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• Impact tests in Inconel panels are per-
formed with various impact velocities,
incident angles and environmental tem-
peratures.

• Test data extracted from open literature
and this work are used to validate the fi-
nite element model proposed in this
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equations.
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The behavior of Inconel 718 and 617 panels on the high-speed impact perforationmode at elevated temperatures
and ballistic impact limit is here investigated using experimental and numericalmethods. Impact tests have been
performedusing a custom-made two-stage light-gas gun rig,with the specimens being subjected tohigh temper-
atures (up to 1007 °C). The panels have been impacted using spherical projectileswith velocities ranging from0.5
to 2.2 km/s. During the experiments the failure of the targets has been evaluated by varying parameters like the
projectile diameter, its density and the oblique impact angle. An analyticalmodel to estimate the residual velocity
and the ballistic limit equations has been established. Finite element models (FEM) combined with phenomeno-
logical analytical models have been also developed to validate the predictive results obtained by the analytical
model. The simulations from the FEM and the analytical models provide a good match with the experimental
data. For the two typical cases (normal impact and oblique impact), the shapes and sizes of the damaged holes
have been also well predicted by the numerical model. Equivalent diameters of the impacts have also been iden-
tified as functions of the velocity, diameter of the projectile and panel thickness.

© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
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Nomenclature

A initial yield stress, MPa
Ah hole area of the general impact, m2

B hardening constant
C strain rate constant
dp projectile diameter, m
dpc critical diameter of the projectile for ballistic limit im-

pact, m
dh equivalent hole diameter of the general impact, m
dho square roots of longest and shortest ellipse diameter of

the oblique impact, m
dhn actual hole diameter of the normal impact, m
m thermal softening exponent
mp mass of the projectile, kg
mb mass of the plug moved out from the specimen, kg
n hardening exponent
T test temperature, °C
Tr transition temperature, °C
Tm melting temperature, °C
tw thickness of the specimen, m
V0 initial velocity of the projectile, m/s
Vf residual velocity of the projectile, m/s
Vp impact velocity of the projectile, m/s
Vpθ normal component of impact velocity of the oblique im-

pact, m/s
Wf kinetic energy lost due to the inelastic impact of the

projectile on the plug free of the surroundingmaterial, J
Ws energy lost during the penetration, J
x forward distance along the direction of velocity, m
θ impact angle, °
σw dynamic yield shear strength of the specimen, MPa
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1. Introduction

Inconel superalloys have been successfully used in the aeronautical
[1–3], aerospace [4,5] and nuclear industry [6,7] due to their outstand-
ing mechanic properties and corrosion resistance at elevated tempera-
tures. The engineering applications in which Inconel superalloys
structures are in general used involve the existence of a fracture or per-
foration threat and a strong thermally induced degradation [4,8,9].

