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Abstract

Impact and quasi-static indentation behaviours at extreme temperatures were studied for carbon-epoxy
sandwich panels with Nomex honeycomb core. Different impact conditions with two sizes of
hemispherical impactors were tested at room temperature, -70°C, and -150°C. Small effects of
temperature are observed on the load-displacement and load-time curves, while an increase of damage
has been observed at cold temperature. A numerical model to simulate the out-of-plane behaviour of the
sandwich panels was developed and is also presented. The model was applied to the simulation of quasi-
static indentation tests at room temperature, -70°C, and -150°C.

1. Introduction

Carbon-epoxy composite sandwich panels are considered for the fabrication of lunar exploration rovers.
They offer excellent mechanical properties combined with lightness, while the core material helps with
thermal insulation. On the moon, rovers will be exposed to extreme temperature variations. Indeed,
temperatures can go from 120°C to -150°C [1]. In some shadowed areas, temperatures can even be lower
than -200°C. Composite materials are known for their sensitivity to temperature. Temperature affects
not only the mechanical properties of the material, but is also responsible for the development of internal
stresses. Moreover, on the moon, the rover will work on a rugged terrain with limited ground visibility
caused by the presence of lunar dust in suspension, as well as a thick layer of up to 30 cm of loose dust
on the ground, leading to possible impacts with its surroundings. It is therefore essential to understand
the effect of temperatures on the impact behaviour of composite sandwich panels.

Few studies have looked into the effect of temperatures on the behaviour of composite sandwich panels
under impact loadings [1-4]. Amongst them, even fewer have studied impact on carbon-epoxy sandwich
panels and none of them have studied temperatures as cold as -150°C. Salehi-Khojin et al. [4] have
studied the effect of temperature on the impact behaviour of carbon-epoxy and hybrid carbon-kevlar-
epoxy sandwich panels with a core made of honeycomb craft paper filled with polyurethane foam. They
observed an increase of the size of the damaged area as temperatures decreased from 120°C to -50°C.
Yang et al. [3] observed opposite results for carbon-epoxy sandwich panels with a foam core impacted
at -45.6 °C, -20°C, and 82.2°C. They measured a higher residual damage depth at 120°C than -45.6°C.
They associated those results with the effect of temperatures on the foam core.

Since a limited amount of literature exists on impact at extreme temperatures for sandwich panels, works
on composites laminates are extremely interesting. GOmez-del Rio et al. [6] have performed impact tests
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at -150°C on carbon-epoxy composite laminates. They observed an increase in damage at cold
temperature. Sanchez-Saez et al. [7] studied the dynamic behaviour of carbon/epoxy laminates under
three point bending at extreme cold temperatures. They observed that the mechanical strength and the
absorbed energy decrease with decreasing temperature from room temperature (RT) to -150°C.

Modelling of impact behaviour of composite laminates and composite sandwich panels has received a
lot of attention in past decades. Indeed, experimental testing are costly and time consuming which makes
the development of efficient numerical tools essential. However, most of the time, the developed model
is only used at RT with only a few exceptions. Gomez del rio et al. [8] have performed impact
simulations on carbon-epoxy laminates at RT, -20°C, and -150°C. The failure behaviour of the
composite was based on Hou criteria [9] and included four failure modes. Yang et al. [3] developed a
model to simulate impact loading at different temperatures on sandwich panels with composite skins
and polymeric foam core. They used damage mechanics to model the failure of the composite.

The objective of the herein project is to study the effect of extreme cold temperatures on the low velocity
impact behaviour of carbon-epoxy sandwich panels. A numerical model to simulate the out-of-plane
behaviour of the panel is also developed and applied at different temperatures.

2. Material

The sandwich panel is made of woven carbon-epoxy composite skins and a Nomex honeycomb core
and has the following stacking sequences: [(£45)/(0/90)/(0/90)/(x45)/core/(x£45)/(0/90)/(0/90)/(£45)].
The resin is a 977-2 epoxy. The core is made of 4.76 mm hexagonal cells and has a density of 48 kg/m®,
The core is 12.7 mm thick and the total thickness of the panel is around 15.4 mm.

3. Experimentation
3.1. Experimental set-up and methodology

Impact and quasi-static indentation tests were performed. Impact tests were performed on a drop tower
with a thermal chamber cooled with liquid nitrogen. The chamber was slightly modified to cool down
to -150°C. During testing, specimens are clamped on a steel support with an inner diameter of 76.2 mm.
An anti-rebound system is used to prevent a second impact on the specimens. An instrumented impactor
is used to measure the loads.

