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Abstract

This work presents an investigation on the damage and high-speed impact deformation
mechanisms at elevated temperatures in honeycomb sandwich panels made from PM1000 and
PM2000 alloys. The impact temperatures ranged from 22°C to 866°C. The investigation was
performed experimentally using a custom-made gas gun rig, and by using Finite Element and
developing a phenomenological analytical model to predict the residual velocity and ballistic limit
equations for the case in which the diameter of the projectile is close or smaller to the honeycomb
cell length. The sizes of the holes have been also evaluated by carrying out numerical thermal
loading simulations on honeycomb sandwich specimen models impacted at high speed. The
predictions provided by the Finite Elements and the analytical model give a good agreement with
the results from the experimental tests. The hole diameters for the two idealized normal impact cases,
in which the projectile hits the cell core and at the triple-wall intersection of the core, were also

presented as a function of the projectile diameter and velocity in this paper.
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Nomenclature
Parameter | Definition
d, Projectile diameter

~

Thickness of the front face skin

t, Thickness of the back face skin
t, Thickness of the honeycomb core
Vo Impact velocity [km/s]
0 Impact angle
T Test temperature
Apo Area of the damage hole at the front side of the specimen face skin
A Area of the damage hole at the back side of the specimen face skin
v, Normal impact velocity of the projectile [km/s]
Vv, Residual velocity of the projectile [km/s]
m, Mass of projectile
m, Mass of the plug moved out from the honeycomb sandwich panel
W Kinetic energy lost due to the inelastic impact of the projectile on the plug free of the
/ surrounding material
W, Energy lost during the penetration
W Energy lost during the penetrations of the front face skin
W, Energy lost during the penetrations of the honeycomb core
W, Energy lost during the penetrations of the back face skin
d, Hole diameter of the front face skin
d, Hole diameters of the back face skin
d, Hole diameter of the normal impact
o Dynamic yield shear strength of the front face skin
o, Dynamic yield shear strength of the back face skin
X Forward distance along the direction of velocity
d e Critical diameter of the projectile for ballistic limit impact
o) Density of the projectile
o i Density of the front face skin
Ob Density of the back face skin
d,, Actual hole diameter of the oblique impact experiments

1. Introduction




Honeycomb sandwich structure have a very low weight and feature high stiffness, and

durability. Honeycombs with hexagonal cells are the most common structures among cellular

materials, although the shape of honeycomb cells had evolved from hexagonal to square,

triangular [1], columnar [2] or other related shapes [3-6].

The in-plane mechanical behavior of regular hexagonal honeycombs has been extensively

investigated in a large number of research papers [7-10]. The majority of the existing analytical

studies tend to simulate the mechanics of honeycomb structures as a 2D problem. For example,

Zhu and Mills [9] have theoretically analyzed in-plane uniaxial compression of regular

honeycombs, while Fleck and Qiu have developed an approach to predict the fracture response of

elastic-brittle 2D lattices [8]. The out of plane mechanical behavior of honeycombs were mainly

studied by impact test and simulation analysis. Most researchers have been devoted to the study

of low-velocity impact of aluminum honeycomb panels. For example, Vaziri et al.[11] illustrated

a finite element method to evaluate the structural response and failure modes of honeycomb

sandwich panels. Wang et al.[12] have focused on the dynamic impact response of aluminum

honeycomb panels under axial impact. Fei et al.[13] and Nia et al.[14] carried out experimental

investigation on the surface deformation and damaged zone of panels at low-velocity impact.

In addition to the metallic honeycomb, many researchers have also devoted a significant

effort to describe the impact on composite-metal hybrid sandwich structures. Ryan A et al. [15-

17] have described a number of common approaches to predict the ballistic limit of CFRP/Al

honeycomb sandwich panels using impact test data. G. Morada et al.[18] and W. He et al.[19]

performed a series of low-velocity impact tests to investigate the impact properties of combined



composite-metal hybrid structures. Feli et al. [20] and Barbero et al. [21] have introduced the
analytical models and a three dimensional finite element model to investigate the perforation
resistance of composite-metal hybrid sandwich panels subjected to high-velocity impact.

