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Abstract

This paper presents detailed experimental and numerical studies on the behaviour of composite laminates subject to
impact loading by soft objectives. In this research, gas-gun experiments employ woven carbon fibre reinforced poly
(ether-ether ketone) (CF/PEEK) and gelatine projectiles to study the response of composite laminates under soft
impact loading. A high-speed camera is employed to capture the deformation of the projectiles and a three-
dimensional (3D) Digital Image Correlation (DIC) system is used to record the deformation of the impacted
composite specimens. A numerical finite-element (FE) model, in which Hashin’s theory is employed for composite
modelling and Smooth Particle Hydrodynamics (SPH) method is used for modelling the gelatine projectile and is
developed to simulate the soft impact on the composite laminates. The capability of the developed model is
validated using the gas-gun experimental results. Good agreement has been shown between the predictions from
using the FE model and the experimental results.
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1. Introduction

With their increasing application in the aircraft industry, polymer-matrix fibre-reinforced composite materials
have attracted much attention from both academia and industry. On the basis of an appropriate lay-up design, such
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composites can possess excellent in-plane properties, see Curtis et al. (1978) or Tsai and Hahn (2018). However, the
effect of an impact load, e.g. a high-velocity soft impact, on the residual through-thickness properties is still a key
safety concern for composite structures. With this in mind, gas-gun impact experiments have been widely used to
evaluate the reliability of composite structures. Many efforts have been made by a number of researchers to
investigate the behaviour of composite laminates subjected to impact loading by soft objects.

Heimbs and Bergmann (2012) conducted an experimental study on the response of composite specimens under
high-velocity impact loads of soft-body gelatine projectiles. In their experiments, the composites were subjected to
tensile and compressive loading before the impact experiments, to represent the realistic loading conditions of
aircraft structures subjected to foreign-object impact. Based on the experimental data, the effects of a pre-load on the
impact response of the composites were determined and it was found that the tensile and compressive pre-loading
could influence the damage pattern observed in the composites. Zbrowski (2014) performed soft-body impact tests
on the elements of a composite tail-plane component using a gas-gun system. The soft projectile was again made of
gelatine. The head-on and off-centre collisions on elements of the tail-plane were studied using two high-speed
cameras to record the interaction events between the projectile and the composite component. Damage inspection of
the composite showed that the head-on collision significantly damaged the vertical tail-plane, but the off-centre
collision caused only minor permanent deformation and, importantly, did not damage the leading edge of the
component. Some publications, see Hou and Ruiz (2007) or Johnson and Holzapfel (2003), have shown that a
mixture of 10% by weight gelatine and 90% by weight distilled water is one of the widely-used materials to conduct
soft impact studies on composite materials.

In the present research, experimental and numerical studies on the impact behaviour of composite laminates
subjected to soft impact are presented. For the experimental studies, the gelatine projectiles are employed to perform
gas-gun impact tests on the composite target specimens. A high-speed camera is employed to capture the
deformation and flow of the gelatine projectiles during the test and the deformations undergone by the composite
specimens are recorded using a three-dimensional (3D) Digital Image Correlation (DIC) system. For the numerical
studies, a FE model is developed, using ‘Abaqus/Explicit 2017°, to model the soft impact on the composite
specimens. The main model for predicting the damage of the fibre-reinforced composites is based upon the Hashin
damage approach, see Hashin and Rotem (1973), which has a higher computational efficiency than other sub-routine
damage models. The soft gelatine projectile is modelled using the Smooth Particle Hydrodynamics (SPH) technique.
The modelling results are then compared with the corresponding experimental results for model validation.

