Conclusions and
future research

Nowadays, aircraft are designed to bear all range of impacts during operational life but
there still is a small knowledge on how these materials respond: design standards, in fact,
envisage high safety factors, which reduce the proper application of advanced materials,
such as composites.

Aircrafts structures are exposed to many different causes of impact events that could have
different energies, velocities and location. Damages that could result from these impacts
can lead to brittle and sudden failure, up to a catastrophic event. Therefore, it is important
to understand composite characteristics against this threat, in order to be able to design
safer and lighter structures.

One of the most dangerous impact kind is the Low Velocity Impact: in fact, this may cause
no or feeble damage on hit surface (which could be easily missed during normal visual
aircraft inspection) but quite wide inner detriment. The latter could deeply influence
material characteristics leading to unsafe operative conditions.

This threat was widely discussed in the present work trying to analyse it from
experimental and numerical points of view.

Main work focused on carbon/epoxy impact damage tolerance: two experimental
campaigns were conducted on cross-ply laminate, involving different thicknesses and
impact energies. Purpose was to identify low energy impact influence on compressive
residual strength of a carbon/epoxy laminate depending on material thickness and impact
locations.
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By means of these experimental tests it was proved that even a low energy impact, which
does not cause evidence on laminate surface, can result in a not negligible reduction of
compressive residual strength. Moreover, a near-edge impact resulted in a higher
reduction, stressing impact location importance. This acquires even more relevance when
it comes to thinking how more common are near-edge impact on an airplane, compared
to central ones.

It was also proved that not every low energy influences material characteristics: there is
an energy threshold under which, even a damage was created, this is irrelevant
(compressive residual strength remains under material data scatter). This threshold
depends on composite characteristics, laminate stacking sequence and thickness.

It was, therefore, necessary to figure out which meliorations were possible to improve
composite impact resistance. Thanks to a collaboration between Forli research group
MaSTeR Lab and Structure Integrity and Composites group at Aerospace Engineering
Faculty of TU Delft, it was possible to start a research on Fibre Metal Laminates. This
composite has been developed and studied at TU Delft, in collaboration with some of the
bigger airplanes builders, and shows good properties, combining metal foils and
composite plies advantages.

A Quasi Static Indentation experimental campaign was conducted on four different
laminate: they were made of carbon/epoxy fabric and Aluminium 2024 T3 foils, which
were located in different position inside the stacking sequence. This led to an evaluation
of Al layers position influence on material indentation resistance. Results showed that a
carbon/epoxy laminate, reinforced with Al layers on the outer part, has a better behaviour
under indentation loads due to a more stable failure mode and a higher resistance.
Therefore, this Al location could led to a better impact behaviour (it is, in fact, proved in
literature that accordance between Quasi Static Indentation and Low Velocity Impact
tests results). Moreover, an external Al layer can give more chances in impact
individuation due to plastically deformation.

A numerical investigation took place as well. Using Abaqus software, two models were
developed: the first one was intended as a preliminary analysis of software reliability on
impact event simulation results; in the second, Fibre Metal Laminate were modelled. In
both of them, cohesive elements were used in order to simulate laminae interfaces
damages and, therefore, delaminations. Good accordance with experimental tests was
obtained and, therefore, models were considered reliable.
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This research has shown that impacts are a real threat for composite materials and that
near-edge impacts are even more dangerous. But there still are many knowledge gap that
need to be fill up by further research. Many could be recommended:

- Individuation of energy thresholds for different laminate thicknesses, in order to
correlate these two quantities;

- Use of different impactor shapes, in order to test different real objects impact;

- Multiple impact tests, in order to analyse which impact waves cooperation would
be;

- Further FE analysis, implementing compression after impact test.
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Appendix :
Carbon/€poxy specimens dimensions

Dimensions of Carbon/Epoxy specimens used in experimental campaigns described in
Chapter 5.

