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Abstract

Damage propagation in fatigue after impact of CFRP is usually monitored by measuring the external area or simply the one-
dimensional width of impact delamination using ultrasound inspection. The present work provides experimental evidence
demonstrating that this procedure does not account for all the possible damage propagation taking place in CAI fatigue. In the
present work, impact and compression after impact fatigue tests were conducted on CFRP laminates. The impact damage, inspected
using through-thickness attenuation ultrasound scan, showed the presence of a non-delaminated cone caused by the out of plane
compression during impact. In the following fatigue test, first delamination grew internally inside the non-delaminated cone and,
only after, outwards, towards the sides of the specimen. In addition to that, the process of stiffness degradation started before any
observable damage growth. This provides experimental confirmation to the necessity to reconsider the current definition of fatigue
growth in compression fatigue after impact.
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1. Introduction

Introducing carbon fiber reinforced polymers (CFRP), allowed to substantially reduce the weight of aircraft primary
structures over the past decades. However, knowledge gaps concerning the fatigue strength after impact force designers
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to introduce large safety factors, preventing them from exploiting the full potential of these materials. Every airplane
will eventually face impacts of various severities during its operational life, and for this reason, the impact damage
tolerant design of all the exposed surfaces is of paramount importance. Laminates of unidirectional CFRP plies are
often preferred to metal alloys due to their enhanced in-plane specific strength but are also known to behave poorly if
subjected to out of plane dynamic loading. Low velocity impacts (LVI) in particular, can produce a complex damage
envelope, marked on the surface by a small dent, and internally by matrix cracks, delamination and possibly fiber
fracture (Ollson (2012)). This scenario, referred to as barely visible impact damage (BVID), is the most concerning,
since it is known to significantly reduce the fatigue life of CFRP structures and, due to its low detectability, there is a
high chance that airplanes will fly with a non-detected BVID. Of all the possible cyclic loading scenarios, compressive
load is regarded as the most critical (Melin et al. (2001)) being capable to trigger unstable failure modes like buckling
of sub laminates and fiber kinking.

Several researchers conducted experimental tests of compression fatigue after impact (CFAI) with the goal of
characterizing BVID fatigue growth in CFRP. In their early experimental work, Melin et al. (2001) compared buckle
areal extension (obtained with DIC) with the delaminated area (monitored using C-Scans) during compression after
impact fatigue tests. As the delamination was propagating, the local buckling area was observed to overlap the
delamination area and increase at the same rate. This suggested that there was a causal relationship between buckling
of sub-laminates and delamination growth during compression cyclic loading. Considering that delamination size
determines primarily the buckling load of sub laminates, researchers thought that tracking delamination propagation
could be used to assess the fatigue strength degradation. More practically, delamination is easier to detect using
ultrasound inspection compared to other damage modes like matrix cracks and fibre breaks.

Because of these two reasons, fatigue of BVID in CFRP has been evaluated using delamination areal growth in
previous research. As explained in the review by Davies and Irving (2020) among all the experiments that monitored
the delamination growth during CFAI using ultrasound C-scan, inconsistent results can be found. In certain
observations (Ogasawara et al. (2013), Tuo et al. (2020), Xu et al. (2017)) there was a transition taking place in which
no growth outside of the delamination projected area was observed. After this phase, a single delamination started
growing outside of the damage envelope. When this plateau phase in the projected delaminated area was observed, it
occupied a major part of fatigue life. In other works instead, a gradual growth of delamination outside the damage
envelope was observed from the beginning (Mitrovic et al. (1999), Clark et al. (1987)). This apparent inconsistency in
experimental observation, constitutes the biggest knowledge gap in the understanding of fatigue after impact of CFRP.
Arguably, it is also because of this challenge that a no-growth philosophy is currently adopted in the certification of
CFRP against BVID, as explained in the work of Pascoe (2021).

It can be said that the current definition of fatigue damage growth after impact of CFRP is based on the size of
delamination estimated using ultrasound inspection. However, we must consider that ultrasound inspections suffer
from well-known limitations.

