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ARTICLE INFO ABSTRACT

Dataset link: http://dx.doi.org/10.17632/jbréz
ytdps.1

The main objective of this paper is to present a delamination benchmark test concept for composite materials
that develop non-self-similar delamination in characterization specimens. The non-self-similar delamination is
induced by rotating the loading blocks. The simplicity of the test allows for analyzing the loading mode history
by concatenating different loading conditions, such as static and fatigue loading, under multiple loading modes.
The methodology introduced in this paper can be particularized for any given composite material set and any

Keywords:
Benchmark validation test
Delamination process zone

Fatigue sequence of loading conditions. To demonstrate the capabilities of the benchmark test, a case study is presented
R-curve effect using AS4D/PEKK-FC thermoplastic composite material, which exhibits strong R-curve behavior. A sequence
Loading history of opening and shear failure modes was applied under static and fatigue loading, providing an experimental

data set that is ready to be used as a part of the validation of numerical predictive delamination models. The
delamination process was monitored by X-ray radiography, and the final fracture surfaces were analyzed with
scanning electron microscopy (SEM), giving a physical insight into the contribution of the fracture mechanisms
to the delamination process.

1. Introduction

The transport industry is increasingly moving towards more op-
timized and lightweight structures [1]. Cost-efficient and sustainable
designs must meet structural integrity and reliability [2,3]. To this end,
experimental testing is the basis in which state-of-the-art design tools
are developed, providing characterization and validation data.

Characterization methodologies for delamination onset and propa-
gation of composite material under different loading conditions have
been widely studied in literature over the past decades [4-12]. Char-
acterization tests are usually performed in geometrically simple spec-
imens, and data reduction schemes are used trying to synthesize the
whole test into some experimental constants that are assumed to be ma-
terial properties. However, some simplifications are sometimes made
which are not representative of the in-service loading conditions. For
example, characterization tests can be approximated to a 2D loading
scenario, and they do not consider the transient effects of alternating
different loading conditions such as (a) static and fatigue loading, (b)
amplitudes in fatigue loading (load interaction effects), and (c) alter-
nating different loading modes. Moreover, in fracture characterization

tests, self-similar damage evolution is generally assumed, collapsing the
whole fracture process zone and using linear elastic fracture mechanics
approaches [13-15].

Characterization tests are used to obtain material properties that
can be implemented into phenomenological models to predict the
behavior of structures. To ensure that the designs are both reliable and
optimized, the predictive capabilities of the models and the significance
of the experimental characterizations must be validated. Some works in
literature verify their models by simulating the characterization tests
from which the material properties were obtained [16-19]. However,
this practice cannot be considered as a validation of the model be-
cause it may result in not evaluating the aforementioned important
effects that structures withstand under in-service loading conditions.
The shortcomings of only verifying the predictive tools against char-
acterization tests get accentuated when using composite materials that
exhibit resistance curve (R-curve) influence, since transient effects are
more significant. This is the case of new generation thermoplastic
resins [20,21], which exhibit strong R-curve influence due to fiber
bridging and/or plastic strain.
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A significant validation test must allow to measure and have a
full understanding of the relationship between the applied boundary
conditions and the consequent damage evolution/delamination pro-
cess. The test must also achieve a compromise between simplicity of
testing and faithful representation of the failure mechanisms involved
during in-service application. However, there are not many examples
in the literature where these features are met. Regarding validation
tests that consider the 3D effects of a structure, a benchmark test for
mode I fatigue delamination based on the concept of the reinforced
DCB specimen (R-DCB) was first developed for an epoxy/carbon fiber
material system [22]. A non-self-similar delamination with a curved
and shape-shifting crack front due to the 3D geometry was achieved
under static and fatigue loading. The delamination front was moni-
tored by means of X-ray radiography, although other non-destructive
inspection techniques such as acoustic emissions (AE) [23] could be
used to capture the 3D delamination process. The same concept was
replicated for a glass fiber R-DCB which exhibited large-scale fiber
bridging [24]. In this case, an automated digital image-based method
was used to track the delamination front. In [25], unnotched and
open-hole composite specimens were statically tested under sub-critical
traction and compression loading. Damage evolution was monitored to
obtain model validation data: damage location, amount, stiffness loss,
and strength loss. It can be concluded that there is a rather limited num-
ber of examples of validation tests in which a complete understanding
of the correlation between applied boundary conditions and damage
evolution in composite structures under a realistic 3D state of loading
is achieved. Moreover, in the existing validation tests, the testing
configuration is limited by the specimen geometry, and therefore, a
different specimen is required to have a new test configuration.

Concerning validation tests that take into account the contribution
of fatigue amplitude, Jensen et al. investigated the influence of fatigue
delamination of step changes in block amplitude loading [26]. An
analysis of the transient delamination growth under variable ampli-
tude loading in G-control [27] was performed by the same authors.
The effect of variable amplitude block loading on intralaminar crack
initiation and propagation in multi-directional laminates was analyzed
in [28,29]. Recently [30] correlated the measured strain energy release
rate in a fatigue cycle with acoustic emission measurements concluding
that the applied fatigue loading amplitude influences the activation of
different damage mechanism thresholds, having an impact in delamina-
tion resistance. It must be mentioned that all these investigations were
performed under mode I loading resulting in a 2D load case scenario,
while there are no 3D case studies.

Regarding the influence of loading mode history, while brittle ma-
trix cracking and fiber bridging are dominant under mode I loading,
plastic deformation and the creation of hackles ahead of the crack tip
due to shear stresses dominate the shear mode delamination [31]. In
mixed-mode loading, failure mechanisms of both pure loading modes
are present to some extent as a function of the mixed-mode ratio.
Even if characterization tests and data reduction methods that analyze
the coupled effect of mode I and shear mode loading are available in
literature [32-35], there is a limited amount of investigation regarding
how a material zone damaged by a certain loading mode behaves under
a different loading mode. A round-robin test campaign was presented
in [36], investigating different pre-cracking modes applied to mode II
or mixed mode tests. It was found that fracture toughness values from
pre-cracks were lower than those from inserts and that there is little
difference between mode I and mode II pre-cracks. Considering the
limited amount of data, and since the material damages in a certain way
to resist a given loading mode, it is worth investigating the response of
the material when different loading modes are applied consecutively at
a partially developed delamination process zone.

