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Abstract 

The low-velocity impact behaviour of repaired sandwich structures with woven carbon/epoxy face-

sheets and Nomex honeycomb core is studied experimentally. First, sandwich plates were subjected 

to ballistic impacts; the damaged area was removed, filled by nano-enhanced resin and covered by a 

double-external patch. Afterwards, the repaired sandwich plates were impacted at low-velocity. Peak 

load and absorbed energy were determined for several impact energies and compared with results for 

non-repaired (intact) sandwich plates. For all impact energies tested, repaired specimens show higher 

peak load and lower absorbed energy than the intact ones. Additionally, tested sandwich plates were 

cut transversally in order to observe the resulting damage, concluding that is different in both 

configurations, and confirming that it is initiated at higher impact energies in repaired structures. 

Keywords: Composites, impact resistance, damage zone. 

1. Introduction

Composites continue to replace traditional materials, like steel and aluminium, due to their excellent 

properties. In this context, due to their superior bending stiffness, better structural capacity in carrying 

transverse loads, high-energy absorption characteristics and low weight, structural sandwich 

composites have been widely used in many engineering fields [1, 2]. 
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Composite sandwich structures are composed by two thin laminates (face-sheets) bonded to a thick 

core of low-density. The face-sheets made of fibre reinforced polymer laminates are used to obtain 

high in-plane mechanical properties and, in terms of core, the most commonly used materials are 

metallic, syntactic and polymer foam, honeycomb Nomex and balsa wood [3]. The cores are 

responsible for separating and fixing the face-sheets, in addition to carrying the transverse shear loads. 

Of all low -density materials mentioned above, honeycomb structures are very popular in aerospace 

industry when combined with composite laminate face-sheets to obtain lightweight structural 

components [4-8]. However, because of their thin face-sheets, sandwich structures are very sensitive 

to impact events that occur in the service life or in maintenance activities [9, 10]. 

For low-impact energies, a wide range of damage can be observed, like core buckling and cracking, 

fibre breakage and debonding between face-sheet and core [11], but the face-sheets can be easily 

perforated by a projectile when the impact velocity is above certain values [10]. Consequently, due 

to the loss of strength and reliability of composite components, internal damage can lead to a 

catastrophic failure [12] or even as a result of the passage of water and/or moisture into the structures, 

the mechanical performance may deteriorate [13]. 

For example, Akatay et al. [14] analysed the effect of multi-impacts in sandwich structures with glass 

fibre/epoxy face-sheets and honeycomb core. They showed that the number of impacts that cause the 

complete perforation of the samples augments with the decrease in impact energy. Rupp et al. [15] 

studied the sandwich structures behaviour, and they found that face-sheets with higher fibre area 

weight promote larger maximum force values, but the deformation is largely influenced by the core. 

Sun et al. [16] analysed the behaviour and failure mechanisms of sandwich plates with honeycomb 

core subjected to high-velocity impact by an experimental and numerical study. These authors have 

observed that the ballistic limit of sandwich panels increases almost linearly with increasing face-

sheet thickness, smaller cell sizes are responsible for greater perforation resistance whereas the core 

height shows to have a very small effect on this parameter. Simultaneously, with the augment of face-
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sheet thickness, the maximum deformation in thickness direction diminishes while the deformation 

area, which is related to bending deflection, increases on both face-sheets of sandwich structures. 

According to Xiamonin et al. [17] a well-designed sandwich plate should have appropriate core 

geometry and arrangement to support the impact load intensity. However, if literature reports several 

works on the mechanical response of sandwich structures with honeycomb core under impact loading, 

few studies can be found for perforation failure. 

The damage generated in sandwich structures due to ballistic impacts is not widespread and extensive 

[10], and therefore a structural repair is a feasible solution, rather than replacement of the component, 

because in many cases the costs are significantly lower [18, 19]. In this context, the stiffness and 

strength of the damaged component must be restored to give its original service condition back as 

possible. For this purpose, different techniques are available and the most common are mechanical 

bolts, injection repair and adhesively bonded-patch [20]. The first technique has limited use, because 

it induces stress concentrations in the laminate, while the second one does not restore completely the 

laminate tensile strength. Therefore, adhesive patch repair overcomes these limitations [4] and, 

basically, literature reports essentially two types of patch configurations: scarf patches and overlap 

patch [7, 21]. Both guarantee a safe and adequate repair, but regardless of the first methodology to 

promote benefits in terms of aerodynamic outline modifications and little bending moments, it is 

complex to make, demands special devices and is time-consuming. In terms of external patch, this 

technique is easier to apply than a scarf repair, but it produces a stress concentration at the patch 

borders, because of the change in the aerodynamic outline and, if the patch is very thick, the bending 

moments and stiffness induced may be a disadvantage to be accepted [22-26]. 

