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Abstract

:

Sandwich composites are often used as primary load-bearing structures in various industries like aviation, wind, and marine due to their high strength-to-weight and stiffness-to-weight ratios, but they are vulnerable to damage from Low-velocity-impact (LVI) events like dropped tools, hail, and birdstrikes. This often manifests in the form of Facesheet-Core-Debonding (FCD) and is often termed Barely-Visible-Impact-Damage (BVID), which is difficult to detect and can considerably reduce mechanical properties. In general, a balsa core sandwich is especially vulnerable to FCD under LVI as it has poorer adhesion than synthetic core materials. A cork core sandwich does show promise in absorbing LVI with low permanent indentation depth. This paper also reviews surface treatment/modification as a means of improving the adhesion of composite core and fiber materials: key concepts involved, a comparison of surface free energies of various materials, and research literature on surface modification of cork, glass, and carbon fibers. Since both balsa and cork have a relatively low surface free energy compared to other materials, this paper concludes that it may be possible to use surface modification techniques to boost adhesion and thus FCD on balsa or cork sandwich composites under LVI, which has not been covered by existing research literature.
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1. Introduction


Sandwich composites are being increasingly used in primary load-bearing structures due to their high strength-to-weight and stiffness-to-weight ratios, such as in wind turbine spar caps [1] and aerospace structures [2].



As such, they are subject to low-velocity impacts both in the manufacturing process and in service, such as dropped tools [3], hail strikes, debris, and bird strikes during aircraft takeoff and landing [2].



This often results in facesheet-core debonding in sandwich structures, which can considerably reduce strength and is also difficult to detect visually. This is also difficult to prevent, as low-velocity impacts like hail strikes and dropped tools are difficult to prevent [2]. As such, this is the focus of this review paper.



Meanwhile, there is much interest in using natural materials in composites due to their ready availability, lower cost, and lower environmental impact than synthetic materials. While there is much research on using natural fibers in fiber composites, balsa has already been used as a sandwich core material since the 1940s, while cork has been recently commercially introduced as a core material. These are covered in Section 4, Section 5, Section 6 and Section 7 of this review paper.



Section 8 briefly covers the vacuum-assisted resin infusion fabrication process that is commonly used for wind turbine blades and marine applications that balsa is normally used for Section 9, Section 10 and Section 11 discusses surface treatment/modification as a means of improving the adhesion of composite core and fiber materials, especially since balsa and cork have a relatively low surface free energy compared to other materials. It briefly covers the concept of substrate surface free energy, means of measuring and deriving it, and a list of the surface free energy of various materials before covering research literature on various surface treatment methods used on composite materials, such as liquid chemical and reactive gas (e.g., various types of plasma treatment, flame, UV). It finishes by suggesting criteria for a suitable surface treatment in a composite processing facility.



Section 12 and Section 13 briefly outline the various failure modes of composites and sandwich composites and how impacts are categorized by velocity. It then goes on to discuss various research studies that compare the effect of low-velocity impact damage on sandwich composites made with balsa, cork, and various thermoplastic foams. Debonding was found to be a more dominant damage mode for balsa due to poorer facesheet/core adhesion between balsa and the resin matrix.




2. Composites Usage, Environmental Impact and Recyclable Composites


With much higher strength-to-weight ratios than aluminum or steel, fiber-reinforced polymer matrix composites (or fiber composites) are increasingly being used in various industries such as aviation, marine, wind, and automotive.



Currently, most composites in commercial use worldwide are thermoset composites [4]. The huge increase in composite use in several industries in the last 20–30 years, plus the current lack of a commercially feasible method for recycling these composites, has also brought about the need to develop recyclable composites [5]. This can be seen by several significant trends within the last 20–30 years:




	
Legislation promoting end-of-life recycling of vehicle parts, such as the European Guideline 2000/53/EG which sets a target that 85% of a vehicle’s weight should be recyclable by 2005 and 95% by 2015 [6].



	
Large increase in composite use in the automotive and aviation industries, due to the need to reduce vehicle weight, fuel consumption, and CO2 emissions, and therefore reduce operating costs and comply with legislation to reduce emissions, such as the Kyoto Protocol [6]. In particular, the proportion of composites used in aircraft has grown from 10–12% (1990—Airbus A330 and Boeing 777) to over 50% by weight (2010s—Boeing 787 and Airbus A350) in just 20 years [7,8].



	
Massive growth of the wind industry as the technology matures and costs have decreased: from 6.4 GW in 1996 to 837 GW in 2021 [9]. Tower height, turbine blade, and rotor diameters have also greatly increased, as shown in Figure 1. Wind turbine blades also traditionally use balsa core sandwich composites, which is covered more in detail in Section 4.



	
Lack of commercially feasible methods to recycle thermoset composites combined with a wave of decommissioned wind turbine blades [10] and airliners containing composite parts. As shown in Figure 2a, composite parts are often landfilled as a result, taking up scarce landfill space.








Most decommissioned composite wind turbine blades [10] are currently landfilled and take up a lot of scarce landfill space [11]. Moreover, many of these airliners contain composite parts and this trend has accelerated during the COVID-19 pandemic. [10] This problem will only get worse as the quantity, size and proportion of composites used increases in these industries.



As a result, this has prompted much research on lowering the environmental impact of composites—both for recyclable thermoplastic matrix materials and replacing synthetic materials with natural materials.
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Figure 1. The largest turbine blades dwarf airliners and approach the size of the Eiffel Tower. Growth is also much faster than expected—the 2020 prediction that turbines would reach 220 m rotor diameter and 12 MW in 2022 was exceeded by Vestas V236-15.0 MW in 2022. (a) Infographic showing wind turbine growth with time. Adapted from [12], (b) Size comparison of the Eiffel Tower, largest airliner in commercial service & largest wind turbine of 2021. Info from [13]. 
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Figure 2. (a) Decommissioned wind turbine blades awaiting landfilling. Note the tractor at top right for scale. Adapted from [14], used with author’s permission. (b) Scrapping of a Boeing 777 airliner during the Covid pandemic. Picture from [15], used with author’s permission. 
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3. Natural Materials in Composites


At the same time, there is much interest in using natural materials in composites due to their biodegradability, ready availability, and low cost. They also typically have a lower environmental impact than synthetic materials [16].



