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AAbstrbstractact.. Literature reports several works concerning the impact response of composites reinforced with woven

fibers and the mechanisms involved in impact energy dissipation. However, even if composites' structures are

subjected to various environmental conditions during their service life, few papers are concerned about the

impact behaviour at shallow temperatures. Very few discuss sandwich components. In this paper, sandwich

composites' low-velocity impact behaviour constructed from carbon fibre reinforced face sheets surrounding

a polyvinyl chloride core has been tested. Impact tests at penetration and indentation (U=5,7.5,12,10 and

15J) at room temperature and -55°C, +70 °C were carried out. After each impact test, indentation depth and

ultrasound analysis measurements have been implemented to learn the damage modes of the tested samples.

The results provided a useful indication on the extreme temperature's influence on both impact properties and

damage evolution.

KKeeywyworordsds. Low Velocity Impact, Sandwiches, Extreme Temperatures, Damage, Ultrasound

1 Intr1 Introductionoduction

Since composite materials offer numerous advantages over conventional materials, they have been widely used in

various engineering applications such as in transportation, aerospace and marine. Even if the static performance of

sandwich composites has been profoundly analysed, the dynamic is important too. The response of the structures to

impact events is crucial in the project of solid constructions. The impact behaviour of composites has limited their

use in specific applications. Tools falling on a composite outward, rocks impact a vehicle and ballistic events on

aeroplane plates produce impact scenarios. Several studies have been developed to comprehend composites reaction

to such loading in terms of damage and residual strength. The ability of a structure to job after a particular impact

damage entity is of crucial importance. However, due to their lack of through-the-thickness reinforcement, one of

the primary raw backs of composite materials is their relatively poor impact loading resistance. The impact loading

may induce matrix cracking, fibre breakage and subsurface delamination. But the in-service conditions are not always

likely to occur at each temperature and, especially, at extreme ones. However, the supply of carbon fibre composites

(CFRP) often cannot catch up with demand; therefore, they exhibit a high cost. Sandwich structural composites are

usually suggested to reduce cost and construct lightweight structures with high mechanical load capacity. Composite

sandwich panels composed of a thick low density core can improve different structural properties such as stiffness,

strength, sound insulation, low heat transfer, and high impact energy absorption [1]. Today, this type of structures is

used in aerospace, marine, transport, and civil industries [2]. Low resistance under low-velocity impact loading is one

of the important vulnerabilities of composite sandwich panels. Hence, to improve their performance, it is necessary to

comprehensively investigate composite sandwich panels' behaviour under these loads conditions and investigate the
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damage that in composite laminate is often barely visible. Several papers have been developed recently to illustrate

the damage acceptance and residual strength of different sandwich composites structures after low- and high-velocity

impacts. Reddy et al. [3] considered quasi-static and dynamic effects and suggested a dynamic improvement feature

to test the difference between static and dynamic loading. Vaidya et al. [4] have conducted several studies to analyse

the impact damage tolerance of sandwich composites structures characterized by advanced core constructions. Many

authors studied the changes in the material properties as a function of temperature [5]. Anyway, even if composites'

structures are subjected to various environmental conditions during their service life, few papers are concerned about

the impact behaviour at extremely low and high temperatures, and very few discuss sandwich components [6].

In this study, sandwich composites' low-velocity impact behaviour up to penetration and at different increasing energy

levels at room temperature, Ta, and -55°C, +70 °C were carried out. Indentation depth and ultrasound (US) analysis

measurements have been performed to obtain information on the impacted samples' damage mechanisms. The results

provided a useful indication on the extreme temperature's effect on both impact properties and damage start and

propagation. The extreme temperature exposure creates a larger damage zone. The damage results in a greater damage

in the face sheets or the core material dependent on the temperature tested.

2 Mat2 Materials and methodserials and methods

Sandwich composites samples tested are composed of polyvinyl chloride (PVC) core enclosed in an upper skin

composed of fabric at 0/90 ( TC-EP250TU2-1/CF200T2/2-45%) and unidirectional at 0°, and a lower skin composed

of fabric at 0/90 ( TC-EP250TU2- 1/CF200T2/2-45%) and a biaxial at ±45 (TC-EP250TU/2-1/CFBX+/-45-200-47%)

symmetric, [0/90,±45]s. The panels were realized with a vacuum impregnation method using carbon pre impregnated

laminates; first of all carbon laminates were stacked in desired sequences, after a PVC foam was placed inside and

other carbon laminates were put over in order to have the desired lamination sequences. All was posed in a bag with

a vacuum pump and using a temperature of 100° for the foam curing to obtain a tested specimen with a dimension of

200 mm x 200 mm for the entire panel and a dimension of 80mmx80mm for the PVC foam. The thickness of the results

of the specimen of 4.2 mm in the centre.

