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Abstract. An experimental procedure was developed to characterize fatigue delamination growth in co-cured
composite joints. No-growth criterion was used to guarantee that crack growth does not reach an unsafe size during
the lifetime of the component. The tests were performed for Modes | and Il loading configurations, using the double
cantilever beam (DCB) and the three-point bend end notched flexure (3-ENF) specimens respectively. The DCB tests
were carried out following the ASTM D6115 procedure. There is no standard test procedure for conducting Mode 11
fatigue delamination tests. The ENF test was chosen based in previous works available in the literature and the ASTM
D 7905. Information from previous quasi-static tests (using specimens with the same material batch and geometry) was
used to define the load and displacement values for various G-levels, leading to a relationship between the maximum
strain energy release rate (SERR-Gmax) and the number of cycles associated with the onset of delamination growth (G-
N curve). Experimental results show that the co-cured joints exhibit an overall better fatigue performance in pure
mode Il loading. Additionally, SEM fractography studies were performed to both loading modes in order to analyze
their morphology surfaces. The testing procedures used in this study, and the associated test results will be useful to
develop robust criteria based on safe life design in composite aerostructures.

Keywords: Fatigue delamination growth, Mode | and 11, Double cantilever beam, End notched flexure, strain energy
release rate.

1. INTRODUCTION
Nowadays, laminated composites based on fiber-reinforced polymer have been extensively used under cyclic

conditions in aeronautical structures, due to their high strength to weight ratio (Nwose et al., 2003; Arguelles et al.,
2011). Composite materials consist of two or more materials combined on a macroscopic scale to produce properties
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that cannot be achieved with any of the constituents independently (Reddy, 2000; Isaac et al., 1994). Composite
laminates generally are materials with fibers of high modulus and strength, embedded in a polymer matrix with distinct
interfaces between them (Reddy, 2000; Mallick, 2007). Subsequently, fibers carry the principal loadings, while the
matrix maintains the fibers together in the desirable position and orientation, acting as a load transferring medium and
protecting them from environmental weathering (Reddy, 2000; Mallick, 2007).

The adhesive bonding technique has gained importance over conventional joining methods (welding, bolting and
riveting) used in aerospace structures (Budhe et al., 2017; Hu et al, 2013; Shenoy et al., 2013). It worth mentioning
some advantages as high strength and stiffness to weight ratio, design flexibility, damage tolerance, more uniform stress
distribution on the bonded area, reduction of stress concentrations and high fatigue resistance (Budhe et al., 2017; Hu et
al., 2013; Shenoy et al, 2013; Fernandes et al., 2016). Currently, there are three main manufacturing processes for
joining composite parts in the aeronautical industry: co-curing, co-bonding and secondary bonding method [6]. The co-
bonding process is performed when the adherend is cured with the adhesive and the secondary bonding process is when
the adhesive layer is cured between two pre-cured plates (Budhe et al., 2017). The co-cured joints used in this work are
composed of two prepreg plates joined and cured together, without the addition of any adhesive film besides its own
resin matrix.

The failure modes, commonly observed in composite materials, can be divided into four different modes of damage:
transverse matrix cracks, fiber fracture, fiber-matrix interface damages and delamination (Nwose et al., 2003).
Delamination is responsible for 60% of structural failures in composite laminates whilst in service (Charalambous et al.,
2015). This issue relates to interlaminar cracks that usually originated at interlaminar stress concentrations such as free
edges, ply drops, joints, etc. (Andersons et al., 2004). When subjected to cyclic loads, these elements are susceptible to
interlaminar cracks that propagate throughout the laminate, leading to degradation of structural integrity and overall
failure (Andersons et al., 2004).

Interlaminar crack propagations can occur under one of the following pure modes: the opening mode (Mode 1), the
sliding mode (Mode 1) and the tearing mode (Mode I1), or a combination of them (Maillet et al., 2015; Jones et al.,
2014; Carrecas et al., 2017). For Mode | fatigue induced delamination tests, the ASTM standard recommends the use of
the Double Cantilever Beam (DCB) specimens (Maillet et al., 2015; Carreras et al., 2017). Currently, there is no ASTM
standard for conducting Mode Il fatigue delamination tests (Carreras et al., 2017; O"Brien et al., 2010).

