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a b s t r a c t

This paper provides a study on fatigue delamination growth in composite laminates using energy princi-
ples. Experimental data has been obtained from fatigue tests conducted on Double Cantilever Beam (DCB)
specimens at various stress ratios. A concept of fatigue fracture toughness is proposed to interpret the
stress ratio effect in crack growth. The fatigue fracture toughness is demonstrated to be interface config-
uration independent but significantly stress ratio dependent. An explanation for this phenomenon is
given using SEM fractography. Fracture surface roughness is observed to be similar in different interfaces
at the same stress ratio. But it is obviously more rough for high stress ratio in comparison with that for
low stress ratio, causing the fatigue resistance increase. Therefore, the stress ratio effect in fatigue crack
growth can be physically explained by a difference in resistance to crack growth.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The requirements for fuel efficiency and lightweight structures
have led to a great increase in the use of advanced composite mate-
rials in both military and commercial aircraft. Although composite
materials have a lot of advantages, they are susceptible to delam-
ination between adjacent layers, because there is lack of reinforce-
ment in the thickness direction. This damage mode can result from
stress concentration, over loading, or impact, and propagate under
fatigue loading. Delamination can lead to stiffness and strength
degradation and in the end cause the catastrophic failure of a
structure during its service life.

Fatigue delamination has attracted a lot of attention in the last
few decades, and a large number of papers have been published to
characterize this phenomenon and to develop prediction models
[1–11]. The prediction methods and models can be classified into
four major categories [1]: Stress/strain based methods, fracture
mechanics based methods, cohesive zone models and extended
finite element models. In this classification, methods based on
the fracture mechanics concepts of stress intensity factor (SIF)
and strain energy release rate (SERR) have been widely employed
to investigate crack growth in composite laminates under quasi-
static loading. As a result, a standard has been established for per-
forming quasi-static delamination tests. However, for fatigue
delamination, there is no standard to follow. In fact, there is even

no consensus on the similitude parameter to interpret experimen-
tal fatigue data, which seems to lead to different conclusions, for
example for the stress ratio effect in fatigue delamination growth.

The stress ratio is an important factor in describing fatigue load-
ing and characterizing fatigue crack growth behavior. Large num-
bers of studies have been conducted on stress ratio effect in
fatigue delamination growth [2–8]. Stress ratio effect in fatigue
crack growth seems to be similitude parameter dependent. In case
of maximum SERR, delamination growth is lower with the increase
of stress ratio. This is completely opposite to using the SERR range.
Some researchers explained this by highlighting the fact that the
load cycle and its effect on fatigue crack growth cannot be uniquely
described by a single parameter [3,9–11]. Therefore, two-
parameter models were proposed to characterize the fatigue crack
growth behavior in these studies. The similitude parameters used
in these models, are usually maximum SERR and SERR range. The
stress ratio effect seems to vanish using these models. However,
the fundamental mechanisms related to the stress ratio effect are
still unknown. Questions arise here as to whether or not there is
stress ratio effect and what damage mechanisms relate to the
effect? These questions cannot be answered by the aforementioned
studies, because all of them are empirical curve fits, and do not
provide a physics-based explanation.

Recently, studies on fatigue delamination growth in composite
laminates and adhesively bonded structures have been reported
that evaluate the phenomena using energy principles [12–15]. In
these studies, the concept of the energy dissipation rate dU/dN is
correlated to the fatigue crack growth rate da/dN. Comparing to
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an artificial SERR at a single point, dU/dN has the advantage of
determining energy change during the entire fatigue cycle and
physically relating to the crack growth increment generated in that
cycle, which is more suitable for fatigue crack growth studies [12].

These energy principles are used in the present work to investi-
gate the stress ratio effect in fatigue delamination growth in com-
posite laminates. This paper aims to provide a physical
interpretation of the stress ratio effect in fatigue crack growth.

2. Fatigue delamination experiment

2.1. Material and specimen configuration

DCB specimens with 0//0 or 45//45 interface were designed and
manufactured for mode I fatigue delamination tests (// indicates
the delamination propagation plane). The layup sequence for the
DCB specimens with 45//45 interface was [(±45/012/�45)//
(±45/012/�45)]. The layup sequence for the DCB specimens with
0//0 interface was [(016)//(016)].