2.1 Char2.1 Charactacterization terization techniquesechniques

Impact tests were conducted using a falling dart testing machine Ceast Instron, equipped with the thermostatic

chamber and anti-rebound system. The impactor has a hemispherical shape with a diameter equal to 19.8 mm. The

specimen impacted has been positioned in the testing area on a dedicated fixture with dimensions according to ASTM

D7136M international. The composites' laminates have been tested at penetration and three energy levels – 7.5, 10 and

12.5 J respectively – by keeping the impact mass constant and varying the drop height position. Moreover, low-velocity

impact tests were performed at room temperature, Ta, (approx. 25 °C) and at -55° and 70°C. For testing at temperatures

lower than room one, the samples were soaked at that temperature for a minimum of 45 minutes. The achievement of

uniform temperature throughout samples length was assessed using a high-resolution infrared camera, Avio RX500E

Pro and confirmed by a thermocouple applied on the specimen. After, testing was performed in the climatic chamber at

T = -55 °C and T=70°C as for standard. The updating of the MTS and Instron machines by a thermal chamber allowed

tests at high temperatures and low-temperature thanks to liquid nitrogen. Fifteen minutes were necessary to get -50

°C. The cooling system involves the supply of liquid nitrogen from the commercially available liquid nitrogen tank

through a control valve, which releases the evaporated liquid nitrogen into the environment chamber. At each of the

impact energy and temperature combinations, a set of three specimens was tested. After each impact tests, the damage

in terms of indentation depth was evaluated using 3D optical profiler combining confocal by Sensofar S-Neox coupled

with a lens 5X zoom and an acquisition area of 18 mm X 18 mm. After impact tests, the delaminated area was evaluated

by ultrasound (US) technique using a Multi 2000 Pocket system and a probe array, f=5 MHz. The C-scan acquisition
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is obtained using the US apparatus in the form of reflection. Remembering that the C-scan is the reconstruction of the

material status ply by ply reported in one plane, it is possible to know the damage's shape and extension. Thanks to a

Cad software the damaged area can be evaluated. During the acquisition, the pulse Echo technique was adopted, and a

propagation velocity equal to 3000 mm/s was registered.

3 R3 Results and discussionsesults and discussions

Figure 1 shows the load displacement curves at penetration for all temperatures tested. As clearly indicate in table 1,

for the room temperature the highest maximum load, F, and impact energy, Up, are detected.

Fig. 1. Load-displacement curvFig. 1. Load-displacement curves at penetres at penetration fation for the thror the three tee testested ted temperemperaturatureses

A similar maximum load is shown at -55°c and 70°C temperature even if, for the latter, higher impact energy is needed

to penetrate the sample due to the rigidity increasing at a lower temperature.

TTable 1. Impact parable 1. Impact parametameters at penetrers at penetrationation

The higher rigidity is also denoted by the relatively higher slope of the first linear part of the load-displacement curves

at a lower temperature (Fig.1). However, it is essential to note that in correspondence of maximum load, after the first
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excellent load drop (which denotes a significant breakage of the fibres) the load is maintained for a specific range of

displacement, d, at Ta and, even more so, at T = 70 ° C. The test temperature nearness justifies this behaviour to the

PVC core's glass transition temperature (Tg = 81 ° C) . So, in the softening phase, the material is more willing to follow

the movement of the penetrator, allowing a greater absorption of energy that sprays the highest recorded Up value.

This does not happen at low temperatures where the global stiffening of the CFRP ply and the PVC core lead to a greater

propensity to damage.

Figure 2 shows only the displacement force curves at U = 10J for the three temperatures tested. As it is easy to observe,

the resulting curves highlight the non–breaking of the sample. The area enclosed by the curves is representative of the

energy absorbed by the material. This parameter is an index of the global damage obtained in the sandwich structure

after impact: the greater the absorbed energy, Ua, the greater the damage. Damage can be evolved in an indentation,

I, or in the form of delamination area,A. The first is the plastic deformation impress by the indenter on the impacted

surface. The delamination area is representative of the fracture into layers because the adhesion between layers often

fails to cause layers. From a first analysis of the curves, it is possible to observe that the absorbed energy increases

as the temperature increases. This is a predictable result due to the epoxy being more ductile at higher temperatures,

and more ductility leads to an increase in plastic deformation and viscous dissipation phenomena. Therefore at higher

temperatures, there is less elasticity deformation energy that can be returned to the firing pin, resulting in greater

absorbed energy values.