A significant body of work concerning experimental and numerical
analyses has been carried out to investigate the mechanical behavior
and the dynamic failure mode of Inconel. Kajberg et al. [10] have devel-
oped three different modified fracture criteria to characterize and eval-
uate the mechanical behavior of Inconel 718 subjected to high strain
rates (1000s−1) and high temperature (650 °C) loadings. The criteria
were verified with calibration experiments and the failure predictions
were consistent with the real ones observed in the specimens. The ef-
fects of different strain rates on the performance of Inconel in hot envi-
ronments have been evaluated by Lin [11], with a resulting modified
constitutive model developed to characterize the hot deformation be-
havior of the 718 Alloy. The constitutive models of Inconel alloys are
strain-rate dependent, and various experimental tests have also
shown that the temperature is a non-negligible factor [12–14]. Split
Hopkinson Pressure Bar (SHPB) tests have been used to investigate
the failure and mechanical properties at high strain rates [15,16]. Lee
and his team [17] have proposed an approach to evaluate the dynamic
shear response and shear localization characteristics of Inconel 718
alloy at temperatures ranging from−150 °C to 550 °C. The microstruc-
tural evolution of the Inconel 718 subjected to high temperatures (950
°C to 1100 °C) and high strain rates (from 0.01 s−1 to 1 s−1) have
been also studied [18].
Several research teams have also focused on the ballistic impact re-
sponse and failure mechanisms of metallic structures. Erice et al. [19]
have performed a series of high-temperature ballistic impact experi-
ments to obtain the mechanical behavior of Inconel 718. Mohotti [20]
has investigated the ballistic limit curve for aluminum-polyurea com-
posites subjected to relatively low velocity (945 m/s) impact loading,
and an analytical model has also been developed to predict the residual
velocity of the projectiles. A novel configuration for orbital debris
shielding has been proposed by Huang [21], with a series of impact ex-
periments also being conducted to evaluate the protection efficiency. A
new metallic energy-absorbing bumper for vehicles has been success-
fully designed by Peng [22], and the crashworthiness of the structure
has also been tested using both numerical and experimental techniques.
The peak impact force and the penetration characteristics of Inconel
718 at high velocity impacts and an empirical ballistic limit curve have
been derived by Di Sciuva et al. [23]. The impact response and the dy-
namic perforation mechanism of honeycomb sandwich panels have
been extensively investigated by Sun [24]. The effects of the environ-
mental temperature, impact velocity and their associated energy on
the damage resistance of honeycomb sandwich and carbon carbon
composites subjected to impacts have been studied systematically by
Xie et al. [25,26].

Because the debris and dust does not always impact the shields
along a perpendicular (normal) direction, the effect of the incident im-
pact angle has also been systematically evaluated for space engineering
[27,28]. Masahiro [29] have studied the size distribution of fragments in
oblique impacts, and the results have revealed that size distributions
and affected regions are strongly correlated to the strike angle. Tore
et al. [30] have performed numerous normal and oblique impacts and
found that 20mmAA6082-T4 aluminum plates could not be perforated
by the projectile when the incident angle exceeds 60°. Zhang et al. [31]
have also studied the effects of impact angles and velocities on the per-
foration behavior of carbon fiber reinforced plastics, and the fracture
patterns due to delamination and perforation have also been
investigated.

This paper presents an experimental and analytical study of the ef-
fects of high velocity impacts (554 m/s to 2200 m/s) on Inconel718
and Inconel617 panels at temperatures of 25 °C, 450 °C, 700 °C and
1000 °C/1007 °C. The experimental tests were performed using a
custom-made facility. An analytical model that describes the impact
on the plates is developed. Themodel allows predicting the residual ve-
locity and the ballistic limit equations for the impact case. Impact re-
sponses have also been numerically investigated with an ABAQUS/
Explicit Finite Element model. The performance of the plates under
oblique impacts is also investigated to consider some realistic loading
situations, like space debris impact. To the best of the Authors' knowl-
edge there is significant scarcity of data andmodels available in open lit-
erature about the performance of Inconel alloy panels under oblique
impacts, in particular when performed at high velocities and high tem-
peratures above 1000 °C. The objective of this paper is to provide some
general design guidelines for metallic thermal protection shields with
the proposed models and experimental data.
2. Experimental investigation

2.1. Specimen preparation

The experimental specimens used in this paper have been made
from Inconel alloys (Inconel718 and Inconel617 - Fig. 1). The diameters
of the spherical projectiles were measured before the tests, with a max-
imumdeviation between their values less than 0.1mm. The dimensions
of panels were determined to ensure a reliable connectionwith the cus-
tomized test rig and enough room for the high-velocity oblique impact.

The geometric and material parameters considered in the experi-
ments are illustrated in Tables 1 and 2. All the experimental tests have



a) b)

Fig. 1. Inconel Specimen (unit: mm): (a) dimension; (b) photo after impact INC-5.
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been divided into two categories, i.e. the normal and the oblique
impacts.

