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• A novel Metallic Foam Shell (MFS) pro-
tective device against flying ballast im-
pact damage in railway axles is
designed.

• By using impact tests and non-
destructive evaluation methods, the
most optimal MFS configuration is pro-
posed.

• The newly developed MFS device can
absorb up to 90% of the initial impact
energy with total protection of the axle.

• The suggested MFS device can be effec-
tively evaluated by means of the most
common non-destructive techniques.
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Ballast impacts can initiate surface defects that cause abrupt failure of the axle and derailment of the railway ve-
hicle. According to the Federal Railroad Administration the axle and bearing failure costs around 89 million dol-
lars and causes 46 derailments in the US per year (2005–2010). In this study, the authors have suggested a novel
protectivemechanism (Metallic FoamShell –MFS) by using a lightweight sandwich panel. At thefirst step, a pre-
liminary study is conducted, followed up by the numerical simulations to determine the applicable materials. At
the next step, experimental tests were performed to assess the efficiency of the suggested device against flying
ballast impacts. An extended non-destructive (NDT) evaluation has been performed in order to find the most
suitable technique for damage detection of the proposed device when on-service. The studied cases were GFRP
and Aluminium sandwich panels, having an aluminium foam core with different densities and thicknesses. The
results showed that the MFS can absorb up to 90% of the initial impact energy and significantly decrease the
chance of rebounding impact to the other components. Moreover, the results were also analysed in order to pro-
pose the most reliable NDT method for this specific application.

© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction

Railway axles are known as themost loaded parts in the railway ve-
hicles since they account for about 70% of wagon mass. Axles are
. This is an open access article under
designed against endurance limit [1]. However, formation of crack and
failure significantly decreases their fatigue life. According to the Federal
Railroad Administration (FRA) in 2005–2010, the axle and bearing fail-
ure costs around 89 million dollars and causes 46 derailments per year
in the US [2].

Two main axle failure mechanisms are overheating of the roller
bearing, known as ‘hot box’ [3] and fatigue from sub-surface and surface
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Nomenclature

CLT Classical Lamination Theory
CT Computed Tomography
Dx Flexural stiffness along x axis (N·mm)
E Young's modulus (MPa)
Ead Energy absorption (J)
Ei Impact energy (J)
Fmax Impact max force (N)
GFRP Glass Fibre Reinforced Polymer
MFS Metallic Foam Shell protective device
PEEQ Equivalent plastic strain
PT Pulsed Thermography
SAE Specific Absorbed Energy (J/kg)
Tcore Core thickness (mm)
Tskin Skin thickness (mm)
UPA Ultrasonic Phased Array
VT Visual Testing
w Displacement (mm)
εmax Elongation at break (%)
ρ Density (kg/m3)
ρcore Core density (kg/m3)
σy Yield stress (MPa)

2 G. Epasto et al. / Materials and Design 196 (2020) 109120
defects, predominantly initiating at corrosion pits [4] and nucleated
micro-cracks [5]. These micro-cracks initiate from ballast impacts, typi-
cally small, sharp gravel particles or pebbles from the sleeper beds of
railway tracks [6]. In Australia, a high-speed train derailed in 2006 due
to micro-cracks that nucleated at depth of 0.1–0.9 mm from ballast im-
pact on the surface of the axles [6]. In the same year, other 12 railway
axles failed due to the similar type of defects [6]. In July 2008, a high-
speed train derailed in Cologne, Germany, due to the combined effects
of non-metallic inclusions and corrosion at the pressed fit section of
the T-junction on the axle, causing the failure of the axle [7].

It is well known that the most common reason for crack initiation
and corrosion pits is flying ballast [8]. The flying ballast occurs when a
combination of both mechanical and aerodynamic forces, generated
mostly by the passage of the train, cause one or more ballast particles
to overcome gravity. It is reported that 30% of the high-speed axles
were affected by flying ballast impacts [8]. Of course, a ballast-induced
notch is not a crack although there is some chance of sharp edges
from which small fatigue cracks could easily develop. Flying ballast
can affect the safety of staff working along the railway lines, train safety
and, consequently, passengers, or impose financial loss to the railway
vehicle and the infrastructure maintenance [9]. Since no regulation is
defined by international standards about flying ballast, implementing
a method to protect the vehicle axle can control the inflicted damages
to the rolling stocks and decrease the maintenance costs.

