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ARTICLE INFO ABSTRACT
Keywords: Temperature can significantly affect fatigue delamination growth (FDG) behavior in composites,
Fatigue delamination growth while fiber bridging has been frequently reported during FDG. The focus of this study was

Fiber bridging retardation
Temperature effects
Polymer-matrix composites

therefore on investigating temperature effects on FDG behavior with fiber bridging. Mode I fa-
tigue delamination experiments were conducted on a thermoset composite laminates M30SC/
DT120 at different temperatures. The Paris relation and fatigue resistance curve (i.e. fatigue R-
curve) were used to interpret bridging effects on FDG behavior and to explore temperature effects
on fiber bridging development. A modified Paris relation was employed to determine the effects
of temperature on the intrinsic FDG behavior at the crack front excluding fiber bridging. The Paris
interpretations clearly demonstrate that fiber bridging can significantly retard FDG behavior at
different temperatures. Temperature can have different effects on fiber bridging development and
the intrinsic FDG behavior. Particularly, elevated temperature can promote more bridging fibers,
whereas decreased temperature has negligible influence on fiber bridging. When looking at the
intrinsic delamination resistance, mode I FDG can accelerate at elevated temperature but decrease
at freezing temperature. Fractographic examinations indicate that fiber/matrix interface
debonding is the dominant damage mechanism in mode I FDG at different temperatures. Elevated
temperature can lead to the weakening of interface adhesion, contributing to faster intrinsic mode
I FDG behavior and more fiber bridging development. And a semi-empirical fatigue model based
on normalization was finally proposed to determine mode I intrinsic FDG behavior at different
temperatures for engineering applications.

1. Introduction

Carbon fiber reinforced polymer composites have been widely used in aerospace industry for their excellent mechanical properties,
designability, and weight-saving potential. However, these materials are vulnerable to delamination growth, due to lack of through-
thickness reinforcement. 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 long-term service life. In addition, the US Federal Aviation
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Administration (FAA) has introduced a slow crack growth principle for the certification of composite and adhesively bonded structures
originally in 2009 [1]. As a result, increasing attention has been given into how to appropriately represent delamination behavior of
composites under fatigue loading [2-5]. Both the European Structural Integrity Society Technical Committee 4 (ESIS TC4) and the
American Society for Testing and Materials, International, Subcommittee D30.06 (ASTM D30.06) have performed separate round-
robin test programs for the purpose of developing a test standard for mode I FDG in composites [2-5]. And a series of factors,
including control modes (i.e. load control vs. displacement control), test frequency, and fatigue crack growth rate da/dN calculation
approaches (i.e. two-point and seven-point fit), have been thoroughly investigated and discussed in these studies. Despite several
attempts to come to a test standard through these round-robin exercises, no protocol yet has been developed successfully. One
dominant reason for the absence of consensus on the test standard attributes to the occurrence of fiber bridging in mostly unidirec-
tional composites, shielding the crack front and resulting in apparently higher delamination resistance. As a result, how to appro-
priately represent fiber-bridged FDG behavior is a key issue for the development of this test standard [6].

The presence of fiber bridging in delamination growth of carbon fiber reinforced polymer composites mainly attributes to fiber
nesting between adjacent layers, which could be promoted by weak fiber/matrix interfaces [7]. In quasi-static delamination, the
contribution of fiber bridging was generally illustrated through R-curves, plotting delamination resistance against crack propagation
length Gc¢(a-ap), and bridging laws, comprising bridging closure stress against crack opening displacement op,,(6) [8-13]. According to
the previous studies [4,8,9], this shielding mechanism not only occurs in quasi-static delamination, but also exists in FDG of
composites.