In addition to the sandwich structure, experimental and computational methods have also
been developed to better understand the impact response in simpler composite laminates and
metallic plates. Sarasini et al.[22-24], Zouggar et al.[25], Bandaru et al.[26] , Zhang et al.[27], M.
Landowski et al. [28] and M. Ravandi et al. [29] focused their efforts on composite laminates,
and provided some useful simulation and experimental methods for low-velocity impact (<1
km/s). while most of the studies of the impact of the metallic plate were aimed at the high-velocity
impact of aluminum plate. Piekutowski et al. [30, 31] have investigated the penetration, projectile
fragmentation and debris cloud of high velocity impacts, and a series of theoretical ballistic limit
equations for aluminum plates were developed by Christiansen et al. [32, 33] and his group.

Although some quite useful design guidelines can be derived from the previous works and
data are available about impact tests carried out between room temperature and 300 °C[34-36],
high-velocity impact tests on honeycomb sandwich structures at high temperatures are still scarce.
This is due to the limitation of the temperature resistance of the materials studied and the
significant costs associated to these experiments[37-40].

This paper presents an experimental, numerical and analytical investigation about the effects
of high velocity impacts (200 ms'-3500 ms™) and the related damage on honeycomb sandwich
panels with superalloy PM1000 and PM2000 cores at high temperatures (between 22°C and

866 °C). The temperatures have been reached by using a fast electric heating system. The high-



speed impact experimental tests at high-temperature have been performed using a custom-made
facility that will be described in detail in the following paragraphs. An analytical model describing
the impact on honeycomb sandwich panels to obtain the residual velocity and the ballistic limit
equations has been also developed. The model relates the hole diameter of the honeycomb
sandwich panel with the dynamic yield strength at high temperatures, together with its impact
speed and the dimensions of the facing skins. The hole diameter must be assigned to obtain the
residual velocity and the ballistic limit curves in the presented model. For the two idealized normal
impact cases in which the projectile hits the cell core and at the triple-wall intersection of the core, the
hole diameters were presented as a function of the projectile diameter and velocity in this paper. The
focus of this paper is also about oblique high-speed impacts, which tend to represent some realistic
impact situations, in particular for what it concerns space debris. There is scarcity of data about
oblique impacts at high speed in honeycomb sandwich panels, especially at high temperatures
(higher than 800 °C) [41-43]. With the present work we also aim at generating more experimental
and simulations data in this particular topic, and providing formulas to be used for design
guidelines for airframe and spacecraft applications.
2. High-Temperature Impact Experimental Tests
2.1 Design of the High-Temperature Impact Facilities and Test Procedure

The impact facilities shown in Fig. 1 and Fig. 2 [44] consist of a two-stage light-gas gun and
a fast electric heating system. The two-stage light-gas gun has been used to accelerate spherical
projectiles. The fast electric heating system consisted of two copper (Cu) electrodes, a cool water

device and voltage transformer. The custom heating system could be used to heat the specimens



and also measure the temperatures of the specimens. During each test the specimen was connected
to the two Cu electrodes, which were then fixed in a supporting back plate (Fig. 1 (b)). The
temperature of the specimen could be controlled through a variable current with an adjustable
range between 10A and 5000A. The voltage at the two ends of the specimen was maintained at
1V~4 V, and the current adjusted by software. The temperatures of the specimens were measured

using a multi-wavelength pyrometer with a measurement range of 350°C~3000°C.
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Fig. 1.Schematics of the impact facilities: (a) Two-stage light gas gun; (b) Impact setup in light
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The ballistic performance of honeycomb sandwich specimens was investigated by oblique

impact with velocities of 2.476 km/s, 2.411 km/s, 3.5 km/s and 3.258km/s. Fig. 3 shows a typical



sketch of the impacts. For the specimen used in this paper, ¢, =7,=0.125mm and 7 =3.5mm.

The impact angles 6 were 45° and 30°. The impact test temperatures of the specimens were

442°C, 866°C, 839°C and 465°C.