So far, much research has been conducted on using cellulose-based natural fibers such as hemp, flax, jute, sisal, pineapple, kenaf, and ramie as substitutes for aramid, glass, or carbon fibers as composite reinforcements [6,16]. Some, like hemp, jute, and kenaf, have traditionally been used to make twine, ropes, and sack materials for centuries.



Lignocellulosic natural fibers often have a lower density and cost, and require an average of 50% less energy to produce than aramid, glass, or carbon fibers [17]. This makes them suitable in applications where strength to weight is not the most critical factor.



On the other hand, cellulosic natural fibers have their disadvantages, such as flammability and poor adhesion at the interface between fiber and matrix, leading to poor mechanical properties of laminates [18]. Hence, much research has gone into physical and chemical methods of improving adhesion, which will be covered more in detail later in Section 9.



So far, natural fibers have been used in some commercial car parts, such as the 1996 Mercedes E-class featured jute-epoxy door panels [19], and the BMW 7-series sedan lower door panel made from natural fiber-acrylic copolymer [20].



At the same time, balsa has been used as a sandwich core material for many years, long before the advent of carbon fiber and glass fiber composite laminates. One such famous example is the main wing structure of the 1940s DH98 Mosquito aircraft, comprised of birch facesheets glued to a balsa core [3]. This gave it a much lighter structure than other aircraft built from metal and directly contributed to its impressive speed, range and combat record in World War 2 [21].



Today, balsa is not commonly used for aircraft structures, as a CFRP-honeycomb sandwich is often preferred. It is still commonly used for many wind turbine blades.



Wind Turbine Blades


With the growth of the wind industry, the vast majority of balsa produced is used as a sandwich core for wind turbine blades [22].



Wind turbine blades are subject to huge and variable aerodynamic and centrifugal loads and vibrations. Blade weight must also be controlled closely so as to maintain balance among the three blades in a turbine [23].



As such, they are one of the most failure-prone components on a wind turbine, and incur some of the highest component repair costs and downtime, as shown in Figure 3.





4. Balsa


Balsa (Ochroma Pyramidale) is a tree that is native to the Amazon region, with Ecuador being the largest producer of balsa [25]. Most balsa wood used commercially is harvested from plantations, particularly from Ecuador. It is a relatively fast-growing tree and can be harvested within 5–8 years [26].



4.1. Balsa Wood Applications


Due to its fast growth, balsa wood has very low density, making it the lightest commercial timber [27].



Balsa is the lightest commercial timber, with wood grades of varying densities of around 100–280 kg m−3 available, with lighter grades of between 130–160 kg m−3 often used for gliders and wind turbines. It is compatible with co-curing and will absorb resin when impregnated [28,29,30].



Balsa wood is largely comprised of cellulose. [31] found that balsa fibers are comprised of 44.62% α-cellulose, 16.60% lignin, and 2.29% wax content.



The mechanical properties of balsa are highly directional and are strongest in the wood grain direction. Therefore, as shown in Figure 4a, balsa is often cut in an A-grain manner (tangential to the wood rings, or grain) as end-grain blocks, and thus the grain is aligned with the thickness direction of the sandwich and perpendicular to the planes of the facesheets. While this maximizes compressive strength, it also means that vertical cracks can grow along the wood grain direction between wood grains [32]. End-grain blocks are then joined together using glass fiber scrim cloth for handling purposes, as shown in Figure 5.



While synthetic alternatives such as thermoplastic (e.g., PET, PVC, PMI) foam with varying densities have appeared over the years, end-grain balsa is still a popular core material for wind turbine blades, gliders, and other applications due to its low cost and better mechanical properties than most foams [35]. Balsa production also requires less energy and produces less CO2 than these synthetic foams [32].



It is beyond the scope of this paper to discuss mechanical properties of balsa wood in detail or how various factors like moisture, humidity and temperature affect it. More detailed explanations can be found at [35].




4.2. Coated Balsa for Reduced Resin Uptake


Within the last 5 years, some balsa suppliers have introduced proprietary surface coatings on their end-grain balsa products that greatly reduce resin uptake, such as Corelite’s Balsasud PC-11, Gurit’s Balsaflex Lite and 3A Composites’ Baltek SealX. These coatings do so by restricting resin to the balsa surface and prevent it from entering the vessels within the balsa wood thickness (Figure 6).



Due to their proprietary nature, very little information is openly available as to the composition of these coatings. Table 1 summarizes the marketing literature of various coated balsa:



Currently, there is little or no open literature on the effects of these coatings on the mechanical properties of these balsa core sandwich panels, or comparing the sandwich mechanical properties of coated balsa cores versus uncoated balsa cores. Ref. [35] states qualitatively that while coated balsa core generally has weaker bonding strength than un-coated balsa, its higher consistency means that design strength and safety factors can remain unchanged [35].





5. Cork and Cork Agglomerates


Cork is derived from the periderm (bark) of the cork oak (Quercus suber) tree, which grows in Mediterranean countries like Tunisia, Portugal, and Spain [38,39]. While it is best known for wine bottle corks (plugs for sealing wine bottles), it was commonly used for many other uses such as insulation and gaskets before being displaced in the 1940s by cheaper petroleum-derived plastics. However, with the current emphasis on sustainability, cork has experienced a comeback [38,39].



Cork is largely comprised of the chemical compound Suberin, which gives it a rubbery feel as well as many of its desirable properties like excellent damping and fire resistance [40]. Cork has been used as a thermal ablative on spacecraft since the 1970s [35]. Depending on the treatment method and the age of the tree, cork has a density of between 120–240 kg m−3 [40].



As shown in Figure 7, Cork has an alveolar cellular structure. [40] states that these cells when viewed radially resemble polygons of between 4 to 9 sides (with 5, 6, & 7 sided being most common), and its cell walls are mostly formed by suberin, lignin, and cellulose. The proportions of suberin, lignin and polysaccharides such as cellulose & hemicellulose vary with several factors, such as geographic origin, soil & growth conditions, age (virgin or reproduction) and genetics [40]. A ballpark reference figure for chemical composition is suberin (45%), lignin (27%), polysaccharides (12%), ceroids (6%), and tannins (6%) [41].