First, due to shadowing phenomenon, it is not possible to evaluate the growth of a delamination which is positioned
in a central depth and surrounded by larger delaminations (Ellison et al. (2020)) (Fig.1.a). A second aspect usually not
considered, is the delamination growth below the impact dent. It was reported in literature that BVID shows an area
with less or no-delamination exactly below the impact contact point. This is caused by the out of plane compression
introduced by the contact during the impact event. Although in this area there is theoretically space for an ulterior
growth of delamination in fatigue, as demonstrated in the static CAI tests by Bull et al. (2014), previous studies only
focused on the propagation of the external delamination area, mostly because growth in the non-delaminated cone is
difficult to evaluate using an echo pulse C-scan due to the reflection caused by the impact dent (Fig.1.b). It is then
possible that, while no growth was observed for large part of the fatigue life in previous tests (Ogasawara et al. (2013),
Tuo et al. (2020), Xu et al. (2017)) propagation of delamination was actually taking place undetected by the C-scan,
in the form of shadowed growth and growth in the non-delaminated cone.

The present work presents experimental evidence demonstrating that the current practice of identifying fatigue
damage growth with impact delamination external area/width growth does not cover all the possible damage
propagation taking place in CAI fatigue. In particular, it focuses on the phenomenon of growth in the non-delaminated
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impact cone. Impact and compression after impact fatigue tests were conducted on CFRP. The impact damage,
inspected using through-transmission C-scan, clearly showed the presence of a non-delaminated cone characterized
by low attenuation value. Next, a fatigue test was conducted and the delamination propagation was periodically
monitored using C-scan. Our results clearly show that first delamination grew in the non-delaminated cone and, only
then, growth started outside of initial delamination envelope leading to the final failure of the coupon. This provides
experimental confirmations to part of the hypotheses formulated in the previous work of Pascoe (2021). Considering
the obtained results, the necessity to reconsider the current definition of fatigue damage growth in compression after
impact case is discussed.

Nomenclature

BVID barely visible impact damage

CAI compression after impact

CSAI compression strength after impact
CFAI compression fatigue after impact
CFRP carbon fiber reinforced polymers
DIC digital image correlation

LVI low velocity impact

a b
Shadowed delamination
effect
C-scan
. ~ Sound
&) ) A waves
/) 7 Impact dent -
i Sound waves
delamination N/ Non delaminated
« > cone

Fig. 1. Limitations of C-scan (a) shadowed delamination growth; (b) impact dent reflection in echo-pulse systems
2. Methodology
2.1. Materials and manufacturing

Toray M30SC Deltapreg DT120-200-36 UD carbon fibre/epoxy prepreg was laid-up in a [—45,0,45,90],
laminate for the CAI fatigue tests. Curing was conducted in autoclave following the procedure suggested by the
manufacturer. The curing temperature was 120 °C while the maximum pressure was 6 bar. Nominal dimensions of
CAI specimens were 150x100x5.15 mm as indicated in the ASTM D7136 standard.

2.2. LVI test

Impact testing was conducted using a drop-weight tower according to ASTM D7136. The test set up is shown in
Fig 2a. The support fixture has a cut-out of 125 £ 1 mm in the length direction and 75 £ 1 mm in the width direction.
To obtain single impacts, the impact tower was equipped with a catcher triggered by optical sensors. A hemi-spherical
impactor with a diameter of 16 mm and a mass of 4.8 kg was used. A target impact energy of 34 J was used in all the
impacts. This condition can be classified as low velocity impact (LVI) and produced a dent depth < 0.3 mm (BVID).
After the impact, the size of delamination was checked using ultrasound inspection.
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2.3. CFAI test

To estimate the CAI static strength, three specimens were tested following ASTM D7137 standard for static CAI
tests. Next, since there is no standard for fatigue CAlI, testing was conducted using the same setup as for the static CAI
tests (Fig.2.b). Two specimens were loaded in compression-compression under force control. The maximum
compressive load was 65% and 85% of static CAI failure load with R = 10 and frequency 3 Hz, to avoid heat related
phenomena. The crosshead displacement and the applied force were recorded using a 100 kN load-cell on an MTS
hydraulic testing machine.