This feature is of great interest when working with composite
materials that exhibit strong R-curve effects. R-curves of materials
are triggered by the activation of different failure mechanisms, and
are characterized from standardized fracture tests. Recent works have
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developed models to consider the R-curve effect as a function of the
loading mode angle (mode I - mode II) [37-39] based on Benzeggagh
and Kenane (B-K) criterion [40]. However, this approach does not
consider the effect of concatenating a given loading mode after the
other, nor the effect of mode III.

In this work, a novel delamination test concept is introduced based
on mode I and mode II characterization tests, where the boundary
conditions are modified by rotating the loading blocks of the test rig
with respect to the longitudinal axis of the specimen. Developing this
concept, a benchmark test where the combined transient effects of
(a) 3D loading scenario, (b) alternating static and multiple amplitude
fatigue loading, and (c) alternating different loading modes during
non-self-similar delamination processes (loading mode history) are an-
alyzed. Moreover, the benchmark test does not just give information
from the crack tip location, but it also gives qualitative information
on the fracture process zone evolution using X-ray radiography data
and post mortem SEM images. To demonstrate the capabilities of the
benchmark test, a case study is performed on a AS4D/PEKK-FC thermo-
plastic composite, where a sequence of mode I and shear mode loading
(combined effects of mode II and mode III) under static and fatigue
conditions is applied.

This paper is structured as follows: in Section 2, the test concept
to achieve the non-self-similar 3D delamination process in characteri-
zation specimens is explained. In Section 3, the methodology used to
perform the validation case study is developed, detailing the material
system, the boundary conditions, the loading sequence, and the test
monitoring procedure. In Section 4, the results of the validation case
study are presented. In Section 5, the influence and mechanics of
the delamination process zone during the 3D non-self-similar delam-
ination under complex loading conditions are discussed. Finally, the
conclusions are presented in Section 6.

2. Non-self-similar delamination in characterization specimens

In this section, a new delamination test concept for composite ma-
terials is introduced. The boundary conditions yield a non-self-similar
delamination process in simple characterization specimens that cannot
be simplified as a 2D loading case. It is understood as a non-self-
similar delamination process when the delamination growth driving
direction [41] of a local point within the delamination process zone is
different with respect to (a) the growth driving direction of the leading
delamination tip and (b) the growth driving direction of other points
within the process zone. For example, in Fig. 1b, the delamination
growth driving direction of the local point D is different from the
growth driving directions of the leading delamination tip (point C) and
another point in the process zone (point E).

Given a DCB specimen starting from the insert, if a standardized
mode I or mode II test is performed [13,15], the delamination will grow
parallel to the longitudinal axis of the specimen. This is achieved thanks
to applying the boundary conditions perpendicular to the longitudinal
axis of the specimen, imposing a homogeneous distribution of strain
energy release rate (SERR) along the delamination front.

However, if the loading fixtures are set so that they both form an
a angle with respect to the perpendicular of the longitudinal axis of
the specimen, a SERR gradient is imposed along the delamination front
(Fig. 1a). Therefore, the growth driving direction of the delamination
leading tip will evolve differently from the specimen’s longitudinal
direction as the delamination occurs. As the delamination process zone
evolves, the different local points within the process zone will have a
different growth driving direction with respect to the leading tip growth
driving direction as well as with respect to other local points’ growth
driving directions (Fig. 1b).

Besides, if the material being tested has significant R-curve ef-
fects, as a fracture process zone is created under a non-self-similar
delamination process, the development of the R-curve is dissimilar at
different delamination process segments. The R-curve evolution state
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Fig. 1. (a) Strain energy release rate gradient achieved by rotating the loading
fixture an « angle, where the arrow outside the specimen indicates the delamination
propagation direction, which is defined by the longitudinal axis of the specimen, (b)
Representation of a non-self-similar delamination process that cannot be simplified
as a 2D loading case because at each delamination state, each material point has a
delamination direction which is defined locally. The local delamination direction might
be different from the delamination propagation direction defined by the longitudinal
axis of the specimen, (c) Dissimilar evolution of the R-curve along the process zone,
(d) Dissimilar SERR severities as a function of R-curve development states.

of segments A, B, and C in Fig. 1b are represented in Fig. 1c. Therefore,
a fracture toughness gradient will be formed along the width of the
specimen due to the dissimilar R-curve evolution.

As a consequence of the dissimilar development of the R-curve
along the width of the process zone, under sub-critical fatigue load-
ing conditions, the applied SERR severity (G,jiea/Gc ) is different as
a function of the fracture toughness gradient (Fig. 1d), resulting in
different fatigue delamination growth rates locally.

The concept of rotating the loading fixture an « angle with respect
to the perpendicular of the longitudinal axis of the specimen can be
concatenated as many times as desired, changing the value of the angle
within the —180° < « < 180° range. This can by easily done just
by moving the loading fixture, resulting in an ever-evolving non-self-
similar delamination process. Furthermore, static and fatigue loading
conditions can be concatenated, and the test can also accommodate
variable amplitude and/or simultaneous variable frequency fatigue
loading, such as standard flight load spectra.

In order to locate the non-perpendicular delamination front, con-
ventional visual examination of the lateral surfaces is insufficient. More
sophisticated approaches are required, such as direct monitoring of the
top face of the specimen, as proposed in the study conducted by Bak et
al. [42], or utilization of alternative methodologies like X-ray imaging
as suggested by Carreras et al. [22].
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Table 1

AS4D/PEKK-FC thermoplastic composite elastic properties at room temperature [20]:
Property Description Value Unit
E, Young’s modulus, fiber tensile direction 138300 MPa
E, Young’s modulus, matrix tensile direction 10400 MPa
G, =G5 Shear modulus 5190 MPa
Via Poisson ratio, 1-2 direction 0.316 -
Vo3 Poisson ratio, 2-3 direction 0.487 -

3. Benchmark test

In this section, a delamination benchmark test for composite ma-
terials is presented. The inclined loading block test concept is used to
apply different loading modes under different loading conditions (static
and fatigue).

The proposed methodology is exemplified with the AS4D/PEKK-
FC thermoplastic composite material. All necessary experimental data
for validating predictive models under a multi-mode static and fatigue
loading sequence in a material with R-curve effects is described in the
next subsections.