Impact tests were all performed at 1m/s. Two hemispherical impactors were used: one with a diameter
of 12.7 mm and the other with a diameter of 25.4 mm. Two masses of 5 kg and 10 kg were used with
the 12.7 mm diameter impactor and three masses of 5 kg, 10 kg, and 20 kg were used with the 25.4 mm
impactor. For each impact configuration, five tests were performed at RT , -70°C, and -150°C.

Quasi-static indentation tests of the sandwich panels were performed at RT, -70°C, and -150°C on a
universal testing machine with a thermal chamber. Specimens were simply resting on a circular support
with an inner diameter of 76.2 mm. Two hemispherical indentors were used with respectively 25.4 mm
and 12.7 mm diameters. Tests were performed at a speed of 1.25 mm/min. For the 25.4 mm diameter
indentor, the maximum indentation depth is 6 mm and for the 12.7 mm the maximum indentation depth
is 5 mm. In both cases, complete unloading of the specimens were performed.

Prior to every test, specimens were dried in an oven to remove moisture. For the tests at cold

temperatures, once the desired temperature was reached, specimens were kept at that temperature for 15
minutes before the impact or indentation test.
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3.2. Results
3.2.1. Impact tests

Fig. 1 presents the load-time and load-displacement curves obtained at RT, -70°C, and -150°C for the
25.4 mm diameter impactor with the 5 kg mass. For all test cases done with the 25.4 mm diameter
impactor, the behaviour is stiffer at -150°C and -70°C than it is at RT, but there is no noticeable
difference between the -70°C and the -150°C test cases. For most of the test cases, loads are slightly
smaller at -150°C. Finally, maximum displacements are also slightly higher at -150°C. However, the
differences in the results for the three temperature cases are very limited with the 25.4 mm diameter
impactor.

Fig. 2 presents the load-time curves for the 12.7 mm diameter impactor with the 5 kg and 10 kg masses.
With the 12.7 mm diameter impactor, the effect of temperature is more important. The phenomenons
observed for the 25.4 mm diameter impactor are more pronounced with the 12.7 mm diameter impactor.
In the case of the tests done with the 10 kg mass at -70°C and -150°C, the impactor hits the bottom skin.
This is visible on the load versus time curves, which show a second bell (Figure 2 b). Moreover, the
smooth curve for the second impact at -70°C indicates a limited amount of damage on the bottom skin,
while at -150°C, the load drops in the second part of the curves indicate the development of damage on
the bottom skin.
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Figure 1. a) Load-time and b) load-displacement curves for the 5 kg mass with the 25.4 mm diameter
impactor at RT, -70°C, and -150°C.

3.2.2. Quasi-static indentation tests

Fig.3 presents the typical load-displacement curves obtained for the quasi-static indentation tests for
both indentors at all three temperatures. The curves show that the load reaches higher values at RT than
at -70°C and -150°C for both sizes of indentors. Moreover, upon unloading, the load reaches a value of
zero at a larger indentor displacement for the -150°C curve. It indicates a larger residual depth of
indentation at -150°C. For the 12.7 mm indentor at -150°C (Fig. 3 b), the load starts to decrease
significantly before the displacement reaches 5 mm. This was observed for two specimens out of three.
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Figure 2. Load-time curves for a) the 5 kg mass and b) the 10 kg mass with the 12.7 mm diameter
impactor at RT, -70°C, and -150°C.
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Figure 3. Load-displacement curves for a) the 25.4 mm diameter indentor and b) the 12.7 mm
diameter indentor at RT, -70°C, and -150°C.

3.3. Damage analysis

Visual inspections of all the impacted specimens were performed. For most impact conditions, a larger
number of cracks are generally observed on the upper skin with decreasing temperature. The depth of
the damage area is also larger at -150°C. In the case of the 25.4 mm diameter impactor with the 5 kg
mass, damage is barely visible at all three temperatures. For the 12.7 mm impactor with the 10 kg mass,
there are visible damages on the bottom skin for the specimens impacted at -150°C.

4. Simulation

4.1. General description

Numerical simulations of the quasi-satic indentation with the 25.4 mm impactor were performed at RT,
-70°C, and -150°C. The numerical simulations were performed using ABAQUS/Explicit. Each ply of

the composite skin is modeled as a different part with one element through its thickness. C3D8R
elements are used. The same elements are used for the core. Contact is applied between the indentor and
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the specimen surface. The sandwich panel model is circular with a 76.2 m diameter. The nodes on the
edge of the last ply of the bottom skin are fully constraint in displacement.

