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Abstract: Boeing and Airbus developed a special testing procedure to investigate the compressive response of
laminates that have been impacted (following standards ASTM D 7137 and DIN 65561). This study focuses on
both experimental and numerical analysis of Kevlar plates subjected to compression after impact. To ensure
high quality and appropriate mechanical properties, the composite plates were manufactured using
autoclaving. The DIN 65561 protocol was followed for all three test systems. Initially, ultrasonic C-scanning
was performed on all plates before testing to confirm they were free of any significant defects arising from the
manufacturing process. Subsequently, low-energy impact testing was conducted at levels ranging from 0 to 8
Joules. Three specimens were tested at each energy level. After the impact, all specimens underwent ultrasonic
C-scanning again to assess the internal delamination damage caused by the impactor. Finally, both pristine and
impacted specimens were subjected to compressive testing using the special jig specified in DIN 65561. The
compressive impact strength results obtained from these tests were plotted against the delamination area
measured by C-scanning. This data was then compared to results obtained from specimens with artificial
damage. Semi-empirical equations were used to fit both sets of curves. The same procedure (impact testing, C-
scanning, and data analysis) was repeated to investigate the relationship between impact energy and total
delamination area. Lastly, finite element modeling was employed to predict the buckling stresses that develop
under compression in the impacted systems studied. These modelling approaches have demonstrated good
accuracy in reproducing experimental results for CAI tests.

Keywords: compression after impact; kevlar; finite element analysis; c-scan

1. Introduction

The literature review shows that composite materials have excellent mechanical properties
combined with low density and are increasingly used in several modern engineering fields such as
aircraft and aerospace due to their high strength, low weight, while the design of laminated
composite materials may be optimized over various objective functions and design variables [1,2].
One of the major topics to be investigated in this field is the impact behaviour of laminated
composites [3-9]. Among several types of composite materials, Kevlar aramid fibers based on poly
(para-phenylene terephthalamide) (PPD-T) are widely used in high-velocity impact (HVI)
applications [10-13]. However, textile fabrics can be yarns in many different styles, and several
factors must be considered such as fabric count, yarn size, yarn waviness, fiber modulus, fiber
diameter, cross-yarn friction, and parallel-fiber friction [14]. Over time, extensive literature has
developed on various composite damage models [6,9,15-17]. Most of these models are based on
capturing the behaviour of unidirectional pre-impregnated composite plies, reflecting their prevalent
use in high-performance applications. The accurate assessment of the influence of impact damage
currently requires extensive experimental testing to meet certification requirements, which is costly
and time-consuming. Impact-induced delamination occurs at a roughly circular region around the
impact site. The delaminated region causes local buckling of the sub-laminates under compressive
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loads. The size of the delaminated zone increases with the energy of the impact event, reducing the
CAI strength of the material [18-24].

A number of questions regarding the impact resistance remain to be addressed,
in order to certify these structures for the aeronautical industry, which is the concept of damage
tolerance [25,26]. Moreover, a series of recent studies have indicated that three types of damages are
classically induced on a low-velocity/low-energy impact on a uni-directional (UD) composite
laminate: matrix cracking, fiber fracture and delamination [5,7,25,27,28].

Matrix cracking conventionally occurs first in the damage scenario. Then, as the damage grows,
delamination quickly occurs. An interaction between these two damage phenomena is also clearly
visible during the impact tests [27,28]. Studies on compression after impact tests are well
documented, it is also well acknowledged that can be affected by several parameters such as
microstructural configuration, the mechanical properties of resin [23], stacking sequence [29-31], the
total thickness of the specimen [32], and the environmental condition [33,34]. Analytical models
have been also proposed to determine the CAI strength. Among, the researchers who studied the
fracture toughness in order to predict the CAI strength are Soutis and Curtis [35] and Chai et al. [36].
This section presents a review of recent literature on the most popular numerical method for CAI
modelling. Continuum Damage Mechanics (CDM) has been investigated by many researchers
[6,9,24,37-48].

Building on this foundation, others have driven the further development of a three-dimensional
(3D) CDM-based material model to investigate the progressive interlaminar degradation of
composite laminates with non-linear shear behavior, ply friction and damage irreversibility taken
into account. This model was combined with cohesive elements to capture interlaminar damage [49-
51]. Bouvet et al. [52] and Hongkarnjanakul et al. [53] captured interlaminar matrix cracking in a 3D
finite element mesh using cohesive interface elements through the thickness of each ply, which in
turn was modelled with a single layer of 3D elements. Rivallant et al. [54] also presented a finite
element model focusing on the fibre failure and delamination to simulate both impact and residual
strength tests and achieved good correlation between experimental and numerical results. Generally,
the advantage of Continuum Damage Mechanics approach is that it can be easily combined with a
stress and/or strain failure criterion for predicting damage initiation and fracture mechanics approach
for the failure progression by coupling the internal damage variables with the fracture energy. On
the other hand, Mendes et al. [55] evaluated the CAI of CFRP coupons using a single shell finite
element model combined with an energy-based damage model [56].