3.1. Material properties

The material used in this work is the Solvay (formerly Cytec) APC
(PEKK-FC) thermoplastic polymer prepreg that is a fast-crystallizing
thermoplastic matrix of poly ether-ketone-ketone commonly referred
to as PEKK-FC, reinforced with a continuous unidirectional AS4D fiber
with a nominal ply thickness of 0.138 mm [43]. The elastic properties
of the laminate are summarized in Table 1. The interlaminar fracture
properties and the standardized characterization procedures are listed
in Table 2.

3.2. Specimen design

Standard characterization specimens were used in the benchmark
test [13,15]. An AS4D/ PEKK-FC flat panel that consists of 30 unidirec-
tional plies was manufactured through autoclave consolidation, using
a curing cycle of a heating ramp of 5 °C/min, an iso-thermal stage
at 377 °C of at least 45 min, and a cool-down speed in the order of
5 °C/min. The specimens were not preconditioned before testing. From
that flat panel, a batch of specimens was machined. The specimens were
designed to be 25 mm wide and 225 mm long. The thickness of the
specimens was about 4.2 mm. Due to the high melting temperature of
thermoplastic composites, a 12.5 mu thick UPILEX foil (60 mm long)
was used as an insert to start the crack.

3.3. Measuring the delamination process evolution

Radiography was performed using an X-ray source with a maximum
power of 20 W, a focal spot of 5 pm, and a 2400 x 2400 pixel
detector manufactured by HAMAMATSU and assembled by NOVADEP
Scientific Instruments. X-ray images were captured using the settings
35 kV, 120 pA, and analogue integration of 5 images, with each image
exposed for 3 s. To improve X-ray contrast, a solution containing 520 g
of zinc iodide, 86.5 ml of distilled water, 86.5 ml of alcohol, and
26 ml of Kodak Photo-Flo 200 was utilized [22]. During X-ray imaging,
the specimen arms were opened using a wedge and the solution was
applied between the specimen arms using a pipette, the specimen was
located vertically to ensure the contrast solution reached the front of
the delamination gravitationally. The opening imposed with the wedge
was 1 mm, having a negligible impact on creep and/or visco-elastic
behavior of the material during the X-ray measurements. The whole
process of acquiring each radiography image was less than 2 min. Also,
the contrast solution has not been reported to impact the delamination
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Table 2
AS4D/PEKK-FC thermoplastic composite fracture properties at room temperature [20,21]:
Property Description Procedure Value Unit
G, Mode I fracture toughness, initiation ASTMD 5528 [13,20] 0.7 N/mm
G, Mode I fracture toughness, propagation ASTMD 5528 [13,20] 1.12 N/mm
Grpei Mode II fracture toughness, initiation ISO 15114 [15,20] 1.45 N/mm
Girep Mode II fracture toughness, propagation ISO 15114 [15,20] 2.35 N/mm
C, Mode I Paris’ law coefficient Multi-fatigue test rig [21] 93.2 mm/cycle
Pr Mode I Paris’ law exponent Multi-fatigue test rig [21] 8.87 -
Cyy Mode II Paris’ law coefficient Multi-fatigue test rig [44] 3.82E-2 mm/cycle
Prr Mode II Paris’ law exponent Multi-fatigue test rig [44] 2.87 -

r linear regression of 99 pixels. Each of the moving linear regression data
points comprises the information of the last 0.455 mm of the contrast
signal. The data points that met two threshold criteria were set to be
the leading delamination front and the wake of the damage process
zone: (a) the calculated slope of the moving linear regression deviated
from the initial trend and (b) the R? of the regression was less than 0.7

Completely | for the case of the leading delamination front and less than 0.85 for
open zone

+ Contrast solution

Wake of the

e N e delamination
process zone
Delamination |
Process Zone

Delamination
leading front

Fig. 2. Sketch of the X-ray inspection with the contrast solution and the damage
process zone.

resistance of composite materials [22]. This process was repeated for
each measurement.

Transmission X-ray imaging was used to capture images of the
specimen, whereby the specimen was positioned between the X-ray
transmitter and detector, with the beam crossing the specimen per-
pendicular to the plane of delamination. Prior to the test, a reference
X-ray image of the specimen was taken. The delamination process was
assessed at programmed intervals by subtracting the reference image
from the current X-ray image. The difference in intensity between both
images was only significant at the delaminated region, thanks to the
dye solution.

Since the specimen arms were opened with a wedge during X-ray
imaging, the attenuation of the X-ray signal due to liquid accumulation
decreased as approaching to the delamination leading front, see Fig. 2.
This decrease is continuous, and it is the result of the combination of
the attenuation constant of the contrast solution, the opening of the
arms, and the distance to the leading delamination front. If energy
dissipation mechanisms such as micro-cracks, plastic strain, or fiber
bridging remain active, they lead to a damage process zone with an
accumulation of voids where the liquid can penetrate. There is no
longer an empty space to fill in with the liquid but a porous region
with different material or void density and, therefore, having different
X-ray permeability. This fact allows for detecting deviations in the
attenuation signal function.

An automated procedure was developed aiming at detecting both
the delamination leading front and the wake of the damage process
zone (FPZ). The procedure consisted of discretizing the specimen width
in 125 segments and running an image processing algorithm for each
segment. The grey-scale value of each pixel was read by the algorithm,
creating a contrast signal in each segment, where the pixel length
was 4.55 E-2 mm (Fig. 3a). The acquired contrast signal was first
smoothed with a low pass filter and then approximated to a moving

the case of the wake of the damage process zone (Fig. 3b). The thresh-
old criteria to determine the delamination leading front was set and
verified to match the noticeable change in slope of the crossing linear
regressions defined in [22]. There was a higher dispersion determining
the wake of the process zone, and therefore, setting a threshold was
less straightforward. The wake threshold criteria were fit to consistently
capture the deviation from the linear regression in several X-ray images
that were used as a reference. Since the same threshold was used to
determine the wake of the damage zone in all the X-ray images, it is
a useful measure to qualitatively analyze the evolution of the damage
process zone.

In Fig. 3d, the detected leading delamination tip (black dot) and
the wake of the damage process zone (gray cross) points for the 125
segments of an X-ray inspection interval are plotted. The wake of
the process zone and the delamination leading tip points delimit the
damage process zone. The higher dispersion in the location of the wake
of the process zone is understood as inherent to the characteristics of
the different damage mechanisms that constitute it.