> 2.6 mm thick specimens

Material A n° measure Width [mm]  Thickness [mm] Length [mm)] Mass [g]
1 29.65 2.93 - -
2 29.60 2.94 - -
3 29.60 2.93 - -
A0 4 29.89 2.92 - -
5 29.83 2.91 - -
Mean value 29.71 2.93 139.67 -
St. Deviation 0.14 0.01
1 29.61 2.93 - -
2 29.56 2.94 - -
3 29.54 2.93 - -
Al 4 29.80 2.92 - -
5 29.80 2.91 - -
Mean value 29.66 2.93 139.66 18.2
St. Deviation 0.13 0.01
1 29.63 2.95 - -
2 29.60 2.97 - -
3 29.50 2.97 - -
A2 4 29.72 2.96 - -
5 29.67 2.97 - -
Mean value 29.62 2.96 139.7 18.3
St. Deviation 0.08 0.01
1 29.75 2.92 - -
2 29.80 2.92 - -
3 29.74 2.94 - -
A3 4 29.87 291 - -
5 29.92 2.90 - -
Mean value 29.82 2.92 139.69 18.3
St. Deviation 0.08 0.01
1 29.99 2.57 - -
2 29.93 291 - -
3 29.83 2.99 - -
Ad 4 29.78 2.94 - -
5 29.75 2.96 - -
Mean value 29.86 2.87 139.66 18.0
St. Deviation 0.10 0.17
1 30.03 2.63 - -
2 30.03 2.53 - -
3 30.00 2.89 - -
AS 4 30.00 3.00 - -
5 29.99 2.95 - -
Mean value 30.01 2.80 138.29 17.5
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St. Deviation 0.02 0.21
Material B n° measure Width [mm]  Thickness [mm)] Length [mm)] Mass [g]
1 29.88 2.46 - -
2 29.90 2.43 - -
3 29.98 2.25 - -
Bl 4 29.98 2.30 - -
5 29.97 2.22 - -
Mean value 29.94 2.33 139.54 16.4
St. Deviation 0.05 0.11
1 29.97 2.50 - -
2 29.91 2.74 - -
3 29.87 2.87 - -
B2 4 29.85 2.80 - -
5 29.78 2.80 - -
Mean value 29.88 2.74 139.55 17.4
St. Deviation 0.07 0.14
1 29.93 2.93 - -
2 29.95 291 - -
3 29.97 2.95 - -
B3 4 29.98 2.78 - -
5 30.01 2.51 - -
Mean value 29.97 2.82 139.56 17.9
St. Deviation 0.03 0.18
1 29.72 2.99 - -
2 29.73 3.00 - -
3 29.69 3.00 - -
B4 4 29.95 3.00 - -
5 29.97 2.97 - -
Mean value 29.81 2.99 139.63 18.5
St. Deviation 0.14 0.01
1 29.98 2.95 - -
2 29.97 2.96 - -
3 29.70 2.96 - -
B5 4 29.60 2.97 - -
5 29.60 2.95 - -
Mean value 29.77 2.96 139.61 18.3
St. Deviation 0.19 0.01
Material C n° measure Width [mm]  Thickness [mm)] Length [mm] Mass [g]
1 29.58 2.65 - -
2 29.67 2.57 - -
3 29.68 2.94 - -
C1 4 29.75 3.00 - -
5 29.90 2.98 - -
Mean value 29.72 2.83 139.68 17.4
St. Deviation 0.12 0.20
1 29.99 2.55 - -
2 29.98 2.76 - -
3 29.89 2.95 - -
c2 4 29.84 2.97 : :
5 29.87 2.97 - -
Mean value 29.91 2.84 139.67 18.1