The energy-based damage model was implemented as a user defined material in ABAQUS
explicit commercial package. For comparison and validation purposes the Hashin failure model
available in ABAQUS was also used. The numerical results were compared against test results
published in open literature.

With this aim in mind, in this paper, an experimental-numerical approach is presented to
determine the response of Kevlar laminate plates under compression after impact. The instrumented
falling weight impact testing was performed at low energy levels (< 6 ]/mm), while the results of CAI
strength are compared against impact energies and delamination areas.

2. Materials and Methods

2.1. Material

This study utilizes a Kevlar 49/epoxy composite with twelve plies in a cross-ply laminate
configuration: [0/90/+45/0/90]s (as shown in Figure 1). The composite material was thawed, unrolled,
and cut to the desired sizes. The warp prepreg system resulted in a fiber volume fraction of 41%.
Subsequently, the composite was cured at 4.13 bars and 175°C (Tg = 1600°C) for 24 hours under
pressure and vacuum to produce hardened quasi-isotropic plates. Three plates measuring 300 mm x
300 mm were manufactured. These plates were then cut to a final size of 150 mm x 100 mm according
to DIN 65561, with each ply having a thickness of 0.22 mm. The laminates were manufactured at
Hellenic Airspace Industry facilities, strictly adhering to the manufacturer's specifications.
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The mechanical properties of the materials used in this study are presented in Table 1. Prior to
impact testing, pristine specimens were examined using an ultrasonic scanner (Figure 2). Ultrasonic
C-scanning, a powerful non-destructive testing (NDT) method, was then employed qualitatively to
investigate the damage distribution within the laminates and to compare their compressive failure
modes.

Figure 1. Kevlar 49/ Epoxy cross-ply [ 0/90/+45/0/90]s.

Table 1. Materials properties: Boron/Epoxy and FM94 Cytec.

Elastic Constants Strength Param.
(GPa) (MPa)
E1 69.80 Xt 1200
E>=Es 7.41 Xc 230
G12=G3 4.36 Yr 20
Gz 4.1 Yc 140
V12=V13 0.33 St 73
V23 0.36

1%]
L]

Figure 2. Ultrasonic Scanner and C-Scan Images of the Pristine Specimens.

2.2. Experimental Procedure

Following C-scanning, low-velocity impacts were performed on the specimens using a drop
weight tower, Ceast 9350 (Instron, High Wycombe, England). Three specimens per impact energy
level were impacted at 2, 4, 6, and 8 Joules per millimeter of specimen thickness. The specimens were
clamped around their edges to prevent any misalignment. The impactor had a hemispherical tip with
a diameter of 20mm and a total mass of 3kg. The impacted specimens were then scanned again using
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ultrasonic C-scanning to detect and visualize the subsurface delamination area within the
composites. After C-scanning, all specimens were dried in an oven at 60°C for 24 hours to remove
any residual water. A public domain image analysis software, Image] 1.45s (developed by Wayne
Rasband), was used to accurately measure the total delamination areas from the C-scan images of the
corresponding specimens. Finally, both impacted and pristine specimens were subjected to in-plane
compression testing according to DIN 65561. This protocol specifies the use of a special anti-buckling
jig made from high-strength steel (as shown in Figure 3). An Instron 3382, 10 kN electromechanical
universal testing machine was employed to obtain the compressive response of the specimens (both
pristine and impacted) at a crosshead speed of 0.5 mm/min. The following equation was then used
to determine the residual strength of the specimens:

Finax
o, = M
bd
where ocis the compression strength, Fmax the maximum force applied, b the specimen width and d
its thickness.

Figure 3. In-plane compression and anti-buckle Rig, Test frame.

3. Finite Element Analysis

Abaqus software was used to perform a 3D finite element analysis of the damage in the
specimens. Continuum shell elements were employed instead of conventional shell elements to
model the plates. These elements offer two key advantages over conventional elements. First, they
allow for more accurate contact modeling, leading to a better representation of the interactions
between components during the simulation. Second, continuum shell elements can account for the
behavior of plies stacked at different angles throughout the thickness of the plate, improving the
capture of through-thickness response. An explicit solution scheme was chosen to avoid convergence
problems, particularly during material degradation within the simulation. The boundary conditions
applied to the model are shown in Figure 4.
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Figure 4. Boundary conditions.

