG in MD composite laminates, as
shown in Fig. 8. Fatigue delamination after different environmental
ageing at the same R-ratio remains the same, evidenced by the overlap of
these results. As a result, a master resistance curve can be calibrated to
describe FDG in MD composite laminates after different environmental
ageing at the same R-ratio. The results illustrated in Fig. 8 also
demonstrate that fatigue delamination growth rate can increase with
stress ratio. The reason for this R-ratio dependence is attributed to the
use of a similitude parameter that does not fully determine a fatigue
cycle [9,19]. Thus the two-parameter fatigue model Eq.(2) will be
adopted in the following section to have a generalized description of the
FDG, as well as to provide extra information to explore hygrothermal
ageing effects on mode I fatigue delamination in MD composite lami-
nates. Furthermore, these interpretations can finally enable further
comparison on layup effects on mode I FDG after different environ-
mental ageing (incorporating with the UD fatigue data reported in [51]).

3.4.2. Two-parameter fatigue law interpretation
Fig. 9 summarizes all fatigue data interpreted via the two-parameter

fatigue model Eq.(2) in terms of da/dN against ΔGeff. The use of this
model can well account for R-ratio effects, because of a full description
of a fatigue cycle. Mode I fatigue delamination data from different
environmental ageing at different R-ratios can converge into an over-
lapping band, demonstrating the same FDG behaviour regardless of
ageing severity. As a result, a master resistance curve can be determined
to represent mode I fatigue delamination of MD composite laminates
after different hygrothermal ageing at various stress ratios.

According to the modified Paris law and the two-parameter fatigue
law interpretations (see results illustrated in Fig. 8 and Fig. 9), one can
make an important conclusion that the ageing severity indeed has
negligible effects on mode I fatigue delamination of MD composite
laminates. The physical reasons for this will be discussed in detail in
Section 4 via fractographic analysis, incorporating with the FTIR and
DMAT results provided in Sections 3.2 and 3.3.

3.4.3. Comparison on fatigue delamination in UD and MD composite
laminates

Mode I fatigue delamination of UD composite laminates after
different hygrothermal ageing have been investigated in the previous
studies [38,51]. The fatigue delamination interpretation illustrated in
Fig. 9 enables a comparison on mode I fatigue delamination between UD
and MD composite laminates after different environmental ageing.
Fig. 10 summarizes all these results in terms of da/dN against ΔGeff. It is

Table 4
Tg for UD and MD at different ageing conditions.

Ageing condition Tg ◦C

n/a 133.0
MD composite laminates 70 ◦C 85 %RH 106.3

After drying 109.3
70 ◦C WB 95.6
After drying 105.5

UD composite laminates*** 70 ◦C 85 %RH 107.4
After drying 111.5
70 ◦C WB 96.5
After drying 108.2

*** Data of UD composite laminates are from [38,51].

Fig. 6. Fatigue R-curves of MD and UD composite laminates after different
ageing. Data of UD composite laminates are from [51].
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Fig. 7. Modified Paris law interpretation of mode I fatigue delamination. (a) and (c) for FDG in MD and UD composite laminates at R = 0.1 ageing at 85 % RH and
WB respectively; (b) and (d) for FDG in MD and UD composite laminates at R = 0.5 ageing at 85 % RH and WB respectively. The trend lines represent MD data.

Fig. 8. R-ratio dependence of mode I fatigue delamination in MD composite
laminates after different environmental ageing.

Fig. 9. Two-parameter fatigue model interpretation of mode I FDG of MD
composite laminates after different environmental ageing at various R-ratios.
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clear that fatigue delamination remains the same for composite lami-
nates with different layups, as all data can overlap in the same narrow
band. Curve-fitting were subsequently carried out to determine mode I
FDG of UD and MD composite laminates. These fitted master resistance
curves are almost identical, with the similar constants (6.04 × 10-18 vs.
5.27 × 10-18) and exponents (5.16 vs. 5.23). It therefore can be
concluded that layup has negligible effects on mode I fatigue delami-
nation of composite laminates after different environmental ageing. The
physical reasons for the same mode I fatigue delamination behaviour
will be explored via fractographic examinations on both material
morphology and delamination fracture surfaces in the following section.

According to the results illustrated in Fig. 6, fatigue R-curves show
different R-ratio dependence for UD and MD composite laminates. One
may ask questions that why this disappears in master resistance curves
as shown in Fig. 10, and does this mean that master curves can mask the
difference in fatigue delamination behaviour? As we mentioned, the use
of the modified Paris relation Eq.(1) and the two-parameter fatigue law
Eq.(2) indeed determine damage evolution concentrated around the
crack front, regardless of fibre bridging. Thus, in physics, the same
master resistance curve could be obtained if the damage mechanisms (as
well as the material property) around the crack front are the same.
Detailed information related to this will be given in the following SEM
examinations on material morphology and fatigue fracture surfaces.