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St. Deviation 0.07 0.18
1 29.68 2.93 - -
2 29.75 2.93 - -
3 29.80 2.97 - -
C3 4 29.89 2.81 - -
5 29.95 2.50 - -
Mean value 29.81 2.83 139.67 17.9
St. Deviation 0.11 0.19
1 29.80 2.91 - -
2 29.74 2.93 - -
3 29.72 2.92 - -
C4 4 29.92 291 - -
5 29.90 2.90 - -
Mean value 29.82 2.91 139.7 18.4
St. Deviation 0.09 0.01
1 29.68 2.93 - -
2 29.69 2.95 - -
3 29.62 2.93 - -
C5 4 29.84 2.93 - -
5 29.88 2.91 - -
Mean value 29.74 2.93 139.67 18.3
St. Deviation 0.11 0.01
Material D n° measure Width [mm)] Thickness [mm] Length [mm] | Mass [g]
1 29.76 2.43 - -
2 29.70 2.44 - -
3 29.68 2.39 - -
D1 4 29.53 2.15 - -
5 29.33 2.18 - -
Mean value 29.60 2.32 139.59 14.6
St. Deviation 0.17 0.14
1 29.48 2.57 - -
2 29.84 2.56 - -
3 29.88 2.85 - -
D2 4 29.95 2.96 - -
5 29.99 2.92 - -
Mean value 29.83 2.77 138.16 17.2
St. Deviation 0.20 0.19
1 29.86 2.43 - -
2 29.84 2.41 - -
3 29.82 2.44 - -
D3 4 29.75 2.44 - -
5 29.80 2.41 - -
Mean value 29.81 2.43 139.6 15.3
St. Deviation 0.04 0.02
1 29.47 2.56 - -
2 29.53 2.50 - -
3 29.60 2.85 - -
D4 4 29.63 2.96 - -
5 29.74 2.91 - -
Mean value 29.59 2.76 138.05 17.2
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St. Deviation 0.10 0.21
1 29.84 2.40 - -
2 29.88 2.44 - -
3 29.90 251 - -
D5 4 29.94 2.38 - -
5 29.00 2.20 - -
Mean value 29.71 2.39 139.69 15.4
St. Deviation 0.40 0.12
Material E n° measure Width [mm] Thickness [mm]  Length [mm] Mass [g]
1 29.22 2.58 - -
2 29.38 2.52 - -
3 29.42 2.85 - -
E1l 4 29.68 2.95 - -
5 29.82 2.89 - -
Mean value 29.50 2.76 138.03 17
St. Deviation 0.24 0.19
1 29.93 2.50 - -
2 29.87 2.80 - -
3 29.89 2.99 - -
E2 4 29.84 2.95 - -
5 29.74 2.97 - -
Mean value 29.85 2.84 139.63 17.8
St. Deviation 0.07 0.21
1 29.60 2.99 - -
2 29.84 2.94 - -
3 29.86 2.96 - -
E3 4 29.93 2.66 - -
5 30.01 2.47 - -
Mean value 29.85 2.80 139.68 17.8
St. Deviation 0.15 0.23
1 29.72 2.93 - -
2 29.80 2.93 - -
3 29.88 2.98 - -
E4 4 29.94 2.75 - -
5 30.00 2.49 - -
Mean value 29.87 2.82 139.68 17.8
St. Deviation 0.11 0.20
1 29.57 2.76 - -
2 29.67 2.80 - -
3 29.78 2.77 - -
E5 4 29.85 2.75 - -
5 29.87 2.72 - -
Mean value 29.75 2.76 139.61 17.1
St. Deviation 0.13 0.03