A more realistic approach to simulating a testing machine was implemented by applying a
prescribed displacement incrementally to the joint, rather than applying nodal forces to each layer.
This accounts for the fact that stresses in each layer depend on the overall stiffness of the composite
[24,57,58]. For this study, the impact-induced damage area is assumed to be circular. A more detailed
discussion on damage area modeling can be found in the literature [56,59,60]. The Hashin fabric
failure criterion, a variant specifically designed for fabric-based materials, was adopted for this
analysis. In woven composite panels, the 1 direction represents the warp direction, the 2 direction
represents the weft direction, and the 3 direction corresponds to the through-thickness direction.

4. Results and Discussion

4.1. Experimental Results

The experiments were designed based on a special testing procedure developed by Boeing and
Airbus to investigate the compressive response of impacted laminates according to the standards
ASTM D 7137 and DIN 65561, respectively. Figure 5 presents both optical and ultrasonic scans of the
CAl-tested specimens at corresponding energy levels for comparison. This allows for a visual
assessment of the damage caused by impact at different energy levels.
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Figure 5. Optical and C-scan images obtained from the impacted composite CAI specimens.

The ultrasonic scan images (lower row in Figure 5) clearly show that the total delamination area
increases with increasing impact energy levels. A typical delamination cross-section becomes visible
in these images for impact energies above 0 J/mm. The optical macro-photographs reveal a
differentiation in the failure modes with increasing impact energy. In-plane buckling and edge failure
were observed for impact energies above 0 J/mm, while mid-plane fracture was not present in any of
the plates. These results suggest that the internal damage is not severe enough to induce micro-
buckling and subsequent ply failure leading to mid-plane fracture. It's important to note that the
largest delamination under impact loading occurs between the 3rd-4th and 9th-10th plies (+45°).
Within these delaminated zones, interfacial forces vanish under tensile and shear loading, and
friction between the debonded surfaces is neglected.

Previous studies [35,61] have shown a complete loss of load-carrying capacity in the plies within
the damaged area. For the range of impact energies investigated, matrix cracking was found to be the
dominant form of intra-laminar failure, with minimal evidence of fiber breakage. Fiber damage was
primarily observed in the top and bottom plies. The matrix cracking was concentrated around the
impact region with a symmetrical and continuous distribution, similar to what has been reported
elsewhere [62]. The extent of matrix cracking increases proportionally with increasing impact energy.
The interlaminar matrix damage contours for all plies at ultimate failure (shown in Figure 5) confirm
that damage propagates through the pre-damaged impacted center of the panel, which is consistent
with experimental results [63]. Figure 6 presents the experimental stress-strain curves obtained from
the compression tests. It is evident that the varying impact energies significantly influence the in-
plane compressive response of the Kevlar fiber laminates. The specimens generally exhibited a linear
increase in stress with displacement until the ultimate strength of the laminates was reached. Beyond
this point, a significant drop in stress occurred as catastrophic failure took place. This type of failure
can be observed for undamaged laminates, while damaged laminates experienced central buckling
before failure.

70
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Figure 6. Strength-Strain curves obtained from the CAI tests.


https://doi.org/10.20944/preprints202406.1391.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 June 2024

d0i:10.20944/preprints202406.1391.v1

As shown in Figures 5 and 6, the CAI strength decreases with increasing impact energy (Table
2) [6-9,24,64,65]. The maximum compressive stress and the buckling initiation stress (obtained from
the linear extrapolation of the curves where the slope decreases) were recorded from these curves.

Table 2. Buckling initiation loads for CAI specimen’s vs Impact Energy (averaged).

Impact Energy [J/mm] 0 2 4 6 8
Buckling Stress [MPa] 61.63 59.99 59.92 51.94 36.80

A non-linear correlation between impact energy (expressed per thickness mm) and total
delamination area as measured by image analysis. This correlation was well-represented by a power
law model, which provided satisfactory results. The power law model was of the type:

AD:f'Ia

where: Ap= total delamination area, f=fit coefficient, I=simpact incident energy, a=power law
coefficient. The final equation of the model (R?=0.98) was:

Ap =0.27 - 162

Figure 7 and 8 depict the remaining compressive strength plotted against impact energy for all
specimens. Similar to the delamination area relationship, a linear trend is not observed. Instead, a
power law relationship with a negative exponent appears to better describe the behavior of the
experimental data. A significant reduction in the specimens' compressive strength is evident for
impact energies above 0 J/mm of thickness. Finally, Figure 9 shows the CAI strength plotted as a
function of the total delamination area. A sigmoidal (S-shaped) third-order polynomial was fitted to
the experimental data. Interestingly, the graph reveals a plateau between 4% and 9% delamination
area, indicating a relatively stable response in the specimens' strength. However, for delaminations
exceeding 10% of the total specimen area, the CAI strength deteriorates rapidly.