2.2. High temperature impact facilities set-up and test procedure

The impact facilities consist in a two-stage light-gas gun equipped
with a fast electric heating system (Figs. 2 and 3). A custom-designed
fast electric heating system is installed in the impact chamber to heat
and also measure the temperatures of the specimens. To heat the sam-
ples, two ends of the specimens are first connected to a pair of copper
electrodes that are then fixed to a supporting back plate (Fig. 2(b)).
Voltage between 1 V and 4 V is applied at the two ends of the specimen
via a transformer. Current between 10 A and 5000A is controlled, with
the transient of the current causing a rapid temperature rising. A
multi-wavelength pyrometer for a temperature higher than 299 °C
(up to 3000 °C) has been used tomeasure andmonitor the temperature
of the specimens except for the ones subjected to room temperature
(RT). The pressure of the chamber is kept at atmospheric levels during
the tests.

The ballistic performance of the specimens is evaluated through nor-
mal and oblique impactswith velocities from554m/s to 2200m/s. Fig. 4
Table 1
Oblique impact test results.

No. dp
(mm)

Projectile material θ
(°)

Plate material t
(

INC-1 2 Steel 45 Inconel718
INC-2 2 Steel 30 Inconel718
INC-3 2 Steel 15 Inconel718
INC-4 3 Steel 45 Inconel718
INC-5 3 Steel 30 Inconel718
INC-6 3 Steel 15 Inconel718
INC-7 5 Steel 45 Inconel718
INC-8 5 Steel 30 Inconel718
INC-9 5 Steel 15 Inconel718
INC-10 5 Steel 15 Inconel718

#a: ellipse length, b: elliptical short diameter.
⁎ Perf: the specimen was perforated; No Perf: the specimen was not perforated.

Table 2
Normal impact test results.

No. dp
(mm)

Projectile material θ
(°)

Plate material

G1 1 Si3N4 0 Inconel617
G2 3 Si3N4 0 Inconel617
G3 5 Si3N4 0 Inconel617
G4 5 Si3N4 0 Inconel617
G5 5 Si3N4 0 Inconel617
G6 5 Si3N4 0 Inconel617
G7 5 ZrO2 0 Inconel617
G8 5 steel 0 Inconel617
shows a general sketch of the impact test performed. The projectiles are
made of stainless steel, ZrO2 and Si3N4 because of the outstanding hard-
ness and toughness of those materials. Spherical projectiles with differ-
ent diameters have been accelerated to the pre-determined velocity to
impact the center of the targets with four incident angels (0°, 15°, 30°
and 45°). The temperatures during the impact tests were kept under
control at about 25 °C (RT), 450 °C, 700 °C and 1000 °C/1007 °C.

2.3. Impact test results

Eighteen high-velocity impact experiments have been performed.
Only two plates have been completely destroyed, and no geometric de-
formation of the projectiles has also been observed at the same time.
Circular holes were presented after the normal impact tests, while the
plates subjected to oblique impact have shown holes with elliptical
shapes (Fig. 13). The topologies of the holes have been evaluated by
measuring the size of the damage holes. Tables 1 and 2 present a sum-
mary of the two test cases considered in this work. The thickness of
the high-velocity impacts targets is relative small; that leads to the pres-
ence of holes with similar dimensions between the front and the back
surfaces, with a mean deviation lower than 5%. The data contained in
w

mm)
v0 (m/s) T

(°C)
Test result⁎ Elliptical hole

dimension#

a (mm) b (mm)

1.8 577 RT No Perf – –
1.8 758 453 Perf 2.62 2.35
1.8 1374 704 Perf 3.54 3.2
1.8 806 701 Perf 5.45 3.8
1.8 1477 RT Perf 5.78 4.67
1.8 554 470 Perf 3.35 3.17
1.8 1466 450 Perf 10.16 8.05
1.8 945 719 Perf 8.05 6.04
1.8 690 RT Perf 5.6 5.4
1.8 639 RT Perf 6.39 5.55

tw
(mm)

v0
(m/s)

