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This study provides an investigation on mode I fatigue delamination growth (FDG) with fibre bridging at
different R-ratios and temperatures in carbon-fibre reinforced polymer composites. FDG experiments were first
conducted at different temperatures of R-ratios 0.1 and 0.5 via unidirectional double cantilever beam (DCB)
specimens. A fatigue model, employing both the strain energy release rate (SERR) range and the maximum SERR
around crack front as similitude parameter, was proposed to interpret FDG behavior. The use of this model can
collapse FDG data with fibre bridging at different R-ratios into one master curve, obeying well with the similitude
principles. Accordingly, it was found that FDG can accelerate with elevated temperature, but decrease at sub-zero
temperature. Furthermore, there are strong correlations between the fatigue model parameters and temperature
using this model in FDG interpretations. Taking these correlations into account can extend the model to accu-
rately predict FDG behavior of other temperatures. Fractographic examinations demonstrated that temperature
has effects on the FDG damage mechanisms. Both fibre/matrix interfacial debonding and matrix brittle failure
were observed in FDG of —40°C. Fibre/matrix interfacial debonding becomes the dominant failure in FDG of RT
and 80°C. No obvious difference on the fracture morphology was identified for FDG at different R-ratios of a

given temperature.

1. Introduction

Fatigue delamination is one of the most important failure modes
frequently reported in the application of composite laminates in aero-
nautic engineering structures, due to the lack of reinforcement in the
thickness direction [1-6]. The presence of this damage can have detri-
mental effects on composite structure integrity (i.e. causing in-plane
strength and stiffness reduction), and may potentially lead to cata-
strophic failure of a composite structure during its operating life [1-3].
Furthermore, the US Federal Aviation Administration (FAA) has intro-
duced the slow-crack growth philosophy in the certification of com-
posite structures since 2009 [7]. As a result, it is critical to have in-depth
understanding on FDG behavior, as well as have reliable model to
appropriately represent this important failure propagation [8].

Methods based on fracture mechanics have been frequently used in
FDG behavior characterization of composite materials, according to the
success and experience of using these approaches in fatigue crack
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growth interpretations of metals [1-4,6,8,9]. Particularly, these models
are based on the similitude hypothesis, and mostly expressed in terms of
the SERR formulation against fatigue crack growth rate da/dN [1-2,8].

Paris relation and its variants, based on the similitude hypothesis [9],
have been proposed to determine FDG behavior in the previous studies
[1-2,8-12]. It has been thoroughly discussed that the application of
appropriate parameters obeying the similitude principles plays an
important role in appropriately interpreting FDG behavior [12-17].
However, there is no consensus on the SERR formulations in repre-
senting the similitude. Taking R-ratio as an example, the use of the Paris
relation Eq.(1), with A\/ G or Gpax as similitude parameter, can cause
significant and different R-ratio dependence on FDG, which indeed vi-
olates the basic requirements of similitude principles [12,13,15,16].
From the view of mathematic, a fatigue load cannot be uniquely defined
via a single parameter, either A\/ G or Gpax. Thus, two-parameter Paris-
type relations, employing both A \/ G and Gpgax in the coupling or
uncoupling formulation to represent similitude, have been developed to
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Fig. 1. Experimental setup for FDG test at different temperatures. (a) Overall experimental setup; (b) DCB specimen in the temperature chamber.

Table 1
FDG text matrix at different R-ratios and temperatures.