The composite laminates were produced by hand-lay-up of 32
layers of unidirectional carbon/epoxy prepreg M30SC/DT120. Dur-
ing the manufacturing process, a 12.7 lm Teflon film was placed in
the middle plane of the composite laminates to act as an initial
delamination. The laminates were put in vacuum in an autoclave
at a curing pressure of 6 bars and curing temperature of 120 �C
for 90 min. After curing, all laminates were C-scanned in order to
detect potential imperfections. Then the panels were cut by a
diamond saw into 200 mm length by 25 width beams from the
region where no imperfections were observed. A pair of aluminum
load-blocks, 25 mm width by 20 mm length with 6 mm thickness,
was adhesively bonded onto the specimen’s end for load
introduction.

2.2. Fatigue experimental procedure

All fatigue tests were conducted on a 10 kN hydraulic MTS
machine at room temperature under displacement control at a fre-
quency of 5 Hz. Photographs of one side of the fatigue crack exten-
sion were automatically recorded at the maximum displacement
during the test with a digital camera controlled by the computer
system. The corresponding information of load, displacement and
number of cycles were stored in an Excel file enabling data evalu-
ation after the test. The experimental set-up is demonstrated in
Fig. 1.

Prior to fatigue testing on the specimens, they were quasi-
statically loaded to create a 2–3 mm onset crack as a natural sharp
crack tip. Then, the maximum displacement at the beginning of the
fatigue test was set to 80% of the critical loading in the quasi-static
test. The selected stress ratio then defined the minimum
displacement.

In the first part of this paper, experimental fatigue data is pre-
sented in agreement with Paris relationships between the fatigue
crack growth rate and the maximum SERR and the SERR range,
see Eqs. (1) and (2). In the second part, all data is reanalyzed using
the energy principles.
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where c and n are curve fitting parameters.
The SERR in mode I fatigue delamination tests was calculated

with the Modified Compliance Calibration (MCC) method, recom-
mended in ASTM D5528, see Eq. (3).

GI ¼ 3P2Cð2=3Þ

2A1Bh
ð3Þ

where C is the compliance of the DCB specimen, B is the specimen
width and h is the thickness of specimen. A1 is the slope of the curve
in the graph where a/h is plotted against C1/3.

The 7-point Incremental Polynomial Method, recommended in
ASTM E647, was employed to determine the delamination growth
rate da/dN.

3. Fatigue data analysis with Paris relationship

Unidirectional DCB specimens were fatigue tested at stress
ratios 0.1 and 0.5. Specimens with 45//45 interface were tested
at stress ratios 0.1, 0.2 and 0.5. All data was subsequently analyzed
using Paris correlations, either in the form of da/dN against the
maximum SERR or da/dN against the SERR range, as shown in
Figs. 2–5. Without exception, a significant stress ratio effect can
be observed.

4. Fatigue data analysis using energy principles

All experimental fatigue data interpreted with the Paris rela-
tions is reanalyzed according to the energy principles and
expressed in the form of da/dN against G = (dU/dN)/(dA/dN) in the
following sections.

4.1. Fracture toughness definition

In fracture mechanics, the strain energy release rate is defined
as

G ¼ dU
dA

ð4Þ

where dA is the incremental increase in area of the fracture surface,
which is equal to Bda for DCB specimen. dU is the amount of energy
dissipated in the crack propagation.

The applied maximum load in the system is decreasing with
crack propagation in a displacement controlled fatigue test. As a
result, the total energy in the system is also decreasing. The energy
dissipation is related to the generation of new crack, but also other
mechanisms. It can be determined by plotting the applied work U
against cycle number N [12]. The energy dissipation rate, dU/dN, in
fatigue crack growth is determined as

dU
dN

¼ dU
dA

dA
dN

ð5Þ

Referring to the definition of fracture resistance in fracture
mechanics, the component dU/dA in Eq. (5) can be physically inter-
preted as fatigue resistance.

4.2. Fatigue fracture toughness

Damage evolution is an energy dissipation process obeying the
laws of physics on energy conservation. Similar to quasi-static
delamination, which can be quantified by the parameter of fracture
toughness using the principle of energy balance, there should be a
similar parameter with physical meaning, but related to fatigue
damage.

In previous studies [12,13], there seems an approximately lin-
ear relationship between dU/dN and da/dN, which indicates a con-
stant G in fatigue delamination growth. It is postulated here that if
this G value keeps constant in fatigue crack growth, the crack
growth is self-similar.

Fig. 6 shows the data analysis with energy principles for fatigue
tests at the same stress ratio R = 0.1, but different interfaces. At the

136 L. Yao et al. / Composites: Part A 78 (2015) 135–142



Download English Version:

https://daneshyari.com/en/article/1465897

Download Persian Version:

https://daneshyari.com/article/1465897

Daneshyari.com

https://daneshyari.com/en/article/1465897
https://daneshyari.com/article/1465897
https://daneshyari.com