Due to the flexibility of suberin, cell wall corrugations are able to act as folding paths that allow cell walls to bend and fold at high strains without experiencing damage. This causes cork to have a very low or negative Poisson’s ratio [42,43].



It is beyond the scope of this paper to discuss the compressive stress strains of cork by itself. A more detailed explanation can be found at [40,43].



Suberin is a glyceridic polyester comprising linear long-chain fatty acids and alcohols assembled into ribbon-like structures. This allows for the bending and collapse of cell walls, giving cork its elastic properties as well as fire resistance, vibration damping [44,45], and impact resistance, which will be covered more in detail in Section 5.1 and Section 13. These desirable qualities make cork suitable as a composite core material.



Typically, cork is harvested from cork oak trees between 9 to 15 years, depending on the region where they are grown. Cork planks are typically left to dry and stabilize first till water content is around 6–10% [45].



Cork left over from the wine cork production processes, such as in Figure 7b, are often ground up into granules, cleaned using steam, and then dried using hot air in circulating driers until the desired moisture level is reached. The granules are then processed into expanded cork or cork agglomerate products [46,47].
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Figure 7. (a) Diagram of cork cellular structure. Picture from [43], used with publisher’s permission. (b) A piece of cork bark punch—after wine corks have been punched from it. Such cork bark punches are typically ground into granules and formed into agglomerates. Picture from [48], used with publisher’s permission. (c,d) SEM micrograph of cork cells viewed from the (a) radial and (b) tangential directions. Picture adapted from [47] with publisher’s permission. 
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In the agglomeration process, granules of varying sizes are mixed together with a binder before being poured into molds. The binders can be dextrin, casein, gelatin, or urea-formaldehyde based, but currently are typically polyurethane based [49].



The molds containing the granules and binders may be heated either by an oven or by high-frequency radio frequency heating systems. After removal from the mold, the agglomerate is cooled and stabilized before sanding and cutting to the desired thickness. Surface finishes and decoration are then applied to the finished cork sheet [47].



Expanded cork is made using virgin cork that is too resinous to be used for wine corks. Virgin cork is granulated and then bonded together using superheated steam at 300–370 °C and 40 kPa in a steam boiler. This causes the cork cells to swell and release suberin, which acts as a binder to bond the granules together. It is typically used as thermal insulation for buildings but has a higher cost than synthetic materials like EPS and XPS [50].



5.1. Effect of Low-Velocity Impact on Non-Sandwich Cork Agglomerates


Various papers in the research literature cover low-velocity impact on cork agglomerates by itself, in the context of cork as a potential helmet liner material. Refs. [51,52] agrees that cork agglomerates show promise as an impact-absorbing material. Cork agglomerates were generally able to withstand higher impact forces than thermoplastic foams such as EPS, recover their initial dimensions after impact, and absorb multiple impacts thereafter [51,52].



Ref. [52] identified a key impact damage mechanism to adiabatic compression of air within cork cells by heating up the binder holding the cells, increasing the binder’s viscosity, and reducing its adhesion. Cork granule separation occurs upon binder failure. Cork grain size (smaller is better), binder used, and temperature at impact (lower is better) were key factors determining the impact performance of cork agglomerates [52].



Ref. [53] found that for an impact energy/thickness ratio range of between 200–1200 J/m, the energy-absorption capability of cork agglomerate is not dependent on specimen thickness. There was also some dispersion in maximum levels of force, displacement, and strain due to natural variances [53].



While there are other research papers covering higher velocity impacts on cork agglomerates and cork sandwich structures, higher velocity impacts are not the focus of this review paper as they tend to produce local perforations that are easily detected [2].



There are several papers in the research literature that cover the Low-Velocity Impact (LVI) testing of Corecork in composite structures, such as [54,55], as well as non-Corecork cork agglomerates using epoxy as a binder, such as [56,57]. They are covered more in detail in Table 14.




5.2. Co-Cured Cork Agglomerates


In recent years, Amorim S.A. of Portugal has released Corecork™, a commercially available cork agglomerate product that is compatible with co-curing by typical composite fabrication processes—hand layup, vacuum bagging, vacuum infusion, and resin transfer molding.



Prior to that, cork agglomerates were secondarily bonded to the facesheets, as seen in [56,57]. While it is also possible to cure Corecork™ with composite resins such as epoxy or vinyl ester before using secondary bonding to join it to facesheets, there is little practical reason to do so given that it can be co-cured. The author is not aware of any such papers in research literature using such an approach.



It is available in different grades, as shown in Table 2. There is no information available on the processing of these commercial products.





6. Comparison of Cork Agglomerates and Balsa


As can be seen from Table 2, cork has a higher density than balsa. This is especially so after it has been co-cured with resin.



Corecork datasheets give a resin uptake of between 170–270 g/mm m2. While balsa datasheets typically do not state resin absorption figures, a ballpark of 140–150 g/mm m2 for uncoated balsa can be inferred from Baltek and Gurit’s figures given in Table 1 earlier, while coated balsa has even less resin uptake. This is also consistent with [54], which found that Corecork NL10 and NL20 both absorbed more resin than balsa in their experimental work [54].




7. Sandwich Composite Manufacturing Processes


Fiber composite sandwich structures are typically fabricated by one of three processes [62]. Table 3 shows a brief comparison between the three methods:



Co-curing is the most desirable fabrication method. It saves on complexity and potential alignment issues in the manufacturing process. More importantly, all interfaces are chemically crosslinked and there are no adhesion-bonded interfaces between pieces. Adhesion-bonded interfaces are weaker due to interdiffusion of the adhesive and laminate when adhesive joints cure [62,63].



Vacuum Assisted Resin Infusion for Large Composite Structures


Large non-aerospace composite structures, such as wind turbine blades and composite boat hulls, are often made using the Vacuum Assisted Resin Infusion (VARI) process. The VARI process is also referred to as vacuum-assisted resin transfer molding (VARTM) or vacuum infusion (VI). Variations of the VARI process also exist, such as the Seeman Composite Resin Infusion Process [64].