One of the first solutions was provided by Murphy et al. [10] by in-
troducing a protective device for a drive shaft of a front-wheel drive of
a tractor. The device consists of two holders fixed on the gearbox hous-
ing and the housing. The holders and entire shaft were then encircled
with a protective tube encircling. The mechanism was improved by
Kontio et al. [11] by altering the protective device to a circular-
cylindrical pipe consisting of an inner and outer layer. The inner one
was made of a foamed plastic and glued to the outer layer and the
whole system was fastened to the axle. The installation process was
faster than the previous method althouh the tight connection against
the axle led to trapping moisture between the inner layer and the
axle. The rusts created due tomoisture could trigger corrosive reactions
and damage the axle. Toovercome this issue, an excel version of the pre-
vious design was proposed by Tolérus and Lundhammar by adding
some radial gaps and elongate the ridges which formed an air channel
between the cover and the axle [12]. A less expensive technique was
proposed by Chretien et al. [13] where the axle was protected by a poly-
mer strip with an uncomplicated assembly process. The application of
the mentioned protective systems was limited to the axle classes
which depends on the rolling stock speed. A protective system, which
could be implemented to rolling stock independently to the class and fa-
cilitate the inspection of the axle was presented by Guenard and
Thouvenot [14]. The system consisted of two or three layers of different
materials. The first layerwas capable of adhering to the axle. The second
layer comprised at least one adhesive compound in pasty form adhered
to the first layer. Depending on the axle class, the third layer could be
implanted. Moreover, using special adhesives and different layers of
protection could improve the impact absorbing properties. However,
the designed system could not completely protect the axle against the
flying ballast due to the lack of impact resistance. Therefore, the outer
layer was substituted with a relatively hard shielding layer to resist
against ballast impact without failing and a flexible inner layer as a
shock absorber [15]. Another protection device was proposed by Dohn
and Jensen [16] to fulfil axle protection against flying ballast, grit, and
chunk of ice while preventing corrosion. The protective device had a
substantially tubular shape, comprised a shell and spacers which cre-
ated a gap between the shell and the axle that played as an anti-
corrosion system. The gap and the rotation of the wheel led drainage
of the condensed water. The device could be easily removed for a safer
maintenance and inspection. On the other hand, this systemwas adopt-
able for a specific designed geometry, which could increase the
manufacturing cost. Afterwards, in thenewdesign, a twohalf shells pro-
tective device was manufactured by adding the elastomer strips [17].
Based on the axle diameter, correct elastomer thicknesses could be se-
lected and implemented in the device. Accordingly, the manufacturing
costs for making shells with different diameters were eliminated. The
performance of developed devices was affected by climate factors
such as temperature, which could alter the elastic properties and the
thickness of the elastomer layer. Additionally, the designed devices
did not cover the entire wheelset and the uncovered areas could be ex-
posed corrosion and axle failure [18]. To solve this issue, a protective
covering technique was applied to the metal surface of the wheelset.
The added layer consisted of three painting sub-layers to provide adher-
ing properties and to protect the wheelset against ballast impacts [18].
Although the protective layerswere not subjected to softening at higher
temperatures, the visual inspection of the axle surface became infeasi-
ble. Also, the maintenance was more laborious and expensive since
the coating must be repaired locally.

In this paper, the authors have developed a novel axle protective de-
vice, named Metallic Foam Shell (MFS), to overcome the main draw-
backs of the conventional devices. Among the potential materials, it
was decided to implement a lightweight sandwich panel as the inte-
grated structure of this novel ballast impact absorber. At the first step,
a preliminary study is conducted which then followed up by numerical
simulations to determine the applicable materials. At the next step, ex-
perimental tests were performed to assess the efficiency of the MFS
against flying ballast impacts. An extended non-destructive (NDT) eval-
uation by means of visual testing (VT), computed tomography (CT), ul-
trasonic phased array (UPA), pulsed thermography (PT) has been
performed in order to find the most suitable technique for damage de-
tection of the device when on-service. Gaudenzi et al. [19] compared
different NDT techniques to assess impact damage on carbon fibre/
epoxy laminates, finding that transient thermography underestimates
damage extension respect to UPA results. Also, the results of UPA with
X-ray CT to assess the misestimation respect to the true damaged area
due to impact in carbon fibre-reinforced composite specimens were
compared by Katunin et al. [20].

The proposed MFS can absorb impact energies through inelastic de-
formation, which is advantageous in terms of minimizing the
rebounding of the ballast stones and impact recurrence. Moreover, in-
stallation can be conducted through a fastening mechanism, which al-
lows an uncomplicated disassembly of the device for the scheduled
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inspections of the axle. In addition, there is no need to increase the
roughness of axle, as the attachment of the MFS is not based on adhe-
sives. Finally, theMFS can beused effectivelywithin awide temperature
range, which will allow the railway administration to avail the device
within harsh climate conditions. In selecting the most suitable material
for the final design of the MFS, particular attention was made to the en-
vironmental aspect for the disposal of the device at its out-of-service.
Thus, a fully recyclable material is proposed.

2. Materials and methods

2.1. Materials and sample preparation

The common and lightweight cores have open-cell or closed-cell
structures such as polymeric and metallic [21–23] foams. These mate-
rials have unique mechanical properties, which make them interesting
for a variety of structural engineering applications. Among the different
available polyurethane [24] andmetal [25–27] foams, the authors chose
closed-cell aluminium foams. These materials have interesting combi-
nations of properties such as high stiffness, strength combined with
high-energy absorption capacity, and formability. These features guide
us to choose these foams as the potential elements of the MFS [28].

2.1.1. Materials
Large foampanelswith different densitieswere prepared by powder

metallurgical (PM) route, based on AlSi10 alloy. The chemical composi-
tion of themetallic foamwas 10wt% Si andAl balanced,while 0.4wt% of
titanium hydride (TiH2) powder was used as foaming agent via heating
up to 620 °C. Following the PM process, closed-cell aluminium foam
panels with densities in the 550–1300 kg/m3 range were obtained. Ex-
cept the thickness, where 20- and 34-mm thicknesses were imposed,
all panels had the same in-plane dimensions (500 mm × 500 mm).

Among the available metallic and non-metallic sheets materials, the
authors decided to choose Glass Fibre Reinforced Polymer (GFRP) com-
posite and aluminium alloy 6082 for the skin of sandwich panels
(Fig. 1a, b). GFRP composites are part of lightweight materials with
high strength-to-weight ratio and resistant to environmental conditions
(saltwater, chemicals, acid rain, salts and most chemicals), while Al
alloy 6082 highlights crushing performances, excellent corrosion resis-
tance, low cost and good formability.

The main physical and mechanical properties of GFRP and alumin-
ium skins are described in Table 1. The mechanical properties of GFRP
skins were calculated by tensile tests on rectangular samples with tabs
and are consistent to such found in literature [29].

The GFRP skins were produced by using bi-directional fabrics in 0°/
90° directions, andMAT type fibres. The bi-directional fabrics had a spe-
cific weight of 400 g/m2 andMAT fabrics had a specific weight of 225 g/
m2. The fibre volume fraction was 0.55.