-iv -




Appendix A

Group A Width [mm] Thickness [mm] Length [mm] Mass [g]
Mean value 29.79 2.90 139.4 18.1
St. Uncertainty 0.04 0.02
Group B Width [mm] Thickness [mm] Length [mm] Mass [g]
Mean value 29.87 2.77 139.578 17.7
St. Uncertainty 0.05 0.02
Group C Width [mm] Thickness [mm] Length [mm] Mass [g]
Mean value 29.80 2.87 139.678 18.0
St. Uncertainty 0.05 0.03
Group D Width [mm] Thickness [mm] Length [mm] Mass [g]
Mean value 29.71 2.53 139.018 15.9
St. Uncertainty 0.10 0.03
Group E Width [mm] Thickness [mm] Length [mm] Mass [g]
Mean value 29.76 2.80 139.326 17.5
St. Uncertainty 0.07 0.03
> 5.5 mm thick specimens
Group A n° measure Width [mm]  Thickness [mm)] Length [mm] Mass [g]
1 30.10 5.345 - -
2 30.15 5.385 - -
3 30.00 5.440 - -
Al 4 30.00 5.350 - -
5 29.95 5.380 - -
Mean value 30.04 5.380 140.05 32.8
St. Deviation 0.08 0.038
1 30.05 5.410 - -
2 30.10 5.420 - -
AD 3 30.10 5.400 - -
4 30.05 5.400 - -
5 30.05 5.450 - -
Mean value 30.07 5.416 140.00 33.7
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St. Deviation 0.03 0.021
1 30.05 5.440 - -
2 30.10 5.440 - -
3 30.05 5.390 - -
A3 4 30.05 5.450 - -
5 30.05 5.450 - -
Mean value 30.06 5.434 140.05 33.7
St. Deviation 0.02 0.025
1 30.05 5.430 - -
2 30.05 5.430 - -
3 30.10 5.440 - -
A4 4 30.00 5.430 - -
5 30.00 5.450 - -
Mean value 30.04 5.436 139.90 33.8
St. Deviation 0.04 0.009
1 30.05 5.410 - -
2 30.00 5.420 - -
3 30.05 5.410 - -
A5 4 30.05 5.415 - -
5 30.05 5.455 - -
Mean value 30.04 5.422 139.90 33.8
St. Deviation 0.02 0.019
1 30.10 5.425 - -
2 30.05 5.435 - -
3 30.05 5.500 - -
A6 4 30.05 5.410 - -
5 30.00 5.410 - -
Mean value 30.05 5.436 139.85 33.8
St. Deviation 0.04 0.037
Group B n° measure Width [mm]  Thickness [mm)] Length [mm)] Mass [g]
1 29.90 5.550 - -
2 30.00 5.570 - -
3 30.00 5.650 - -
B1 4 30.00 5.550 - -
5 30.00 5.580 - -
Mean value 29.98 5.580 140.05 34.2
St. Deviation 0.04 0.041
1 30.00 5.590 - -
2 30.05 5.680 - -
3 30.00 5.600 - -
B2 4 30.00 5.630 - -
5 30.00 5.620 - -
Mean value 30.01 5.624 140.00 34.2
St. Deviation 0.02 0.035
1 30.00 5.560 - -
2 30.00 5.580 - -
3 30.05 5.570 - -
B3 4 30.05 5.550 - -
5 30.05 5.600 - -
Mean value 30.03 5.572 139.95 34.3
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St. Deviation 0.03 0.019
1 29.95 5.570 - -
2 30.00 5.610 - -
3 30.00 5.670 - -
B4 4 30.00 5.590 - -
5 30.00 5.670 - -
Mean value 29.99 5.622 140.00 34.1
St. Deviation 0.02 0.046
1 29.85 5.540 - -
2 29.95 5.530 - -
3 30.00 5.530 - -
B5 4 30.00 5.550 - -
5 30.05 5.570 - -
Mean value 29.97 5.544 140.00 34.1
St. Deviation 0.08 0.017
Group C n° measure Width [mm]  Thickness [mm)] Length [mm] Mass [g]
1 29.95 5.560 - -
2 29.95 5.570 - -
3 29.95 5.680 - -
Ci1 4 30.00 5.530 - -
5 30.00 5.560 - -
Mean value 29.97 5.580 140.00 34.2
St. Deviation 0.03 0.058
1 30.05 5.490 - -
2 30.05 5.530 - -
3 30.05 5.610 - -
C2 4 30.00 5.560 - -
5 30.05 5.550 - -
Mean value 30.04 5.548 139.95 34.0
St. Deviation 0.02 0.044