The VARI process utilizes a vacuum pump to suck low-viscosity liquid resin into a fiber preform enclosed in a vacuum bagged 1 sided mold, as shown in Figure 8 [65]. The resin is cured in the mold under vacuum. After the resin has cured, the post-curing of resins (heating of resins at a specific temperature and duration) is also performed using heated molds or heated blankets to ensure complete resin cure [66].



VARI is well suited for fabricating many large composite structures such as marine hulls and wind turbine blades as it offers the best balance of quality vs. cost, compared to other fabrication methods such as prepregs, resin transfer molding (RTM) and hand layup, and filament winding [67]. While many prepregs offer better quality and are commonly used for aerostructures, they typically have much higher costs than resin infusion [68].



Moreover, the vacuum bag can be sealed and leaks plugged before the resin is mixed, reducing the defect rate. An added plus is that since volatile organic compounds (VOCs) such as styrenes are largely confined inside the enclosed mold, levels of airbone VOCs are significantly lower, reducing health hazards for workers [68,69].
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Figure 8. Vacuum Infusion fabrication. (a) Vacuum Infusion schematic. Own diagram. (b) Vacuum Infusion of a wind turbine blade. Picture from [70]. 
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8. Importance of Adhesion in Composites and Sandwich Structures


When a load is applied to a fiber composite, the stress is transferred from one fiber filament to another through the matrix material. If a fiber-resin bond is weak, the load transfer will be negatively affected, or even break bonds between the resin matrix and fiber filaments [47].



An especially common failure mode in sandwich structures is facesheet–core debonding or local separation of the facesheet and core due to a loss of adhesion at the interface. More will be covered below in Section 12.




9. Methods of Boosting Adhesion—Surface and Bulk Treatment of Materials


Surface modifications/treatments to promote adhesion are carried out in many other industries, such as label printing and electronics potting. They function by cleaning up surface contaminants and adding radicalized functional groups that promote bonding [71,72].



It is also worth noting that not all surface modifications are for the purpose of boosting adhesion. Some in fact decrease adhesion by making the surface more hydrophobic. This is often the case for reactive gas treatments using fluorine-based gases [73].



While it is beyond the scope of this review paper to cover the various theories involved in surface treatment, this paper covers a few key concepts that serve as a useful guide for gauging effectiveness.



9.1. Surface Free Energy


The surface free energy of a substrate is the dominant parameter affecting the wettability and adhesion strength of an adhesive resin.



In order to ensure effective adhesion between a liquid resin and a solid substrate, the liquid resin needs to spread spontaneously over the substrate surface and ensure contact in order to form mechanical and chemical bonds with the substrate surface. This requires that the surface free energy of the substrate be higher than the liquid surface tension of the resin in order to overcome it [74].



A general rule of thumb in industry is that a substrate’s surface free energy must exceed the liquid surface tension by at least 10 mN/m in order for spontaneous spreading and effective adhesion to occur [72].




9.2. Measuring Surface Free Energy


The surface free energy of a surface cannot be measured directly but can be determined based on indirect measurement methods and calculations based on various theoretical approaches. There is often no agreement on the most reliable method [75].



There are numerous methods of measuring surface free energy on a solid, such as the Washburn method of capillary rise, tensiometry [76], wicking, spreading time, intermediate gas chromatography [77], dyne pens [78], and contact angle. Each of these methods has its own strengths and disadvantages and is suited for different types of materials. The most common of these methods are dyne pens and contact angle measurements, which are commonly used for assessing the effectiveness of surface treatment on non-powder solids [75].



What is common with all these methods is that the sample is contaminated with introduced gas or liquid and thus cannot be used after that, so it is not possible to measure the surface energy on the final product itself.



Dyne pens are often used in industry. They are normally supplied as a kit with several pens containing different “inks” (liquids with dye markers added) of known surface tension, typically between 30–60 mN/m. These pens are used to mark the surface under measurement to see if the ink wets out the surface [78].



Dyne pens have the advantage of being quick, cheap, convenient, and easy to use. Their disadvantage is that they only provide a pass/fail level and results are not quantifiable—it is subjective as it is based on user interpretation of how the inks react to the surface [78,79].



Deriving Surface Free Energy from Contact Angle Measurements


Droplet Contact angle measurements are one of the most common means of measurement data for calculating surface free energy [80]. Using liquids of known surface tension, droplets of between 2–10 uL are placed onto a surface and then images of the drop are taken using suitable camera recording equipment.



Typically, the sessile drop method is used, with water as the main fluid due to its ready availability. Table 4 classifies surfaces based on their wettability with water. Different levels of wetting are also shown in Figure 9.



After obtaining contact angle measurement data, there are several different methods of calculating surface free energy based on contact angle measurements. Table 5 shows some common methods used in the context of surface treatment of natural materials:



The Extended Fowkes or Owens–Wendt–Rable–Kaeble Equation is most often used in the research literature on surface treatment, followed by the Wu Equation. These methods split the surface free energy into two components: polar and dispersive (or nonpolar). Often, water is used as the polar fluid, with diiodomethane often used as the dispersive fluid. Other fluids like glycerol (polar) may also be used.



There are other methods, such as Cassie–Baxter, Van Oss, and Zisman equations, but they are typically not used in the context of surface treatment of composite or natural materials. Readers may refer to the Appendix A for more details about such materials.



Polar groups in the substrate and liquid are attracted to each other via dipole–dipole interactions, and likewise, dispersive (non-polar) groups in the substrate and liquid are attracted to each other by dispersive, or Van der Waals forces. Dipole–dipole interactions are much stronger than dispersive forces [89].





9.3. Surface-Free Energies of Various Materials


Table 6 shows the surface free energies of certain substrate materials, of which some are used in composites and sandwich composites:



As can be seen, different measurement methods produce different results, and generally should not be compared to one another. For cork, different research papers do produce differing surface energy values, either due to different types of cork being used, or different measurement and/or calculation methods.



There is some debate in the research literature as to what is the best method of measurement and surface free energy calculation for cork. Cordeiro et al. note when comparing their results with other literature that inverse gas chromatography (IGC) appears to produce higher dispersive surface energy values for both cellulosic fibers as well as cork [77].