One may argue that the value of determination coefficient R2 is not
very high, but moderate. And it should be stressed that data scatter is an
important issue frequently reported in fatigue study. Scholars indeed
have paid attention and provided critical discussions related to scatter
[59,60]. As discussed in these literature, the sources of scatter can be
divided into intrinsic and extrinsic. The extrinsic scatter includes test
set-up, operator experience, specimen preparation, cutting quality,
variation in laminate thickness and so on. And the intrinsic scatter,
related to inhomogeneous material morphology and process variability,
can also have obvious effects on fatigue delamination data scatter.
Particularly, fibre bridging can constitute as a source of intrinsic scatter
[59]. To the authors’ opinion, all above mentioned factors can have
contribution to data scatter observed in fatigue delamination experi-
ments as well as the corresponding data reduction. However, we only
paid attention to hygrothermal aging effects on mode I fatigue delami-
nation behaviour with fibre bridging in the present study. And data
scatter is out the scope of this study.

4. Material morphology and fatigue delamination mechanisms

As illustrated in Figs. 8 and 9, while the ageing as such affects the
FDG in UD and MD composite laminates, the change in the ageing
severity has negligible effects on mode I fatigue delamination. The
question arises as what are the physical reasons for this? Referring to the
results illustrated in Figs. 7 and 10, one may also ask what are the
physical reasons for the samemode I fatigue delamination in UD andMD

composite laminates. Fractographic examinations were therefore con-
ducted to reveal these physical reasons: determine environmental
ageing effects on material degradation and delamination mechanisms.

4.1. Material morphology of MD composite laminates

SEM observations were conducted on aged and un-aged MD com-
posite laminates. Fig. 11 provides the microstructures of composite
material M30SC/DT120 before and after different environmental ageing
(SEM parameters: Magnification 10 kx, Detector E-T, Landing Energy 10
keV, Field of View (FoV) 25.1 μm, Beam Current (BM) 300 pA). It is clear
that environmental ageing can have important influence on the
appearance of MD composite laminates. However, the change of ageing
severity has no obvious effects on the typical micro features identified in
the material. For un-aged composite (see Fig. 11(a)), fibre/matrix
interface is intact, and no obvious voids or manufacturing defects is
observed in the matrix, indicating the high quality of the manufactured
composite laminates used in this study. For different environmental
exposure, both fibre/matrix debonding and matrix pores induced by
water immersion can be identified as illustrated in Fig. 11(b)-(e).
Particularly, interface debonding, evidenced by the white marking
around the interface, distributes in the entire material, indicting
degradation of fibre/matrix interface adhesion after environmental
ageing. Pores are found in the matrix at some locations. All these deg-
radations can promote crack initiation and propagation under cyclic
loading. No obvious difference was identified on these microstructures
for MD composite laminates after different environmental ageing. And
the same moisture immersion induced features were also identified for
UD composite laminates after different environmental ageing [38,51].

As discussed in Section 3.3, the magnitude of Tg could be treated as
an indicator of composite material degradation after environmental
ageing. Referring to the SEM observations (see Fig. 11) and FTIR anal-
ysis (see Fig. 4), one can deduce that the ageing severity has negligible
effect on the irreversible degradation in MD composite laminates, i.e.
the significance of fibre/matrix interface debonding and matrix pore
generation induced by ageing generally remains the same. The fracto-
graphic examinations on UD [38,51] and MD composite laminates (see
Fig. 11) shows that layup has no obvious effect on material degradation
that is induced by water absorption, which is in line with the moisture
absorption data (see Table 2), FTIR analysis (see Fig. 4) and the DMTA Tg
(see Table 4). In the both ageing cases, local fibre debonding and inter-
fibre matrix micro-pores appear, damage types which are not present in
not-aged material. In the both cases, the intensity of these damage types
is similar: debonding on the part of fibre surface (1/4 to 1/2 of the cross-
section perimeter) and micro-pores with the size of few micrometres.

4.2. Fatigue delamination mechanisms in MD composite laminates

Figs. 12 and 13 summarize the SEM examinations for mode I fatigue
delamination in MD composite laminates at different R-ratios after
different environmental ageing (SEM parameters: Magnification 5 kx,
Detector E-T, Landing Energy 10 keV, Field of View (FoV) 50.2 μm,
Beam Current (BM) 300 pA). In general, no obvious difference on these
micro features was observed on these surfaces with different ageing.
Both dominant fibre prints, generated by fibre/matrix interface
debonding, and matrix brittle failure, indicated by riverlines, scarps and
hackles at some location, were observed on fatigue delamination sur-
faces, regardless of R-ratio or ageing severity. These typical features
were also reported in fatigue delamination of MD composite laminates
without ageing in our previous studies [27,61]. In addition to these
features, both micro fibre/matrix interface debonding (something like
wrinkle) and pores (in the resin matrix and around fibre/matrix inter-
face) were identified on the fracture surfaces of aged MD composite
laminates, which have not reported in mode I fatigue delamination of
MD composite laminates without ageing [27,61]. The presence of these
additional features are in line with the morphology results that