3.4. Test boundary condition sequence

The following loading sequence was applied to the specimen:

1. The benchmark test started from the insert at an initial crack
length a;, of 41 mm. A mode I pre-crack of 15 mm was performed
following the ASTM D5528 standard [13], with the loading
block set perpendicular to the longitudinal direction of the spec-
imen. The objective was to create a leading delamination front
perpendicular to the longitudinal direction of the specimen with
a developed static damage process zone in the wake.

2. Shear mode loading was applied with the ELS test rig specified in
the ISO 15114:201 [15] standard, but setting the loading block
inclined + «a in a counter-clockwise direction with respect to the
longitudinal direction of the delamination plane (Fig. 4). The
specimen length / from the most distant point of the loading
block to the clamping fixture was set to 90 mm, and the distance
to the pre-crack, a,, of 56 mm, ensuring stable delamination and
enough distance for the FPZ to fully develop [45]. Shear mode
loading was stopped at least 20 mm away from the clamping
fixture to avoid any influence of the clamping on the test results.

3. A mode I load was applied using the setup described in ASTM
D5528 standard [13] to the existing shear mode leading delam-
ination front. The loading block angle was inverted from + «
to — a by pure rotation of the loading blocks with respect to
the middle point of the specimen width (clockwise direction)
(Fig. 5).

Each time the angle of the load block changes, the load block
must be released from the specimen and bonded at the new angle. To
simplify this process, the authors suggest using fast-curing adhesives to
bond the load blocks to the specimen.
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Fig. 3. Automated procedure to detect the leading delamination front and the wake of the damage process zone in X-ray radiography images, based on a moving linear regression
of 99 pixels (0.455 mm). (a) acquired contrast signal of a width segment of the specimen extracted from the X-ray gray-scale values, (b) evolution of the moving linear regression
slope and R® used as threshold criteria to detect the delamination leading tip and the wake of the process zone, (c) gray-scale plot of an X-ray image, and (d) plot of the detected
delamination leading tip and the wake of the process zone points for all the segments in an X-ray image.

3.5. Static loading sequence

Following the boundary condition sequence, a fully static test was
performed. One specimen was tested under this condition. The static
test was performed in laboratory conditions at 23 + 2 °C and at a RH
of 50 + 5%. The static loading sequence is summarized in Table 3. The
exact location of the loading block in each step is defined by the dis-
tances set in section 3.4 and the loading angle defined in Table 3. The
maximum displacement defined in Table 3 refers to the displacement
at the end of each static step, applied at the loading pin (dashed line
in Fig. 4). The step name nomenclature gives information regarding
the loading is static (S) and is followed by the boundary condition
sequence number. In the first step, S.1, a DCB pre-crack was performed
at a constant displacement rate of 5 mm/min. The crack front after the
pre-crack was located using X-ray radiography.

Next, a sequence of ELS tests was carried out (S.2a) with a loading
angle +30°. The sequence consisted of a loading-unloading process
at every displacement increment defined in Table 3. The loading and
unloading rates were 2 mm/min and 5 mm/min, respectively. When
the delamination front started to propagate, the loading velocity was
slowed to 1 mm/min, and the displacement increment between cycles
was set to 0.5 mm (Step S.2b). At the end of each displacement

increment, the specimen was released from the testing rig and the
leading delamination front was inspected with X-ray radiography.

In the last step, the same method was repeated for the mode I test,
setting the displacement increment at 1.5 mm, loading the specimen
at 2 mm/min, and unloading it at 5 mm/min (step S.3). Again, the
delamination process was inspected with X-ray radiography.

3.6. Hybrid static-fatigue loading sequence

The test configuration was replicated under a combination of static
and fatigue loading. Two specimens were tested under the conditions
specified in Table 4. The tests were performed in laboratory conditions
at 23 + 2 °C and at a RH of 50 + 5%. The step name nomenclature
gives information regarding the loading is hybrid static-fatigue (H) and
is followed by the boundary condition sequence number. The first step
(H.1) consisted of a pre-crack DCB test. with a constant displacement
rate of 5 mm/min until a crack length of g, = 41 mm was achieved.

Next, an ELS fatigue test was carried out under displacement control
with the blocks rotated at an angle @ = —30. The fatigue loading se-
quence was initiated under sub-critical load. The applied maximum dis-
placement was 7 mm, and the displacement ratio was Ry = 8in/6max =
0.1 (Step H.2). The first 100 cycles were run at a test frequency of 1 Hz
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Table 3
Loading conditions of the static test sequence:
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Step Loading mode Loading angle, Maximum displacement, Displacement increment between
a [°] Spax [mm] loading-unloading cycles [mm]
S.1 Mode 1 +0° - -
S.2a Shear mode +30° 10 1
S.2b Shear mode +30° 145 0.5
S.3 Mode I -30° 25 1.5
Table 4
Loading conditions of the hybrid static-fatigue test sequence:
Step Loading mode  Loading angle, = Maximum displacement, =~ Number of
a [°] Spax [mm] cycles
H.1 Mode I +0° - - (static)
H.2 Shear mode +30° 7 12 000
H.3a Mode 1 -30° 5 30 000
H.3b  Mode I -30° 10 - (static)
H.3c  Mode I -30° 10 400 000

to allow a smooth transition from mode I static loading to shear mode
fatigue loading. For the rest of the cycles, the test frequency was 5 Hz.
Stops were programmed at 200, 500, 1000, 2000, 3000, 4000, 5000,
6000, 7000, 8000, 10000, 12000 cycles, in which X-ray inspections of
the delamination process were performed.

Then, sub-critical mode I fatigue loading was applied under dis-
placement control at a maximum displacement of 5 mm and at a
displacement ratio of Ry = 0.1 (Step H.3a). The frequency of the first
100 cycles was 1 Hz to allow a smooth transition from shear mode
fatigue delamination to mode I fatigue loading. Setting a low frequency
of 1 Hz was a precautionary measure to minimize a possible uncon-
trolled propagation of the process zone when changing the loading
mode. Afterward, a test frequency of 5 Hz was set. The stops for X-
ray monitoring were performed at 100, 200, 500, 1000, 5000, 15000,
30000 cycles.

After that, a static DCB test was carried out by loading the specimen
under mode I loading at a constant loading rate of 2 mm/min until an
opening displacement of 10 mm was reached (Step H.3b), keeping the
same angle « like in the previous step (Step H.3a).