T Sample R Fatigue pre-crack propagation a-ap [mm]
—40°C  Spe-1 0.1  6.6;20.7; 35.4; 51.1; 69.8; 86.4; 100.2
Spe-2 0.5  6.2;14.6; 22.0; 29.7; 38.2; 47.7; 56.4; 67.3; 78.0; 92.2;
104.0
RT Spe-3 0.1  5.1;19.9; 34.9; 53.1; 71.0; 89.4
Spe-4 0.5 5.1; 14.3; 22.9; 40.7; 53.8; 65.0; 78.9; 92.2
50°C Spe-5 0.1  6.0;21.1; 38.7; 57.7; 81.1
Spe-6 0.5 5.5; 17.5; 29.4; 40.3; 55.1; 67.9; 84.5; 101.9
80°C Spe-7 0.1  8.5; 24.5; 47.4; 68.0; 90.6
Spe-8 0.5  7.2;18.4; 31.4; 43.7; 60.1; 76.3; 92.3; 105.4

determine FDG behavior, in the perspective of fully characterizing a
fatigue load [18-21]. The use of these models can collapse FDG data of
different stress ratios into a band region, contributing to a single resis-
tance curve in determining FDG behavior, which agrees well with the
requirements of similitude principles.

d_a:CA\/En:C{(\/Gmax —\/Gmin>2} or % _ e &)
dN dN max

Fibre bridging is an important and unique shielding mechanism re-
ported several times in FDG of composite laminates in the previous
studies [22-27]. The presence of fibre bridging can have significant
retardation effects on FDG behavior [22,23]. Hojo et al [28] proposed a
Gmax constant experimental program and reported that da/dN can
decrease significantly with fibre bridging development. In another study
conducted by the authors [23], it was also reported that the presence of
bridging fibres can cause the Paris resistance curves downwards shift
with crack propagation (i.e. fibre bridging development). Murri [22]
employed both the Paris relation Eq.(1) and the normalized Paris rela-
tion (where Gpax was normalized by delamination resistance curve) in
fibre-bridged FDG interpretations. It was found that the use of this
normalized Paris relation can reduce data scatter and have better
determination in FDG with fibre bridging. Farmand-Ashtiani et al [25]
explored FDG behavior with fibre bridging in composite laminates with
different thickness scales. The results indicated that the use of the SERR
around crack front as similitude parameter can appropriately represent
FDG behavior with fibre bridging, which is independent on specimen
thickness. Similar conclusion was also made by the authors via energy
dissipation and fractographic examination on FDG with fibre bridging
[29,30], contributing to a modified Paris relation with similitude
parameter A\/ Gijp in interpreting FDG behavior [29]. The use of this
relation can make FDG with different amounts of bridging fibres into a

narrow band region. As a result, a master resistance curve can be ob-
tained to determine FDG behavior, which agrees well with the similitude
principles.

Composite structures can be exposed to a great variety of tempera-
tures in their service life. And it is known that temperature can have
important influence on the mechanical properties of both matrix and
fibre/matrix interface. These properties indeed directly relate to
delamination resistance of composites. As a result, it is crucial to explore
FDG behavior at different temperatures and attempt to have reliable
model to represent temperature effects on FDG. Researchers [31-36]
indeed have conducted fatigue experiments and fractographic exami-
nations to investigate temperature effects on FDG behavior and to reveal
the relevant damage mechanisms. Charalambous et al [31] explored
mixed-mode I/II FDG behavior of composite IM7/8552 from freezing
—50°C to elevated 80°C at a given R-ratio 0.1. It was found that FDG can
increase with elevated temperature but decrease at sub-zero tempera-
ture, due to fibre/matrix interfacial debonding is the prominent failure
in FDG. Coronado et al [32] provided an experimental study on FDG
behavior of two aircraft quality composites (AS4/3501-6 and AS4/
8552) at low temperatures from —60°C to 20°C. The results demon-
strated that sub-zero temperature has detrimental effects on FDG
behavior. Particularly, FDG rate can accelerate at unfavorable freezing
temperatures. The fractographic results indicated that more brittle
behavior observed in these composites should be the main reason for
this da/dN increase at freezing temperatures. Furthermore, in some
studies [33-34], it was reported that temperature even can have influ-
ence on the generation of fibre bridging in FDG, making the situation
even more complex. However, to the best of the authors’ knowledge,
there is few study conducted to explore FDG behavior with fibre
bridging at different temperatures. And there is no reliable model to well
represent FDG behavior with fibre bridging at different R-ratios and
temperatures.