2. Projectiles, composite materials and test specimens
2.1. The soft projectiles

The ingredients used to prepare these projectiles were gelatine powder and distilled water. The gelatine powder
was supplied by Honeywell Specialty, Germany. The gelatine projectiles had a nominal diameter of 23 mm and a

nominal length of 45 mm. The geometry of the prepared projectiles are given in Fig. la. Table 1 shows the
dimensions of the prepared gelatine projectiles.
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Fig. 1. The geometries: (a) the geometry of the gelatine projectiles and (b) the geometry of the composite specimens.
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Table 1. Physical properties of the gelatine projectiles (Hou and Ruiz 2007; Johnson and Holzapfel 2003).

Projectile Density (g/cm?) Mass (g) Diameter (mm) Length (mm)

Gelatine 1.06 = 0.003 20+0.5 23+£0.5 45+£0.5

2.2. The composite specimens

In this research, a woven-T300 carbon-fibre reinforced PEEK composite was evaluated. The woven carbon-fibre
ply possessed a [0°-90°] architecture. These materials were supplied by Haufler Composites, Germany. An Out-of-
Autoclave (OOA) manufacturing route was employed to consolidate the CF/PEEK prepregs. Composite specimens
were manufactured from the composite panels, using a diamond saw and a floor-standing drill. The geometry of the
composite specimens for the impact tests are given in Fig. 1b, where H and W are the specimen height and width,
respectively, when mounted in the support fixture. The length, ds, defines the size of the DIC pattern area. The
length, d;, defines the distance between the sample edge and the centre line of the holes and d> defines the distance
between each of the holes. The radius of each hole is R. For the application of the DIC measurement system, the
composite specimens were first painted on the rear-face using a white matt paint and then ‘speckled’ using a
paintbrush to form the matt-black pattern for the DIC measurements. The edge length of the speckled area was
defined as d;. Table 2 gives all the dimensions of the specimens.

Table 2 Dimensions of the composite target test specimens.

Dimensions W (mm) H (mm) d; (mm) d> (mm) d3 (mm) R (mm)

Values 140 140 16 36 70 5

2.3. Testing devices

A helium-propellant gas-gun, which has a four-litre pressure vessel and a three-metre-long barrel, was employed
to accelerate the projectiles in the impact tests. The velocity of the projectile was adjusted by changing the pressure
of the vessel. The incident velocity of the projectiles was measured using two pairs of infrared sensors located at the
end of the barrel. New projectiles were employed for each impact test. The schematic of experimental set-up for gas-
gun experiments is shown in Fig. 2. During the experiments, the target composite specimen was fixed by a specimen
support. A 3D DIC system was used to measure the deformation of the specimens during impact experiments.
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Fig. 2. Schematic of the experimental set-up for the Fig. 3. Schematic of the post-test status: (a) no visible
gas-gun impact tests. damage, (b) cracking, (c) fracture, and (d) perforation.

3. Experimental procedures
3.1. Gas-gun impact experiments
To study the response of the CF/PEEK composites subjected to soft impact loading, the CF/PEEK specimens

were impacted using a gelatine projectile fired at four different impact velocities, and hence with different impact
energy levels. The test details for these experiments are summarised in Table 3.
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Table 3. Details for the gas-gun tests on the effects of the impact velocity on the impact response.

Test Projectile Projectile mass (g) Impact velocity (m/s) Impact energy (J)
GCP-1 Gelatine 20+0.5 61+2.5% 37+5%
GCP-II Gelatine 19+£0.5 75+2.5% 53+5%
GCP-1lI Gelatine 20+0.5 80 +£2.5% 64 + 5%
GCP-1V Gelatine 20+0.5 85+2.5% 72 +5%

3.2. Damage inspection studies

After the impact experiments, a visual inspection was conducted on the composite specimens and photographs
were taken of the rear-face of the post-impacted specimens. In general, the type of damage suffered by the composite
specimens on the rear-face could be categorised as: (a) no visible damage present, (b) cracking observed, (c) fracture
having occurred, and (d) perforation (i.e. penetration of the projectile through the specimen) having occurred. The
main difference between ‘type (b) cracking’ and ‘type (c) fracture’ is whether there was fibre breakage observed. For
‘type (b) cracking’, this was defined as when cracks were only observed in the matrix. However, for ‘type (c)
fracture’, fibre failure was also observed. Schematics of these descriptions are shown in Fig. 3.