Fig. 3 . Schematics of the impact on a honeycomb sandwich panel

In all cases, 3mm diameter spheres made from SisN4 impacted the specimens. The sizes of

the specimens are shown in Fig. 4. The front and back face skins were made of PM2000 and

PM1000. The honeycomb core material was PM1000, and the single wall thickness of the

honeycomb cell was 0.125mm. The core was produced by classical gearing forming of

corrugated ribbons, which were connected together through manual spot welding. Brazing in

vacuum then assembled the plates and the core.
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Fig. 4 Honeycomb sandwich specimens (unit: mm) (a) Dimension (b) Photo after impact

2.2 Impact Test Results



During the test campaign four experiments were performed. After the impact tests the states
of the damage on the front and back sandwich skins of the specimens were observed and
quantified by measuring the perforated hole-areas of the front and back facing skins. Table 1
presents a summary of the impact test results. The back face sheets of the perforated honeycomb
sandwich specimens are damaged over a broader surface, larger (between 3.5 and 7 times) than

the damaged one of the front face skins.

Table 1 Impact test results

Damage area (mm?)
NO. V, (km/s) @ (°) T (°C)  Testresult

Afm’” Aback
HC-1 2476 45 442 Perforated 18.7 124.6
HC-2 2411 30 866 Perforated 14.4 49.9
HC-3 3.500 45 839 Perforated 19.5 111.3
HC-4 3.258 30 465 Perforated 14.7 52.4

The damages of the honeycomb sandwich panels were shown in Fig. 8~Fig. 15, which were
presented in Section 3.2 for convenient comparison between the FE and the experimental results.

During the HC-1 test the projectile hit the specimen at an impact angle of 45°, with a velocity
of 2.476km/s at a temperature of 442 °C. The shape of the perforation on the front face skin of the
specimen was elliptical, and there was no obvious presence of wrinkles and hollowing out in the
area around the hole. The back face skin of the perforation was petal shaped, and a large area
damage was caused by the large angle oblique impact. This large damage section also led to the
loss of the core around the perforation. Although the HC-3 test was different from the HC-1 one
in terms of velocity and temperature, the impact angles of the two tests were the same. The shapes

of the damage created in the two tests were similar: the perforation in the front face skin was



elliptic and the damage area in the back face skin was relatively large, leading to core loss.

During the HC-2 test the projectile hit the specimen at an impact angle of 30°. The velocity
of the projectile was 2.411km/s, and the test was carried out at 866 °C. In the front face skin a
perforation was formed with the shape of an ellipse, closer to a circle. Also in this case, no obvious
wrinkling and hollowing out in the area around the hole were present. On the back face skin an
irregular perforation was observed, and the damage area was significantly reduced compared to
the one present in the HC-1 test. The experimental results show that the impact angle has a
significant influence on the damage area. The results from the HC-4 tests were similar to those of
HC-2.

In summary, the shapes of the holes in the front skins were all elliptical, while those of the
back skins had an irregular contour. The shapes of the perforations tended to be close to circles at
lower impact angles, a fact that agrees well with the shapes of the holes being circular as observed
in normal impact [45].

3. High-Temperature Impact Numerical Tests
3.1 Numerical model

Fig. 5 shows the Finite Element model used in this work. The material properties of the
PM 1000, PM2000 alloys and SizN4 used in the FE model are shown in Table 2. All the simulations
have been carried out using the Explicit Dynamics module in ANSYS WORKBENCH (Version
16.1), which is more convenient for engineering simulations than classic ANSYS. The
calculations were performed on a Windows-based machine with 4.8GHz CPU and 32GB RAM.

SHELL181 elements and a linear elastic constitutive model with large geometric deformations



have been used to represent both the core and the face skins (Fig. 6). Since the spherical projectiles
used during all the four tests exhibited no visible deformation, the finite element model
representing the projectiles was a rigid one. The SOLID185 element was used for the projectile.
The linear triangular elements of Contal73 and Targe170 were used for the honeycomb sandwich
panels and the rigid projectile respectively. The contact body interaction geometry was set as “all
bodies” and the auto detection of generating automatic connection on refresh was turned on. The
element degrees of freedom concluded the displacement (UX, UY, UZ) and temperature (TEMP).
The contact type was frictionless. The maximum offset was 107m.

The type of analysis was set as “high velocity”. After defining the engineering material
properties for PM 1000 and PM2000, given in Table2, the tensile strength at different temperatures
were used as the material failure criteria. Then the erosion control was set as “on material failure”.
The inertia of eroded material was retained. The 3D model has been produced in SOLIDWORKS
(Version 2014), and then imported into the ANSYS WORKBENCH platform. The minimum and
maximum edge length of each element were set at 0.003mm and 0.5mm, respectively. The number
of elements used for each model was above 200000. Because the specimens during each test were
impacted after heating to a maximum temperature, the numerical model represents first a static
thermal pre-stress problem. Transient heating and large deformations during the static thermal
simulations were not considered because the electric heating support part in the experiment could
be removed to release the thermal deformation, therefore making the use of large displacements
during the FE simulations not necessary.