According to above discussions, R-ratio, fibre bridging and temper-
ature can have important effects on FDG behavior of composite lami-
nates. The first aim of the present study is therefore to propose a fatigue
model to appropriately represent mode I FDG behavior with fibre
bridging at different R-ratios from sub-zero to elevated temperatures in
unidirectional composite laminates. The second objective is to explore
the damage mechanisms related to temperature dependence of FDG
behavior in composites.
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Fig. 2. Fatigue R-curves of different R-ratios and temperatures. (a) —40 °C; (b) RT; (c) 80°C.

2. Material, fatigue experiments and data reduction

2.1. Material and specimens

The material used here was carbon fibre/epoxy prepreg M30SC/
DT120 (high strength and modulus carbon fibre/toughened thermoset-
ting epoxy). Composite laminates were laid in the designed stacking
sequence, i.e. [016//016] (// indicates the delamination plane). A Teflon
insert with 12.7 pm thickness was placed in the middle plane to intro-
duce an initial delamination, typically around ay = 60 mm. Laminates
were cured in the autoclave at a pressure of 6 bars and curing temper-
ature of 120°C for 90 min. After curing, the laminates were C-scanned

for imperfections. Samples were taken from these areas where no im-
perfections were identified.

DCB specimens, L = 200 mm length by B = 25 mm width with
thickness of h = 5 mm, were cut from the laminates panel with a
diamond-coated cutting machine. One side of each DCB specimen was
coated with a thin layer of typewriter correction 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 crack

propagation length a-ao.
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Fig. 2. (continued).

2.2. Fatigue delamination experiments and data reduction

All fatigue experiments were conducted on a 15kN MTS servo-
hydraulic test machine under displacement control at a frequency of
5 Hz with stress ratios of R = 0.1 and 0.5. The load, displacement and
number of cycles were automatically stored in an Excel file, enabling
data reduction after the test. A temperature chamber, built in the lab-
oratory with temperature capacity range from —40°C to 80°C, was used
to generate the required temperatures (i.e. —40°C, RT, 50°C and 80°C)
during the entire fatigue tests. Particularly, this chamber contains a
window, in front of which a computer controlled digital camera system
with high resolution was placed to monitor delamination propagation
via automatically recording an image of the tested specimen at certain
fatigue intervals. These recorded images could be subsequently analyzed
to determine the fatigue delamination propagation length a-ay after the
experiments. Inside of the chamber, a thermocouple was installed just
above the DCB specimen to measure the temperature to ensure there is a
stable temperature throughout the entire fatigue test. To keep the
monitor window from freezing during fatigue delamination tests at sub-
zero temperature, a heat gun was added to act as anti-frost. Detailed
information of the experimental setup as well as the DCB specimen in the
temperature chamber is demonstrated in Fig. 1.

To determine fatigue delamination behavior with different amounts
of fibre bridging, DCB specimens were repeatedly tested for several
times with increased displacements keeping the R-ratio constant. This
specific test procedure has been introduced and used in the previous
studies [23,29,30]. Typically, FDG rate da/dN can gradually decrease
with decreasing SERR in a displacement controlled fatigue test. Each test
was therefore manually terminated in case of crack retardation. Subse-
quently, a monotonic loading-unloading cycle was carefully performed
on the tested specimen (with certain amount of bridging fibres gener-
ated in FDG) until the load-displacement curve becomes slightly
nonlinear, to evaluate the interlaminar resistance Gic at the given fa-
tigue crack length and to form the fatigue R-curve Gic(a-ap). The
maximum and minimum displacements applied in the subsequent fa-
tigue test sequence could be also evaluated via this monotonic loa-
ding-unloading cycle. This test sequence was repeated multiple times
until the maximum displacement capacity of the test machine was
reached. With this specific test procedure, multiple delamination resis-
tance curves could be obtained, with each one representing

delamination resistance equivalent to a specific fatigue pre-crack
propagation, i.e. delamination length at which that particular fatigue
test was initiated.