2.1.2. Sample preparation
For performing quasi-static compression tests, from the obtained

panels, cubic foam samples with thickness of 20 mm and 34 mm were
prepared. In order to obtain accurate samples and to prevent any dam-
age to the cellular structure, a non-traditional Electric Discharge Ma-
chining cut the foam samples. Fig. 1c presents the large foamed panel,
while Fig. 1d shows the cut samples used for impact tests.

Twelve samples with various foam density, thickness and face-sheet
materials was produced to be used in the impact tests. In-plane dimen-
sions of the samples were 60 mm × 60 mm with the out-of-plane di-
mension of 20 mm and 34 mm as the two groups with different
thicknesses. The face-sheet materials were aluminium alloy and GFRP,
Fig. 1e and f. The produced samples are listed in Table 2.

The thickness of aluminium skin is 2mm thatwas evaluated in order
to obtain the same flexural stiffness values in x and y directions of the
GFRP with 4.3 mm thickness. The flexural stiffness D of the GFRP was
calculated by applying both Classical Lamination Theory (CLT) and
Dietz approach [31]. The obtained values were Dx,CLT =
56.79·103 N·mm by Classical Lamination Theory and Dx,Dietz =
56.76·103 N·mm by Dietz approach. The mean value is Dx =
56.77·103 N·mm.

By applying the Kirchhoff-Love theory of plates [32], the aluminium
thickness which allows to obtain the same flexural stiffness value of the
GFRP skin,was evaluated as 2.113mm.Whereas aluminium layers com-
mercially available present values of 2 mm or 2.5 mm; authors chose
2 mm thickness, which present a flexural stiffness of 52.4·103 N·mm.

2.2. Experimental set-up

2.2.1. Preliminary quasi-static tests
Quasi-static compression tests were performed according to the ISO

13314-2011 standard [33]. The experiments were carried out on a 100
kN LBG TC100 universal testing machine, by using a constant nominal
crosshead speed of 10 mm/min. The compressive load and the cross-
head displacement were recorded during the tests by using a software
embedded in the test machine. The tests were performed at room tem-
perature under normal humidity conditions.

2.2.2. Low-velocity impact tests
The low-velocity impact testswere performedwith a Ceast Fractovis

Plus drop test machine, equipped with a system for the elimination of
multiple impacts. Impact energy can be varied by adjusting the impac-
tor mass and the drop height. The machine is provided with a spring
system, which is automatically activated when the tower height is in-
sufficient to obtain the requested potential energy. The testing condi-
tions follow the NF F07–101 standard [34], which defines foam-based
composite damage resistance for low velocity impacts in railway appli-
cations. The testswere carried outwith an impactingmass of 5.46 kg, an
impact velocity of 3.58 m/s and a drop height of 0.65 m corresponding
to an impact energy of 35 J and the K4 class [34] (according to railway
standard). The impactor used for the tests complies with ASTM D5628
Method FB [35] with the geometric parameters shown in Fig. 2a, and
it hits the samples at the centre point.

The critical outputs were the energy absorption capability, integrity
of the structure, and the rebounding of the impactor. Fig. 2b shows the
impact setup test and a sandwich sample.

2.2.3. Non-destructive inspection
Non-destructive inspection was carried out in order to analyse the

damage occurred on the sandwich samples during impact test: VT, CT,
UPA, PT were performed and the difference between the results were
also analysed in order to propose the most reliable method for this spe-
cific application.

Computed Tomography analyses were carried out by an industrial
CT equipment (Y.CT Vario) equipped with a multi-focal source and a
3D reconstruction software analysis (VGStudio Max 2.0). The scans
were performed with a 200 μm focal spot size; voltage and current
were set to 200 kV and 1 mA, respectively. A Cu beam filter having a
thickness of 1 mm was put between the source and the sample. For
the reconstruction, a voxel resolution of 46 × 46 × 46 μmhas been cho-
sen, with a pixel resolution in tomogram of 2048 × 2048.

Ultrasonic phased array tests were performed by using Olympus
Focus PX 16/128 acquisition unit with integrated Tomoview software
and a 64 elements linear probe @ 3.5 MHz (3.5 L64-NW1, 64 mm aper-
ture, 1 mm pitch, 7 mm elevation) equipped with a wedge SNW1-0 L-
IHC and with a VersaMOUSE encoder (see Fig. 3a).

The inspection was performed for both types of sandwich structures
object of the study. More in detail, the sandwich with GFRP skin pre-
sented the difficulty to detect the damage from visual inspection and
the different material velocity longitudinal waves between GFRP skin
and the aluminium core, which gives high attenuation of ultrasonic
waves. For the last reason, the inspections were performed only for
the skins. For sandwich with aluminium skin, the inspections were



Fig. 1. The aluminium (a) and GFRP (b) sheets for preparing the sandwich panel skin; Large foamed panel (c) and prepared samples for impact tests (d); The cross section of sandwich
samples with core thickness of 34 mm: GFRP (e) and aluminium (f) skins.

Table 1
Mechanical properties of GFRP and aluminium alloy 6082 [30].

Material ρ (kg/m3) E (MPa) σu (MPa) εmax (%)

GFRP 1328 7500 80 1.3
Aluminium 2700 70000 385 10

Table 2
Summary of the samples produced for the impact tests.