To simulate the boundary of the specimen during the tests, one side of the model was fixed



in all directions, while the other side was fixed along the normal direction only. Because the
impact position cannot be obtained through the impact experiments, during the simulations the
projectile was moved at small steps to adjust the initial impact position and make sure that the
simulation results were coincident with the experimental ones. Fig. 8~Fig. 15 show the relative
position between the damage hole and the honeycomb core. One can observe that the initial

impact position in each simulation is consistent with the experimental findings.
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Fig. 5 Numerical model
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Fig. 6 Ensemble view and details of the explicit Finite Element models used in the simulations
Table 2 Material properties of simulations[46, 47]

Material PM1000 PM2000 SizNy
T 400- °C- 400- i 22°C-
emperature e 00 800°C e 00 800 C
500°C  900°C 500°C  900°C  900°C
Density (g/em’) 824  8.24 331 718 7.8 7.18 331
Elastic modulus o, 210 157 157 157
(GPa)
Tensile strength o) o6 238 618 131 91
(MPa)

3.2 Comparison between the FE and the experimental results

Table 3 shows the comparison of the damage areas simulated by the numerical models, and

the experimental results.

Fig. 7 shows a typical stress distribution at the contact time for HC-4. It can be seen that at



the contact time, if the element stress exceeds the tensile strength, the element will be eroded and

be retained as red erosion points, shown in Fig. 7 (b).

s - Top/Bottom

(a) rigid ball (b) the front face (c) the core and back face
Fig. 7 Stress distribution at the contact time

Fig. 8-Fig. 11 show the impact responses obtained by the experimental and numerical

methods.

(a) Experimental result (b) Numerical result

Fig. § HC-1

(a) Experimental result (b) Numerical result

Fig. 9 HC-2



(b) Numerical result

Fig. 10 HC-3

(a) Experimental result (b) Numerical result

Fig. 11 HC-4

The discrepancies between the predicted and experimental dimensions of the areas are quite
contained, with errors ranging between 3.1% and ~ 10%. These results show the remarkable
fidelity of the numerical model used. The agreement between the numerical and experimental
results indicated that the deformation and stress caused by the removable support during the high
temperatures environment tests can be ignored, simply by considering the material strength at

those temperatures.

Table 3 Comparison of the damage area of facing skin

Damage area from Damage area from

NO. experiments (mm?)  simulation (mm?*) Err. (%)
front back front back front back
HC-1 18.7 124.6 18.0 120.7 3.8 3.1
HC-2 14.4 49.9 13.4 54.8 6.5 9.8
HC-3 19.5 111.3 18.3 101.5 6.1 8.8

HC-4 14.7 52.4 13.9 56.6 5.1 8.0




(a) Experimental (b) Numerical
result of the front  result of the front
face skin face skin

(c) Experimental result (d) Numerical result of the
of the back face skin back face skin

Fig. 12 Numerical and experimental results of the front and back face skins - test HC-1

(a) Experiamental (b) Numerical (c) Experiamental )
(d) Numerical result of the
result of the front  result of the front result of the back face
back face sheet
face sheet face sheet sheet

Fig. 13 Numerical and experimental results of the front and back face skins - test HC-2

a) Experimental b) Numerical
(a) Exp ®) (c) Experimental result (d) Numerical result of the
result of the front  result of the front . .
. . of the back face skin back face skin
face skin face skin

Fig. 14 Numerical and experimental results of the front and back face skin - test HC-3



(a) Experimental (b) Numerical
result of the front  result of the front
face skin face skin

(c) Experimental result (d) Numerical result of the
of the back face skin back face skin

Fig. 15 Numerical and experimental results of the front and back face skin - test HC-4