Paris relation Eq.(1) and its variants, correlating da/dN with the strain energy release rate (SERR) G, have been generally used in
FDG studies [2-5,14]. It has been reported several times that fiber bridging has significant retardation effects on FDG behavior
[8,15,16]. This makes it impossible to use a single Paris resistance curve to appropriately represent FDG behavior, indifferent of
whether one uses the SERR range A \/ G or the maximum SERR G, in fatigue data interpretations. According to the J-integral concept
[11,12,17], the presence of bridging fibers can store a large amount of strain energy during delamination, thus alleviating stress
concentration around delamination front. To account for bridging retardation, scholars [18] have attempted to make correlations
between the curve-fitting parameters and crack growth length to have an empirical Paris-type correlation to characterize fiber-bridged
FDG behavior.
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where C, n are curve-fitting parameters; Gpax and G, respectively represent the maximum and minimum SERRs of a fatigue loading
cycle.

Several researchers tended to treat bridging retardation effects on FDG behavior as data scatter [4,19], thus adopting normalization
methods to limit this scatter. Murri et al [4] used a normalized Paris relation, in which Gpax was normalized with the quasi-static
delamination resistance. This study demonstrated that the use of this normalized SERR can reduce data scatter in FDG studies. A
similar concept was also employed by other researchers in fiber-bridged FDG characterization [16,20-22]. However, it has been
evidenced that [8] the amounts of bridging fibers generated in fatigue differ from quasi-static. Hence, one should consider the fatigue
R-curve, rather than the quasi-static, in FDG normalization [8,20,21,23].

Instead of using R-curve normalization, both Gregory et al [24] and Farmand-Ashtiani et al [25] reported good correlations be-
tween FDG rate da/dN and the SERR at the crack front. Furthermore, it has been evidenced that [23] damage mechanisms at the crack
front remain the same with delamination propagation, regardless of fiber bridging development. As a result, it can be deduced that
FDG behavior at the crack front remains self-similar with fiber bridging development, making the SERR at the crack front an
appropriate similitude parameter to represent this similarity in fiber-bridged FDG characterization. Accordingly, a modified Paris
relation has been successfully proposed by the authors to explore FDG behavior with large-scale fiber bridging [26]:
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where Gyc(a-ap) represents fatigue resistance increase because of fiber bridging; Gy is fatigue resistance at the crack front excluding
fiber bridging, which could be determined via fatigue R-curve Gic(a-ap) extrapolation.

Since this modified Paris relation Eq.(2) can provide a single master resistance curve in determining FDG behavior, it agrees well
with the similitude hypothesis [23,26]. Furthermore, because using Eq.(2) indeed describes fatigue delamination characteristic at the
crack front, it can be therefore considered as the intrinsic delamination resistance excluding fiber bridging. This intrinsic resistance
curve indeed represents the upper bound of all curves, which in engineering serves as the worst case for composite structural designs.

However, before rushing into conclusions, such a proposal must be evaluated further for two reasons: scientifically, the interplay
between crack front characteristics and fiber bridging must be thoroughly studied in different conditions, while for engineering
purposes, the influence of environmental factors should be appropriately understood, as they are known to have significant influence
on FDG behavior [14,27,28]. The most important environmental factor on interlaminar resistance is evidently temperature [14]. And a
temperature range of —50°C to 80°C has been frequently employed in the previous studies [24,27,28], which is assumed to well cover
the operating temperatures for composite structures in the aeronautical applications.

Charalambous et al [27] experimentally investigated temperature effects on the mixed-mode delamination growth behavior under
both quasi-static and cyclic loading, observing an increase in static delamination resistance at elevated temperature (i.e. 80°C),
attributed to increased matrix ductility. On the contrary, FDG can accelerate with increased temperature, due to a weaker fiber/matrix
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Fig. 1. Experimental setup for FDG test at different temperatures. (a) Overall experimental setup; (b) A detail view of DCB specimen in the tem-
perature chamber.

interface bond at elevated temperature. Coronado et al [28] experimentally examined mode I quasi-static and fatigue delamination
resistance at freezing temperatures, observing both to reduce, explained by more brittle fracture surface features via fractographic
examinations. In contrast, Gregory et al [29] reported that no clear trend was found in quasi-static delamination resistance with respect
to temperature, while a significant negative dependence was observed in FDG. In another study [24], they adopted a bridging law to
extract the SERR at the crack front to study FDG dependence on temperature. It was reported that FDG can increase with elevated
temperature. Similarly, as also illustrated by Sjogren et al [30], elevated temperature can not only increase the FDG rate, but also
promote more fiber bridging affecting the FDG behavior.