T
(°C)

Test result Hole diameter
(mm)

1 1796 RT Perf 1.21
1 1700 1000 Perf 5.5
1 1790 1007 Perf 7.12
1 1720 RT Perf 6.43
1 2200 1000 Perf 8.21
1 1160 1000 Perf 6.15
1 1830 1000 Perf 9.62
1 1900 1000 Perf 7.56



Fig. 2. Schematics of the impact facilities: a) two-stage light gas gun; b) impact setup in light gas gun impact chamber.
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Tables 1 and 2 represent the average between the front and back
surfaces.

Inconel718 panels with thickness of 1.8 mm have been used as tar-
get in ten oblique impact experiments. The impact energy of the INC-1
sample (about 5.4 J) was almost completely absorbed by the panel,
and no perforation was observed on its back side. The impact energy
carried by the projectile increases with the increase of its diameter
and the initial velocity. As a consequence, the INC-7 sample with a pro-
jectile of velocity of 1.47 km/s and a diameter of 5mm showed the larg-
est damage area. Although the diameter of the projectile of the INC-3
test was smaller than the one related to the INC-6 impact, the INC-3
plate still exhibited a relatively large perforated hole area because of
the higher impact velocity. For a constant projectile diameter, the tan-
gential component of the velocity plays a significant role in the oblique
impact tests, therefore so the values of the longest and shortest ellipse
axis of the holes were different for the various impacts. The INC-9 and
INC-10 tests were carried out in the same conditions (temperature, im-
pact angle and diameter), however a larger damage area was observed
in the INC-10 plate. The lower the velocity of the projectile, the rougher
the edge around the hole would appear. An expanding shape was also
observed in the back side of the INC-10 target.

The normal impact experiments have been performed with the
1 mm-thick Inconel617 panels. During two experiments (G3 and G4)
the specimens have been hit by projectiles with diameter of 5 mm at
constant impact velocity (about 1.7 km/s). The strength of the speci-
mens at high temperature has shown a dramatic reduction compared
to the room temperature case; theG3 sample therefore featured a larger
circular damage hole at over 1000 °C, in comparison with the G4
specimen.

In summary, a multiple parameters test campaign has been used
during the experimental investigations. The impact energy carried by
the projectile has affected the dimensions of the damage section. No
Fig. 3. Experimental setup.
obviouswrinkles and deformations in the area surrounding the perfora-
tion have been observed. The holes featured the same shape on the front
and back sides of the plates.

3. Analytical model

High velocity impacts can be divided into three different categories:
within the ballistic, the shattered and vaporized ranges [32]. In this
paper the metal panels experienced ballistic range impacts. Studies
concerning the perforationmodes of metal specimenswithin the ballis-
tic range impact have been described in a very limited number of papers
so far [32,33]. In those works the three velocity impact regimes have
been differentiated by observing the features of the damaged targets.
At low velocities impact (ballistic regime) the projectile tends to hit
the target and bounces off leaving a local dent on the front side of the
panels. The shattered regime has been characterized by the state of
the back surface, with a perforation that tends to become dominated
by an out-diffusion shape. The third regime (vaporized range) is charac-
terized by a compression/shear failure of the target, and the type of per-
foration mode turns into a plug-shaped formation. The Inconel alloys
plates tested at high velocity and temperature in this work feature per-
forations dominated by the formation of shaped plugs. The inside sec-
tion around the holes of the perforated plates in this work appear
Fig. 4. Schematic of the impact.



Fig. 5. Finite element model.
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smooth, and therefore one could conclude that the portion of the spec-
imen perforated is sheared by the projectile. The projectiles were also
intact after the tests.

The residual velocity and the ballistic limit equations are important
metrics and tools to designmetallic thermal protection systems; the re-
sidual velocity is indicative of the protective capacity of the system,
while the ballistic limit equations provide useful guidelines at the initial
design stage.