Independently of the fact that repairs on composite structures (monolithic and sandwich) with 

adhesives and composite patches are being extensively accepted and reported in the open literature, 

inclusively after the ballistic impact [27], authors did not find studies on impact behaviour of 

sandwich composites that were repaired after ballistic impact. Therefore, the main goal of this work 
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is to study the low-velocity impact response of repaired honeycomb sandwich structures by the 

external patch method. Due to its simplicity, the external overlap is widely used on internal 

component repairs such as formers, bulkheads and inner skins [28]. However, while scarf repair is 

preferred due to aerodynamic cleanliness and minimising of moment induced failure modes, the 

external patch provides very satisfactory results for damages that are repaired according to the 

Aircraft Maintenance and Repair Manual [19, 28, 29]. The composite sandwich plates were based on 

face-sheets of woven carbon fibre/epoxy and core of Nomex honeycomb. After ballistic impact, the 

damage zone is filled with a nano-enhanced epoxy resin and, finally, two external patches (with the 

same thickness of the face-sheets) are bonded to the repaired sample. The low-velocity impact 

resistance was evaluated in terms of load- and energy-time plots, as well as through the determination 

of the peak load and absorbed energy during the impact tests. In order to analyse the damage, several 

specimens were cut transversely after impact. All results were compared with those of a previous 

study on un-repaired sandwich plates subjected to low-velocity impact, and significant differences 

were obtained. 

 

2. Materials and Experimental Procedure 

As consequence of the wide use in the aerospace industry, composite sandwich plates based on face-

sheets of plain weave carbon fibre/epoxy (AS4/8552) at 0°, 1.2 mm thick, and a core of Nomex 

honeycomb (HRH-10-1/8-3.0), with a thickness of 10 mm, were studied in the present work. 

Specimens were supplied by a research centre in accordance with the standards of the aerospace 

industry. More details about this material and respective properties can be found in [30].  

Previously, specimens with 120×120 mm2 were subjected to ballistic impacts that produced the 

complete perforation (at impact velocities in the range of 200 - 500 m/s), where metallic spheres with 

7.5 mm of diameter and 1.7 g of weight were used. Fig. 1 shows typical damages after impact and 

after removal of the face-sheets. In terms of face-sheets, it is notorious the damage confined to a hole 
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produced on the front face-sheet (Fig. 1a) by the projectile, and a hole with some delaminated layers 

on the back face-sheet (Fig.1b). On the other hand, in terms of core, the Nomex was perforated with 

dimensions very close to the projectile (Fig. 1c). 

After analysing the damage caused by ballistic impact and concluding that internally it is practically 

confined to a hole, its repair consisted of filling it with resin enhanced by carbon nanofibers (Fig. 1d). 

In fact, the materials used on the repairs should be suggested by the Aircraft Maintenance and Repair 

Manual [30], but nowadays it is common to use aeronautical resins with different fillers [19, 31], 

specially nano-enhanced resins [26]. Literature reports significant benefits when resins with different 

fillers are introduced into the depression due to the higher rigidity of the specimens repaired [26, 31], 

besides other advantages such as better thermal and electrical properties when carbon nanofibers are 

added [32]. Finally, two external patches with the same thickness were bonded with an Araldite® 420 

A/B adhesive (Fig. 1e). The laminates used as patches are composed by six layers of Texipreg® HS 

160 REM, supplied by SEAL, with the sequence of [0/90]3. 

A SR 8100 epoxy resin and a SD 8824 hardener, both supplied by Sicomin, were used to fill the 

depression/hole. Resin and carbon nanofibers (CNFs) were mixed with resource to an electric mixer 

at 1000 rpm and, simultaneously, subjected to ultrasonic bath sonicator. The CNFs content was 0.75 

wt. % of the resin-hardener mixture, since it is the best quantity for this epoxy system according with 

previous studies. The nano-enhanced resin was subjected to degassing and later the hardener agent 

was added. To avoid air bubbles, special care was taken in this mixing process. After filled the 

depression, the samples were subjected to cure at room temperature during 24 h, and later post-cure 

in an oven at 40 ºC for 24 hours, according to manufacturer. The last step involved the bonding of the 

external patches (40×40×1 mm3) to the parent laminates (120×120×12.4 mm3) and, to get the best 

adhesion, all components were previously cleaned/degreased with methyl-ethyl-ketone. 
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Low-velocity impact tests were carried out using a drop weight tower, CEAST Fractovis. For this 

study, a special support device was manufactured to test sandwich specimens of 120 x 120 mm2, 

which assures that the specimen edges are clamped (Fig. 2). 