Skin material Sample code ρcore [kg/m3] Tcore [mm]

Aluminium L-20-Al 490 20
M-20-Al 570
H-20-Al 690
L-34-Al 490 34
M-34-Al 570
H-34-Al 690

GFRP L-20-GFRP 490 20
M-20-GFRP 570
H-20-GFRP 690
L-34-GFRP 490 34
M-34-GFRP 570
H-34-GFRP 690

Legend: L (Low, 490 kg/m3),M (Medium, 570 kg/m3), H (High, 690 kg/m3) represent core
density; 20 and 34 are core thickness; Al and GFRP are skin materials.
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conducted over the whole sample (i.e. skin plus core). Thus, longitudi-
nal wave velocity was calculated: for the GFRP 2757 m/s was obtained,
while for aluminium 4223 m/s. Phased array calibrations were per-
formed by adjusting beam delay and sensitivity; for both cases, the
beam delay was adjusted in order to match the front wall with the
zero point. Sensitivity parameters obtained from the calibration are
the following: for the GFRP the reflector amplitudewas 100%with a tol-
erance of 10% and a gain of 20 dB; while for the aluminium the reflector
amplitude was 90% with a tolerance of 5% and a gain of 26 dB. The en-
coder resolution was also calibrated: value obtained for GFRP was 8.55
steps/mm, while for aluminium 9.07 steps/mm. UPA inspections have
been carried with a resolution of: 1 pixel = 1 mm.

Pulsed Thermography analyseswere carried out only on the samples
having GFRP skins, due to the difficulties to reach reliable results on al-
uminium skins. The thermograms were recorded using a Flir Systems
SC640 thermal camera, with a resolution of 640 × 280 pixels and having
thermal sensitivity of 30 mK @ 30 °C. The Infrared (IR) thermal camera
is equippedwith Focal Plane Array (FPA)uncooledmicrobolometer sen-
sor. The frame rate was set to 60 fps. The thermograms were post-
processed with FLIR Thermacam Research Pro software. The Rainbow
palette was considered themost suitable for the analyses of the present
study. The sampleswere black paintedwith acrylic enamel. The thermal
camera was placed on a tripod at a distance of 0.4 m from the sample;
the instant field of view (IFOV = 0.26 mm) was calculated for the
mounted IR lens, having focal length 38 mm at a distance of 0.4 m
from the target. The flash was placed near the camera (Fig. 3b). In



Fig. 2. (a) Conical shape impactor: 6.35 mm conical radius and Ø25.4 mm base; (b) The impact test setup.

Fig. 3. (a) UPA set-up and position of the probe on the sample. The analyses were performed in water (immersion technique). (b) PT set-up.
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order to propose this technique for on-site inspections, a handled cam-
era was chosen, and no signal processing has been performed after re-
cording (i.e. no lock-in algorithm was applied). Flash and IR camera
were manually triggered, in order to allow also non-expert employers
to perform the test in a very simple and fast way.
2.3. Finite element simulation

Finite element (FE) models were developed for two objectives. The
first one is to simulate the quasi-static compression tests in order to val-
idate themodelling of the foamby importing themechanical properties
obtained from the experimental tests. The second one is tomeasure the
performance of the MFS against impact and evaluate the optimum
thickness of the absorber.

The 3D FE model of the foam is developed by using ABAQUS® soft-
ware package. Crushable foam behaviour was considered to include
the hardening effect due to the compression. The authors have imple-
mented this technique in their previous works [36,37]. The stress-
strain curves from experiments have been used to calibrate the
CRUSHABLE FOAM HARDENING material model. This model with iso-
tropic hardening was developed by Deshpande and Fleck [38] has
been used to simulate the plasticity of the aluminium foam in compres-
sion. The hardening model in ABAQUS®/Explicit uses a yield surface
that is ellipse cantered at the origin in the p− q stress plane. According
to the material model, the yield function is:

f ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2 þ α2p2−B

q
ð1Þ

g ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2 þ β2p2

q
ð2Þ

where
B defines the size of the yield ellipse, p and q are the pressure and the
Von Mises stress, respectively. The yield surface represents the Von
Mises circle in the deviatoric stress plane, and theflowpotential is an el-
lipse cantered at the origin. The shape factor α can be computed using
the initial yield stress in uniaxial compression, σ0

C and the initial yield
stress in hydrostatic compression, p0C using the relation:



Fig. 5. The quasi-static stress-strain diagram of aluminium foam cores.
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α ¼ 2kffiffiffiffiffiffiffiffiffiffi
9−k

p ð3Þ

k ¼ σC
0

pC0
ð4Þ

where k is the yield stress ratio. For a valid surface, the choice of the
yield stress ratiomust be in range 0–3. Formany low-density foams, the
initial yield surface is close to a circle in the p− q stress plane, which in-
dicates that the value of α is approximately equal to unity. Parameter β
(the shape of the flow potential ellipse on the p− q stress plane) for the
isotropic hardening model is defined as:

β ¼ 2ffiffiffi
2

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−2ϑp

1þ ϑp

s
ð5Þ

The plastic Poisson's ratio ϑp, which is the ratio of the transverse to
the longitudinal plastic strain under uniaxial compression, must be in
the range between 1 and 0.5 [38] For many low-density types of
foams, the plastic Poisson's ratio ϑp is near zero, which corresponds to
a value of β ≅ 2.12. Assuming that Poisson's ratio is equal to zero, two
parameters are needed to set the initial ellipse. These could be the initial
yield stress in uniaxial compression, σ0

C initial yield stress in hydrostatic
compression, p0C. Parameterσ0

C is the stress value at the initiation of plas-
tic regime. Here the value of k is assuming to unity in eqs. (3) and (4).
The corresponding value of can be determined and then p0

C is estimated.
The model associated with compression test included three parts:

the foam, the stationary plate, and the moving plate. The moving plate
was constrained to move only in the perpendicular axis with respect
to the foam face. The mechanical properties of the foamwere imported
from the conducted experimental tests. The simulations were carried
out by explicit solver while tracking the kinetic energy versus total en-
ergy of the model to ensure the quasi-static condition of the model.
Mesh sensitivity analyses were performed, and the model was meshed
with an element size of 2 mm.