The analytical model is based on the presence of an ideal spherical
projectile that carries kinetic energy and hits the specimen at an impact
angle. The perforated section of the target is removed by the shear force
generated along the incident direction. The overall impact process as-
sumes that the local energy dissipation is neglected, and the projectile
plus the specimen debris travel with the same velocity after the impact.
The equation that governs the conservation of energy can be formulated
as:

mpV
2
p=2 ¼ mp þmb

� �
V2

f =2þWs þW f ð1Þ

As a simplification one can assume that the resistance acting on the
projectile and the plug when they move forward relative to the sur-
rounding plate material is mainly constituted by shearing forces [34].
The work Ws has therefore the following expression:

Ws ¼
Z tw

cosθ
0

Ahσw
tw
cosθ

−x
� �

dx ¼ πdht2wσw

2 cos2θ
ð2Þ

The term Wf can be estimated by momentum and energy consider-
ations along the normal direction [35], i.e. Wf = mpmbVp

2/2(mp + mb).
One then obtains:

mpV
2
p

2
¼ mp þmb

� �
V2

f

2
þ πdht2wσw

2 cos2θ
þ mpmbVp

2

2 mp þmb
� � ð3Þ

The residual velocity Vf can therefore be derived as:

V f ¼
mp

2V2
p

mp þmb
� �2− πdht2wσw

mp þmb
� �

cos2θ

" #1
2 ð4Þ
Table 3
Material properties of simulations.

Material Target

Inconel617 Inconel718

Temperature (°C) 25 1000 25 400–5
Density (g/cm3) 8.36 8.36 8.22 8.22
Elastic modulus (GPa) 211 139 208 186
Yield strength (MPa) 319 63 1172 107
Tensile strength (MPa) 769 96 1407 131
The ballistic limit state can be defined as the zero residual velocity
(Vf = 0). The ballistic limit equation is therefore:

mp
2 Vp cosθ
� �2 ¼ πdht2wσw mp þmb

� � ð5Þ

Common integral formulas can be applied to deduct the termsmp=
πdp3ρp/6 andmw= πdh2twρw/4 used in this paper. Taking the two expres-
sions into Eqs. (4) and (5), the residual velocity and the ballistic limit
equation can then be simplified as follows:

V f ¼
dp

6ρp
2V2

p

dp
3ρp þ 1:5dh

2ρwtw
� �2−

6dht2wσw

dp
3ρp þ 1:5dh

2ρwtw
� �

cos2θ

2
64

3
75
1
2

ð6Þ

d6pcρ
2
p Vp cosθ
� �2 ¼ 6d3pcρpσwt2wdh þ 9ρwσwtw3dh

3 ð7Þ

The analytical model is valid for thin target panels of isotropic mate-
rials and for cases in which the deflection of the velocity caused by the
thin panel can be ignored.

4. Numerical simulations

4.1. Finite element modeling

The explicit Finite Element code ABAQUS (version 6.13) has been
used for the numerical analysis. The FE model of the Inconel plates is
shown in Fig. 5. The temperature-dependent mechanical and themate-
rial properties of the materials used in the simulation (Inconel alloys,
steel, Si3N4 and ZrO2) are described in Table 3.

Themesh density around the contact region andwithin a radius of ten
millimeters has been increased to provide a more accurate prediction of
the impact response close to the target. Before carrying the explicit anal-
ysis, mesh size and density, maximum time increment and element type
of the FE model have been evaluated (see Table 4 and Fig. 6). Since the
spherical projectiles used during the tests showed no visible deformation,
the projectile has been modelled here as a rigid body.

The general contact algorithm [36] has been adopted to model the
surface erosion on the target during the high-velocity impact, with the
self-contact algorithm of the target being activated during the simula-
Projectile

Steel Si3N4 Zr02

00 700–800 25–1000 25–1000 25–1000
8.22 7.85 3.44 6.0
162

6 689
7 758



Table 4
Mesh details of the FE model.