In laminate composites, the three and four point bend of end-notched flexure test set-ups (3-ENF and 4-ENF,
respectively) are generally used for the determination of the Mode Il critical interlaminar fracture toughness (Giic) (Sun
and Davidson, 2006). Carreras et al. (2017) reported that 3-ENF is the most widely used testing configuration for Mode
Il fatigue induced delamination tests performed under displacement control and sinusoidal load. In fact, O’Brien et al.
(2010) establish that this set up is currently under review by ASTM as a potential standard test method. Sun and
Davidson (2006) show that the diameter of the loading rollers typically used in flexural testing setups causes in both
cases inherent geometric nonlinearities. However, the effect of these nonlinearities is more pronounced in the 4-ENF
than the 3-ENF, where significantly increases the coefficient of friction along the crack plane. The authors concluded
that the 3-ENF provided more reliable results for Mode |1 fatigue induced delamination tests. Carreras et al. (2017) also
confirmed that the 4-ENF test is not preferred due to frictional effects. Davidson et al. (2017) highlighted the
importance of a stiff test fixture and loading frame for these types of tests. Their work shows that a standard three-point
bending fixture with high stiffness is relatively straightforward and that the test results are essentially equal to expected
ones. Furthermore, it is much more difficult to produce a stiff fixture for the 4-ENF. Based on these findings the 3-ENF
configuration was chosen for the Mode Il fatigue delamination tests presented in this work.

The objective of this paper is to analyze and discuss the results of the onset fatigue induced delamination growth
tests in Mode | and Il in co-cured bonded joints, as well as to outline the procedures to conduct the tests based on quasi-
static delamination results.

2. EXPERIMENTAL PROCEDURE

The composite material used in this study was manufactured from T800 fibers embedded in a 3900-2C Toray®
prepreg UD resin. All the specimens have a thin teflon film inserted in the mid-plane that acts as a crack starter. The
lay-up of DCB and 3-ENF specimens used were [0°].s. The ASTM D6115 (2004), standard test method for Mode |
fatigue delamination growth, recommends a minimum of 6 specimens for the development of a strain energy release
rate versus number on cycles (G-N) curve in the DCB tests. The same consideration was taken for 3-ENF configuration.

The specimen’s dimensions were: length (L) 175.5 mm, width (B) 20 mm, thickness (h) 4.9 mm, and initial
delamination length (ag) 50 mm (Figure 1.a). Following the ASTM D7905 (2014) standard for the 3-ENF quasi-static
tests, the distance between the support rollers and the loading roller was 50 mm (L;) (Figure 1.b). When a sample is
placed in the test machine, it is important to guarantee a distance of 30 mm between the center of the left support roller
and the end of the insert (a). The rollers’ diameter is 10 mm (Figure 1.b).

For both testing configurations, the number of cycles associated with the onset of the delamination growth for a
given strain energy release rate ratio (G-level) was defined based on a reduction of 5% in the maximum load measured
at the first cycle N=1 (ASTM D6115, 2004). Table 1 presents the average values of the modulus of elasticity (E),
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compliance (|Ala) and the critical interlaminar fracture toughness for Mode | (Gic) and Il (Gic) obtained from previous
quasi-static tests carried out using samples of the same batch (Brito, 2017). The specimens were cycled under
displacement control at a frequency of 5 Hz (to avoid heating effects) (ASTM D6115, 2004).

Figure 1. Isometric view and dimensions of (a) the DCB and (b) the 3-ENF specimens (dimensions are in mm).

Table 1. Average values from de quasi-static test performed by Brito (2017).
E [Mpa] Gic[N/mm] Giie [N/mm] |Aav
Average 92094.3 0.095 0.798 8,5526

2.1. Mode I fatigue tests

The DCB fatigue tests were performed using a servo-hydraulic MTS testing machine (370.10) with a load cell of
100 Ib (=445 N). These tests were carried out in the Aerospace structures laboratory at Instituto Tecnolégico de
Aerondutica (ITA). Two load blocks were bonded to the upper and lower surface of the cracked end side of each
specimen (Figure 1.a and 2).

Figure 2. Mode | fatigue induced delamination test setup.

For DCB tests, Eq. (1), Eq. (2) and Eq. (3) were used to obtain a relationship between the critical load (P¢) and
critical displacement (8¢r) for delamination onset (ASTM D6115, 2004):

1
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Where Iy is the cross section moment of inertia of half of the sample (h/2).