Digital Image Correlation (DIC) was used on the impacted side of the specimens. Due to the high frequency of the
fatigue test, it is difficult to obtain steady pictures for DIC analysis. For this reason, to properly capture the deformed
shape of the specimen, the test was stopped periodically and a ramp was applied to reach the maximum compressive
stress of the fatigue cycle. Then the displacement was kept constant for 1 second in order to take steady picture of the
deformed shape. DIC pictures were acquired after 10 and 100 cycles. After that DIC pictures were taken every 1000
cycles until failure was reached.

The test was periodically stopped to allow the inspection of the coupon using ultrasound scan in the water tank
located close to the test location (Figure 2¢). The procedure of removing, scanning and repositioning the specimens
took on average 10 minutes. The ultrasound scan inspection was performed after 10, 100, 1000 cycles. After that the
ultrasound inspection was performed periodically every 10°000 cycles until failure was reached.

2.4. DIC

To capture the displacement and strain contour map during the test, a three-dimensional DIC system was used. The
system consisted of two 9 MP “Point Grey” cameras with ‘Tamron’ 25 mm lenses (Fig.2.b). The speckle pattern
images were captured by ViC-Gauge 3D software, afterwards the images were processed using ‘ViC-3D 8’ software.

2.5. Ultrasound inspection

To evaluate delamination size, through thickness attenuation scan system immersed in a water tank was used (Fig.
2.c). A probe of 8 MHz was used to emit ultrasound towards the receiver placed at 100 mm distance. Scanning speed
was set to 100 mm/s and a definition of 1 mm was achieved. The authors decided to perform the analysis using through
thickness attenuation system in order to avoid the reflection effects form the top surface of the specimen in the dent
region (Fig.1.b) and be able to capture delamination growth below the impact dent area.

Fig. 2. (a) LVI test setup; (b) CAI test setup: (c) Attenuation scan water tank
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3. Results and discussion
3.1. LVI test

Impact tests resulted in BVID (impact dent < 0.3 mm) comprising multiple delaminations at different interfaces as
documented in previous experimental works (Bull et al. (2014), Ellison et al. (2020)). From Fig.5, it’s evident that a
non-delaminated area can be detected in the impact location. The presence of this feature was observed by other
authors in the literature both in LVI (Bull et al. (2014), and quasi static indentation (Abisset et al. (2016)) and can be
attributed to the out of plane compression originating in the contact region between the impactor and the composite
plate.

3.2. CAI Static test

The three CALI static tests showed a constant stiffness until final failure. In all tests, the global buckling was
successfully prevented by the lateral guides and local buckling happening in the area of impact was observed using
the DIC system. In all three specimens final failure occurred from the impact location towards the lateral edges, which
is acceptable according the ASTM D7137 standard. The average failure load was 101 kN.

3.3. CAl fatigue test

Two fatigue tests were conducted on the impacted specimens (section 2.3):
o test-1 long life fatigue (65% CSAI) failed at 180’000 cycles.
o test-2 short life fatigue (85% CSAI) failed at 2’500 cycles.

To a visual examination, in both tests the failure mode appears to be similar to the one observed in static CAI tests,
with a transverse fracture starting at the impact location and propagating towards the lateral edges (Fig.4). The local
failure modes observed were delamination and fibre kinking.

In Fig.3, the three components of strain derived using DIC are showed in both tests at 10% and at 90% of fatigue
life. In both tests, local buckling of sub-laminates in the area of impact delamination was observed. In the long-life
test, a more fragmented buckling shape was observed, compared to short-life test. This could be caused by local fiber
damage observed after impact on the surface of the long-/ife specimen. It must be also considered that, due to the
different initial impact damage delamination envelopes, it’s hard to obtain the same sublaminate buckling in different
tests. Although the work of Xu et al. (2017) observed a sublaminate buckling mode change happening during fatigue
in the same type of test, in the present work the DIC analysis didn’t show qualitative changes in the strain field
suggesting that the sub laminate buckling mode didn’t change.