1 30.00 5.550 - -
2 30.05 5.670 - -
3 30.05 5.580 - -
C3 4 30.05 5.540 - -
5 30.10 5.660 - -
Mean value 30.05 5.600 140.05 34.1
St. Deviation 0.04 0.061
1 30.10 5.670 - -
2 30.10 5.660 - -
3 30.05 5.530 - -
Cc4 4 30.05 5.520 - -
5 30.10 5.560 - -
Mean value 30.08 5.588 140.05 34.2
St. Deviation 0.03 0.072
1 30.05 5.550 - -
2 30.05 5.530 - -
3 30.05 5.530 - -
C5 4 30.05 5.510 - -
5 30.05 5.580 - -
Mean value 30.05 5.540 140.00 34.2
St. Deviation 0.00 0.026
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Group D n° measure Width [mm)] Thickness [mm]  Length [mm] Mass [g]
1 30.05 5.540 - -
2 30.05 5.500 - -
3 30.05 5.610 - -
D1 4 30.05 5.530 - -
5 30.05 5.520 - -
Mean value 30.05 5.540 139.95 34.2
St. Deviation 0.00 0.042
1 30.05 5.580 - -
2 30.05 5.550 - -
3 30.05 5.540 - -
D2 4 30.05 5.510 - -
5 30.00 5.510 - -
Mean value 30.04 5.538 140.00 34.1
St. Deviation 0.02 0.029
1 30.05 5.530 - -
2 30.05 5.470 - -
3 30.05 5.520 - -
D3 4 30.05 5.540 - -
5 30.05 5.520 - -
Mean value 30.05 5.516 140.00 34.1
St. Deviation 0.00 0.027
1 30.05 5.480 - -
2 30.05 5.450 - -
3 30.05 5.470 - -
D4 4 30.05 5.510 - -
5 30.05 5.480 - -
Mean value 30.05 5.478 140.10 33.9
St. Deviation 0.00 0.022
1 29.90 5.510 - -
2 29.95 5.580 - -
3 30.00 5.540 - -
D5 4 30.05 5.560 - -
5 30.05 5.620 - -
Mean value 29.99 5.562 140.00 33.8
St. Deviation 0.07 0.041
Group E n° measure Width [mm] Thickness [mm]  Length [mm)] Mass [g]
1 30.00 5.420 - -
2 30.05 5.400 - -
3 30.05 5.390 - -
E1l 4 30.05 5.440 - -
5 30.05 5.430 - -
Mean value 30.04 5.416 140.00 33.8
St. Deviation 0.02 0.021
1 30.05 5.430 - -
2 30.05 5.415 - -
3 30.05 5.400 - -
E2 4 30.05 5.405 - -
5 30.05 5.420 - -
Mean value 30.05 5.414 139.95 33.9
St. Deviation 0.00 0.012
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1 30.05 5.410 - -
2 30.10 5.400 - -
3 30.05 5.410 - -
E3 4 30.05 5.420 - -
5 30.05 5.420 - -
Mean value 30.06 5.412 140.00 33.8
St. Deviation 0.02 0.008
1 30.00 5.380 - -
2 30.05 5.400 - -
3 30.10 5.390 - -
E4 4 30.05 5.400 - -
5 30.05 5.420 - -
Mean value 30.05 5.398 140.00 33.8
St. Deviation 0.04 0.015
1 30.01 5.400 - -
2 30.05 5.400 - -
E5 3 30.05 5.360 - -
4 30.00 5.380 - -
5 29.95 5.400 - -
Mean value 30.01 5.388 139.85 33.5
St. Deviation 0.04 0.018
Group A Width [mm] Thickness [mm)] Length [mm)] Mass [g]
Mean value 30.05 5.42 139.96 33.60
St. Uncertainty 0.02 0.01
Group B Width [mm] Thickness [mm)] Length [mm] Mass [g]
Mean value 30.00 5.59 140.00 34.18
St. Uncertainty 0.02 0.02
Group C Width [mm] Thickness [mm] Length [mm] Mass [g]
Mean value 30.04 5.57 140.01 34.14
St. Uncertainty 0.01 0.02
Group D Width [mm] Thickness [mm] Length [mm] Mass [g]
Mean value 30.04 5.53 140.01 34.02
St. Uncertainty 0.01 0.01
Group E Width [mm] Thickness [mm)] Length [mm)] Mass [g]
Mean value 30.04 541 139.96 33.76
St. Uncertainty 0.01 0.01
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Appendix B:
FMls specimens dimegnsions