4. Experimental results
4.1. Deformation of the gelatine projectile

Fig. 4 shows the deformation of the gelatine projectile recorded by a high-speed camera during an impact with the
CF/PEEK composite specimen for an impact energy of 37 J. It was found that at the beginning of the impact event

(i.e. t = 0.0 ms) the shape of the gelatine projectile was well preserved. However, in Fig. 4g for =0.4 ms, the gelatine
projectile can clearly be seen to be flowing freely after impact.
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Fig. 4. Deformation history of the gelatine projectile from 37 J impact energy level.

. Gelating
projectile

4.2. Digital Image Correlation (DIC) results for the CF/PEEK composite

The 3D DIC system was employed to measure the out-of-plane (OOP) displacement, on the rear-face of the
composite specimens during the gas-gun experiments, Figures 11. The OOP displacement contours, corresponding
to different times during the impact tests, were also obtained from the DIC results and shown in Fig. 5a. Similarly,
the OOP displacements along the horizontal mid-section, during the loading and unloading of the specimen, were
also obtained from the contour maps of the OOP displacement, and the results are shown in Fig. 5b, where the time
interval is 0.025 ms during loading and unloading. The inset picture, on right, shows a horizontal solid line where the
profile section is.
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Fig. 5. CF/PEEK composite specimen impacted with a gelatine Fig. 6. Photographs of the rear-faces of
projectile at 37 J: (a) the OOP displacement contours and (b) the the specimens after impacted at (a) 37
evolution of the OOP displacement profiles. and (b) 72 J energy level.

4.3. Post-impact assessment of the CF/PEEK composite

Representative photographs taken of the rear-faces of two of the gelatine-impacted CF/PEEK specimens are
shown in Fig. 6, along with corresponding magnified images of the central area. In Fig. 6a, where the specimen has
been impacted by a gelatine projectile with an energy of 37 J, there is no visible damage. The same observation of
there being no visible damage was recorded for the tests conducted at impact energy levels of 53 J and 64 J. In
contrast, the CF/PEEK composite specimen impacted at energy level of 72 J, has suffered fracture damage, with the
cracking in the matrix mainly being confined to the central area of the specimen, Fig. 6b.

4.4. Summary of the results for the gelatine-impacted CF/PEEK specimens

The main experimental data obtained from the gelatine-impacted CF/PEEK specimens are summarised in Table
4. (It should be noted that due to fracture of the rear-face during ‘“Test GCP-IV’, when an energy level of 72 J was
used, no accurate value for the maximum major strain could be obtained from the DIC results for this test.) As the
impact energy is steadily increased, the maximum major strain and maximum OOP displacement both increase in
value. Further, the type of damage changes from there being no visible damage up to, and including, an impact
energy of 64 J, but with fracture of the composite specimen being observed when an impact energy of 72 J is used.

Table 4. Main results for the CF/PEEK specimens after impact by the gelatine projectiles.

Impact velocity Impact energy Type of post-impact Maximum OOP displacement
Test
(m/s) J) damage (mm)
GCP-I 61+£2.5% 37+ 5% (a) no visible damage 39+3%
GCP-II 75+£2.5% 53+5% (a) no visible damage 4.2 +3%
GCP-III 80 £2.5% 64+ 5% (a) no visible damage 4.6 +3%
GCP-1V 85 +2.5% 72 £ 5% (c) fracture 4.8 £3%