An impactor with a hemispherical nose of 20 mm in diameter and mass of 3.62 kg was used. The 

tower has an anti-rebound system to avoid successive impacts in the same specimen. The impact 

velocity was determined by a photocell placed close to the impact point. A piezoelectric load cell is 

located in the impactor to calculate the contact load between impactor and specimen. From this cell, 

a record of the variation of contact force was obtained for each test. Using basic equations of the 

dynamic equilibrium of the impactor it is possible to estimate the acceleration, velocity, displacement 

and energy of the impactor by a well-known integration process [33, 34].  

The impact energies used were 10, 15, 20, 25 and 30 J, which were previously selected to avoid 

perforation of the specimens. This range of impact energies correspond to velocities from 2.27 m/s to 

3.97 m/s. For each condition, at least, three specimens were tested at room temperature. Finally, to 

identify the damage produced by impact on baseline and repaired specimens, they were cut in the 

point of impact by a diamond disc. The surfaces were polished with sandpaper of fine grain. The 

cutting process was made by water as refrigerant to avoid generate additional damage in the 

specimens. 

 

3. Results and Discussion 

Fig. 3 shows representative force-time curves for all impact energies tested in this study. Two types 

of curves have been observed: sinusoidal curves and curves with a sudden drop in the load. For impact 

energies below 20 J all force-time curves show a sinusoidal shape. This behaviour is typically related 

to low damage extension, in which the main failure mechanism is controlled by matrix damage [14]. 

The drop in the load that appears at impact energies over 20 J (Fig. 3b) is about 55% of the peak load 

and remains approximately constant when the impact energy increases. This drop in load is also has 
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been reported by other authors when studying in monolithic laminates, and increases with the 

laminate thickness. For example, in laminates 2 mm thick is around 16% [9], whereas in laminates of 

9 mm is around 40% [35]. In monolithic laminates, Quaresimin et al. [36] suggest that the load for 

which this sudden drop appear is independent of the impact energy. 

From the load-time record, the variation of the impactor energy was estimated. The energy-time 

curves present the typical shape of a low-velocity impact test that grow to a maximum value (equal 

to the impact energy) and decrease until a constant value, which corresponds to the energy absorbed 

by the specimen [37-39]. The absorbed energy increases with the impact energy, as displayed in Fig. 

4. As observed in load-time curves, the absorbed energy presents two trends: below impact energy of

20 J the energy absorbed by the specimens is around 50%, and over 20 J this value is higher than 

60%. 

A detailed analysis carried out in specimens impacted at 20 J reported a transition between the two 

types of curves, some specimens showed a sinusoidal load variation (curve “a” at 20J) and other 

presented a drop in load and an increment in contact time (curve “b” at 20J). The drop in load implies 

a damage progression the specimen and the activation of other failure mechanisms, such as fibre-

breakage and delamination growth, that produce an instant decrement of the stiffness of the specimen 

[35, 40, 41]. In addition, in repaired specimens impacted at 20 J, a significant increase in the absorbed 

energy is observed depending on the type of load-time curve obtained in the test (Figure 4): for 

sinusoidal curves the energy absorption is 43.5%, whereas for the other type of curves this value is 

around 60%. The increase of the contact time in the latter curves (around 15%) is linked to an 

increment of damage in the specimen that reduces the stiffness and augments the impactor 

displacement. The change in behaviour suggests that for the sandwich structures analysed, the 

threshold energy from which new damage mechanisms are activated is about 20 J.  

From load-time and energy-time curves, the peak load and absorbed energy as a function of the impact 

energy were determined. In Fig. 5 to 7 these variables are compared whith results of baseline 
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specimens (intact un-repaired sandwich plates). The baseline specimens data correspond to a previous 

work that includes both experimental and numerical results. Detailed information on the experimental 

tests and the numerical model can be found in [30]. 

Peak load shows the same trend in baseline and repaired sandwich structures (Fig. 5) and increases 

almost linearly until reaching a maximum value, which correponds to the critical impact energy. From 

this impact energy, it remains practically constant. This behaviour is consistent with the open 

literature, where the peak load augments with increasing impact energy [37, 42, 43]. According to 

Hosur et al. [44] the peak load rises almost linearly with higher impact energies, where the differences 

observed in terms of maximum loads are consequence of the different failure modes activated [45]. 

In the case of repaired sandwich plates, the critical impact energy coincides with the threshold energy 

(20 J), which is the impact energy from which the load-time curves changed their sinusoidal shape 

caused by the activation of other damage mechanisms in the upper face-sheet. In baseline specimens 

this critical energy is lower, around 10 J. The peak load values are very different: baseline specimens 

present a value of around 2 kN, and the repaired specimens 7.4 kN. This increment is related to the 

greater stiffness of the repaired specimens, and differences are more visible for the higher impact 

energies used in this work. 