For Mode | fatigue characterization, ASTM D6115-97 (2004) standard recommends a relation GimaxGier =50% (G-
level) to start with, based on Eq. (4):

2
5mazx — C;Imax O 50 (4)
[5cr max GIC

— O = [0 |1 1/0,50

With dmax calculated and considering a R-ratio (8max/ omin ) Of 0.1, it was possible to obtain the minimum (Smin) and
mean (dmean) displacement, thus providing all the required parameters to initiate the test. To complete a G-N curve,
several values of Gimax Were tested for different G-levels. From the values of dmax and Pmax at N=1 and the average of
compliance constant (|Alav), Gimax Was calculated for each specimen by using the beam theory correction (ASTM D6115,
2004):

3
( max max) (5)

max 2B(a+|4], )

2.2. Mode 11 fatigue tests

All the 3-ENF fatigue tests were performed at the Instituto de Pesquisas Tecnoldgicas (IPT), in S.P., Brazil. Using a
servo-hydraulic MTS testing machine with a load cell of 15 kN (Figure 3). Before the test initiation, the standard
recommends a preload application (in these work of 10 N) to ensure that the collected data is not affected by any initial
nonlinearity.

To obtain the relationship between the load (P) and displacement (&) of the 3-ENF tests an analytical model was
employed. Equation 6 describes this relation before the propagation of the crack (the linear portion) and Equation 7
describes it at the crack propagation regime. Equation 8 defines the cross section moment of inertia of the beam.

P(2L,° +3a,°)

- (6)
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3/2
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From the model above, the critical load (P¢r) and displacement (8¢r) was achieved at the intersection of both curves.
As in DCB tests, for each G-Level the parameters required to initiate a test are: the minimum (Smin), mean (Smean) and
maximum (3max) displacement, which are calculated by Eq. (4). Finally, from the values of dmax and Pmax at N=1, Gjimax
can be calculated using Eq. (9) (Donadon and Faria, 2016):

_3(Pz.a7)

limax — 8(BE|) (9)
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Figure 3: Mode Il fatigue induced delamination test setup.

3. TEST RESULTS

The number of cycles for crack initiation in each energy level is shown in Figure 4, where the orange curve
represents the different energies for Mode Il initiation, and the yellow curve represents the energies for Mode |
initiation.

0.3
MODE I
0.25 0O MODE II
'%I 0.16 Power law (MODE I)
. «++ Power law (MODE II)
02
— oy 0.141
- .
= 0.15 *
Z. ... 0.123
5 G ..(,"_(329 0.088
01 D '--.-n.-.B.‘...‘. 0084
-s.-.--o--..o-..-.D.._.._D
0.05 0.50
Bt5 0.425 0.40
0
0 200000 400000 600000 800000 1000000 1200000

Cycles to delamination growth onset [N]

Figure 4. Variation of onset fatigue life for different G-Levels in Mode | and 11 loading configurations.

Figure 4 shows the G-N curves for the DCB and 3-ENF tests. For Mode | configuration seven specimens were
tested. Values of Gimax Were subsequently determined for decreasing G-Level percentage as follows: 0.5, 0.45, 0.425
and 0.40 (Table 2). For Mode Il twelve specimens were tested. Gumax Values were obtained for the following G-Levels:
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0.16, 0.141, 0.123, 0.099, 0.088 and 0.084 (Table 3). It is considered that one million cycles with no detectable crack
extension provides a reliable threshold value. The DCB tests achieved their threshold energy release rate (108 cycles)
for a G-level of 0.40, with average value of Gimax= 0.021954 N/mm, while the 3-ENF tests reached it for a G-level of
0.084, with average value of Gimax= 0.084403 N/mm.

Table 2. Fatigue onset test data for the DCB specimens.

Specimen | G-Level N [cycles] Gimax [N/mm]
DCBO1 0.5 127000 0.035088
DCBO02 0.5 134000 0.034319
DCBO03 0.45 315000 0.030719
DCB04 0.45 343000 0.028875
DCBO05 0.425 581500 0.023396
DCBO06 0.40 959000 0.022474
DCBO07 0.40 1048000 0.021954

Table 3. Fatigue onset test data for the 3-ENF specimens.