The FE impact model consists of the absorber, the striker and the
axle. According to NF F07–101 standard and K4 class, the impact sce-
nario for the ballast with impact energy of 35 J was simulated. Due to
the local effect of ballast impact, two cutting planes were used to take
a section of axle and, then, applied symmetrical boundary conditions
at both ends (Fig. 4a and b). The dimensions of the axle were obtained
from [39], Fig. 4b.

The total thickness of absorber was 50mm and the thickness of skin
was 2.5mm. The total number of nodeswas 167,925 and the total num-
ber of elementswas 164,220,which included 13,000 linear quadrilateral
S4R and 151,220 linear hexahedral C3D8R elements. The both ends of
axle were constrained in all degrees of freedom. The striker was
modelled by using rigid body feature and the point mass applied to its
centroid. The magnitude of velocity was adjusted to provide kinetic
Fig. 4. Finite element model of the impact analysis; (a) Railway axle model and the cutting plan
(mm).
energy of 35 J. The low velocity impact of lightweight sandwich panels
can be modelled as a quasi-static event in which the strain rate effects
are negligible [40,41]. Therefore, we did not include the strain rate as
an input in our modelling. The axle was modelled as elastic perfectly
plastic material. The model was meshed with 3D solid elements.

The impact region wasmeshed withmore refinedmesh for the sake
of accuracy and mesh sensitivity analysis was performed to obtain the
optimum element size. Surface to surface contact was applied between
the striker and the MFS. Based on our previous observations with im-
pact tests and the strength of applied epoxy, the adhesive bonding be-
tween the skin and the core of MFS was considered to be perfect, and
surface-based tie constraint was adopted at the skin–core interface
[42]. By implementing tie constraint, each node of the core at the inter-
face was constrained to have the same translational and rotational mo-
tion at the node on the skin. The tie constraint disallowed surfaces
initially in contact from penetrating, separating or sliding relative to
one another. Moreover, the tie constraint was applied between the
MFS and axle to simulate clamping mechanism.

3. Results and discussions

3.1. Preliminary quasi-static results

The mechanical response of the foams was obtained by using quasi-
static compression tests. For each case, 3–5 tests were performed, and
the average response was considered. The naming of samples was
based on their density. Based on the data collected by the electrome-
chanical computerized testing machine software, the load-
displacement curves were obtained. Further, by using the geometrical
parameters of the samples (width, length and height), the load-
displacement data were converted to stress-strain curves. Fig. 5 shows
the stress-strain curved obtained during the compression tests for
each foam.
es; (b) the selected section of the axle covered with theMFS; (c) The dimension of striker



Table 3
Main physical and quasi-static mechanical properties of investigated foams.

Core Code Young's modulus
(MPa)

Yield Strength
(MPa)

Plateau Stress
(MPa)

Densification Strain
(%)

Densification Stress
(MPa)

Energy Absorption
(MJ/m3)

Poisson's ratio [40]
(−)

L-50 288.43 12.27 14.38 54.26 18.69 7.49 0.2663
M-50 392.77 14.54 20.47 49.28 26.62 9.21 0.2857
H-50 462.19 32.67 49.40 45.01 64.22 18.51 0.3105
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The stress-strain curves highlight a behaviour characteristic of cellu-
lar materials and present three distinct regions, namely linear-elastic,
plateau and densification region [43–50]. The first region can be found
up to 5% strain for all investigated densities. The length of the plateau re-
gion differs significantly dependingon thedensity of the foam. Thus, it is
observed that for low density the plateau ranges from 5 to 55% strain,
while for high density it reaches only up to 45% strain. Due to the col-
lapse mechanisms (yielding, fracture and bending of cell faces/walls,
buckling phenomenon, etc.) that occur in the foam structure, all curves
show an obvious hardening of the plateau region [51–54]. Finally, the
densification region begins with the completion of the plateau region
and endswith the completion of the test. At the end of this densification
region, the cells come into direct contact with each other, and the foam
begins to behave as a solid material (more precisely than the solid ma-
terial from which they are made) [55–59].

The main physical and quasi-static mechanical properties of tested
foams in preliminary stage are listed in Table 3.
Fig. 6. (a) Equivalent plastic strain (PEEQ) for each case after the impact; (b) Kinetic energy o
The main investigated mechanical properties increase polynomially
with increasing foam density. At a density increase of 1.32 times, the
growth of properties is relatively small (under 30%), while at a slightly
higher increase of only 1.57 times,most doubles (especially the strength
properties and energy absorption capabilities).

3.2. FE results

After choosing the constituents of the sandwich panel, the authors
needed to estimate the total thickness of the absorber which according
to the Railway tolerance standard must be less than 50 mm [60]. It is
worthy tomention that in our developed FEmodel; only the aluminium
skinwasmodelled as the face sheets of the sandwich panel. The authors
wanted to first observe the responses of this material in simulations,
which was our prior choice due to its recyclability.

One of the critical parameters is the plastic deformation. This param-
eter shows that the permanent indentation and the irreversible
f the projectile during the impact simulation; (c) Plastic dissipated energy during impact.



Fig. 7. PEEQ variation through the thickness of absorber.
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deformation is induced by projectile impact. Fortunately, in none of the
cases fully plastic deformation was observed. In other words, a portion
of deformation was elastic which is a reversible deformation [61,62].
Fig. 6a shows the equivalent plastic strain for each case. The least plastic
Fig. 8. Impact load-displacement curves f
deformation is for the absorber with H-50-Al due to its higher strength;
although the difference among the three types was less than 6%. Unlike
the conventional rubber systems or coating mechanisms, the MFS
or different sandwich-type samples.



Table 4
Impact test results.