Fig. 10. Comparison on mode I fatigue delamination in UD and MD composite
laminates after different hygrothermal ageing.
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Fig. 11. The morphology of MD composite laminates with different environmental ageing: (a) No ageing; (b) and (c) for 70 ◦C 85%RH; (d) and (e) for 70 ◦C WB.
White particles are contaminations.
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illustrated in Fig. 11 (b)-(e), as both interface debonding and matrix
pores are identified in environmentally aged MD composite laminates.
And R-ratio has no obvious effect on mode I fatigue delamination
mechanisms in MD composite laminates after different environmental
ageing. The same damage mechanisms were also reported in mode I
fatigue delamination of UD composite laminates after different ageing
[38,51].

According to above discussions, it can be concluded that neither
ageing severity nor layup has effect on material degradation or mode I
fatigue delamination mechanisms. Particularly, environmental ageing
can cause both fibre/matrix interface debonding and matrix pores,
regardless of ageing severity or layup. Both dominant fibre prints and
localized matrix brittle failure were identified on fatigue delamination
surfaces, indicating the same damage mechanisms. These are the phys-
ical reasons for the same fatigue delamination behaviour observed in UD
and MD composite laminates after different environmental ageing, see
Figs. 7-10.

5. Concluding remarks

Mode I fatigue delamination in MD composite laminates at different
R-ratios after different hygrothermal ageing (i.e. 70 ◦C 85 % RH and
70 ◦C WB) were investigated in the present study. It was found that
ageing severity and layup has negligible influence on mode I FDG, ac-
cording to fatigue data reduction via two Paris-type correlations.

The physical reasons for the same mode I FDG behaviour in UD and
MD composite laminates after different environmental ageing were
explored via FTIR, DMTA and SEM analysis. Particularly, it was found
that there is no obvious irreversible chemical change, but reversible
matrix swelling and hydrolysis reaction occurring in UD and MD com-
posite laminates after different environmental ageing, according to the
FTIR results. The SEM examinations on composite material morphology
demonstrated that environmental ageing can cause irreversible interface
debonding and matrix pores. Based on the DMTA Tg analysis, it was
deduced that these irreversible degradation remains the same, regard-
less of ageing severity or layup. Fractographic analysis indicated that the
damage mechanisms in fatigue delamination remain the same, regard-
less of ageing severity or layup. All these can finally contribute to the
same mode I fatigue delamination in MD and UD composite laminates
after different environmental ageing.

This study can provide solid evidence on the importance of using an
appropriate similitude parameter in FDG characterization. The use of
the modified Paris relation and the two-parameter fatigue model is not
only valid in environmentally aged UD composite laminates, but also
useful in MD composite laminates, contributing to data reduction
agreeing well with the requirements of similitude principles.

The authors admit that we only conducted fatigue delamination in-
vestigations on MD composite laminates aged at two typical environ-
mental conditions. One should keep in mind that composite materials or
structures used in aeronautical engineering can endure even more

Fig. 12. Fractographic examinations on mode I fatigue fracture surfaces of MD composite laminates with 70 ◦C 85 %RH ageing: (a) and (b) for R = 0.1; (c) and (d) for
R = 0.5.
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complicated hygrothermal conditions during their long-term operation.
Thus, more research work should be performed on composite laminates
with even more complicated ageing conditions, such as a wide range of
ageing temperatures and relative humidity, in order to have a full un-
derstanding on fatigue delamination behaviour of composite laminates
after environmental ageing, which will be really meaningful for com-
posite structure design and life evaluation.
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Appendix 1. . Prepreg properties

Tables A1, A2 show properties of the used matrix and prepreg according to the datasheet of Delta-Preg S.p.A., Toray Group (Italy).

Fig. 13. Fractographic examinations on mode I fatigue fracture surfaces of MD composite laminates with 70 ◦C WB ageing: (a) and (b) for R = 0.1; (c) and (d) for R
= 0.5.
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Table A1
Properties of DT120 matrix.

Property Value

Chemical nature Epoxy Thermosetting Resin
Curing Temperature range 80 to 135 ◦C
Density of cured neat resin 1.22 g/cm3

Dynamic viscosity High, > 2000 Poise @ 60 ◦C, frequency 10 rad/sec.
Tg, cure cycle 90 min @ 120 ◦C 115–––120

Table A2
Toray M30SC-DT120-200–36 UD Laminate, cured 90 min
@ 120 ◦C, 6 Bar pressure.

Property Value

Tensile Strength (0◦) [MPa] 3010
Tensile Modulus (0◦) [GPa] 145.0
Tensile Strength (90◦) [MPa] 39
Tensile Modulus (90◦) [GPa] 6.4
ILSS [MPa] 77.2
Areal density, g/m2 200
M30SC fibre tensile modulus [GPa] 294
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