Specimen | G-Level N [cycles] Giimax [N/mm)]
3-ENFO1 0.1601 27500 0.236799
3-ENF02 0.1601 17000 0.239970
3-ENFO03 0.1406 51500 0.174815
3-ENF04 0.1406 44500 0.177201
3-ENFO05 0.1228 251000 0.124028
3-ENF06 0.1228 199000 0.118382
3-ENF07 0.099 357000 0.106981
3-ENFO08 0.099 265500 0.104961
3-ENF09 0.088 506500 0.094910
3-ENF10 0.088 509000 0.101373
3-ENF11 0.084 1050500 0.084403
3-ENF12 0.084 940000 0.086593

O’Brien (1990) suggested that the G-N curve could be describe by linear equation between 10°< N < 10°. For the
present study, a linear regression did not fit properly to the data. Following Shivakumar et al. (2006) and Al-Khudairi et
al. (2015) a non-linear regression was fit to the data of both fatigue modes (Figure 4) providing a power law relation.
For the DCB and 3-ENF set-ups a power law equation fits accurately providing a squared correlation of R?=0.96 and
R?=0.98, respectively:

G,ay = 0.05236N °%%°

Imax

Gy = 3.141N 0%

limax

It can be observed that the co-cured joints used in this work performed better in Mode 11 in the overall range of
stresses analyzed. This behavior could be explained by the usual mechanism of failure (crack propagation) present by
this loading configuration (Brito, 2017; Shiino et al, 2014). In Mode II, crack propagation occurs as a consequence of
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the microcracks coalescence. Brito (2017) suggested that these microcracks take place in a damage zone located ahead
of the crack tip, thus causing an increase of the surface area related to the crack propagation, consequently, more energy
is involved in the process. Anderson (2005) established that the increasing of the fracture toughness is related to the
dissipation of this energy in that large damage zone.

4. FRACTOGRAPHY ANALYSES.

A fractography analysis was performed on specimens of both loading modes using a scanning electron microscope
(SEM) VEGA3 XMU TESCAN. All the images were taken in the section between teflon film and the resin pocket. The
samples were cut in smaller beams leaving enough distance to not affect the area of study. To improve the visualization
of the surface morphology, the surface of the specimens were covered with a thin film of gold using a vacuum pump
QUORUM-Q150RES.

Figure 5(a) shows the fractographic lateral view of a Mode | sample. In this image, the carbon fiber and polymeric
matrix layers can be observed. Additionally, it is possible to notice the teflon film and the resin rich area produced by
the change of thickness between the film and the interlayer. Fig. 5(b) presents a higher magnification of the end of the
artificial delamination (Region A). The interface between teflon film and the polymeric matrix presents some
microcracks, which is expected in this area due to its function as a crack starter. Furthermore, it was possible to detect
some thermoplastic particles located along the resin; these particles have the purpose of improving the fracture
toughness of the laminate. In these images, no crack propagation was found.
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Fiur 5. Sple tested under M configuration (a) Side view of the etion between teflon film and the resin
pocket (Magnification 150x) (b) Interface teflon-Polymeric Matrix and thermoplastic particles (Magnification 1kx).
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————————

Sample tested under Mde Il configuration (a) Side view of the section between teflon film and the resin
pocket (Magnification 500x), (b) Microcracks and Thermoplastic particles (Magnification 3kx).

Figure 6.
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Figure 6 presents the fractographic lateral view of a Mode Il specimen. It is noticed in Fig. 6 (a) and more so in
Fig.6 (b), that the interface between the teflon film and resin pocket presents a crack initiation, which is probably due to
a weak adhesion between these two parts. Additionally the authors observed the presence of several microcracks at the
resin rich area, which are typical of the mode Il mechanism of failure, as explained in Section 3. This also confirms the
higher values of the strain energy release rate obtained in the Mode Il tests. It is important to notice that the microcracks
did not coalescence

5. CONCLUSIONS

In this paper Mode | (DCB) and Mode Il (3-ENF) tests were performed in order to characterize the fatigue
delamination growth onset threshold in co-cured composite joints under pure Mode | and Il. The three point End
Notched Flexure (3-ENF) was chosen as the setup for Mode Il fatigue delamination tests due to reduced frictional
effects and geometric nonlinearities provided by this configuration in comparison with 4-ENF testing setup.
Experimental results show that the co-cured joints investigated in this work exhibit an overall better fatigue
performance in pure mode Il compared with mode I loading. The values of no-growth threshold energy release rates for
mode | and mode Il were Gimax= 0.021954 N/mm and Gumax= 0.084403 N/mm, respectively. The experimental results
were fitted by a power law type equation. The fractography analyses show thermoplastic particles along the resin of the
co-cure joint, these particles could lead to an improved the Mode Il strain energy release rate. Microcracks typical of
pure mode Il were observed in resin rich areas, which may explain the higher energy release rate values found in the 3-
ENF tests.
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