Chanut et al. argue that sessile drop contact angle measurement is not particularly effective since Abenojar and Gomes’ measurements have different results, but agree that all measurements show that cork has low dispersive, polar, and total surface energy. That said, Chanut et al. do not go into detail about whether the differences in Gomes and Abenojar’s measurements are due to methodology or different cork samples being used. That said, these authors all agree that cork has a relatively low surface free energy, especially in terms of its polar component.



Please note that none of the above measurements of cork agglomerates are on Corecork. The authors are not aware of any available surface free energy data for any grade of Corecork, either released by Amorim or in the openly available research literature. At the same time, the authors are not aware of any surface free energy measurements of polymethacrylimide (PMI) in the research literature.



Since epoxy is a polar resin due to polar groups such as amines and epoxides [99], the low values of     γ   S   p     in Table 6 for cork (0–11 mN/m) and balsa (5 mN/m) suggest that the epoxy-cork and epoxy-balsa bond is relatively weaker than PVC and PMI [100].



At the same time, it also suggests that epoxy-cork and epoxy-balsa bond strength shows much potential to be improved through surface modification methods to increase     γ   S   p    , the polar component of surface free energy.




9.4. Need for Surface Treatments on Natural Fibers


Cellulose-based fibers have a highly polar surface due to hydroxyl (OH) groups, which readily form bonds with polar matrix materials. However, fibers are usually covered with pectin and other waxy substances, which hinder hydroxyl groups from binding with polar matrices. Moreover, the highly polar fiber surface leads to hydrophilic behavior and attracts moisture, which, in addition to fiber swelling, hinders interface adhesion [101]. Poor adhesion then leads to poor mechanical properties [18].



Therefore, surface treatment is necessary for cellulose-based fibers to achieve good adhesion: by preserving polar functional groups yet preventing swelling due to moisture uptake [101].




9.5. Methods to Improve Adhesion: Bulk and Surface Treatments


Multiple methods to improve adhesion exist. Figure 10 shows a diagram categorizing commercially available surface modification processes. This list is by no means exhaustive, since there is much research ongoing in the field of surface modification, and new methods, such as microwave plasma, are currently being developed [78].



Ref. [71] divides them into a few main categories: physical (mechanical) surface treatments, liquid chemical treatments, and reactive gas surface treatments. They are not mutually exclusive—it is possible to combine methods, such as in solvent welding for PVC pipes: mechanical sanding is conducted before the application of primer (a chemical treatment method) on a mating pipe and fitting surfaces [104].



9.5.1. Mechanical Surface Treatments—Surface Roughening


Surface roughening processes like media blasting and sandpaper aim to increase the surface area of a surface before adhesion and abrade off possible contaminants.



While these processes are relatively simple, straightforward, and low cost, they are relatively ineffective in boosting adhesion by themselves as there is no chemical activation of the surface. They are often used in conjunction with chemical primers and other adhesive methods to boost adhesion [71].




9.5.2. Surface Chemical Activation


Surface Chemical Activation methods typically aim to break molecular bonds at the surface to add polar functionalization groups to the surface, such as hydroxyl (OH), NOx C-O, C-OH, and COOH groups at the surface [98], and therefore boost the polar component of the surface’s free energy.



This is because most adhesives, such as epoxy, such as epoxy, and many paints and inks are polar, and adding polar groups aids dipole–dipole attraction between polar groups on the surfaces and adhesives and thus promotes strong adhesion [89]. These can be subdivided into liquid chemical and reactive gas treatments, both of which are covered below.




9.5.3. Surface Modification of Glass and Carbon Fibers


Both glass fibers and post-carbonized carbon fibers typically feature chemically inert surfaces. As such, they typically have low polar components of surface free energy, they do not bond well with epoxies and other matrix resins used in fiber composite materials. Therefore, various surface treatments, referred to as “sizings” or “size”, are often applied to them during the manufacturing process to improve fiber–matrix adhesion [105,106].



The role of sizings is to protect otherwise fragile fibers during processing, reduce fuzzy behavior, ensure good wetting of fibers when the resin is added and thus yield a low void content, and optimize stress transfer between fiber and matrix by maximizing their interaction [105].



Surface treatments for both carbon and glass fibers in general aid adhesion by altering the surface chemistry of fibers to aid in forming chemical bonding with matrix and increasing the roughness and thus surface area of individual fibers. However, there is a limit that roughness can be increased before fibers are damaged and tensile strength is affected [106].



Carbon fiber consists of crystallized graphitic basal planes with non-polar surfaces. It is chemically inert due to the high-temperature carbonization/graphitization occurring during the manufacturing process. Thus surface treatment is necessary to boost adhesion [107].



Oxidation of carbon fibers is often used to boost the polar component of its surface free energy and thus make it more hydrophilic. This can be achieved using oxidative reactive gases such as air, O2, O3, or CO2, or liquid oxidizing agents such as HNO3, HSO4, H2O2, NaOCl, KMnO4, RuO4, NaClO3, Na2Cr2O7, and NaIO4 [107].



For glass fibers, sizing typically takes the form of silanization. Much research literature exists on the use of different silane chemistries and silane application methods on glass fibers. Currently, many glass fiber manufacturers mention the use of sizing agents in their datasheets, although the exact type of silane coatings used are trade secrets and rarely disclosed in these datasheets [105,108].





9.6. Liquid Chemical Treatments


Natural fibers often contain waxes that hinder adhesion between matrix and fiber. Therefore, they are often treated with alkalis like NaOH to remove waxes and other contaminants, as well as improve the fiber interfaces for adhesion [109].



Moreover, natural fibers are especially prone to absorbing moisture due to the presence of amorphous regions as well as polar groups such as hydroxyls, which form hydrogen bonds with moisture and thus hinder adhesion with the intended matrix [110].



Table 7 shows some of the liquid chemical treatments used on natural fibers and their functions.



That said, liquid chemical surface treatments have significant disadvantages. They generate a significant amount of chemical waste, which often requires hazardous waste disposal. Furthermore, additional processing steps such as washing, rinsing, and drying are required, of which some examples can be seen in Table 8. These are often time-consuming and potentially hazardous, thus making these processes unfeasible for composites processing facilities [71].