Table 1 provides a summary of FDG experiments with different fa-
tigue pre-crack propagation (i.e. different amounts of bridging fibres) at
different temperatures with different R-ratios. A total number of 58 fa-
tigue delamination experiments were conducted in the present study.
Particularly, the fatigue experiments conducted at —40°C, RT and 80°C
were used to verify the validity of the proposed fatigue model in
appropriately determining fibre-bridged FDG behavior at different R-
ratios and temperatures, and to explore temperature dependence of FDG
behavior. The results of 50°C were used to verify the accuracy of using
the proposed fatigue model in predicting FDG behavior of different
temperatures.

The Modified Compliance Calibration (MCC) method Eq.(2), rec-
ommended in the ASTM D5528 standard [37], was employed to calcu-
late the SERR G with the load, displacement and crack length
information recorded in fatigue delamination tests. The 7-point Incre-
mental Polynomial Method, recommended in the ASTM E647 standard
[38], was used to fatigue crack growth rate da/dN calculation.

3P

= 2
2A,Bh 2

where P is the load; C is the compliance of the DCB specimen; A is the
slope of the curve in the graph where a/h is plotted against C'/%,

2.3. Fractographic analysis

Fractographic analysis was conducted using a SEM system JSM-
7500F to provide detailed damage mechanism information to interpret
temperature effects on FDG behavior. The SEM samples, with 10 mm in
length and 25 mm in width, were prepared with gold sputter-coating in
vacuum for 10 min to avoid static charging in SEM due to the non-
conductive nature of the material used in present study.

3. FDG model development

It has been reported the use of the modified Paris relation Eq.(3) can
appropriately interpret fatigue delamination behavior with different
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Fig. 3. FDG behavior with fibre bridging at different R-ratios of —40 °C. (a) FDG data interpreted via Eq.(3); (b) FDG data interpreted via Eq.(4).

amounts of bridging fibres in composite laminates at a given R-ratios
[23,29,30]. A master resistance curve can be calibrated to determine
FDG behavior, which is in line with the similitude principles. However,
there is still obvious R-ratio dependence in FDG interpretations of
different R-ratios [39]. This means that it is necessary to make further
improvements based on Eq.(3) to well represent FDG behavior with the
requirements of similitude principles.

da n Gioo !
Y _ea e, =c|l—  _AVG 3
dN L [G,c(a —a Ve ®

where A\/ Gtip is the SERR range around delamination front; Gic(a-ap)

represents fatigue resistance increase because of fibre bridging; and Gico
is the fatigue resistance excluding fibre bridging contribution.

According to the concept of fully characterizing a fatigue cycle, as
well as the similitude parameter proposed in a recent study accounting
for R-ratio effects [21], a new fatigue delamination model, employing
both A \/ Giip and Gax tip to represent the similitude, can be developed to
characterize FDG behavior with different amounts of bridging fibres at
different R-ratios as
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where Gnaxip represents the maximum SERR around delamination
front, which can be easily determined via Eq.(5); and y can be best
interpreted as the weight-parameter.

A'\/ Grip

(1—R) ®)

Gmax_rip =

4. Results and discussions

Fatigue data of —40°C, RT and 80°C were first interpreted via Eq.(4)
to verify its validity in determining FDG behavior with fibre bridging at
different R-ratios, as well as to explore temperature effects on FDG.
Accordingly, a detailed discussion on temperature dependence of the

fatigue model parameters was conducted to extend the FDG model ac-
counting for temperature effects. Finally, this fatigue model was used to
predict FDG behavior with fibre bridging at different R-ratios of another
temperature 50°C, as the first evidence demonstrating its effectiveness
and accuracy.

4.1. Fatigue R-curves of different R-ratios and temperatures

It is necessary to have the fatigue R-curve Gic(a-ap) as a prerequisite
of using the proposed model Eq.(4) to interpret FDG behavior. With the
specific test procedure introduced in Section 2.2, delamination resis-
tance at several fatigue crack lengths can be determined via the MCC
method Eq.(2) with the information recorded at the nonlinear point in
the monotonic loading-unloading cycle.