Generally, the energy absorption is lower in repaired specimens (Fig. 6). The absorbed energy of 

baseline specimens and repaired specimens for an impact energy of 10 J is 84% and 40%, respectively 

(Fig. 7). At 30 J repaired specimens present an energy absorption of 68%, whereas under the same 

conditions baseline specimens have practically absorbed all impact energy (97%). This behaviour is 

due to the lower level of damage and greater stiffness of repaired specimens, as differences between 

the energy absorption of baseline and repaired specimens decrease with increasing damage. In 

baseline specimens, the honeycomb core is also extensively damaged, thus different damage 

mechanisms that lead to higher energy absorption are activated.  
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In addition, as depicted in Fig. 6 and 7, the absorbed energy of repaired specimens presents two 

different trends, above and below an impact energy around 20 J, and between both zones there is a 

sudden increment that is not observed in results of baseline specimens. This change in behaviour is 

related to the debonding of the patch in the repaired specimens, which was observed via cross-

sectional view (Fig. 10). 

The damage evaluation in the specimens was carried out by visual inspection. For the sake of brevity, 

two representative samples of the repaired specimens were selected: one impacted at 10 J, and the 

other at 30 J. Afterwards, a baseline specimen impacted at 10 J was analysed. The specimens were 

transversely cut through the point of impact, and images were obtained with a stereo-optic microscope 

(KYOWA OPTICAL SDZ-TR-P) equipped with a Basler acA2440-35uc camera (Fig. 8). 

In the cross-sectional view of the repaired specimen impacted at 10 J no damage was observed in the 

core, face-sheets or filler material. By contrast, the baseline specimen impacted at the same impact 

energy level shows extensive damage in both the upper face-sheet and core (Fig. 9); under the point 

of impact, the failure of the upper face-sheet is complete, and some damage was detected in the lower 

face-sheet. Note that the honeycomb core is extensively crushed.  

For an impact energy of 30 J, the damage was developed as patch debonding on the lower face-sheet 

(Fig. 10); however, no clear damage is observed in the upper face-sheet (only a small indentation). In 

addition, some cracks appear in the filling material around the area close to the impact point. 

4. Conclusions

In the present work, the low-velocity impact behaviour of repaired sandwich structures, previously 

damaged by ballistic impacts, was investigated through experimental tests carried out in a drop-

weight tower. From each test, the peak load and absorbed energy were estimated. These parameters 

were compared with those obtained from a previous study of the authors on un-repaired sandwich 
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structures subjected to low-velocity impact under the same conditions. Results obtained from these 

sandwiches structures, called baseline specimens, were used as reference. 

The peak load in repaired sandwich structures is higher than in baseline specimens. By contrast, the 

latter specimens absorb more energy than the repaired ones. This behaviour was observed in a broad 

range of impact energies, from 5 to 30 J, and it is related to the lower level of damage that appears in 

repaired specimens. For example, for an impact energy of 10 J the absorbed energy is around 84% 

for baseline specimens, and only 40% in the case of repaired sandwich structures. For an impact of 

30 J, this difference is more significant as values for absorbed energy are 97% and 68% for baseline 

and repaired specimens, respectively. 

Extensive damage was detected in both face-sheet and core in baseline specimens, even when they 

are subjected to an impact of 10 J. On the other hand, no damage was identified for repaired 

sandwiches when subjected to the same impact energy level, neither in the core and nor the face-

sheets. At an impact energy of 30 J, some cracks appear around the area of impact in repaired 

specimens. However, no significant damage is distinguished in the upper face-sheet, and only patch 

debonding is noticed on the lower face-sheet. 

Therefore, it can be concluded that repaired sandwich structures offer greater impact resistance, which 

can result in great benefits in structural and economic terms. This is in good agreement with the open 

literature, due to the higher rigidity of the specimens repaired obtained with nano-enhanced resins. 
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FIGURE CAPTION 

 

Fig. 1. Composite sandwiches repaired: a) Front face-sheet aspect after ballistic impact; b) Back 

face-sheet aspect after ballistic impact; c) Core damaged aspect; d) Damage filled by nano-

enhanced resin; e) External patch aspect covering the damage. 

Fig. 2. Special device to support the specimen. 

Fig. 3. Load vs. time curves at several impact energies. 

Fig. 4. Energy vs. time curves at several impact energies. 

Fig. 5. Peak load vs. impact energy. 

Fig. 6. Absorbed energy vs. impact energy 

Fig. 7. Percentage of absorbed energy vs. impact energy 

Fig. 8. Representative damage in baseline and repaired specimens. 

Fig. 9. Damage in a baseline sandwich specimen impacted at 10 J, a) Global view, b) Zone I: 

complete failure, b) Zone II: undamaged, c) Zone III: undamaged, and d) Zone IV: interlaminar 

damage. 

Fig. 10. Damage in a repaired sandwich specimen impacted at 30 J, a) Global view, b) Zone I: 

impact indentation, b) Zone II: patch debonding, c) Zone III: cracks. 
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