5. Numerical modelling
5.1. Finite-element (FE) model

A finite-element (FE) model was developed to model the soft impact on the composite test specimens, see Fig.
7a. In the FE model, the gelatine projectile was modelled using the Smoothed Particle Hydrodynamics (SPH)
modelling technique. The SPH method is a meshless Lagrangian technique where the solid FE mesh for the gelatine
impactor is replaced by a set of discrete interacting particles. The gelatine projectile was first modelled using 8-node
linear-brick (C3D8R) elements, see Fig. 7b. However, upon initial contact of the projectile with the composite target
specimen, these elements were converted to continuum particle (PC3D) elements, see Fig. 7b. The characteristic
length for the PC3D elements was 0.5 mm, which was equivalent to half of the element size that was used for
modelling the gelatine projectile with the CSDSR elements. The total mass of the projectile was equally distributed
between all the 8-node linear-brick (C3D8R) elements or all the continuum particle (PC3D) elements.
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Fig. 7. FE model for (a) initial model with 8-node linear-brick (C3D8R) elements and (b) converted model of
continuum particle (PC3D) elements for the gelatine projectile.

The Abaqus in-built Hashin damage model is only applicable to the unidirectional fibre-reinforced composite
plies. Hence, the [0°-90°] woven carbon-fibre ply used for the CF/PEEK specimens was represented as two
unidirectional-fibre sub-plies, joined at right angles to the fibre direction. Thus, in the FE modelling, two
unidirectional-fibre sub-plies were first created, with the thickness of each of the unidirectional-fibre sub-plies (i.e.
0.125 mm) being equal to half that of the thickness of the equivalent [0°-90°] woven-fibre composite ply (i.e. 0.25
mm). These two unidirectional-fibre sub-plies were placed at right angles and then joined using ‘tie constraints’, to
form a single equivalent [0°-90°] woven-fibre composite ply, which has the same in-plane properties as the actual
woven-fibre composite ply that was used in the composite specimens. The elements employed for the composite
target test specimens were 8-node quadrilateral in-plane general-purpose continuum shell (SC8R) elements, with an
element size of | mm x 1 mm. The boundary conditions employed in the model were the same as those used in the
gas-gun experiments. A general contact algorithm was used to govern the global contact in the numerical modelling
and a friction coefficient of 0.2 was adopted for the global contact, see Liu et al. (2018).

5.2. Capturing the response of the projectile

The SPH approach was employed to model the behaviour of the gelatine projectile as a sub-routine in the
‘Abaqus/Explicit 2017 code. In order to use the SPH method for capturing the response of the soft-gelatine
projectile, an equation of state (EOS), with suitable input parameters, is required for the modelling of the gelatine
projectiles. In this research, the Mie-Griineisen EOS, which is linear in energy, was employed to define the coupled
equations for pressure and internal energy of gelatine projectiles, see Abaqus 2017 documentation (2017). The input
parameters, see Abdul Kalam et al. (2017) or Frissane et al. (2018), required for the numerical modelling of the
gelatine projectiles are shown in Table 5.

Table 5. Properties required for modelling the projectiles.

. Reference Dynamic Reference speed of Slope of the Us Griineisen
Properties . . . .
density viscosity sound versus Up curve ratio
Values 1.06 g/cm® 1X107°MPa-s ¢y =1.45x10°mm/s s =1.87 ' =1.09

5.3. The damage suffered by the composites

Damage initiation model. The main model for predicting the initiation of damage in ‘Abaqus/Explicit 2017’ is a
sub-routine which is based upon the Hashin methodology, see Abaqus 2017 documentation (2017) or Hashin and
Rotem (1973). In Hashin’s damage model, four different types of damage mechanisms, which arise from tensile
fibre failure, compressive fibre failure, tensile matrix failure and compressive matrix failure are employed to capture
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the initiation of damage in the unidirectional-fibre sub-plies. The material coordinate system in the unidirectional-
fibre sub-ply was defined as the 1-2-3 coordinate system, where the longitudinal fibre direction is defined as the 11-
direction and the transverse direction, perpendicular to the longitudinal fibre direction, is defined as the 22 -direction.
The general forms of the damage criteria in Hashin’s approach to model the initiation of the above four different
types of damage are given as, see Hashin and Rotem (1973):