While currently, subject of another round robin within ESIS TC4, the hypothesis in the current study is that temperature has
important effects on delamination resistance, and through the fiber/matrix interface adhesion also a clear influence on the formation
of fiber bridging. As a result, answers are needed on the following key questions:

1. What effect does the temperature have on the development of fiber bridging during mode I FDG in composites, associated to
fiber/matrix interface adhesion?

2. What effect does the temperature have on the intrinsic FDG resistance when fiber bridging is excluded, associated to fiber/matrix
interface adhesion at the crack front?

3. How should FDG behavior at different temperatures be well represented for the perspective of engineering designs?

To answer these questions, mode I fatigue delamination experiments were conducted at different temperatures, ranging from
—40°C to 80°C, at the stress ratio R = 0.5. Both the Paris relation Eq.(1) and the modified Paris relation Eq.(2) were respectively used to
interpret these FDG data. Particularly, the Paris interpretations, incorporated with the fatigue R-curves, were used to explore bridging
effects on FDG behavior and temperature dependence of fiber bridging development. The modified Paris relation was applied to
determine temperature effects on the intrinsic FDG behavior excluding fiber bridging. Fractographic examinations were subsequently
conducted to determine the damage mechanisms in FDG at different temperatures, to assist the interpretations of temperature
dependence on the intrinsic FDG behavior and fiber bridging development. Finally, a semi-empirical relation accounting for data
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Table 1
Test matrix for FDG at different temperatures.
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T Specimen R Fatigue pre-crack length [mm]
—40°C —40°C Spe 0.5 4.0;13.6;21.3;28.6;36.6;46.2;55.0;65.4;76.3;90.4;102.5
RT RT Spe-1 3.4;13.5;21.5;39.0;51.5;63.0;76.6;91.0
RT Spe-2 3.7;15.6;25.8;35.1;46.1;57.1;70.0;84.4;100.7
50°C 50°C Spe 3.7;15.1;25.2;36.6;48.7;57.2;72.4;89.1
80°C 80°C Spe-1 3.5;14.4;25.9;39.1;53.2;68.9;87.0;104.3
80°C Spe-2 3.3;15.3;28.8;41.3;57.9;74.9;91.8;101.8

TR

Fig. 2. Fiber bridging in mode I FDG of composites at different temperatures. (a) —40°C; (b) RT; (c) 80°C.

scatter was developed to represent mode I FDG behavior at different temperatures for engineering designs.

2. Specimens, experimental setup and data reduction

The material used here was carbon/epoxy prepreg M30SC/DT120 (high strength and modulus carbon fiber/toughened thermo-
setting epoxy). Mechanical properties of the cured material are referred to literature [31]. Composite laminates were laid in the
designed stacking sequence, i.e. [016//016]. A Teflon insert with 12.7 pm thickness was placed in the middle plane to introduce an
initial delamination, typically around ap = 60 mm. Laminates were cured in the autoclave at a pressure of 6 bars and curing
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Fig. 3. Fiber-bridged FDG at —40°C interpreted via the Paris relation.

temperature of 120°C for 90 min. After curing, the laminates were C-scanned for imperfections. Samples were taken from these areas
where no imperfections were identified.

Unidirectional double cantilever beam (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 edge of each DCB specimen was coated with a thin layer of
typewriter correction fluid to enhance the visibility of delamination front during the tests. A strip of grid paper was pasted on the
coated side of the sample to aid in measuring crack propagation length during the tests.