Fig. 2 provides a summary of these results in FDG of different R-ratios
and temperatures. It is clear that delamination resistance can increase
significantly with crack propagation, and finally become plateau if the
crack propagation is long enough. Fibre bridging is the main reason for



L. Yao et al. International Journal of Fatigue 175 (2023) 107830

H H H H T H T H T T | ]
& Spe_1-40°C 1
s O Spe 2-40°C
10° O Spe 3RT 7
E O Spe 4RT |
. < Spe 780°C 1
— i YV Spe_880°C |
CRlNS ——Fitting -40°C |
5\ E Fitting RT
E r ====Fitting 80°C |
7L i
Z 107 ]
= E ]
°or ]
10 E =
10-‘) L 1 L L L L | L 1 L L M
10! 10% 10°
2
AV Geff [J/m"]
Fig. 5. Temperature effects on FDG behavior.
10 T
7.5
= 5 n=-0.0183xT + 6.7368
R?=0.995
25+ .
0 1 1 | 1
-50 25 0 25 50 75 100
T [°C]
()
0 T
5 -
loglOC =0.0488xT -20.955
210 - -
R?=0.992
Q
=3
o <15
i)
=20+
25— ﬁ
230 1 I I 1
-50 25 0 25 50 75 100
T[°C]

(b)

Fig. 6. Temperature dependence of the fatigue model parameters. (a) n; (b) log;0C; (€)Gico; (d) 7.



L. Yao et al.

International Journal of Fatigue 175 (2023) 107830

250 T
Gy = -0-233xT +236.18
R%=0.999
=
= 225
¢
200 | | |
-50 -25 0 25 50 75 100
T[°C]
(c)
1
0.75 4 =-0.0001 T + 0.0046 x T-+0.5374
< 0.5
0.25 -
0 | | |
-50 -25 0 25 50 75 100
T[°C]

(d)

Fig. 6. (continued).

this resistance increase, which has been observed in FDG at all tem-
peratures. With crack growth, more bridging fibres can be present at the
behind of crack front, contributing to more energy dissipation of unit
crack surface generation. And there is saturation in fibre bridging
development, in which the new bridging generation around delamina-
tion front can balance with the bridging final failure at the end of
bridging zone. Particularly, this resistance increase looks similar for FDG
of different R-ratios at —40°C and RT. For 80°C, more bridging fibres can
be present in the entire FDG of R = 0.5 as compared to R = 0.1. And a
second-order polynomial function can be fitted to well describe this
resistance increase, i.e. Gic(a-ag). These fitted results could be subse-
quently used in Eqs.(3) and (4) for FDG data interpretations.

4.2. FDG behavior with fibre bridging at different R-ratios and
temperatures

Taking —40°C as the first example, both Egs.(3) and (4) were
employed to interpret FDG behavior with fibre bridging at different R-
ratios. Particularly, Fig. 3(a) provides FDG results interpreted via Eq.(3).
The same data sets analyzed via Eq.(4) is given in Fig. 3(b). It is clear
that the use of A\/Gtip as similitude parameter can appropriately
represent the similarity in fibre-bridged FDG. In other words, FDG
behavior with different amounts of bridging fibres for a given R-ratio
can converge into a narrow band region, contributing to a master
resistance curve in determining FDG behavior, which agrees well with
the requirements of the similitude hypothesis. However, there is still



L. Yao et al.

International Journal of Fatigue 175 (2023) 107830

.l O 50°CR=0.5 |
107 & = Prediction
O 06 L N
2107 ¢ E
A~ F
4
E
-7 -
107 |
S | ]
108 ¢
IO-‘) I I L I L 1

O 50°C R=0.1 1

10? 10°

2
A ~/Gcﬂ. [J/m~]

Fig. 7. FDG predictions of 50°C.

obvious R-ratio dependence in fatigue delamination interpretations
using Eq.(3). And FDG rate of R = 0.5 is much higher than that of R =0.1
for the same A\/Gﬁp. On the contrary, all fatigue data with different
amounts of bridging fibres at various R-ratios can collapse into a band
region once using the proposed model Eq.(4) in data reduction as
illustrated in Fig. 3(b). As a result, a master resistance curve can be
calibrated to appropriately represent FDG behavior regardless of R-ra-
tios, obeying well with the similitude principles.