Part Element type Mesh size (mm) Number of elements

Projectile C3D4 (rigid body) 6870
Inconel718 C3D8R 0.25*0.25*0.25 59,570
Inconel617 C3D8R 0.25*0.25*0.25 33,984

Fig. 6. Mesh detail of the model – test INC-10.

Table 5
Constitutive relation.a

Part B (MPa) n C m _ε(s−1) Tr(°C) Tm(°C)

Inconel_718 1284 0.54 0.006 1.20 1e-3 25 1800
Inconel_617 1750 0.65 0.017 1.20 1e-3 25 1800

a Parameter A (initial yield stress at different temperatures) were listed in Table 3.

Table 6
Failure criteria.

D1 D2 D3 D4 D5

0.04 0.75 −1.45 0.04 0.89
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tion. Normal and tangential contact behavior has also been included.
The hard contactmodel has been employed to define the normal behav-
ior in all the cases, while for the oblique impact cases the static-kinetic
exponential decay algorithm has been adopted to define the tangential
behavior (static and kinetic coefficients of 0.27 and 0.16 [24]). The pro-
jectile had a predefined velocity field at the initial step of the simulation.
The fixtures present in the tests have been represented by full clamps
(zeroing all the nodal DOFs) at the two sides of the target. The high
strain-rate behavior of the plastic metal has been represented by the
Johnson–Cook (J-C) model [14,37,38]. The constitutive laws can be de-
fined as a function of the yield stress and the effects of the strain rate,
strain hardening and thermal softening [38,39]:

σ eq ¼ Aþ Bεneq
h i

1þ C ln _ε�eq
h i

1−T�m� � ð8Þ
Fig. 7. Comparison of the residual velocities between the present model and
ε f ¼ D1 þ D2 exp D3σ�ð Þ½ � 1þ D4 ln _ε�eq
� �

1þ D5T
�ð Þ ð9Þ

Equations [14,40,41] contain J-C parameters identified experimen-
tally. To this end, the data from reference [42] have been used in this
paper. Tables 5 and 6 list the J-C constitutive relation and the J-C failure
criteria input parameters for the Inconel alloys. All the simulations have
been implemented by the ABAQUS/Explicit solver which was installed
on the workstation with 64GB RAM.

4.2. Validation of the FE model

Experimental results from open literature related to light gas gun
tests [19] have been used first to verify the validity of the proposed nu-
merical model. Erice et al. [19] have performed high velocity impacts on
Inconel718 sampleswithin a temperature range between25 and 700 °C.
The numerical solutions provided by the presently developedmodel are
compared against the experimental results in [19] (Figs. 7 and 8). The FE
model established in this paper provides an accurate prediction of the
residual velocities and shape of the panels. The maximum deviation of
the residual velocity from the experimental data does not exceed 11.2%.

The proposed FE model has been also validated by comparing the
numerical predictions against the experimental results carried out in
the present work. As listed in Table 7, the relative error of the damage
area ranged from ~0% to 17.4%.

Figs. 9 and 10 show the general failure mechanism of the metallic
specimens subjected to normal and oblique impact loading. The von-
Mises stress distributions of the target at the moment of the impact
are illustrated in Figs. 9(a) and 10(a). As the impact progresses on, the
local stresses around the impacted section exceed the ultimate strength
of the alloys; thematerial yieldsfirst and then cracks. Finally, the eroded
elements are removed (Figs. 9–10(b), (c) and (d)). As the applied force
is perpendicular to the target, the transient stress distribution is almost
symmetrical during the normal impact. During oblique impacts, how-
ever, the transverse impact component tends to produce an additional
stress field and a transient stress distribution combinedwith the one in-
duced by the normal impact. The effect of the lateral velocity of the pro-
jectile modifies the contact region and creates an ellipse-shaped
damage zone.