4.2. Composite material model
4.2.1. Model description

The in-plane behaviour of the composite material is linear elastic orthotropic and includes damage
mechanics at the mesoscale level [10,11]. Plies are homogenous and damage is considered constant
through the thickness of the plies. Three damage variables are used: d; and d, in the warp and weft
directions respectivly and di. associated with in-plane shear behaviour. The in-plane compliance matrix
is given by :
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In the warp and weft directions, the onset of damage is associated with a strain at failure. Then, the
damage variables evolved linearly with the strain up to a maximum strain. The maximum strain is
determined with the fracture energy (Gc) and the ultimate strength (X;) and is also dependant of a
characteristic length of the element (l¢). The use of the fracture energy is based on Bazant and Oh band
criteria [12] and is used in many damage models [13]. The expression for the maximum strain is given

by:

2G,
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Eu,max Xulc (ll ) (2)

The shear behaviour is based on the work of Hochard et al. [11]. The combination of a damage variable
and a plastic hardening model is used to model the non-linear in-plane shear behaviour. The damage
evolution is function of thermodynamic forces :

2
Oii

B (=) (ii ,22)
_ 015° ©)
2G12(1 —dy3)?

Yii

Y12

An equivalent force is used to take into account the effect of tensile stress in the warp and weft directions
on the in-plane shear damage. Indeed, tensile stresses in the warp and weft directions induce

microcracks. Those cracks will contribute to shear damage evolution. The equation for the equivalent
force is given by:

Yeq = a(Viq)y + alYor)y + Y13 (4)

where « is a coupling parameter. The evolution of the damage variable di» is given by:
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where Yeq et Y. are paremeters of the damage variable di. evolution law. The elastic field is function of
the effective shear stress:

diz (5)

_ 012 2
f= (m) — Ry —R(p) (6)

where Ry is the initial shear stress threshold value for the inelastic strain and R(p) is the hardening law
defined by:

R(p) = Cp¥ (7)
where C and k are parameters of the hardening law, while p is the cumulated plastic strain.
Delamination is taken into account with a quadratic criteria [14] and simple degradation rules for the

out-of-plane properties. The stress in the out-of-plane direction (a53) is only considered if it is in tension
for the calculation of the criteria. The criteria is given by :

() 6 G -

where Xss, X1z et Xps represent respectively the out-of-plane tensile strength and out-of-plane shear
strengths.

4.2.2. Model parameter identification

The in-plane elastic and failure properties in tension were obtained at RT, -70°C, and -130°C from
experimental investigations [15]. The properties obtained at -130°C are used for the simulations at -
150°C. The elastic and non-linear shear properties were also obtained from experimental investigations
at RT, -70°C, and -150°C. Cyclic shear tests were indeed performed at those three temperatures. The
value of fracture energy used in the evolution laws of di; and dy; is estimated for the moment and will
be validated experimentally. For the present simulations, its value is kept constant at all temperatures.
The out-of-plane elastic and failure properties used for the delamination model were estimated from
literature [16,17].

4.3. Nomex honeycomb model

The Nomex honeycomb core model is homogenized. The behaviour is elastic orthotropic with an
isotropic plastic model. The yield stress used for the simulation is the initial plateau stress obtained
experimentally. The out-of-plane compression modulus was obtained experimentally. The other elastic
properties were obtained from technical data sheets from the manufacturer or estimated [18]. As for the
properties at cold temperatures, out-of-plane compression tests were performed at -70°C and -150°C as
well. The out-of-plane elastic modulus increased with temperature decreasing. The stresses of the
plateau were slightly inferior at -70°C and -150°C.
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4.4, Results

Fig. 4. presents the load-displacement curve obtained from simulations at RT, -70°C, and -150°C and
the experimental curve at RT. The simulations were only performed up to an indentation of 3 mm.
Passed this point, the model will have to be improved in order to reproduce properly the important level
of damage seen by the specimens. The model developed predicts well the fisrt part of the indentation
tests. The load associated with the first damages occurring in the skin is well predicted. The effect of
temperature on the load-displacement curves seems also in agreement with the experimental results (Fig.
3a).
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Figure 4. Load-displacement curves for the simulation at RT, -70°C, and -150°C.

5. Conclusions

Impact tests at extreme cold temperatures were performed. The results showed that damage increases
with temperature decreasing and that the behaviour of the sandwich panels impacted with the smallest
impactor was more affected by cold temperatures.

Numerical simulations of the quasi-static indentation tests were performed. Results are in good
agreement with the experimentation altougth the whole tests have not been reproduced. The model will
have to be improved in order to reproduce larger extent of damage. This model will then be used to
perform numerical simulations of the impact tests at different temperatures as well.
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