Tensile fibre failure (6;; = 0): Ft — (E) )
f XT

~ 2

Compressive fibre failure (6;; < 0): ch — (%) )
~ 2

Tensile matrix failure (65, = 0): Ft = (%) 3)
A~ 2 ~ A

i i ; A~ . c _ (%22 ? e 022 T12 2
Compressive matrix failure (6,, < 0): Fq = o5T + o57) T 1 Ve + < (4)

In the above equations, the indices on the terms Fft s Ff, EY and E§ represent the four types of damage of tensile
fibre failure, compressive fibre failure, tensile matrix failure and compressive matrix failure, respectively. The
parameters, X and X¢ denote the tensile and compressive strengths in the longitudinal fibre direction, respectively.
The terms YT and Y are the tensile and compressive strengths in the transverse direction, respectively; S and ST =
Y€ /2 denote the shear strengths in the longitudinal and transverse directions to the fibres, respectively; and 6, 65,
and 7, are components of the effective stress tensor, &, that are used to evaluate the criteria. Further, the initiation
of any interlaminar failure damage may be captured by a quadratic-stress criterion, given by:

(T ([t (ta2)’

(&) () +(35) = ©

33 31 32
where t;(i = 33,31,32) represent the current normal and shear stresses and t? (i = 33, 31,32) represent the normal
and shear cohesive strengths, when the separation is either purely normal (i.e. the 33) direction to the interface or
purely in the first shear (i.e. 31) or the second shear (i.e. 32) directions, respectively. The interlaminar damage is
assumed to initiate when the above quadratic interaction function, involving the ratios of the stresses, reaches a
value of one.

Damage evolution model. In both the intralaminar and interlaminar models, linear material softening was used to

predict the post-damage initiation behaviour of the composite plies. A general form of the damage variable for a
particular damage initiation mechanism is given by:

ef(e — &%
=— 7> (6)
e(ef — &9
where d = djf for fibre tension failure, d = dj for fibre compression failure, d = dt for matrix tension failure, d =
d§, for matrix failure, and d = d;;., for interlaminar failure, respectively. The strain, €, is the equivalent strain in
the composite ply. The strain values, £° and €/, are the equivalent strains corresponding to initial failure and final
failure, respectively. For more details, refer to the Abaqus 2017 documentation (2017).

5.4. Input parameters for the composite damage models

By employing the Hashin damage model as a sub-routine, the composite specimen may be simply defined as
continuum shell elements and only the in-plane material properties are required for the numerical modelling.
However, the values of the cohesive stiffness, maximum cohesive strength and the various fracture energies need to
be inputted into the cohesive surface sub-routine. The relevant material properties of the CF/PEEK composites
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required for all the various sub-routines of the FE modelling studies may be found from the literature, see CYTEC
(2012) or Liu et al. (2019, 2018, 2018) or Naderi and Khonsari (2013) or Turon et al. (2010) or Yoon and Sun
(1991), and are given in Table 6.

Table 6. The values of the input parameters for the composite damage models.

Property Unidirectional CF/PEEK sub-ply

Moduli (GPa) Eyy = 127; Eyy = 10.3; Gyp = 5.7

Poisson's ratio V12 = 0.3

Strength values (MPa) XT =2070; YT =85; X¢ = 1360; Y¢ = 276; St = ST = 186;
Ply fracture energies (kJ/m?) Giclpe = 218; Grelpe = 1045 Gielme = 1.7; Gielme = 2.0
Interlaminar fracture energies * (kJ/m?) G =17; Gy =20

B-K component * ngx = 1.09

Cohesive strengths (MPa) t9 =43;td, =t =50

Cohesive stiffness (N/mm) k=64x105

* Note: these properties are for interlaminar failure between two of the [0°-90°] woven-fibre plies.
6. Modelling results
6.1. Deformation of the gelatine projectile