The results illustrated in Fig. 3 can provide the first evidence on the
validity of using Eq.(4) in appropriately determining FDG behavior with
fibre bridging at different R-ratios. These results also highlight the
importance of employing an appropriate similitude parameter in FDG
data interpretations.

To have more evidence on the validity of using this proposed model
Eq.(4), fatigue delamination data of RT and 80°C at different R-ratios
were respectively analyzed as shown in Fig. 4. Despite some scatter is
observed in data reduction of RT, it is clear that the use of this proposed
model can well account for both fibre bridging and R-ratio effects on
FDG. In other words, fatigue delamination with different amounts of
bridging fibres at various R-ratios tend to collapse into a band region,
leading to a master resistance curve in determining FDG behavior. It is
therefore possible to make a comparison on temperature effects on fibre-
bridged FDG behavior via fatigue data interpretations with Eq.(4).

Data scatter is an important and inevitable issue frequently reported
in fatigue delamination study. As discussed in literature [40-41], 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.
The intrinsic scatter, related to inhomogeneous material morphology
and process variability, can also have obvious effects on fatigue
delamination scatter. Particularly, fibre bridging, observed in FDG of the
present study, can constitute a source of intrinsic scatter [40]. To the
authors’ opinion, all above mentioned factors can have contribution to
data scatter observed in fatigue delamination experiments.

Fig. 5 summarizes all fatigue data with fibre bridging of different R-
ratios and temperatures in terms of da/dN against A\/ Gefr. The corre-
sponding resistance curves were also fitted to represent FDG behavior. It
is clear that FDG behavior can accelerated with elevated temperature
80°C, but decrease at sub-zero temperature —40°C. Another important
feature is that the slope of these resistance curves will decrease with
increased temperatures. As discussed in [31], this slope decrease is
related to matrix ductility increase. At freezing temperature —40°C,
matrix becomes even brittle, leading to a steeper FDG resistance curve.

4.3. FDG behavior prediction

All above discussions clearly demonstrate that the proposed fatigue
model Eq.(4) can well interpret mode I FDG behavior with fibre bridging
at different R-ratios and temperatures of unidirectional composite
laminates. People may then ask a question that how about of using this
calibrated Eq.(4) in determining FDG behavior with fibre bridging of
other temperatures.

To this aim, a further discussion on temperature dependence of the
fatigue model parameters, i.e. n, log;oC, Gico and y, were conducted via
the fitted results illustrated in Fig. 5. Interestingly, there are strong
linear correlations between these parameters of log;oC, n, Gico and
temperature T, as shown in Fig. 6 (a) to (c). And a non-monotonic
relation is observed between y and temperature T, as shown in Fig. 6
(d). Taking these correlations into account can extend Eq.(4) as

n(T)

() 7(T)
I L Gmn_sip
Greo(T) Gico (1)

max_tip

d
X o(1)|a/Gy

For the calibrated Eq.(6), one may ask a question like this: how about
its validity in determining FDG behavior. Another group of FDG ex-
periments conducted at 50°C with different R-ratios 0.1 and 0.5 were
thus used here to verify its effectiveness and accuracy. Fig. 7 summarizes
all fatigue delamination data interpreted via Eq.(4) and the corre-
sponding predicted resistance curve via the calibrated Eq.(6). First, it is
clear that the use of the proposed model Eq.(4) can well interpret FDG
behavior with fibre bridging at different R-ratios. All fatigue data can
collapse into a band region, agreeing well with the similitude principles.
Secondly, the use of the calibrated Eq.(6) can accurately determine FDG
behavior with fibre bridging of different R-ratios at 50°C. Particularly,
the predicted resistance curve can pass through the central part of these
experimental data in the entire da/dN magnitudes.