9.6.1. Liquid Chemical Treatments of Cork and Balsa


While there are many papers on the chemical treatment of natural fibers, there are very few if any open research literature on the chemical treatment of cork or balsa with the purpose of improving the adhesion of cork or balsa to typical composite fibers (such as carbon fiber, glass fiber, natural fibers or aramids) or typical composite resins such as epoxy, polyester or vinyl ester. None in particular cover the effects of surface treatment on impact damage on cork or balsa.



Table 8 shows some chemical treatment methods applied to cork, balsa, and various composite core and fiber materials in the literature. These are all bulk and not surface treatment methods:



It is important to note that in both [112] (extruded mixture of cork and PP) and [95], silanization of cork did increase contact angle (reduce surface energy) in both cases. While neither paper conducted tests to explain what might have happened at the chemical level, the increase in contact angle for both papers does suggest that silanization is not an effective surface treatment for improving the adhesion of cork.



However, the mechanical test results differ: extruded cork-PP had a tensile stress increase of 6% and no change in Charpy performance, while cork-epoxy had a decreased peel test strength of 13%. This suggests that the polarity of the resin is also important—epoxy is polar, while PP as a long-chain hydrocarbon is relatively nonpolar.




9.6.2. Suitability of Liquid Chemical Treatments in a Composite Processing Environment


As can be seen from Table 8, these chemical processes typically require long process times and large quantities of chemicals, some of which are potentially hazardous or require specialized equipment. As such, chemical treatment processes are typically not feasible to be used in a composites processing environment where fibers and core materials are often used as received.





9.7. Reactive Gas Surface Treatments—Thermal and Nonthermal Plasma and UV for Surface Activation


Reactive Gas Surface Treatments work by imparting energy to gas and radicalizing it into plasma.



Plasma is often referred to as the fourth state of matter—in addition to solids, liquids, and gases. Plasma is a mixture of energized charged particles, electrons, and ionized atoms/molecules that become highly electrically conductive such that its behavior is dominated by long-range electric and magnetic fields [116].



The chemistry of plasma is complex and involves many elementary reactions in the gaseous phase. Homogenous reactions occur due to inelastic collisions between electrons and heavy species or collisions between heavy species. As there are too many to list here, please refer to “Table 2 (a): Gas phase reactions involving electrons and heavy species” in [117] for a more complete list.



Heterogenous reactions occur due to plasma species and the solid surface. The solid surface is either immersed in or in contact with the plasma. These are covered in Table 9. Processing of semiconductor materials is highly dependent on these heterogenous reactions.



Reactive gas surface treatments are an attractive alternative to liquid chemical treatments in that they do not use chemicals or generate liquid chemical waste.



Plasma treatments have a temporary nature and the effect of such treatments decreases with time, as shown in Figure 11 [118]. Therefore, most plasma treatments are done just before adhesion, in order to retain maximum effectiveness [71].



As shown in Figure 10, they can be categorized by how the gas is radicalized: thermal plasmas, UV, and Plasma Treatments.



Much research has been conducted for the aerospace industry on the surface treatment of cured carbon fiber laminates before secondary (adhesive) bonding to honeycomb cores [119]. However, it is less common to find research literature covering plasma surface treatments on individual fibers, and even less so for co-cured sandwich core materials.



While this paper focuses on the use of plasma treatments as a means for boosting adhesion, reactive gas treatments have other uses too. There is much research on reactive gas treatments for sterilization and killing of pathogens in food items, such as atmospheric plasma used on meat before packaging [120,121] and UV-C light being used on a wide range of fresh produce like red peppers [122] and button mushrooms [123].



9.7.1. UV Light Treatment


UV light treatment is often used for the inactivation of pathogens and cleaning applications as it is very effective at decomposing organic materials without affecting inorganic particles. This includes water treatment [124], decontamination of food surfaces [125], biomedical applications, atomic cleaning of silicon wafers, quartz and ceramic surfaces, and optical surfaces, among many others [126].



UV light treatment tends to operate by radicalizing oxygen molecules in ambient air, thus forming O3+ ozone. These O3+ molecules react with hydrocarbon contaminants, as well as form oxygen-containing functional groups on the surface, depending on the frequency of the UV light and the absorption bands of oxygen, ozone, and hydrocarbons [127,128].



That said, precleaning is required prior to UV being used as a final cleaning step, and UV is limited mainly to the removal of organic contaminants. Many inorganic contaminant particles do not undergo photosensitive oxidation and thus cannot be removed by UV [126].



Most UV lamps used in surface treatment tend to be of two wavelengths: 184.9 and 245.4 nm. It is therefore common to combine the 2 UV frequencies to create a continuous loop of surface cleaning [126]:




	
Ozone generation: O2 + hv (184.9 nm) → O * + O *;



	
Ozonolysis: O3 + hv (253.7 nm) → O * + O2;



Contaminants + hv (200–300 nm) → Ions, free radicals, excited, and neutral molecules;



	
Contaminant destruction and removal: Hydrocarbons and nitrogen-containing species react with excited substances and free radicals and are decomposed into simpler volatile materials H2O, CO2, and NOx.








While the photonic energy of 245.4 nm UV light is sufficient to dissociate an O2 molecule into two ground state O atoms, O2 exhibits very weak absorption at and just below 245.4 nm, hence there is relatively little absorption. However, as wavelength decreases, the absorption coefficient increases rapidly [127].



Most research on UV focuses on surface cleaning applications. Relatively few research studies exist on UV surface treatment as a means to boost adhesion.



One final consideration is that UV light also causes damage to organic materials such as plastics. As such, it may not be a good choice for the surface treatment of organic materials, especially natural core materials for sandwich composites [126].




9.7.2. Thermal Plasmas: Flame Treatment


Thermal plasmas (TP) are characterized by an equilibrium or near equality between electrons, ions, and neutrals.



Thermal Plasma is often used to refer to flame surface treatment. Flame treating was first developed in the 1950s to improve the wetting and adhesion properties of polyolefin and other polymer films. Since the 1970s, it has also found usage in the surface treatment of other items such as paperboard, car body parts, and blow-molded bottles [129,130].