Finally, fatigue loading was applied under displacement control
at a maximum displacement of 10 mm and a displacement ratio of
R4 = 0.1 (Step H.3c). The maximum displacement was equal to the
critical displacement applied in the previous step (H.3b). Like in the
previous fatigue steps, the frequency of the first 100 cycles was set
to 1 Hz, increasing the test frequency of 5 Hz for the rest of the test.
The delamination process was inspected at 100, 200, 500, 1000, 5000,
15000, 30000, 100000, and 400000 cycles.

3.7. Post mortem fracture surface inspection

After the hybrid benchmark was tested, the fractured surfaces of the
specimen were investigated by means of Scanning Electron Microscopy.
The field emission scanning electron microscope Hitachi S4100 was
used with a resolution of 3 nm at 20 kV. The specimens were opened
“by hand”. In this process, all the fibers bridging at the current damage
process zone broke. However, SEM inspections were done on regions
that were already completely separated beforehand opening. The sam-
ples were mounted on a 12 mm diameter aluminum sample holder stub
with a double-adhesive carbon disc. A carbon coating was applied to
the samples with an EMITECH K950 evaporator. Several points of the
fractured surfaces of the different loading steps were inspected.

4. Benchmark test results

In this section, the results of both static and hybrid benchmark tests
are presented: the load-displacement curves, the delamination process
evolution data from the X-ray, and the SEM images of the fractured
surfaces.

Fig. 4. (a) front and (b) lateral photographs of shear mode loading in the ELS test
rig with the loading block inclined +30° (counter-clockwise direction) with respect to
the longitudinal direction of the specimen. (c) 2D scheme of the top of the specimen,
where q, is the initial delamination length at the start of the shear mode loading,
I is the length of the specimen from the most distant loading point to the start of
the clamping fixture, « is the loading block inclination with respect to the longitudinal
direction of the specimen, and 24 is the total thickness of the specimen. (d) 3D scheme
of the specimen.
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Fig. 5. Mode I loading in the DCB test rig with the loading block inclined —30°
(clockwise direction) with respect to the longitudinal direction of the delamination
plane.

4.1. Static results

The results of each loading step of the static benchmark test are
presented in the next subsection. The information on the boundary
conditions applied in each step is included in Table 3.:

4.1.1. Step S.1: Static mode I loading, +0° loading angle

The first step was a quasi-static DCB with the block perpendicular
to the crack propagation direction. The delamination process started
from the insert at an initial crack length a, of 41 mm, and it was
stopped after the delamination leading tip reached a distance of 56 mm
from the loading block. In its wake, the presence of a damage process
zone was detected. X-ray radiography was taken after the test (i.e. after
unloading the specimen). The delamination state after mode I is plotted
in Fig. 7 (first image on the top left, d = 0 mm), after post-processing
the X-ray radiography data as specified in Section 3.3. The location of
the leading delamination front is represented with black dots, while the
detection of the wake of the damage process zone is illustrated with
gray dots.

4.1.2. Step S.2a and S.2b: Static shear mode loading, +30° loading angle

After stopping the pre-cracking process, the loading blocks were
rotated +30° (steps S2.a and S2.b). The test rig was changed to shear
mode configuration (ELS test) as specified in Section 3.4.

In Fig. 6 the load-displacement curves resulting from the loading-
unloading-inspection process of steps S.2a and S.2b are plotted. Each
loading curve follows the unloading path of the previous curve until
the onset of damage with a low amount of hysteresis, proving the
consistency and repeatability of the inspection methodology. However,
contrary to what it was expected, the non-linearity in a given loading
path was onset at a lower value of force before reaching the maximum
displacement of the previous loading path.

After each loading-unloading cycle X-ray radiography were ob-
tained, Fig. 7 presents the leading delamination front (black dots)
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Fig. 6. Load-displacement curves of the static ELS test (Steps S.2a and S.2b).

and the wake of the damage process zone (gray dots) detected. For
comparison purposes, also the loading delamination tip after S.1 step
is plotted. The results from d = 4 to d = 10 correspond to step
S.2a and subsequent displacements to step S.2b. From 4 = 0 mm to
d = 9 mm no delamination leading front propagation was observed
from the X-ray radiography (static step S.2a). Moreover, within the
0-9 mm displacement range, the wake of the process zone remained
the same. The results are in accordance with the force-displacement
curves, where no deviations from the linear loading were observed in
this range.

From d = 10 mm to d = 14.5 mm the crack front propagated at
different rates along the specimen width, resulting in a rotation of
the leading delamination front, which pivoted with respect to the left-
hand-side following the inclination of the loading blocks (step S.2b).
As the leading delamination front advanced, a new shear mode fracture
surface was created (the area delimited by the black and blue dots). The
wake of the damage process zone also moved. Instead, it was detected
at the shear mode surface. The last image in Fig. 7 (d = 14.5 mm) shows
a rotated crack front with an inclination towards the inclination of the
block, but with a different angle, followed by the damage process zone
wake located inside the new created fractured surface.

4.1.3. Step S.3: Static mode I loading, —30° loading angle

As shown in Table 3, in this step the loading block was inverted
an angle of « = —30° by pure rotation of the loading blocks with
respect to the middle point of the specimen width, and the test was
switched to mode I loading configuration (DCB test). In Fig. 8 the load—
displacement curves from the loading-unloading-inspection process of
step S.3 are plotted. As in the case of Steps S.2a and S.2b, a low amount
of hysteresis is observed, but the non-linearity started after d = 6 mm.

Due to the new loading block configuration and the inclination
of the leading delamination front, the applied strain energy rate was
maximum at the delamination point that was closest to the loading
block (left-hand side of the specimen at Fig. 9, d = 3 mm). From d
=0 mm to d = 12 mm, the leading delamination front propagated at a
higher rate at the points closer to the loading block. At d = 6 mm the
wake of the process zone moved inside the fractured surface created
by shear. However, after increasing the displacement to d = 7.5 mm,
the wake of the process zone was located at the mode I delaminated
surface. A perpendicular leading delamination front was obtained at
d = 12 mm. Then the delamination leading front still propagated at
different rates due to the inclined loading angle, resulting in a rotation
of the crack front pivoting with respect to the right-hand-side crack tip
point (d = 12 mm to d = 24 mm). The wake of the damage process
zone was fixed and did not move.
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Fig. 7. Steps S1, S.2a and S.2b: Evolution of the delamination process under shear mode static loading monitored with X-ray radiography. X, is the specimen width, and X, is
the specimen length from the load application point.