All mode I fatigue delamination experiments were conducted on a 15kN MTS servo-hydraulic test machine under displacement
control at a frequency of 5 Hz with a stress ratio of R = 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 laboratory 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 analyzed to determine the fatigue delamination propagation length a-ay after the experiments. Inside
of the chamber, a thermocouple was installed just above the specimen to measure the temperature to ensure there is a stable tem-
perature throughout the entire fatigue test. To keep the monitor window from freezing during sub-zero fatigue delamination tests, a
heat gun was added to act as anti-frost. Detail 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 fiber bridging, as well as to have the fatigue R-curve
exploring temperature effects on fiber bridging development, DCB specimens were repeatedly tested for several times with increased
displacements keeping the stress ratio constant at R = 0.5. This specific test procedure has been introduced and used several times in
the previous studies [8,18,23]. Typically, DCB specimen was first quasi-statically loaded to generate a really short natural crack front
(around 2-3 mm), as well as to determine the minimum and maximum displacements used in the subsequent fatigue delamination test.
One should note that FDG rate da/dN gradually decreases with decreasing SERR in a displacement controlled fatigue test. Each test was
therefore manually terminated in case of crack retardation. Subsequently, a monotonic loading-unloading cycle was performed on the
tested specimen until the load-displacement curve becomes slightly nonlinear (i.e. avoiding new fiber bridging generation in quasi-
static delamination) to evaluate the minimum and maximum displacements applied in the subsequent fatigue test sequence. This
sequence was repeated multiple times until the maximum displacement capacity of the test machine was reached. With this test
procedure, multiple delamination resistance curves were obtained, with each one representing delamination resistance equivalent to a
specific fatigue pre-crack length, i.e. delamination length at which that particular fatigue test was initiated. Furthermore, fatigue
fracture toughness at several fatigue delamination lengths can be determined with the information recorded at the nonlinear point
according to this test procedure as well (i.e. forming the fatigue R-curve).

The Modified Compliance Calibration (MCC) method Eq.(3), recommended in the ASTM D5528-01 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 Polynomial Method, recommended in the ASTM E647-00 standard, was used to fatigue crack growth rate da/dN
calculation.

3prcd

G=ZaBn ®

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 C'/.



L. Yao et al. Engineering Fracture Mechanics 295 (2024) 109799

: O aa;=3.4mm E
a-a =13.5mm
5 O a4y
107 F < aa =21.5mm E
L o a»a0=39‘0mm ]
X a~a0=51.5mm ]
00 + aa,=63.0mm_|
§\ E v a-a0=76‘6mm g
Q\':) > a-a,=91.0mm :
£’k .
3 E E
= ]
I © 1
&
107 o 3
F O N
[ le) ]
107 >
107
A VG [J/m?]
(a)
r T r r : T :
r (@) a-ao=3.7mm 8
s I O a-a0=15.6mm
107 E by a-:|0=25.8mm 3
. 0 a-3=35.Imm J
: X a—a0=46.lmm :
El 0.(, L + a-nu=57,lmm <
54 ; v a-3,=70.0mm 3
LE) [ > a-a,=84.4mm ]
— A a-a0=100.7mm ’
Z o7k _
- 107 E E
= F E
= F ]
108 4
10-9 L s L L L s 1 L

AVG [I/m?]

(b)

Fig. 4. Fiber-bridged FDG at RT interpreted via the Paris relation. (a) RT Spe-1; (b) RT Spe-2.

3. Results and discussions

A total number of 52 fatigue delamination tests have been conducted to explore temperature effects on mode I FDG behavior with
fiber bridging. The test matrix is summarized in Table 1. There are two DCB specimens were repeatedly tested at RT and 80°C. And
these specimens were entitled as Spe-1 and Spe-2 for each temperature. The experimental fatigue data of —40°C, RT and 80°C were
interpreted to explore temperature effects on FDG behavior. And the results of 50°C were used to verify the validity of using the
proposed semi-empirical correlation in determining FDG behavior at different temperatures.