Sample ID Dx

[N·mm]
Tskin
[mm]

Tcore
[mm]

Ei
[J]

Fmax

[N]
Ead
[J]

w
[mm]

SAE
[J/kg]

L-20-Al 52.4·103 2 20
± 0.5

35 5875.9 31.9 8.3 667.8
M-20-Al 35 6461.1 32.7 7.9 657.4
H-20-Al 35 6701.0 32.0 7.0 573.5
L-34-Al 34

± 0.5
35 5934.4 30.9 7.4 375.7

M-34-Al 35 7567.2 31.3 5.8 333.1
H-34-Al 35 8936.7 30.7 4.8 279.9
L-20-GFRP 56.7·103 4.3 20

± 0.3
35 5454.5 29.2 8.4 613.0

M-20-GFRP 35 5846.6 28.6 7.7 537.9
H-20-GFRP 35 6379.2 29.0 7.1 505.4
L-34-GFRP 34

± 0.2
35 5425.2 28.6 7.5 373.7

M-34-GFRP 35 7561.4 28.6 5.5 316.9
H-34-GFRP 35 8246.1 28.6 5.2 281.5
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design can transform the kinetic energy of projectile to irreversible plas-
tic deformation. This merit will be further explained.

In order to observe the behaviour of projectile before, during and
after impact, the kinetic energy during the impact is plotted versus
time in Fig. 6b. It can be seen that the initial impact energy was 35 J
and immediately after the initiation of contact with the absorber, this
value decreases sharply down to zero. At this time, the majority of ki-
netic energy has been absorbed by the protective mechanism and the
rebounding of the projectile is insignificant. The response of three
foams was almost similar with minor differences in rebounding time.
The relative difference between final and initial kinetic energy for H-
50-Al-FEM is 82.2%, while this parameter for M-50-Al-FEM and L-50-
Al-FEM is approximately equal to 86.2%.

The plastic dissipated energy of the absorbers is plotted in Fig. 6c in
order to determine the magnitude of energy dissipated by irreversible
plastic deformation during the impact. This parameter sharply increases
in the response of projectile impact and reaches to its maximum value
when the projectile velocity reaches to zero. The final plastic dissipated
energy for M-50-Al-FEM and L-50-Al-FEM was higher than that of H-
50-Al-FEM and equal to 25.15 J, which is 71.85% of the impact energy.
The plastic dissipated energy for H-50-Al-FEM was 23.20 J, which is
8.4% lower than the other absorbers.

So far, it was observed that the performance of the absorbers with
three different cores were almost similar. At the next step of design,
the lighter panel L-50-Al-FEM was chosen. Then, there was the neces-
sity to find the optimum thickness for the final design. As it was men-
tioned before, the allowable thickness of absorber can be up to
50 mm; however, the developed device can be designed slimmer. In
order to find the optimum thickness for the absorber, the authors cre-
ated a path of elements on the absorber on the axis of impact as
depicted in Fig. 7. Afterwards, the final plastic deformation was plotted
versus the location on the path. The impact energy is totally dissipated
at the depth of 15 mm and there is 35 mm safe zone from which any
of the absorbers did not undergo any deformation. Therefore, the final
design of absorber can be thinner, and the thickness of minimum
20–35 mm can interestingly absorb the induced impact energy.

3.3. Low-velocity impact results

Low-velocity impact tests were carried out on all sandwich-type
samples. In Fig. 8, the load-displacement curves for all tested sandwich
panels are reported. By the comparison between sampleswith the same
core thickness and skin material, the higher peak loads belong to the
sample with the highest density. For a given thickness, aluminium
skins present higher peak loads than GFRP ones.

A summary of impact tests results is reported in Table 4. For all sam-
ples, no complete failure of the aluminium foams was observed, since
almost the entire impact energy was absorbed by the samples during
tests. In particular, the energy transferred to the samples with
aluminium skins after impact was evaluated to 31.6 J, which represents
90.3% of the initial energy; while for the GFRP skins it was evaluated to
28.76 J, which represents 82.2% of the initial energy. For all samples, dis-
placement decreased by increasing density; for a given skin material, it
is higher in the samples with 20 mm thickness. From the results of the
FE analyses, the minimum thickness of the absorber is within
20–35 mm. Thus, since sample with 20 mm thickness represents the
minimum threshold, and by considering the core damage due to impact,
the remaining usefulmaterial is too thin, as demonstrated in the follow-
ing sections.

Among the samples with 34 mm thickness, those with the lowest
density have the highest specific energy absorption values. In particular,
sampleswith aluminium skinshave higher energy absorbed values than
GFRP ones. Furthermore, for economic reasons, ease of availability, at-
mospheric pollution due to production process, authors agreed that al-
uminium should be the best choice respect to GFRP as sandwich skin.
Thus, in the sample tested, L-34-Al sample is considered the best choice.
For a complete assessment of the different skins, a comparison was per-
formed for NDE between the samples L-34-Al and L-34-GFRP (lowest
density, 34 mm core thickness).

3.4. NDTs results

Visual inspectionwas used asfirst analysismethod of the samples, in
order to analyse the occurred damage. As expected, aluminium skin
guarantees higher plastic deformation properties leading to a better en-
ergy transfer between skin and core. In Fig. 9 are reported all the sam-
ples tested during impact tests. Aluminium skin presents a more
marked track than theGFRP and it is easier to detect the shape of the im-
pactor (conical shape in this case). It can be seen that no failure or per-
foration of the skin occurs. The skin is locally bended in response of the
impact and the sandwich panel absorbed impact energy through irre-
versible deformation [63–68].

GFRP skin does not present macroscopic deformation, the impact
surface can be divided in a primary area where the impact occurred,
and a secondary area affected by the impact. Shape and extent of the im-
pact surface are difficult to detect for the GFRP due to the surface that
usually is painted or covered with gel-coat; this can affect the measure-
ments. Especially for the secondary area, the damage observed in visual
testing does not matchwith the real damage detected by CT and shown
below.