100 ' Fvs dDCB, a = 30° ' 4.2.1. Step H.1: Static mode I loading, +0° loading angle
The first step was a quasi-static DCB with the block perpendicular
90 [ 1 to the crack propagation direction. Fig. 11 shows the X-ray inspections
sol ] done at each inspection period. N = 0 mm represents the state after the
static mode I pre-cracking procedure. The pre-cracking was initiated
0r ] from an insert with an initial crack length g4, measuring 41 mm, then
60 | j propagation of the leading front until a crack length of 56 mm was
= sol | followed, developing a static damage process zone.
Ry
40+ _ 4.2.2. Step H.2: Fatigue shear mode loading, +30° loading angle
Following the pre-cracking procedure, the loading blocks were ro-
sy | tated an angle « = +30°. This rotation positioned the farthest point of
20 1 the loading block at a distance of 56 mm from the former delamination
front. An ELS fatigue test was carried out.
101 . .
The fatigue test was conducted under displacement control shear

0? : : ; ‘ ‘ mode cyclic loading with a maximum displacement of 7 mm and

0 ° 10 d [:jm] 20 2 %0 displacement ratio R = 0.1, having sub-critical shear mode loading.
The cyclic test was carried out during 12000 cycles. The monitored
Fig. 8. Load-displacement curves of the static DCB test (Step S.3). delamination evolution with X-ray radiography is plotted in Fig. 11.
After 500 cycles, the wake of the process zone inside the mode I fracture
4.1.4. Overview of the static benchmark results surface was no longer detected. During the shear fatigue test (Step H.2)
In Fig. 10 an overview of the delamination process is presented, the delamination evolved analogous to the static loading (Step S.2a
where the most significant events regarding the delamination leading and S.2b). At the end of the shear fatigue test, an inclined leading
front and the wake of the damage process zone evolution during the delamination front was found, and a shear mode fracture surface was
static benchmark test are summarized. generated. A process zone wake was detected inside the shear mode
fracture surface after 3000 cycles. A high repeatability between both

4.2. Hybrid loading results tested specimens was observed.

The results of each loading step of the hybrid benchmark test are 4.2.3. Step H.3a: Fatigue mode I loading, —30° loading angle
described in the next subsections. The information of each load step is In this step a mode I DCB fatigue test was performed and the loading
included in Table 4.: block angle was rotated from +30° to —30°. A displacement control
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Fig. 9. Step S.3: Evolution of the delamination process under mode I static loading monitored with X-ray radiography.
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Fig. 10. Overview of the static benchmark results, where « is the inclination of the block.

test at a maximum displacement of 5 mm and R = 0.1 was carried
out, resulting in a sub-critical fatigue loading test. The delamination
evolution is reported in Fig. 12. In total 30 000 cycles were applied, in
which the inclined leading delamination front kept rotating, positioning

it perpendicular to the longitudinal axis of the specimen due to the
loading block angle configuration. A total divergence of about 4 mm
at the left-hand side of the leading delamination front was observed
between the two tested specimens. However, the same response in both
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Fig. 11. Step H.1 and H.2: Evolution of the delamination process under shear mode fatigue loading at a maximum displacement of 7 mm monitored with X-ray radiography fore
the two specimens tested (spc.1 and spc.2).
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Fig. 12. Steps H.3a and H.3b: Evolution of the delamination process under mode I fatigue loading at a maximum displacement of 5 mm monitored with X-ray radiography.

specimens was monitored. Despite the fact that mode I delamination 4.2.4. Step H.3b: Static mode I loading, —30° loading angle

was promoted, the shear mode process zone did not move during mode After the sub-critical mode I fatigue, static delamination was pro-
I fatigue loading. This is in agreement with the static delamination moted by statically increasing the maximum displacement from 5 mm
results (Step S.2a), where a mode I static loading of 5 mm did not erase to 10 mm. The delamination front after the static loading is plotted
the shear mode process zone (Fig. 7). in Fig. 13, N = 0. As a consequence of the increased displacement,

10
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Fig. 13. Step H.3C: Evolution of the delamination process under mode I fatigue loading
at a maximum displacement of 10 mm monitored with X-ray radiography.

the leading delamination front evolved, locating perpendicular to the
longitudinal direction of the specimen. Moreover, the process zone
formerly observed at the shear mode surface propagated, advancing the
wake of the FPZ to the mode I fracture surface.

4.2.5. Step H.3c: Fatigue mode I loading, —30° loading angle

Next, a mode I fatigue test controlled by displacement, with d,,
= 10 mm and R = 0.1 was carried out. The fatigue test was ended
after 400 000 cycles. Images of the damage evolution at different stages
(i.e. cycles) are plotted in Fig. 13. The crack front advanced at different
propagation rates causing the front to pivot and rotate with respect
to the delamination tip point located at the right-hand side of the
specimen. The detected process zone wake did not propagate during
this step.

4.2.6. Overview of the hybrid benchmark results

In Fig. 14, an overview of the delamination process is presented,
where the most significant events regarding the delamination leading
front and the wake of the damage process zone evolution during the
hybrid benchmark test are summarized.

4.3. Post mortem fracture surface inspection results

After the testing, the fracture surfaces were inspected with the SEM
technique. One spot in the mode I pre-crack region (1), three spots in
the shear mode fracture surface (2, 3, 4), and three spots in the mode
I fracture surface (5, 6, 7) were analyzed (Fig. 15). At inspection spots
3, 4, and 5, several widths of the specimen were targeted, looking for
evidence in the traces of the damage mechanisms regarding (a) the
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influence of mode III component and (b) traces of both mode I and
shear mode at material points where both loading modes were applied.
At each inspection spot, images with 200 and 1000 magnifications were
taken.

Regarding the mode I pre-cracked surface spot, matrix traces and
small cut fibers without adhered matrix were observed (Fig. 16a). The
SEM images of the shear mode fracture surface evidenced rounded
shear cusps on the matrix-rich regions and a large amount of ma-
trix plastic deformation between the fiber imprints forming striations
(Fig. 16b,c,d) [46]. Regarding the SEM images corresponding to mode
I loading, single fiber bridges and fiber bundle bridges were observed.
Matrix particles were found to adhere to the fibers, showing good
fiber/matrix bonding and evidencing plastic strain before fracture
(Fig. 17).