4. Analytical Model

In open literature several works report the appearance of three distinct velocity regimes that
occur during the impact of metal specimens [32, 33, 48, 49]. The first is typical of small impact
velocities, with the perforation being dominated by the petalling of the target. The second regime
is characterized by the perforation mechanism of the target, which changes from one dominated
by petalling to another characterized by a conically shaped plug formation. The third regime is
typified by the formation of shaped plugs that cause compression/shear failure in the target. In
our tests the projectiles were intact after the impact. The perforation mechanism at high
temperature of the front surfaces and on the honeycomb walls appeared to be dominated by shaped
plug formation, and a compression/shear failure could be observed. For the back surfaces of the
samples some petalling was observed, but the majority of the perforation edges was smooth and
dominated by shaped plug formation; the lower the impact angle, the smoother the edges. For the
normal impact velocity regime ( € =0) of the reference test (room temperature) the progress of the
perforation can be represented as a plug being removed from the honeycomb panel.

In this part, we developed a model to analyze the residual velocity by simplified the energy



balance law for the progression of the perforation produced by a pristine spherical projectile
normal impacting on a honeycomb sandwich panel as the removal of a plug by considering the
effect of shearing forces and ignoring the energy lost during the local penetration of the
honeycomb core. The model is valid for cases in which the projectile diameter is similar or smaller
to the honeycomb cell length. By defining the ballistic limit state as the zero residual velocity, a
ballistic limit equation for spherical projectiles was also obtained in this part.

If one considers the progression of the perforation produced by a pristine projectile normal
impacting on a honeycomb sandwich panel as the removal of a plug (governed by an energy

balance law) one obtains:
mprz/2=(mp+mb)Vf2/2+WY+Wf (1

The energy W, lost during the penetration can be expressed as:
W, =W, +W, +W, (2)
For simplification, it can be assumed that the resistance acting on the total mass of the projectile
and the plug when they move forward relative to the surrounding materials is mainly provided by
shearing forces [50, 51]. Since the energy lost W, for local shearing cases can be ignored [52],
then W, assumes the following expression:
W, =W, +W, 3)
For the case of a projectile that normal impact perpendicularly a honeycomb sandwich panel, W,

and W, can be estimated by:

W, = J;/ o,d, (tf - x)dx = O'fﬂdft; /2 4)



W, = J‘Otb o,7d, (t, —x)dx = o, d,t} ]2 Q)

The energy W, can be estimated directly by momentum and energy considerations [9], i.e.

W, =mpmbvp2/2(mp +m,,) . Then Eq.(1) becomes:

2
mpvp2 _ (mﬁ + mb)vf Ufﬂ-dft; O'bizdbl‘lf mpmep2 ;
> 2 T2 Tt (©6)
Z(mp +mb)
The residual velocity V, can be therefore expressed as:

L

2v72 2 5 |2
V.| ™ V, omdt;+o,md, o

f 2
(mp+mb) m, +m,

To simplify Eq. (7) for cases in which the projectile diameter is similar or smaller to the

honeycomb cell length and the perforation mechanism is dominated by the formation of shaped

plugs itis assumed that d,=d ,=d, (for normal impacts). The residual velocity therefore becomes:

1
2 2 2 |2
v - m, vi_ o,md,t; +o,7d,t,
- 2°p 4
(mp +mb) m, +m,

®)

For the cases of sphere projectiles we have m, =7r(tf o +tb,o,,)dh2 /4 and m, =7d 1,3,01, /6

Introducing these two expressions in into Eq.(8) the residual velocity is equal to:

d’pV? 60,di +60,d1 | ©)
Vf= L A 5 r&nty »uly .
' (d,fpp +1.5(lfpf +tbpb)dh2) d’ p, +1.5(tfpf +szb)dh

For the ballistic limit cases (V,=0 )we have the ballistic limit equation for spherical

projectiles:

d,’p,V; =6d, (o1} +0,1;)(d, p, +1.5(1,p, +1,p,)d,’ ) (10)



In Egs.(8) and (10) the diameter d, should be applied to calculate the residual velocity V, and
obtain the ballistic limit curve.
5. Predictions and Tests

5.1 Prediction and Numerical Test

To obtain a value for the term d, further impact simulations have been carried out
following the methodology describe in Section 3.1. Fig. 16 shows the impact locations in the
cases of normal impact for diameters of the projectile similar or smaller to the length of the
honeycomb cell. The idealized normal impact cases represent events in which the projectile hits

the cell core (IL1) and at the triple-point wall intersection of the core (IL2).