Fig. 2. Load-displacement curvFig. 2. Load-displacement curves at U=10J fes at U=10J for the thror the three tee testested ted temperemperaturatureses

From table 1, for a more detailed analysis, it is possible to evaluate the impact parameters obtained from the impact

tests at U=7.5J, 10J and 12J. From the parameters' values is clear that the influence of temperature on the impact

behaviour of the laminates considered is evident. As the temperature increases, the material's energy absorption

capacity, Ua, increases due to influence of core viscous flow, and this justifies the higher indentation depth, I, even if the

maximum value of the impact force does not undergo significant variations with respect to the room temperature.

TTable 1. Impact parable 1. Impact parametameters and damage eers and damage extxtension fension for all tor all temperemperaturature and impact enere and impact energy tgy testesteded
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On the other hand, as the temperature decreases, it is noted that the material stiffens and it has a reduced capacity to

absorb the impact energy. The maximum force, Fmax, assumes higher values for the lower temperature values and a

greater extent of the damage (figures 3 and 4). By observing figure 4 which correlates the indentation value, I, to the

impact energies tested for the three temperatures, it is possible to easily verify that the plastic deformation increases

as the energy and operating temperatures increase. In particular, the rise in indentation with increasing temperature

is evident, the greater the impact of energy. At higher energies, the impact affects the external faces and the PVC core,

which absorbs most of the energy. On the other hand, in figure 5 which correlates the delaminated area, A, identified

by means of the C-scan analysis with the impact energy, U, it is noted that the damage increases as the temperature

decreases, showing a smaller difference in correspondence of higher energy levels. In general, from the results, it seems

that at low temperatures (-55 ° C), the delaminated area is more evident and affects more the surface of the sample-

On the other hand, the impact is better absorbed at higher temperatures on the surface. Still, it seems to involve more

large sub-surface layers resulting in the greater indentation.

Fig. 4. Indentation depth, I, vFig. 4. Indentation depth, I, vs impact eners impact energygy, U f, U for all tor all testested ted temperemperaturatureses
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Fig. 5. Damage arFig. 5. Damage area, A, vea, A, vs impact eners impact energygy, U f, U for all tor all testested ted temperemperaturatureses

The polymeric core's presence has an impact on energy absorption function, especially in high-temperature conditions

where the plasticization of PVC results to improve it. At low temperatures, the core rigidly transmits the load to the

lower face with its cracking.

The greater "risk" of low temperature impact is evidenced by the lower value assumed by the visible damage such as the

indentation which represents footprint impress on the material by the impactor and the presence of greater extensive

damage, A, within the laminate than the which ones detected at high temperatures. However, en exciting result can

be observed from figure 5: all the data converge to a single linear master curve, independently of the temperature.

The result is exciting since the useful and simple correlation between internal damage and impact energy, U, suggests

a useful way to know the internal damage, not visually inspectable as discussed and confirmed above, from a simple

external measurement of the indentation I. So, it seems that for impact energy, U, less than 3.7J no delamination can be

detected. Of course, several data needed to confirm this assertion.

4 Conclusions4 Conclusions

In this paper, the effect of extreme temperature (T=-55°C, 70°C, 25°C) on sandwich composites' low velocity impact

behaviour has been studied. The sandwiches structures made of CFRP face sheets and PVC core have been tested

at three different energy levels ( U=7.5J, 10J, 12.5J) for the three temperature analysed. After each impact test, the

indentation measurement by confocal microscope and the delamination area by C-scan analysis have been evaluated to

study the influence of temperature on the damage mode.

In general, better low-velocity impact performances are shown at room temperature denoting at a lower temperature

(T=-55°C) a higher structure propensity to damage.

At indentation, in general, it seems that at low temperatures (-55 ° C) the delaminated area is more evident and affects

more the surface of the sample. On the other hand, while at higher temperatures the impact is better absorbed on the
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surface but seems to affect more large sub-surface layers resulting in greater indentation: the polymeric core's presence

has an impact energy absorption function. The result is very interesting in terms of delamination since a useful and

straightforward correlation between external damage and impact energy was found. This correlation suggests a useful

way to know the internal damage, not visually inspectable, understanding the energy of the impact. It seems to exist a

U value (3.7J) below the wich no delamination occurs. In the future, it would be necessary to have more and more data

to assert the last consideration and predict the residual compression strength to assess how the different sandwiches

tests temperatures can influence the mechanisms of failure.
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