5. Discussion of the results

In this section, the information obtained from the X-ray data on
the non-self-similar delamination evolution is complemented with the
SEM observations of the fracture surfaces. An attempt is made to
provide a physical understanding of the role of the failure mechanisms
as a function of the test boundary conditions in a non-self-similar
delamination process.

5.1. Correlation between fracture surface inspection and detected wake of
the damage process zone

During the X-ray inspections, a point was set to be the wake of
the damage process zone if the calculated attenuation signal slope
of the moving linear regression abruptly deviated from the continu-
ous trend as well as the R? of the regression decreased significantly
(Fig. 3). Considering the SEM images, a correlation between the traces
of damage mechanisms in the post mortem fracture surfaces and the
damage process zone detected in X-ray inspections could be done.
In the fracture surfaces created under mode I loading (Figs. 9, 12
and 13), the detected process zone was correlated with fiber bridging
(Fig. 17), and in the fracture surfaces created under shear mode loading
(Figs. 7 and 11), it was correlated with the merging of micro-cracks
and a matrix plastic strain (Fig. 16c). The detection of the wake of the
damage process zone is not homogeneous because the mechanisms that
constitute it, such as bridging or plasticity, are also not homogeneous
either.

5.2. Contribution of the mode I process zone to shear mode loading

A process zone was detected in the X-ray images after the pre-
cracking of the specimens (Fig. 11). In the case of the hybrid benchmark
test, the detected process zone in the mode I pre-crack surface was
swapped away during the first 500 cycles of fatigue shear mode load-
ing, Fig. 11, (N = 0 to N = 500). The SEM micrographs of this spot
show matrix traces and fragments of small fibers (inspection spot 1,
Fig. 16a). It can be argued that these observations could have been
formed from a standard mode I loading fracture surface (Fig. 17c)
where fiber bridges with matrix traces attached to them ended up being
cut into small parts due to friction between delaminated surfaces during
shear mode fatigue loading. It is hypothesized that this may indicate
that the contribution of a mode I process zone could have a limited
contribution to shear mode fatigue resistance under cyclic loading.

In the static benchmark test, the damage process zone at the mode I
pre-crack region was detected until the leading delamination front be-
gan to propagate under shear mode loading (Fig. 7, d = 10 mm). Up to
this point, the X-ray detection events were attributed to fiber bridging
created during the mode I pre-crack. When the shear separation onset
and increased due to shear loading, the damage process zone was no
longer detected at the mode I pre-crack zone. The mode I process zone
energy dissipation is dominated mainly by fiber bridging breakage, and
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Fig. 14. Overview of the fatigue benchmark results.
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Fig. 15. Location of the SEM post mortem fracture surface inspection spots.

the matrix in the mode I process zone can be considered completely
damaged (Fig. 17b). Therefore, the mode I process zone fiber bridges
seem to contribute to the strength of the interface until the material that
was not damaged under mode I loading gets completely damaged under
shear loading, generating shear mode delamination. From that point,
the shear mode separations at the mode I fractured process zone will
increase, and fibers will fail due to fiber breakage under compression
stresses and fiber pull out [47]. It can therefore be argued that the mode
I process zone contributes to the shear delamination resistance under
static loading until the fiber bridging breaks.
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5.3. Contribution of a shear mode process zone to mode I loading

After the shear mode loading, an inclined leading delamination
front followed by a process zone was observed (Figs. 9 and 12). The
SEM observations confirmed that the process zone detected in the shear
mode fracture surface had the usually reported damage mechanisms
such as shear cusps and striations, which are indicative of a shear mode
process zone with merging micro-cracks and a matrix plastic strain
(Fig. 16¢). For the case of the static benchmark test, a damage process
zone at the shear mode surface was still detected even after the crack
started to propagate under mode I loading. Shear mode damage mech-
anisms were detected at a displacement of d = 6 mm. Once reaching a
maximum mode I displacement of d = 7.5 mm, the process zone was
no longer detected in the shear mode fracture surface (Fig. 9). This
may indicate that the process zone formed under shear mode loading
contributed to mode I delamination resistance under static loading.
This contribution ceased until a critical value of mode I separation
was imposed in the process zone. It can be argued that, since the
energy is mainly dissipated by the matrix under shear mode loading,
the remaining shear mode process zone that is not completely damaged
still has potential fiber bridges and a matrix portion to contribute to
the mode I separation resistance. However, it must also be mentioned
that the process zone formed during shear mode loading (formation of
shear cusps and striations) is re-arranged to withstand mode I loading.
Therefore, when reaching a certain imposed mode I separation, the
shear mode process zone that is still active fails at a lower available
strain energy release rate than the mode I process zone.

As the mode I delamination process continued, a process zone was
created at the mode I fracture surface (Fig. 9), which was related
to fiber bridging (Fig. 17). As the leading delamination front propa-
gated, the wake of the process zone did not, being indicative of the
development of large-scale fiber bridging.

With regards to fatigue, when a sub-critical mode I cyclic dis-
placement of 5 mm was applied, the damage process zone was still
detected at the shear mode fractured surface, even after mode I fatigue
delamination occurred after 30 000 cycles (Fig. 12). As it can be seen
in Fig. 9, for a static mode I loading below 7.5 mm of displacement
did not completely damage the static shear mode process zone. These
results indicated that a shear mode process zone might contribute to
the fatigue performance of a structure under mode I fatigue loading if
the applied displacement is below the critical mode I static separation
that completely damages the shear mode FPZ.
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Fig. 16. SEM image of (a) spot 1, mode I pre-crack, 12.5 mm width, x200, (b) spot 2, shear mode, 12.5 mm width, x1000, (c) spot 3, shear mode, 12.5 mm width, x1000, and

(d) spot 4, shear mode, 12.5 mm width, x1000.

STRUMG 7.8 kV X280 158msm

STRUdG 7.8

Fig. 17. SEM image of (a) spot 5, mode I, 12.5 mm width, x200, (b) spot 7, mode I, 12.5 mm width, x200, (c) spot 6, mode I, 12.5 mm width, x1000, and (d) spot 7, mode I,

12.5 mm width, x1000.

Then, in the hybrid static-fatigue test, the mode I displacement was
statically increased to 10 mm, Fig. 13. The shear mode process zone was
completely damaged, so the damage process zone was only detected in
the mode I fracture surface. The damage zone after the static loading
was correlated with fiber bridging (Fig. 17).