3.1. Temperature dependence of FDG behavior including fiber bridging

Significant amounts of bridging fibers were observed during mode I FDG at all temperatures, as illustrated in Fig. 2. And these
bridging fibers are present in terms of a single one or a cluster of fibers in the wake of the delamination front.
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Fig. 5. Fiber-bridged FDG at 80°C interpreted via the Paris relation. (a) 80°C Spe-1; (b) 80°C Spe-2.

Figs. 3-5 summarize all fatigue data at different temperatures interpreted via the Paris relation Eq.(1). These results clearly
demonstrate that fiber bridging has significant retardation effects on mode I FDG behavior. Particularly, the Paris resistance curves can
gradually shift from left to right in these graphs, and finally tend to converge into a narrow band region with fatigue crack propagation.
As discussed in literature [8,18], fiber bridging is the main reason for this downwards shift. A large portion of SERR put into the system
could be cyclically applied and released on these bridging fibers rather than on the crack front, i.e. shielding the delamination front.
However, fiber bridging can saturate once crack propagation exceeds a certain level. This means the generation of new bridging fibers
at the advancing crack front can balance the final failure of bridging fibers at the end of the bridging zone. Consequently, the SERR
applied in these bridging fibers can keep constant more or less in FDG with really long fatigue pre-cracks, finally making the resistance
curves collapse into a narrow band region.

According to the results illustrated in Figs. 3-5, one can make conclusions as:

(1) Fiber bridging, acting as an important shielding mechanism, can not only be present in mode I FDG at RT, but also exist at
freezing and elevated temperatures;
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(2) The presence of fiber bridging can cause significant FDG retardation in different temperatures.

Referring to the R-curve concept frequently used in characterizing quasi-static delamination resistance with fiber bridging, fatigue
R-curves were determined with the specific test procedure introduced in Section 2, to explore temperature effects on fiber bridging
development. Fig. 6 illustrates these fatigue R-curves at different temperatures. It is clear that fatigue R-curve of each temperature can
increase significantly with crack propagation, which can be well determined via a second-order polynomial fitting. Furthermore, these
results also demonstrate that temperature has important influence on the shapes of fatigue R-curves, especially for the elevated 80°C.
Particularly, the initiation fatigue delamination resistance at a-ap = 0 mm can decrease with temperature increase, i.e. 245.30 J/m? for
—40°C, 230.78 J/m? for RT and 217.32 J/m? for 80°C. On the contrary, the magnitude of fatigue R-curve for 80°C is much higher than
that of the other temperatures, indicating more bridging fibers in FDG at 80°C (more evidence to support this statement can been found
in the SEM fractographic examinations on fatigue delamination surfaces in Section 3.3). The fatigue R-curves for —40°C and RT
generally looks the same or similar, indicating similar amounts of bridging fibers at these temperatures.

According to these fatigue R-curves illustrated in Fig. 6, it can be concluded that temperature has different influence on the
initiation delamination resistance and the formation of fiber bridging during mode I FDG. The initiation delamination resistance can
decrease with temperature increase. More bridging fibers can be present at elevated temperature, whereas decreased temperature has



L. Yao et al. Engineering Fracture Mechanics 295 (2024) 109799

T T T T v T
r O a-a;=3.4mm -
27 12.5 O a-a0=13.5mm
5 =
10 ] da/dN 3.00)( lO AGeff 4 a.ao=2|45mm 3
[ O a-a,=39.0mm 1
X as dU—SI Smm -
,g 10 L + 0—63 Omm -
5‘ , AVAR L =76.6mm E
E L > d-ao-‘)l Omm :
Z 07 E
S0 3
< F ]
= t 4
10%F 3
-9 . L L : M|
10 | 2
10 10
r v —— T T T
[ O a-a,;=3.7mm -
) O a ao—IS 6mm
-5 =
10 E <] a- 30—25 8Smm E
O a-a 10—35 Imm
X 0—46 Imm
E 108k + a-a,=57.lmm 4
:>;» E v a-a 10—70 Omm -
E I > a 0—84‘4mm 1
= 10_7 /A a- an—IOO Tmm |
300 ]
=
108 3
10° | P . . . . . A |
10! 10