The deformation history of the gelatine projectile obtained from the experimental studies and predicted
using the FE model for an impact test conducted at an energy level of 37 J on the CF/PEEK composite, Fig. 8.
The experimental results show that, after the initial contact with the composite specimen, the front of the
gelatine projectile started to deform and flow to the periphery of the composite specimen. Correspondingly,
the modelling results show a similar phenomenon, Fig. 8b. At a later stage of the impact event, Fig. 8e, most
of the gelatine projectile has deformed, flowed and spread over the surface of the composite specimen, and
again the modelling studies accurately capture this behaviour of the gelatine projectile.
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Fig. 8. Deformation of the gelatine projectile obtained from the experimental studies and as predicted from
the numerical FE model for the CF/PEEK test specimens an impact energy of 37 J.

6.2. Deformation of the CF/PEEK composite

Based on the DIC results obtained from the experiment conducted at an impact energy of 37 J using the gelatine
projectile, the major strain history and out-of-plane displacement history of the centre point for the rear-face of the
composite test specimen can be extracted. The values of the maximum major strain and central OOP displacement
predicted from the modelling studies are compared with the corresponding experimental results in Fig. 9a. The
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values of the predicted maximum major strain and central OOP displacement are 1.2% and 3.6 mm, respectively,
which are only about 8% lower than the experimentally measured values. To further confirm the accuracy of the
numerical FE model, the predicted central OOP displacement versus time trace was also compared with the
corresponding experimental results, see Fig. 9b. It can be seen from the results in these figures that, although the
modelling studies gave somewhat lower maximum values than the experimentally measured values, the general
trend and overall response of the composite test specimen were predicted extremely well using the FE model.
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Fig. 9. The predicted and experimental Fig. 10. The experimentally measured and predicted degrees of
results for 37 J impact: (a) the central OOP damage resulting in the rear-face of the CF/PEEK test
displacement versus time trace and (b) the  specimens from using a gelatine projectile with (a) 37 J and (b)

predicted contact pressure. 72 J impact energies.

6.3. Damage in the CF/PEEK composite

The next step is to assess the capability of the numerical FE model that has been developed to predict the impact
damage created in the composite by the impact event. The impact events were modelled at two impact energies of 37
J and 72 J. The experimental and predicted degrees of damage, which resulted in the CF/PEEK composite
specimens, Figs. 10a and 10b, respectively. The term “DAMAGESHR?” represents the predicted shear damage in the
composites.

It was found that at an energy level of 37 J (‘Test GCP-I") that the prediction from the numerical modelling
studies was ‘(a) no visible damage’, which is in agreement with the experimental results, Fig. 10a. When an impact
energy level of 72 J (‘Test GCP-IV’) was modelled, failure was predicted to be present only in the central area of the
gelatine-impacted CF/PEEK composite, Fig. 10b. The experimental results revealed that some damage had indeed
occurred in this region of the composite. In addition, the extent of the damage, as determined from the post-impact
experimental observations on the composite specimen, is accurately predicted by the numerical studies.

Conclusions

This paper has focussed on experimental and numerical studies of the response of polymer-matrix fibre-
reinforced composites under impact loading by a soft objective. A high-speed camera was used to record the
deformation of the projectile during the impact event. The recorded frames showed that the gelatine projectile
behaved as a viscoelastic-plastic fluid. The gas-gun tests were performed using woven carbon-fibre reinforced poly
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(ether-ether ketone) (CF/PEEK) composite specimens, using the gelatine projectiles, at four impact energy levels, to
investigate the behaviour of composite laminates under soft impact loading. Then, a finite-element (FE) numerical
model was developed to predicting the behaviour of the projectile and the composite specimens, during the impact
event. This numerical model enabled (a) the deformation, (b) the initiation of damage, and (c¢) the evolution of such
damage in the composite target specimens to be predicted, as well as the deformation and flow behaviour (and the
contact pressure) of the projectile. The results from the numerical studies have been found to be in very good
agreement with the experimental results.
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