Equation

y=a*x"b

Adj. R-Square
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Figure 7. Cumulative Delamination Area vs Impact Energy.
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Figure 8. CAI Strength-Impact Energy for all specimens.
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Figure 9. CAI Strength vs Total Delamination Area for all specimens.

The experimental results show that the CAI strength of undamaged (non-impacted) specimens
with the [0/90/+45/90/0]s stacking sequence is 61.63 MPa. This value serves as the reference strength.
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When damage is limited to the impact zone, with no significant pre-buckling damage assumed, the
buckling strength of the impacted specimens (treated samples at 8 J/mm) is 36.80 MPa. This lower
reduction in strength might be attributed to the +45° surface plies, which potentially act as a sacrificial
layer, protecting the load-bearing 0° plies from impact damage [66].

5. Finite Element Results

A rectangular plate measuring 100 mm x 150 mm with a ply thickness of 0.22 mm was modeled
in the finite element software. Compressive loading was simulated by applying a prescribed vertical
displacement to the top surface of the specimen. Figures 10 and 11 demonstrate good agreement
between the experimental and numerical results. However, the theoretical buckling strength obtained
from the finite element analysis for the impact-induced damage configuration overestimates the
actual compressive strength observed in the experiments (Figure 10). This discrepancy can be
attributed to the assumptions made during the modeling process.

Mesh Model Result after Impact C-Scan

Figure 10. Finite element model with 8112 elements.

70

—— {oy/mm
11— (©@I/mm —
60 2J/mm, E
| (2)mm -
—— (4J/mm ///77 !
© 90 J——(gumm 7
S 41— (6J/mm ™
= — (6J/mm -
4 -
% R 8J/mm "
c 4 ~
—(8J/mm, <
= ( NN
o 30 i N .
< ===
O |
20 <= .
10
0

0.00 025 050 075 1.00 1.25 150 175 200 225 250
CAlI Strain [%]


https://doi.org/10.20944/preprints202406.1391.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 June 2024 d0i:10.20944/preprints202406.1391.v1

10

Figure 11. Useful comparison between experimental strength (averaged) and FEA CAI strain -
strength results.

Following impact, the cross-ply laminates experience delamination, with the delamination area
taking a circular shape and propagating primarily perpendicular to the loading direction (90°) [67].
Other failure modes like buckling and fiber failure are also possibilities. However, incorporating
information about the internal plies can significantly improve the accuracy of modeling these failure
modes [56,68]. The results highlight two key observations regarding the impact response. First, the
impact procedure induces permanent damage within the laminate. Second, analyzing plate failure
solely through buckling calculations proves insufficient. While the anti-buckling jigs successfully
prevented buckling, they lacked the rigidity to entirely suppress out-of-plane displacements. This
highlights the limitations of buckling analysis as a standalone method for predicting post-impact
behavior.

Finally, as shown in Table 3, the theoretical buckling strength obtained from the finite element
analysis for the impact-induced damage configuration overestimates the actual compressive strength
observed in the experiments.

Table 3. Experimental results vs finite element results.

Experiment FE-Analysis
Impact Energy [J/mm] Buckling Stress [MPa]
0 61.63 64.64
2 59.99 61.61
4 59.52 60.45
6 51.92 53.96
8 36.80 38.87

Two key parameters warrant further discussion based on the results: (a) crack propagation
behavior during CAI simulation and (b) the presence of fiber cracking (Figure 12).

QUL 4

00 +4350 w

Micro Damage

Figure 12. FE mesh of plate with hole under axial compression (impact energy of 2J/mm).

6. Conclusions

This paper presents the results of a combined numerical and experimental investigation on
Kevlar 49/Epoxy laminates. Six specimens were subjected to both impact and CAI (Compressive
After Impact) tests, with impact energy levels ranging from 0 to 8 J/mm. The accuracy of the
experimental results was validated through comparison with finite element analysis.

The investigation led to the following key conclusions:

e  The impact procedure induces permanent damage within the laminate, which is a critical factor
influencing CAI failure.


https://doi.org/10.20944/preprints202406.1391.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 June 2024 d0i:10.20944/preprints202406.1391.v1

11

e In the finite element analysis, a simplified model was employed where the damage site was
represented as an equivalent hole.

e  The anti-buckling jigs successfully prevented buckling during testing. However, these results
highlight the limitations of analyzing plate failure solely through buckling calculations. Plate
failure cannot be solely predicted by buckling behavior.
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