2
AGcff [J/m7]

(b)

Fig. 8. Fatigue data of RT interpreted via the modified Paris relation. (a) RT Spe-1; (b) RT Spe-2.

negligible influence on fiber bridging generation. The physical reasons for this difference in temperature dependence of initiation
delamination resistance and fiber bridging development will be carefully discussed as follows via SEM examinations on fatigue
delamination fracture surfaces.

3.2. Temperature effects on the intrinsic FDG behavior excluding fiber bridging

According to the above Paris interpretations, bridging retardation effects on mode I FDG behavior at different temperatures have
been discussed. People then may ask a question that what are temperature effects on the intrinsic delamination resistance at the crack front.
However, one cannot make a clear conclusion on this point via the above Paris interpretations.

All experimental fatigue data were therefore re-analyzed via the modified Paris relation, as illustrated in Figs. 7-9. It is clear that
fatigue delamination with different amounts of bridging fibers can converge into a narrow band region at each temperature using Eq.
(2) in data reduction, contributing to a master resistance curve in representing mode I FDG behavior, which agrees well with the
similitude hypothesis [32-34]. Furthermore, these interpretations make it possible to explore temperature effects on the intrinsic
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Fig. 9. Fatigue data of 80°C interpreted via the modified Paris relation. (a) 80°C Spe-1; (b) 80°C Spe-2.

delamination resistance at the crack front.

Fig. 10 provides a comparison on the intrinsic mode I FDG behavior at different temperatures. It is clear that elevated temperature
can cause the intrinsic FDG acceleration. This temperature dependence indeed agrees well with the initiation delamination resistance
results that illustrated in Fig. 6, in which the initiation delamination resistance can decrease with increased temperature.

3.3. Fractographic examinations on FDG at different temperatures

SEM observations were conducted on the fatigue delamination surfaces at different temperatures, to explore the damage mech-
anisms for temperature dependence of the intrinsic mode I FDG behavior as well as fiber bridging development.

Figs. 11-13 summarize the SEM observation results of fatigue delamination surfaces with different magnification. The fracture
morphology was very similar for mode I FDG at RT and elevated 80°C, as shown in Figs. 11 and 12. Particularly, fiber prints, resulting
from fiber/matrix interface debonding, is the dominant microscopic feature identified on the fracture surfaces. And no obvious plastic
deformation was identified in FDG at RT and 80°C. Accordingly, it is reasonable to draw a conclusion that the damage mechanisms in
mode I FDG at RT and 80°C remain the same. In addition, one should note that elevated temperature not only has detrimental effects on
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Fig. 10. Temperature effects on the intrinsic mode I FDG behavior in composites.
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(b)

Fig. 11. Fractographic examinations on fracture surface of RT. (a) 500X; (b) 1000X.

fiber/matrix interface adhesion, but also causes matrix yield strength decrease [27]. These changes can promote micro crack/damage
formation around fiber/matrix interface region under cyclic loading, and finally cause a faster fatigue crack growth around the
delamination front, as illustrated in Fig. 10.

Some important difference was observed on the fatigue delamination surfaces of —40°C, as shown in Fig. 13. In addition to sig-
nificant fiber prints, matrix brittle fracture failure (marked as hackles, riverlines) was identified at some locations on the delamination
surfaces. As discussed in literature [27,35], freezing temperature can promote mechanical interlocking at fiber/matrix interface, i.e.
enhancing interface bonding. Furthermore, decreased temperature can also make matrix brittle, and even may cause some micro
cracks in the matrix material, thus promoting brittle failure in the matrix [27]. As a result, fatigue propagation at —40°C is a com-
bination of dominant interface debonding and localized matrix brittle failure. To the authors’ opinion, fiber/matrix interface still plays
akey role in determining fatigue damage propagation at freezing temperature, finally making mode I intrinsic FDG behavior of —40°C
lower than that of RT and 80°C.