Impact location TL1: Cell core

Impact location IL2: Triple point

Fig. 16 Honeycomb cell impact location

Forty-three normal impact numerical tests of the cases described above have been performed.
The impact velocity ranged from 0.2km/s to 3.5km/s, while the temperature oscillated between
22°C and 800°C. After a regression analysis the values of d, for the IL1 and IL2 cases can be
expressed as exponential functions of d » and Vp . The following equations can be obtained by

fitting forty-three simulation results:

2.9619d,"V,***  for IL1 (R*=0.9005)
d, = (11)
218354, POV, for 2 (R* =0.9009)



Fig. 17 and Fig. 18 show the comparison between the residual velocity predicted by Eq.(9)
(Inwhich d, was calculated from Eq.(11)) and the FE simulations. There is a general agreement
between the predictions and the Finite Element simulations, especially for the cases in which the
impact velocity is lower than 1.5km/s. This might indicate that the part of the energy absorbed by
the honeycomb core is negligible in those particular situations. The gap between the simulated
results and the analytical predictions increases with the impact velocity, which might indicate that
when the impact velocity increases to a certain value the energy absorbed by the honeycomb core
could not be neglected anymore. When the speed is higher than 1.5km/s the theoretical calculation
results related to the IL2 case are more consistent with the simulation results. that shows that the
cell wall directly affects the impact resistance of the structure. The IL2 case can be therefore
considered as being more representative of the actual performance of this honeycomb structure.

Numerical discrepancies related to the effective hit location and impact angles may have also

affected the results, and the theoretical assumption that d,=d, may be not completely validated.

4.0 7
4 rd
V=¥ _ -
e 33 | ¥ Prediction r St T
C) i O Data from IL1, Eq.(9) < iR
3.0 -
= e o]
- 1 s O
= 25 L
S 1 Pl o)
> 20- - V7
3 1.5 78 v
i g i W
g 8y ¥V
‘E‘ 1.0 4 Z V v
I %
T 034 4
R 0.0 /,69
T B T T T

X T ¥ ) T . T ) T Y .
0.0 05 1.0 1.5 20 25 3.0 35 40
Impact velocity Vp (km/s)

Fig. 17 Comparison between the different sets of results for the IL1 case.
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Fig. 18 Comparison between the different sets of results for the IL2 case

5.2 Ballistic limit prediction of experimental test

Since the evidence that the effect of the normal component of the impact velocity provides
the most significant contribution to the impact deformation mechanism, it is usual practice to
replace the term V, with the term Vjcos@ for the cases of oblique impacts [53]. In this
particular case Eq. (10) yields:

d, p,} (Vy cos) =6d,, (0,22 +0,12)(d, > p, +15(t,0, +1,,)d,") (12)
The actual hole diameter of oblique impact d,, can be calculated as:
0 =2(4,, /ﬁ) (13)

The various diagrams in Fig. 19 show the ballistic limit curves of the experimental results
obtained from Eq.(12). It can be observed that all the experimental data are well above the ballistic
limit curves. The diameter of the projectile used in this work at the current impact velocity is
much larger than the critical size, which means that the honeycomb sandwich panel must be

perforated - as it happened during the experimental cases. To some extent, these results prove the

correctness of our ballistic limit equation. The comparison between the theoretical and the



experimental results shows that the ballistic limit equation can be used to predict the general

impact resistance of honeycomb sandwich structures.
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Fig. 19 Ballistic limit predictions and real perforation data for the cases (a) HC-1, (b) HC-2, (c)
HC-3 and (d) HC4
6. Conclusions

This paper has described the high velocity impact (below 3.5km/s) of honeycomb sandwich
panels made from PM1000 and PM2000 alloys at elevated temperatures. The impacts have been
performed experimentally in a custom gas gun rig, and also by using Finite Element simulations
numerically and a phenomenological analytical model. Based on experimental and numerical

results we have developed the residual velocity and ballistic limit equations for the test cases. The



developed analytical model is valid when the diameter of the projectile is similar or smaller to the
length of the honeycomb cell and the perforation mechanism is dominated by shaped plug
formation, causing compression/shear failure in the target. The experimental results and the
models proposed provide a general guideline on the effect of the temperature, initial velocity,
impact angle and projectile diameter to design thermal protection shields or other high-
performance sandwich panels for airframe and spacecraft structures.
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