Obviously, flame treatment has its limitations. Open flames and high-temperature sources in an industrial environment are potential safety hazards [131], especially if solvent vapors are present, plus not all materials are suitable for flame treatment as they may end up melting or even catching fire [73]. Flame treatment is also sensitive to changes in process conditions, such as the fuel/air ratio chemistry of the fuel gases supplied [130,132].



As such, there is little, if any research literature on the use of flame or other thermal plasmas for surface treatment of cork, balsa, or non-prepreg glass or carbon fibers.



That said, flame surface treatment has its advantages too, if material degradation is not an issue. It promises higher treatment levels and far higher speeds than non-thermal plasmas [130].



Ref. [129] found that flame-treated PP is more highly oxidized after washing with water, more stable, and more hydrophilic than corona-treated PP. This is because corona discharges are dominated by O-atom radical reactions leading to the formation of water-soluble Lightweight-Molecular-Oxidised-Materials (LMWOM), while flame treatment was dominated by OH-radical reactions that caused oxidation on the surface without forming LMWOM [129].



Takeda et al. found that flame treatment induced the formation of SiO2 and oxygen-containing functional groups that improved adhesive/substrate adhesion in secondarily bonded CFRP prepreg lap joint specimens, causing them to fail through substrate failure rather than delaminations [121]. Whether flame treatment has a similar effect on non-prepreg dry fibers and core materials remains to be seen.




9.7.3. Non-Thermal Plasma Treatments


Non-thermal plasma treatment works by applying an electric potential difference between two electrodes set at a certain distance. The voltage is sufficiently high to cause electrical breakdown of the gas—which becomes electrically conductive [117].



Lower voltages are required to achieve electrical breakdown at low pressures, and this typically appears as a glow discharge at low pressure, while higher voltages are needed at atmospheric pressure. Electrical breakdown at higher pressures typically results in the formation of hot filamentary arcs unless a dielectric barrier is applied at one or both electrodes [133].



There are 2 main categories of non-thermal plasma treatment: Low Pressure Plasma Chamber, in which the electrodes and item to be treated are placed in a vacuum chamber, and atmospheric pressure nonthermal plasma treatments, where electrodes & the item to be treated are placed in the open [117]. Figure 12 shows some forms of atmospheric pressure nonthermal plasma treatment.



Table 10 shows a comparison of the advantages and disadvantages of both systems:





9.8. Reactive Gas Surface Treatments of Composites Materials


Table 11 summarizes the effects of reactive gas surface treatments on cork, as well as some common composite materials like carbon and glass fibers. So far, there is no openly available research literature on the use of reactive gas surface treatments on balsa.





 





Table 11. Summary of some reactive gas treatment methods of composite fibers and cork in literature. Note: SFE stands for Surface Free Energy and CA stands for Contact Angle.
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	Fiber/Core/Who
	Treatment Method
	Key Findings





	Cork sheets 200 × 100 × 12 mm *

[95]
	Atmospheric Pressure Plasma Treatment—



	
APPT machine (Plasma Treat GmBH, Steinhagen, Germany) Model number not given



	
Frequency 17 kHz, Discharge Tension 20 kV.



	
Working gas: Air Plasma at 200 kPa.



	
Platform speed 5 mm/min.



	
Rotating torch nozzle @ 1900 rpm,



	
distance between sample and nozzle = 8 mm.





Araldite 2020 epoxy (Huntsman Advanced Materials, Pamplona, Spain) applied to cork samples after surface treatment and left to cure. No fibers involved.
	Treated vs. untreated cork:

CA: Increased polar (23 vs. 0 mN/m), dispersive (31 vs. 18 mN/m) and total surface energy (54 vs. 18 mN/m).

ATR-FTIR: Increases in OH, ArC-O-C-al and ArC-H peaks

Pull-off test: Decrease in pull-off strength from 1.45 to 1.3 MPa.

APPT specimens fail due to cohesive failure of cork, while untreated specimens show adhesive failure in different areas.

Peel Test: 34% increase in peel strength



	Cork sheets 200 × 100 × 12 mm *

[95]
	Low-Pressure Plasma Chamber—

	
PDC-002 (Harrick Plasma, Ithaca, NY, USA)



	
Working gas: Air Plasma at 60 Pa, flow rate 1 L min−1.



	
Optimized time and power: 40 s @ 29.6 W





Araldite 2020 epoxy similar to APPT treated cork above.
	Treated vs. untreated cork:

CA: Increased polar (18 vs. 0 mN/m), dispersive (30 vs. 18 mN/m), and total surface energy (48 vs. 18 mN/m).

ATR-FTIR: Similar to APPT-treated cork as shown above.

Pull-off test: Decrease in pull-off strength from 1.45 to 1.41 MPa.

LPPC specimens fail due to cohesive failure of cork, while untreated specimens fail due to adhesive failure at different areas.

Peel Test: 15% increase in peel strength



	Cork

[97]
	DBD plasma treatment—No mention of Frequency and voltage, as well as if any working gas used. Power—750 W, velocity of 5m min−1.

Number of passes varied for dosage

1 pass—300 W min m−2.

2 pass—600 W min m−2.

4 pass—1200 W min m−2.

8 pass—2400 W min m−2.

16 pass—4800 W min m−2.

Droplet Contact Angle Measurements conducted using water, glycerol, and diidomethane.

No adhesion of resins or other materials to cork was carried out in this paper. Mechanical testing of plasma-treated cork was also not carried out in this paper.
	Treated vs. untreated:

DBD plasma treatment increases cork surface energy significantly. Calculated SFE based on CA:
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ATIR/FTIR: Untreated vs. 2400 W: Increase in 1735 cm−1 (carbonyl), 1357 (C-N) peaks

EDS (15 kV voltage, Si(Li) detector,): Increase of O/C ratio from 0.33 to 0.36

DSC and SEM: Did not detect any major structural change in cork material after plasma treatment.



	Cured Carbon fiber prepregs

[119]
	Adhesive bonding of CF Prepregs into single lap-joint specimens.