According to the above SEM examinations, FDG behavior at different temperatures is significantly dependent on the performance of
fiber/matrix interface. Referring to the fact that the interface adhesion can be enhanced with decreased temperature but weakened
with elevated temperature [27,35], hence the mode I intrinsic FDG behavior at the crack front becomes faster with increased
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Fig. 12. Fractographic examinations on fracture surface of 80°C. (a) 500X; (b) 1000X.
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Fig. 13. Fractographic examinations on fracture surface of —40°C. (a) 500X; (b) 1000X.

temperature. Furthermore, it has been reported in literature [7] that weak fiber/matrix interface can promote more bridging fibers
during delamination growth. Thus, more bridging fibers can be present in FDG at elevated temperature 80°C, finally contributing to
the corresponding R-curve with high magnitude as shown in Fig. 6.

3.4. A semi-empirical fatigue delamination model accounting for scatter

According to above discussions, temperature has obvious effects on mode I FDG behavior. Some scatter is observed in FDG data
interpretations, as shown in Figs. 7-10. This scatter indeed is unfavorable for composite structural designs. It is therefore reasonable to
ask the following question: how to best determine FDG behavior with consideration of data scatter at different temperatures for engineering
designs.

Referring to using normalization to account for data scatter in a recent study given by Jones et al [19], a new semi-empirical
relation Eq.(4) was proposed here to determine mode I FDG behavior at different temperatures.

da (AGeﬂ)"i { Go AG " @
dN AGa/an Gic(a — ag) AGuyan
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Fig. 14. FDG interpretations of —40°C via the semi-empirical fatigue model.

where AGga/4n represents the SERR of a given da/dN using Eq.(2) in fatigue data interpretations. According to the authors’ experience,
the use of AGga/qy at the magnitude of da/dN = 1 x 107m/Cycle can usually lead to good interpretations of the FDG data.

All fatigue data interpreted via Eq.(4) are present in Figs. 14-16. It is clear that the use of this new correlation can significantly
reduce data scatter. A single resistance curve with really high determination coefficient (close to unit) can be calibrated to well
represent FDG behavior at a given temperature. As discussed by Jones et al [19], the use of normalization indeed force all fatigue data
to go through the same point. Referring to the data interpretations illustrated in Figs. 7-9, resistance curves of a given temperature
with different crack lengths can have a similar slope. As a result, all fatigue resistance curves can converge into a really narrow band
region, and hence reduce data scatter in the entire SERR range as shown in Figs. 14-16.

According to the results shown in Figs. 14-16, a regression analysis was conducted on temperature dependence of the model
parameters, i.e. C, n and AGga,/dn, for the purpose of developing an empirical model to represent FDG behavior at different temper-
atures. Particularly, it was found that the magnitude of C is close equal to 1 x 107, This is reasonable as all resistance curves are forced
to pass through the same point at the magnitude of da/dN = 1 x 10”m/Cycle in the double logarithmic scale, as shown in Figs. 14-16.
Good correlations between the averaged n, AG4,,qn and temperature T are obtained, which can nonlinearly decrease with temperature
increase as illustrated in Fig. 17. In addition, it was found that the standard deviation of AGg4,/qn for different temperatures is around
10 % of its mean value. Referring to literature [6], the use of this standard deviation in the fatigue model can account for data scatter.

According to the correlations illustrated in Fig. 17, all parameters required in Eq.(4) for different temperatures can be conveniently
determined. And it is assumed here that the standard deviation of AGq,/4N at other temperature remains around 10 % of its mean value.
Thus, mode [ intrinsic FDG behavior at other temperatures with data scatter consideration can be determined. The fatigue data of 50°C
were employed to verify the validity of using Eq.(4) in representing the intrinsic mode I FDG behavior.