Optical microscopy was used as a second method of visual inspec-
tion to measure the impact area, for the GRFP only the primary area
was considered. The measurements were carried out just for the sam-
ples with the lowest density on which the analyses were focused
(Fig. 10). Aluminium skins present tracks with a more even pattern
than GFRP skins, while the area measured is wider for samples with
20 mm core thickness.

CT was also applied on the sample with low core density in the in-
vestigation of the sample damage. The failure mechanism of the core
is the same for all samples: collapse of the sandwich structures didn't
appear, since no complete penetration of the cores was observed. In
the zone just below the skin, densification of the cores was observed.
CT was very helpful in the analysis of the samples with GFRP skin be-
cause the core damage is not easily detected from visual inspection
due to the absence macroscopic deformation of the skin. The section
of the L-20-GFRP sample in the middle layer is reported in Fig. 11a;
the classic failure mechanism of the skin with conical shape damage
was detected. This behaviour was more evident in the sample with
lower thickness, because of the lower contribution of the core to sup-
port the external load. The local debonding between skin and core is
not observable by visual inspection; the same behaviour was observed
for the L-34-GFRP sample (Fig. 11d). Delamination was observed in
the impact area (Figs. 11b); this behaviour cannot be detected by visual
inspection as well. In particular, in Fig. 11c is visible the fracture of the
laminae at the interface between skin and core (bottom layer of the



Fig. 9. Samples tested during impact tests.
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Fig. 10. Impact area of the tested samples: (a) L-20-Al; (b) L-20-GFRP; (c) L-34-Al; (d) L-34-GFRP.

Fig. 11. 3D reconstruction (a) and orthogonal (b) of the mid-cross section of the L-20-GFRP sample; and tomogram of the skin (c) together with mid-cross section (d) of the L-34-GFRP
sample.
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Fig. 12. 3D view (a) and mid-cross section (b) of the L-20-Al sample; and 3D view c) together mid-cross section (d) of the L-34-Al sample.
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skin); the fracture has a cross-shape and it follows the fibre direction, as
CT image shows. The damage detection in longitudinal and transversal
directions follows the trend observed by visual inspection (Fig. 9),
even though the entity of the damage was underestimated by applying
this NDT. Debonding of the GFRP skin was detected for all the samples,
due to the inability of GFRP to follow plastic deformation of the alumin-
ium foam core. Also, adhesive failure can be detected (Fig. 11a, b and d).

CT analyses of the sampleswith aluminium skin confirms the results
obtained with other NDTs. Since the impact area can be approximated
by a circular shape, by measuring its diameter both for L-20-Al and
L-34-Al samples (Fig. 12a and c), the calculated area values are in accor-
dancewith those obtained with VT. The sample with 20mm core thick-
ness presents greater deformation of the skin, as visible in Figs. 12a and
b, due to the lower contribution of the core in energy absorption. More-
over, in Fig. 12b the failure of the adhesive at skin-core interface can be
detected; bending involved the whole volume of the specimen.

The damage appeared more localized for the thicker specimen,
which also showed core densification just below impact area; in this
case, adhesive failure occurred in a smaller area, which means that the
efficiency of such specimen is higher in this specific experimental condi-
tion and, thus, for the proposed application.

From the UPA investigation, carried out on the samples with low
core density, it was observed that NDT method was also useful in the
analysis of the impact damage, since the obtained results matched
with CT ones. In Fig. 13, the results obtained with UPA inspection are
shown.

In Fig. 13a and b is reported a defect detected in a section in the skin
of the L-20-GFRP sample; it is possible to observe that it matches with
that observed in CT (Fig. 11b). In Fig. 13c is reported the C-Scan of the
sample whit the position of a severe damage due to delamination
which are indicated in red according to the chosen palette. Considering
that the impact position can be located in the centre of the specimen
(the area in blue), it can be seen that delamination occurred in the
area near the impact, due to the specimen bending.

For the sample L-34-GFRP, in Fig. 13d and e is depicted the damage
detected during inspection. Also, in this case it is possible to observe
that the results matched with CT inspection (Fig. 11d). UPA confirmed
that the damage was lower than that observed on sample L-20-GFRP,
because of the higher contribute of the core in energy adsorbing. This
behaviour is particularly evident in C-Scan presented in Fig. 13f, if com-
pared with C-Scan of the sample L-20-GFRP (Fig. 13c). Furthermore, in
Fig. 13f is observable the damage presented in Fig. 13d due to a large
delamination.

For sampleswith aluminiumskin, as reported in section 2.2.3, the in-
spectionwas carried out on thewhole sandwich structure. The obtained
results show the damage on the core observed also with the other NDTs
applied in this study. Moreover, zones where densification of the core
occurred have been detected. In these zones, ultrasound can penetrate
more easily than in the zones with high porosity wherewaves propaga-
tion is difficult due to the presence of air. Results of the inspection on the
sample L-20-Al are shown in Fig. 13g, h and i. A core crushing of 9 mm
anddensification of the corewas observed on thewhole thickness of the
aluminium foam in the impact zone, red parts in Fig. 13g. The analysed
zone was the central part of the sample where the impact occurred as
shown in Fig. 13i; from the C-Scan, the cracking of the adhesive can be
observed, as already detected from CT analyses.

Core crushing on the sample L-34-Al is lower than the previous case
due to the higher contribute of the aluminium foam in the impact en-
ergy absorption, as shown in Fig. 13l, m, n. The measured crushing in
this casewas 5mmbecause of a better response of the core; this behav-
iour was confirmed by a lower presence of damage and irregularities
than sample L-20-Al. Also, in this case the zone considered for the in-
spection was the central part of the sample (Fig. 13n).