5.4. Fracture surface at material points that withstood both pure mode I
and shear mode loading

No evidence of both mode I and shear mode loading were found
at material points where first fatigue shear mode and then mode I

13
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Fig. 18. Evidence of mode III component in shear mode loading configuration. SEM image of (a) spot 3, shear mode, 8 mm width, x1000, (b) spot 3, shear mode, 12.5 mm

width, x1000.

were applied. This can be attributed to the fact that both shear cusps
and striations may be extensions of micro-cracks (Fig. 16c¢). According
to [46], shear cusps are formed from micro-cracks created in resin-rich
areas, and striations of plastic strain are a consequence of the micro-
cracks that propagate around the fibers. Therefore, even certain amount
of shear mode damage was induced, micro-cracks may not have fully
developed at partially shear mode damaged regions and therefore did
not leave the characteristic imprint on the SEM images.

5.5. Influence of the available strain energy release rate in the fatigue
process zone evolution

It is worth noting that the plastic deformation traces at shear mode
fracture regions were sharper and with longer “branches”, and also the
shear cusps more pronounced in Fig. 16b compared to Fig. 16c and
d, and in Fig. 16c compared to Fig. 16d (plastic deformation traces
in inspection spots 2 > 3 > 4). This may be because the shear mode
openings were higher at fracture surfaces created at higher severities.
Therefore, in the fracture surfaces created at higher severity, plastic
strain that requires higher energetic thresholds could be released com-
pared to fracture surfaces created at lower severity. Regarding the SEM
images corresponding to mode I loading, Fig. 17, the matrix adhered
to the fibers had a more round shape compared to the static mode I
micrography of the AS4D/PEKK-FC thermoplastic composite presented
in [20], where a harsh shape was present. This indicates that a higher
amount of plastic strain is developed under static mode I delamination
than under fatigue mode I loading. This is in agreement with the
observations made in [30,48], where they correlated the available
strain energy release rate during fatigue loading with the activation of
different damage mechanisms. This could be understood as that under
higher severity cyclic loading there is energy enough to activate certain
damage thresholds and propagate at higher rate, while in process zones
under lower severities, the damage mechanisms are not activated and
more cycles are needed to create a free surface, resulting in lower
propagation rates. The observation suggests that the static characteriza-
tion of the R-curve may not accurately reflect the fatigue process zone
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evolution of a material since the plastic energy dissipation mechanism
may be a function of the available energy release rate during fatigue
loading.

5.6. Contribution of the mode III loading component to the shear mode
fracture surface

Due to the loading block configuration, a mode III component was
introduced during the shear mode loading test (Fig. 18). However, the
specific contribution of the mode III component to the delamination
process could not be clearly distinguished from the mode II component
among delaminated regions under shear mode loading. Due to the way
the delamination front evolved during the shear mode test configu-
ration, it was expected the mode III to have a higher contribution in
the SEM spot 3, 12.5 mm width (Fig. 18b) compared to spot 4, 8 mm
width (Fig. 18a). However, this could not be clearly observed in the
SEM images. It could be because the fractographic events of mode III
loading compared to mode II loading are so similar that cannot be
distinguished.

This information is crucial for accurate modeling of in-service struc-
tures. If complex loading conditions want to be considered in poten-
tially non-self-similar delamination scenarios, the contribution of the
R-curve of the material as a function of the nature of the applied
load (static or fatigue) and loading mode history must be taken into
account.

6. Conclusions

The main contribution of this work is to present a novel benchmark
test concept for composite materials, which allows more complex load
cases to be analyzed rather than straight crack fronts. A non-self-similar
delamination is promoted in standardized test specimens, achieving
a compromise between testing complexity and rich phenomenological
delamination data. The test allows analyzing the effect of loading mode
history under static and fatigue loading in a single specimen. The
benchmark test concept introduced in this paper can be particularized
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for any given composite material set and any sequence of loading
conditions.

To illustrate the capabilities of the benchmark test, a case study was
provided for AS4D/PEKK-FC thermoplastic composite material, which
is known to have a strong R-curve behavior. A given sequence of
loading conditions were applied under static and fatigue loading, and
the evolution of the delamination process was monitored with X-ray
radiography. The case study can be seen as an additional contribution
in itself, providing an experimental data set that can be used as part of
the validation process for numerical predictive delamination models.
This is a step towards ensuring that the delamination models properly
account for the failure mechanisms acting during the delamination
process, and to allow a hybrid numerical-experimental building block
approach. However, the effects of fiber orientation, variation in lay-up
sequence, two-dimensional delamination propagation, and the inter-
actions between multiple delamination sites [49-53], among others,
must also be considered before fully validating a delamination model
to predict the behavior of a component or a structure.

Moreover, the X-ray detection of the process zone wake was corre-
lated with SEM images of the post mortem fracture surfaces, allowing
to formulate of a series of hypotheses regarding the physics behind
fatigue delamination, the relevance of the damage process zones, and
their contribution to fatigue resistance under complex loading:

+ In the fracture surfaces created under mode I loading, the de-
tected process zone was correlated with fiber bridging, and in
the fracture surfaces created under shear mode loading, it was
correlated with the merging of micro-cracks and a matrix plastic
strain.

The contribution of a mode I process zone could have a limited
contribution to shear mode fatigue resistance under cyclic load-
ing, but it could contribute to the shear delamination resistance
under static loading until the fiber bridging breaks.

The shear mode process zone might have potential fibers and a
matrix portion to contribute to the mode I separation resistance
until reaching a certain imposed mode I separation, where it fails
at a lower available strain energy release rate than the mode I
process zone. Under fatigue loading, it may also contribute to the
fatigue performance of a structure under mode I loading if the
applied displacement is below the critical mode I static separation
that completely damages the shear mode FPZ.

No evidence of both mode I and shear mode loading were found
at material points where first fatigue shear mode and then mode
I were applied.

The static characterization of the R-curve may not accurately
reflect the fatigue process zone evolution since the plastic energy
dissipation mechanism may be a function of the available energy
release rate during fatigue loading.

The specific contribution of the mode III component to the de-
lamination process could not be clearly distinguished from the
mode II component among delaminated regions under shear mode
loading.

It was concluded that the loading mode history must be consid-
ered in materials that exhibit R-curve effects to accurately model the
delamination process of an in-service structure.
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