Fig. 18 provides the first evidence on the appropriateness of using this methodology in representing the intrinsic FDG behavior. The
predicted resistance curves can pass through the central part of the experimental fatigue data. And almost all fatigue data can locate in-
between the predicted 99 % confidence intervals. One can therefore make a conclusion that the use of this proposed fatigue model can
appropriately determine the mode I intrinsic FDG behavior accounting for data scatter.

4. Concluding remarks

Fiber-bridged mode I FDG behavior in carbon fiber reinforced polymer composite laminates at different temperatures has been
thoroughly investigated and discussed in the present study. The following important conclusions can be made:

(1) Temperature has significant effects on fatigue damage propagation at the crack front and fiber bridging development in the
wake of the crack front. Particularly, the intrinsic delamination resistance can decrease with increased temperature. Elevated tem-
perature can promote more bridging fibers in FDG, whereas freezing temperature has negligible influence on fiber bridging
development.

(2) Fatigue data interpreted via the Paris relation clearly demonstrated that fiber bridging has significant retardation effects on FDG
behavior at different temperatures. The calibrated Paris resistance curves can shift downwards and tend to converge into a narrow
band region with fiber bridging development.

(3) The use of the modified Paris relation can well determine the damage evolution at the crack front, i.e. the intrinsic Mode I FDG
behavior. A master resistance curve can be obtained to represent the intrinsic FDG behavior of a given temperature, agreeing well with
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Fig. 15. FDG interpretations of RT via the semi-empirical fatigue model. (a) RT Spe-1; (b) RT Spe-2.

the similitude hypothesis. These data interpretations clearly demonstrated that the intrinsic mode I FDG behavior can accelerate with

elevated temperature.

(4) Fractographic observations on delamination fracture surfaces demonstrate that fiber/matrix interface debonding is the
dominant damage mechanism in mode I FDG at different temperatures. Increased temperature can weaken interface adhesion, and
decreased temperature can enhance interface performance. As a result, the intrinsic mode I delamination resistance decreases with
temperature increase. However, weak interface adhesion can promote more bridging fibers during mode I FDG.

(5) A semi-empirical fatigue model, based on normalization, with the capacity of accounting for data scatter has been proposed to
represent mode I intrinsic FDG behavior at different temperatures for engineering designs. There is evidence that the application of this

14



L. Yao et al. Engineering Fracture Mechanics 295 (2024) 109799

a-a0=3A5mm

ril

a- 0=l4.4mm
da/dN=9.98x10'8(AGCﬂ/AG 9-30

da/ dN) a-ao=25.9mm

R2=0.988 a-ao=39.]mm 1

a-a 0:53 .2mm

|

a-a 0:68.9mm

a-a()=87,0mm

x < +voAOo<C

a-aOZIO4.3mm |

L

da/dN [m/Cycle]

T

|

T

AGefF/AGda:'dN

(a)

a-a0:3A3mm

a-a”:lS.Smm
9.18

Ll

a-a()=28‘8mm

T

da/dN=9.87x 10'8(AGeﬂ/AG
r R?=0.976

da/dN)
a—aoﬂtl.Smm

a-a 0:57.9mm
a-ao=74.9mm 1

a-an=9l,8mm 1

x <1 +voAO<C

a-a0=101.8mm 1

T

10°

AGefI‘/AGdu:’dN
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model can appropriately determine the intrinsic FDG behavior.

(6) This study can provide solid evidence that the modified Paris relation is not only valid at RT, but also effective at freezing and
elevated temperatures, in fiber-bridged fatigue delamination data interpretations. This finding will be useful and important for the
development of mode I fatigue test standard of composite laminates, aimed by ESIS TC4 and ISO/TC61/SC13.
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