Dimensions of FML specimens used in experimental campaigns described in Chapter 7.

> No-Metal specimens

No-Metal n° measure Width [mm]  Thickness [mm]  Length [mm] | Mass [g]
1 100.70 3.17 150.00 -
2 100.65 3.16 150.30 -
3 100.50 3.18 150.45 -
4 100.30 3.12 - -
Specimen 1 5 100.25 2.97 - -
6 3.18 - -
7 3.18 - -
Mean value 100.48 3.14 150.25
St. Deviation 0.20 0.08 0.23
1 100.70 3.16 150.50 -
2 100.75 3.16 149.90 -
3 100.95 3.18 149.85 -
4 101.10 3.08 - -
Specimen 2 5 101.25 2.95 - -
6 3.16 - -
7 3.16 - -
Mean value 100.95 3.12 150.08 68.67
St. Deviation 0.23 0.08 0.36
1 99.00 3.03 149.35 -
2 99.20 3.03 149.70 -
3 99.45 3.03 150.35 -
4 99.75 2.99 - -
Specimen 3 5 99.95 2.86 - -
6 3.11 - -
7 2.87 - -
Mean value 99.47 2.99 149.80 64.78
St. Deviation 0.39 0.09 0.51
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> EXT specimens

EXT n° measure Width [mm]  Thickness [mm] Length [mm)] Mass [g]
1 100.05 3.18 150.70 -
2 99.95 3.15 150.70 -
3 99.95 3.16 150.90 -
4 99.85 3.12 - -
Specimen 1 5 99.80 3.13 - -
6 3.14 - -
7 3.14 - )
Mean value 99.92 3.15 150.77
St. Deviation 0.10 0.02 0.12
1 100.00 3.17 150.60 -
2 99.95 3.15 150.60 -
3 99.90 3.14 150.65 -
4 99.90 3.11 - -
Specimen 2 5 99.85 3.11 - -
6 3.13 - -
7 3.14 - )
Mean value 99.92 3.14 150.62 84.11
St. Deviation 0.06 0.02 0.03
1 100.80 3.09 150.60 -
2 101.00 3.06 150.85 -
3 101.35 3.06 151.00 -
4 101.90 3.03 - -
Specimen 3 5 102.25 3.11 - -
6 3.10 - -
7 3.11 - -
Mean value 101.46 3.08 150.82 84.05
St. Deviation 0.61 0.03 0.20
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> MID specimens

MID n° measure Width [mm]  Thickness [mm] Length [mm)] Mass [g]
1 100.25 2.90 150.95 -
2 100.15 2.90 150.60 -
3 100.00 2.86 150.15 -
4 99.95 2.84 - -
Specimen 1 5 99.75 2.85 - -
3.66 - -
2.90 - -
Mean value 100.02 2.99 150.57
St. Deviation 0.19 0.30 0.40
1 100.70 2.95 150.60 -
2 100.65 2.90 150.55 -
3 100.60 2.88 150.55 -
4 100.50 2.87 - -
Specimen 2 5 100.35 2.84 - -
3.54 - -
2.94 - -
Mean value 100.56 2.99 150.57 78.97
St. Deviation 0.14 0.25 0.03
1 100.40 2.86 151.00 -
2 100.55 2.84 150.70 -
3 100.65 2.84 150.10 -
4 101.15 2.82 - -
Specimen 3 5 101.20 2.76 - -
2.95 - -
2.92 - -
Mean value 100.79 2.86 150.60 77.57
St. Deviation 0.36 0.06 0.46
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> INT specimens
INT n° measure Width [mm]  Thickness [mm] Length [mm)] Mass [g]
1 97.10 2.87 150.75 -
2 97.20 2.97 150.45 -
3 97.20 2.96 150.00 -
4 97.10 2.94 - -
Specimen 1 5 97.00 2.94 - -
6 2.97 - -
7 2.93 - -
Mean value 97.12 2.94 150.40 76.03
St. Deviation 0.08 0.03 0.38
1 97.15 2.96 151.10 -
2 97.30 2.97 150.80 -
3 97.35 2.98 150.00 -
4 97.50 2.98 - -
Specimen 2 5 97.60 2.94 - -
6 3.01 - -
7 2.95 - -
Mean value 97.38 2.97 150.63 77.5
St. Deviation 0.18 0.02 0.57
1 100.25 2.94 150.45 -
2 99.55 2.94 150.15 -
3 99.10 2.96 149.80 -
4 99.05 2.95 - -
Specimen 3 5 99.20 291 - -
6 2.94 - -
7 2.88 - -
Mean value 99.43 2.93 150.13 77.6
St. Deviation 0.50 0.03 0.33

- Xiv -