The impact responses predicted by the numerical results have been
comparedwith the experimental results (Figs. 11–13). Shapes and sizes
of the damaged zones described by the FEmodel appear to be quite con-
sistent with the experimental data. The scale bars in the Figs. 11–13 are
displayed in millimeters.

Plastic deformation will occur when the ductile panels are subjected
to low strike velocity (Fig. 8). No apparent failure is observed after the
impacts, and the projectile tends to rebound. When the impact velocity
increases a local crater is left on the front side of the panels (Fig. 11). The
plug-shaped deformation caused by the compression/shear failure in
the panels will occur when the impact energy exceeds the strain energy
associated to the resistance of the panel. Also, the higher impact energy
experiments from open literature [19]: a) 25 °C; b) 400 °C; c) 700 °C.



Fig. 8. Comparisons of the shape of non-perforated panels at room temperature provided by the current model and the experimental results in Ref. [19].

Table 7
Comparisons of damage area.

No. Damage area from experiments
(mm2)

Damage area from simulation
(mm2)

Err%

INC-1 (No perf) (No perf) –
INC-2 4.84 5.68 17.36
INC-3 8.90 8.91 0.11
INC-4 16.27 17.18 5.60
INC-5 21.20 19.09 9.98
INC-6 8.34 7.63 8.47
INC-7 64.24 72.52 12.90
INC-8 38.19 40.08 4.95
INC-9 23.75 26.41 11.20
INC-10 27.85 28.06 0.75
G1 1.15 1.23 6.72
G2 23.76 25.50 7.32
G3 39.82 41.28 3.69
G4 32.47 35.78 10.20
G5 52.94 50.27 5.05
G6 29.71 25.52 14.10
G7 72.68 78.54 8.06
G8 44.89 41.28 8.03

a)  b)  c)

Fig. 9. Transient stress distribution during the normal impact under the G5 test conditions: a

a)  b)  c)

Fig. 10. Transient stress distribution during the oblique impact under the INC-5 test conditions
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the projectile carries, the smoother the perforation edge results (Figs. 12
and 13). The deformation in the damaged zone tends to be highly local-
ized when the impact energy is increased [43,44].

5. Predictions and tests

The residual velocities and ballistic limit curves reflect the impact
protection performance of metallic thermal protection shields (MTPS).
This paragraph is dedicated to correlate those parameters to numerical
and experimental results.

5.1. Residual velocity predictions and numerical simulations

The diameter of the perforation hole dh is an essential parameter for
the analytical expressions derived in Section 3. The validated FE model
is applied to estimate an expression for dh. Forty different numerical
simulations have been carried out related to the two types of impact
tests. The two cases have included normal velocities ranging from
200 m/s to 2000 m/s, and panel thickness varying between 0.5 mm
and 2 mm. The environmental temperatures ranged from 25 °C (room
  d)  

) initial contact; b) perforation started; c) projectile plugging; d) complete penetration.

  d)  

: a) initial contact; b) perforation started; c) projectile plugging; d) complete penetration.



Fig. 11. Numerical and experimental results of the front and back surface - test INC-1: a) experimental result of the front surface; b) numerical result of the front surface; c) experimental
result of the back surface; d) numerical results related to the back surface.

Fig. 12. Numerical and experimental results of the front and back surface - test INC-5: a) experimental result of the front surface; b) numerical result of the front surface; c) experimental
result of the back surface; d) numerical result related to the back surface.
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temperature) to 1000 °C. Three impact angles (15°, 30° and 45°) have
been considered in the oblique impact case. The diameter dh can be
expressed as an exponential function of dp, θ, Vp and tw. All the numeri-
cal results have been fitted adopting a multiple nonlinear regression.
The expressions of the equivalent diameter are:

dho ¼ 3:8530dp
Vp cosθ

cw

� �0:5199 tw
dp

� �−0:1049

R2 ¼ 0:9223 ð10Þ

dhn ¼ 3:3933dp
Vp

cw

� �0:6304 tw
dp

� �0:0214

R2 ¼ 0:9175 ð11Þ

In the equations, cw = 5699.76 m/s is the speed of sound in Inconel
alloys [45].
Fig. 13.Numerical and experimental results of the front and back surface - test INC-10: a) exper
result of the back surface; d) numerical results related to the back surface.
Fig. 14(a) and (b) shows the residual velocities obtained by the FE
simulations and the analytical predictions versus the impact velocity
for the two impact cases. The comparison between the analytical and
the numerical results shows a general good agreement.