Accordingly, it can be concluded that the proposed fatigue model can
well interpret and predict mode I fatigue delamination behavior with
fibre bridging at different R-ratios and temperatures of unidirectional
composite laminates. Furthermore, it is worth highlighting that the use
of this model in FDG interpretations has great potential to significantly
reduce experimental workload and time-consuming, which is really
useful and important for composite structural design and life evaluation.
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Fig. 8. Fatigue fracture morphologies at —40 °C, RT and 80 °C of R-ratios 0.1 and 0.5. (a) —40 °C R = 0.1; (b) —40 °C R = 0.5; (c) RT R = 0.1; (d) RT R = 0.5; (e) 80
°CR=0.1;(f) 80 °CR = 0.5.
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4.4. Fractographic analysis on fatigue delamination surfaces

As discussed in the previous study [29,30], fibre/matrix interfacial
debonding is the dominant failure mechanism in FDG of composite
M30SC/DT120 at RT. This failure can cause obvious fibre prints
distributed on fatigue fracture surface. Fig. 8 gives SEM examinations on
fatigue delamination surfaces at —40°C, RT and 80°C. It can be found
that both fibre/matrix debonding (identified by obvious fibre prints)
and matrix brittle fracture (indicated by river markings and hackles) can
be clearly observed on delamination surfaces of —40°C. However, fibre/
matrix interfacial debonding becomes more dominate at RT and 80°C,
and no obvious matrix brittle damage is found on the fracture surfaces.

The fracture morphology for FDG at different R-ratios of a given
temperature generally remains the same. For —40°C, both fibre prints
and hackles are typical microscopic features observed on fatigue
delamination surfaces, whereas for RT and 80°C fibre prints become the
dominant microscopic feature distributed on fracture surfaces of
different R-ratios.

Due to the difference in the coefficients of thermal expansion be-
tween reinforced carbon-fibre and the matrix, freezing temperature can
enhance interfacial bond performance via interlocking mechanism
[31,42]. This can cause more energy dissipation during FDG at —40°C,
contributing to obvious reduction in da/dN. Elevated temperature can
not only have detrimental effects interfacial adhesion behavior, but may
also promote more matrix plastic deformation under cyclic loading, and
therefore increase the possibility of micro-crack generation and macro-
delamination growth [31,34]. As a result, FDG behavior of 80°C is much
faster than that of RT and —40°C.

5. Concluding remarks

A fatigue model has been developed to interpret mode I FDG
behavior with fibre bridging at different R-ratios and temperatures of
unidirectional composite laminates. The use of this model can collapse
fatigue delamination data into a band region, contributing to a master
resistance curve in representing FDG behavior with fibre bridging at
different R-ratios and temperatures. These results clearly demonstrate
that FDG behavior can accelerate with elevated temperature, but
decrease at sub-zero temperature.

It was found that there are strong correlations between the fatigue
model parameters and temperature using this proposed model in mode I
FDG interpretations. Taking these correlations into account can extend
the fatigue model to accurately determine FDG behavior of other tem-
peratures. As a result, the application of this model in FDG in-
terpretations has great potential to significantly reduce experimental
workload and time-consuming, which is really useful for composite
structural design and life evaluation.

Fractographic examinations on fatigue fracture surfaces of different
temperatures indicate that temperature has important influence on fa-
tigue delamination damage mechanisms. Particularly, fibre/matrix
interfacial debonding and matrix brittle fracture are the dominate fail-
ure modes in FDG at sub-zero temperature, as significant fibre prints and
river markings are observed on delamination surfaces. For RT and
elevated 80°C, fibre/matrix interfacial debonding is the dominant fail-
ure mechanism.

Referring to the round-robin test programs organized by the Euro-
pean Structural Integrity Society Technical Committee 4 (ESIS TC-4)
[10,11], this study can not only provide material database, but also
give insights for developing mode I fatigue delamination test standard of
composite materials.
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