By applying a very short thermal impulse of 4 kW with a flash, the
damage of the fiberglass skins can be revealed. It is worth mentioning
that a difference in the transient cooling down of the samples was eval-
uated by plotting the absolute temperature of the sound and the dam-
aged areas, and the temperature difference. In the damaged zone of
the sample with GFRP skin having a core thickness of 20mm, a temper-
ature increment of 3.6 °C was detected in the damaged zone, which is
clearly visible in the thermograms in Fig. 14a. As revealed by CT analyses
and UPA scans, the damage is more evident in the area near the impact
point and has an apparent temperature higher than the nearest zones of
the sample surface. The skin damage, mainly in terms of delamination



Fig. 13. A-Scan, B-Scan and C-Scan of the damage in UPA inspection: (a, b, c) L-20-GFRP; (d, e, f) L-34-GFRP; (g, h, i) L-20-Al; (l, m, n) L-34-Al.
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Fig. 14. Pulsed Thermography results of: (a) L-20-GFRP sample; (b) L-34-GFRP sample.
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and fibre failure, causes a local change in conductivity, due to the pres-
ence of air; thus, damaged area appears with higher apparent tempera-
ture respect to sound zone. The different transient response is also due
to the core thickness, which affects thermal properties at the skin-core
interface.

In the samples having a core thickness of 20 mm, a slight delay can
be seen in the temperature increment plot (Fig. 14a), due to the deeper
damage of the skin, as already detected by other techniques andmainly
due to the smaller thickness of the core, which is themain responsible of
the energy absorption. For the samples having core thickness of 34mm,
the damage is barely visible in the thermograms. Temperature plot is
more useful to detect damaged area, as a temperature increment of
about 5 °C can be locally found.

All NDT results can be summarized in the histogram in Fig. 15, show-
ing the detected damage length. The damage length by UPA, for the
specimens having Al skin, was evaluated in the B-scan considering the
interface densified/undamaged zone in the core below the impact.

In Table 5 is reported which technique is reliable based on the
analysed specimen. It can be realized that the inspection of thewhole al-
uminium sandwich is easily to perform also with VT, for example in the
dailymaintenance; also, UPA is an effective technique for a deep inspec-
tion. The use of an encoder allows a rapid scanning inspection, with a



Fig. 15. Summary of the results obtained from the applied NDTs.
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precise location of the damaged area. It should be underlined that for
GFRP skins, also PT is a reliable technique with the limit to detect dam-
age only on the skin, even though the damage is slightly
underestimated. Similar findings are reported in [19].

UPA in all analysed cases, slight overestimates the extension of the
damage respect to CT technique, due to the lower resolutionwhich can-
not sharply separate sound area fromdamaged one [20]. UPA cannot re-
solve fibre fracture; thus, for specimens having GFRP skins, CT damage
length in Fig. 15 is referred to delamination length.
4. Conclusions

In this paper, a novel flying ballast impact absorber device, called
MFS (Metallic Foam Shell), is suggested to provide enough protection
of railway vehicle axles and alleviate the complications of the conven-
tional solutions. The investigations included sandwich panel materials
with GFRP or Aluminium skin and different classes of closed-cell alu-
minium foam cores. The samples were manufactured and subjected to
an extensive experimental campaign by compressive and low velocity
impact tests. The quasi-static compressive tests were used for verifica-
tion of a developed finite element model which allowed to estimate
the behaviour of the device before choosing the final configuration.

In addition, an extended non-destructive evaluation by means of
computed tomography, visual testing, ultrasonic phased array and
pulsed thermographyhas been performed in order tofind themost suit-
able technique for damage detection of the proposed device when on-
service. Non-destructive evaluation allowed to assess that ultrasonic
technique is the most reliable and effective to detect impact damage
in both kinds of devices, even though the damage is slightly
overestimated for GFRP skin; while is similar to computed tomography
for the final design choice (whole aluminium sandwich structure). Con-
sidering that such technique is widely used in railway field, the inspec-
tions carried out for the maintenance of the axle can be also applied to
the protective device without requiring an additional technique.
Table 5
Brief summary results. CT was considered as reference technique in the damage location.

NDT Aluminium GFRP

CT ✓ ✓

VT ✓ ✘

UPA ✓* ✓

PT Not applicable ✓
Obviously, visual testing is suitable for both devices, with some compli-
cations for GFRP skin. Pulsed thermography can be a promising tech-
nique for fast detection of impact damage on GFRP skin and other
high-emissivity devices already present in service, with a relative eco-
nomic equipment. Due to the well-known reliability of computed to-
mography, in this research such technique was used to verify the
response of the other techniques. The authors are aware that is impos-
sible to apply CT for in-service inspections.

The suggested device can absorb impact energies through inelastic
deformation, which is advantageous in terms of minimizing the
rebounding of the ballast stones and impact recurrence. Low velocity
impact tests showed that the suggested absorber can take up to 90% of
the impact energy with total protection of the axle. Also, the samples
with aluminium skins showed higher specific absorbed energy values
than GFRP ones. Concerning the damage mechanisms due to impact
event, non-destructive evaluation has shown that it was very localized
for the device with aluminium skin, which didn't undergo to rupture;
the core damagewasmainly densificationwithout perforation. Further-
more, for economic reasons, ease of availability, atmospheric pollution
due to production process and recycling possibility it was concluded
that aluminium should be the best choice for the skin of sandwich
panel. It is worth mentioning that possible humidity can be isolated
by interposing a cork sheet between the axle and the protective device
to avoid galvanic corrosion occurrence.

A further step of this research is to produce a prototype of the device
which takes in consideration the geometry of the axle. The proposed
prototype is a foam-sandwich tubular component which will be tested
at low velocity impacts.
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