The predictions related to the residual velocity show a general good
agreement with the simulation results. For the particular conditions
considered, the effect of shattered and scattered metallic debris may
not be ignored. This is particularly true when the impact velocity ex-
ceeds 1 km/s and the residual energy cannot be completely absorbed
by all the shattered debris, something that has been also observed dur-
ing other experiments [46]. In addition, data related to the effective
yield shear strength of the alloy during the dynamic loading are
very limited in open literatures, therefore the quasi-static shear
strength at room temperature is used here to calculate energy lost
Ws during the penetration. This provides some justifications for the
imental result of the front surface; b) numerical result of the front surface; c) experimental



a) b) 

Fig. 14. Comparisons of analytical predictions and simulation of the residual velocity: a) oblique impact; b) normal impact.
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difference in velocities between the numerical predictions and the
theoretical results.
5.2. Ballistic limit curve prediction for the experimental tests

The diameter of the projectile diameter is here chosen as the critical
parameter. Ballistic limit impact velocities lower than 3 km/s have been
calculated by introducing Eqs. (10) and (11) into Eq. (7), and verified
with the experimental results (Fig. 15). For the oblique impact case
the impact velocity Vpcosθ is replaced with Vpθ in Eq. (7).

Fig. 15 shows the ballistic limit predictions for the four combinations
of target and projectile considered in this work, with the points
representing the experimental data. Single data located above the
curve indicate that the target will be definitely perforated. The closer
the point approaches to the curve, the lower the kinetic energy is after
the impact. Data below the curve like in Fig. 15(a) indicate that no per-
foration will occur. All the experimental data obtained in this work (see
Table 1) confirm the validity of the ballistic curves developed and their
a) b

c) d

Fig. 15. Ballistic limit predictions and experimental data for different impacting pairs: a
applicability to predict the general impact performance of Inconel alloy
panels.

6. Conclusions

The behavior of Inconel plates under high-temperature high velocity
impacts at elevated temperatures have been investigated in this paper.
By using numerical and experimental methods, the impact resistance
capacity of metallic panels and the ballistic limits performances have
been evaluated. Experimental tests have been carried out in a custom
two-stage light-gas gun rig, and an analytical model combined with a
FE approach have also been established. Multivariate parameters such
as temperature, impact velocity, impact angle, panel thickness and pro-
jectile diameter have been considered in these impact tests. The residual
velocity and the ballistic limit equations for the different test cases have
been identified. The main conclusions of the work are as follows:

Both normal and oblique impact cases showed one dominating per-
foration mode, i.e. the one related to combined compression and shear
failure.
)

)

) Steel-Inconel718; b) Si3N4-Inconel617; c) ZrO2-Inconel617; d) Steel-Inconel617.
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The analytical model developed is applicable to the plugged perfora-
tionmode. A phenomenological method was adopted to validate the FE
model. The shape and geometry of the area of the holes obtained by the
numerical model agrees well with tests results.

The residual velocity has been calculated using the analytical and
numerical approaches. The results were in general good agreement, ex-
cept for someparticular cases. The ballistic limit curve developed to pre-
dict the impact resistance of the Inconel alloy plates has provided good
results, with all the experimental data correctly predicted.

The proposedmodels and the experimental results can provide use-
ful guidelines to design airframe and spaceframeMTPS that consider the
effects of temperature, panel thickness, impact velocity, impact angle
and projectile diameter on the performance of the target panels.
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