The stiffness was estimated from the loading ramps periodically applied to the specimen to acquire DIC pictures
(section 2.3). The stiffness degradation (Fig.6) showed different behaviours in short-life fatigue and long-life fatigue
tests. In short-life fatigue test, no significant degradation was recorded before failure. In the long-life fatigue test
instead, a stiffness degradation was observed. Interestingly, the stiffness degradation was not gradual but assumed the
form of drops followed by steady phases with constant stiffness. Particularly interesting is the fact that an abrupt drop
in stiffness was recorded at 60’000 cycles followed by a long phase where no degradation was observable.

Periodic ultrasound scan was performed at interrupted fatigue test (Fig.6). In short-life fatigue, three scans were
performed after 10, 100 and 1000 cycles. In the scans almost no delamination growth was observed and the specimen
reached failure at 2500 cycles. In long-life fatigue instead, a total of 21 scans were performed following the intervals
explained in section 2.4. For large part of the fatigue life no apparent growth was observed. After 140’000 cycles,
delamination growth in the initial non-delaminated cone was observable. Only after that, a large delamination growth
started in the transverse direction until reaching final failure. As previously explained, the short-life fatigue test
showed only little growth. However in this case, due to the short duration of the test and the adopted inspection
intervals, the last scan was performed at less than 40% of total fatigue life. For this reason the authors cannot exclude
that adopting a shorter inspection interval, a delamination propagation similar to the long-/ife fatigue could be seen in
the short-life fatigue.

Combining the information from DIC, stiffness measurements and ultrasound scan, two major points emerge:
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The growth in the non-delaminated cone was successfully observed using the ultrasound, but it’s not
sufficient to explain all fatigue damage propagation. When the first stiffness drop was registered in the long-
life fatigue test, no growth was observed yet inside or outside the delaminated cone. This suggests that other
mechanisms could be the cause for this drop of stiffness and that other inspection techniques should be used
to investigate this aspect, like acoustic emission.

The work of Melin et al. (2001) suggested that delamination growth inside the non-delaminated cone could
trigger sub-laminate buckling mode change. In the experimental work by Xu et al. (2017) a change in
buckling mode prior to the onset of a final growth was observed. However in the present work the buckling
mode didn’t show changes in correspondence of the growth in the undamaged cone as shown in the strain
plots before and after growth in the non-delaminated cone (Fig.3).

10% fatigue life 90% fatigue life

gxx Sxx

Fig.3. DIC analysis to derive €y, &, & Strain components in short life and long life fatigue tests at beginning and end of the test

Fig. 4. Failed fatigue specimen showing the presence of delamination and kinking in transverse direction
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Fig.5. Ultrasound inspection results for short-life and long-life fatigue test
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4. Conclusions
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A series of fatigue after impact tests was conducted to investigate the delamination growth after impact in CFRP.
After preliminary static CAI tests, two fatigue tests were conducted: short-life fatigue (85% CSAI) and long-life

fatigue (65% CSAI). From the monitoring of damage propagation, a series of considerations can be made:

e The stiffness degradation in long-life test showed a discontinuous step-type decrease with sudden drops

followed by long stable phases.

e The delamination propagation monitored with ultrasound scan showed that first delamination grew in the
central impact area below the dent, and only after a transverse growth took place towards the lateral edges.
e Opposite to the work of Xu et al. (2017) no buckling mode change was observed in fatigue. In particular the

buckling mode didn’t change in correspondence of the growth in the non-delaminated cone.

e Stiffness degradation in the long-life test shows that damage propagation is happening non detected by the
ultrasound scan at early stages of fatigue life (60’000 cycles) even before the onset of growth in the non-

delaminated cone.

Traditionally damage propagation in fatigue after impact has been monitored using external area or simply width of
delamination. The present work clearly shows that this definition can be improved by including delamination growth
internal to the damage envelope (in particular in the impact cone). In addition to that, the stiffness drop recorded at
60’000 cycles suggests that additional growth mechanisms could be happening that were not detected with the present
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study. Therefore, the investigation presented in this paper could be improved by monitoring acoustic emission during
this early phase of fatigue after impact, a possibility that will be explored by the authors in future work.
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