Toray T800S/3900-2B prepreg, nominal thk 0.19 mm, 8 plies in quasi isotropic layup—already cured at 180 °C and 0.64 MPa for 2 h. After curing, demold and wipe surface clean with MEK solvent before flame treatment.

LPG flame (1000 °C) treatment process (ITRO) applied on CFRP plates: 1, 6, or 12 passes. To avoid overheating, plates

left to cool for 1 min after every 2 passes.

Control: Plate surface sanded before bonding

Bonding: Within 24 h after ITRO, sandwich film adhesive between two CFRP panels and cure in autoclave for 2 h at 177 °C and 0.31 MPa.
	ITRO causes formation of SiO2 film and oxygen-containing functional groups, improving adhesion across the adhesive–substrate interface.

No ATR-FTIR or contact angle measurements done.

XPS: % of O and Si increase steadily with number of passes, % of C and F decreases steadily.

Max apparent shear strength at 12 passes (18 MPa) compared to untreated (7 MPa) and sanded (19 MPa).

Dominant failure mode changes from

interfacial failure to substrate failure as the number of passes increases.



	Glass Fibers

[136]
	Glass Fiber Reinforced Laminated Veneer Lumber Composites made by Hot Pressing

Materials: Poplar Veneer and Plain weave E-glass 500 g/m2

Adhesive: phenol formaldehyde (PF)

Custom DBD Air Plasma Setup

Treatment carried out on Glass Fibers

Speed: 8 m/min

Power levels: 1.5, 3, 4.5, 6 kW

Hot press parameters: Pressing speed 1.5 min/mm at 130 °C and pressure 1.2 MPa
	Optimal results found at 4.5 kW power level. Overtreatment occurs at 6 kW, Fractographic analysis shows bare GF fiber surface exposed (excessive etching) and residual resin exists independently of fiber (undesirable).

Up to 4.5 kW, Fracture model changes with power level from interfacial failure to combination of resin interlayer and interface failure

4.5 kW compared to untreated specimens:

	-

	
Increased O/C ratio from 0.26 to 0.46, no further increase at 6 kW




	-

	
Large increase in C=O and O-C=O




	-

	
17.68% increase in polar surface free energy, 35.9% and 33% decrease in water and PF contact angle respectively




	-

	
functional groups, (decrease at 6 kW)




	-

	
Modulus of Rupture increase 36%




	-

	
Modulus of Elasticity increase 16%




	-

	
Shear Strength of 1.1 MPa vs 0.25 MPa—>400% increase






ATR-FTIR: No significant difference found in IR spectrum of glass fiber before and after plasma modification at all power levels



	Aramid Fibers (Twaron)

[91] (Figure 13)
	Clean with acetone at room temperature before DBD plasma treatment

DBD Plasma parameters:

Steel Electrode ⌀ 4.7 cm

Dielectric barrier: 1 mm thick Quartz

Discharge power (power density) 143.5 W (27.6 W/cm3)

Discharge gas (pressure): Air (1atm)

Treatment levels: Untreated, 6 s, 12 s, 18 s

Adhesion of PPESK thermoplastic resin to fibers after treatment.
	12 s found to be optimal treatment time, overtreatment occurs at 18 s.

SFE is highest at 18 s, while XPS and SEM data show optimum at 12 s and deterioration at 18 s.
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Mechanical tests not done.







Note that for *, it was not explcititly mentioned whether the cork sheet was an agglomerate. It can be inferred that this is a cork agglomerate as most cork sheets are typically agglomerate products.











Based on this, a few main conclusions can be determined:




	
It is possible to use reactive gas surface treatments to boost polar components of surface free energy levels of glass fibers, carbon fibers, cured thermoset, and thermoplastic fiber laminates and cork core materials.



	
For secondarily bonded composite samples, failures occur due to substrate failure rather than adhesive failures.



	
It is possible to overtreat specimens, and therefore an optimal limit should be found for each material and process.



	
Deriving Surface Free Energy based on Contact Angle measurements is not able to detect overtreatment. Therefore, other methods like XPS, SEM, and ATR-FTIR also need to be used to determine an optimal level of treatment.








Ref. [136] found that the overtreatment of glass fibers at 6 kW by DBD Air plasma caused the bare fiber surface to be exposed and residual resin to exist independently of fiber. The authors are not aware of other literature covering the effects of overtreatment on the mechanical properties of composite materials.





10. Considerations for Choosing Appropriate Surface Treatment Methods for a Composites Processing Environment


Figure 14 shows some of the quantifiable variables involved in surface treatment of composite laminates, as well as the most likely methods of measuring them.



Chemical treatments to promote adhesion are often carried out by manufacturers of fibers and core materials but are generally not feasible for composite processing facilities (which use fibers and core materials to manufacture composite products) due to the long processing times, liquid chemical disposal issues, and potentially hazardous nature of such treatments.



Reactive gas surface treatments hold more promise in this regard as they do not use liquid chemicals. However, due to their temporary nature, it is generally not feasible to carry out surface treatment at the fiber or core manufacturer’s facilities. It would need to be carried out at the processing facility just before the application of resin.



A typical composite processing facility doing a wet layup, vacuum bagging, or vacuum infusion would normally handle fiber in the form of woven or unidirectional fabrics, as well as core materials, matrix resins, and solvents, some of which are flammable.



To create a preform, many layers of fabrics and/or cores would be required, which would mean a high surface area. Both fabrics and core materials can be laid flat, which means that there is no need to handle complex geometry in the surface treatment process.



As such, a good surface treatment technique would need to incorporate the following qualities:




	
Environmentally friendly—Minimal or no chemical usage.



	
Safety.



	
No ignition hazard—composites processing facilities use large quantities of potentially flammable resins and solvents like acetone.



	
Minimal or no toxicity.



	
Compact—does not require much space.



	
Ease of use.



	
Inexpensive.



	
Ability to process samples of large area.



	
Effective in terms of improving adhesion and/or removing contaminants such as dirt and moisture.



	
Fast—low processing time.



	
No requirement for processing complex geometry.








At a practical level, these constraints would rule out thermal plasma and flame surface treatment due to the potential ignition hazard, and may well rule out batch treatment methods that cannot treat large samples, such as low-pressure plasma chambers. Furthermore, the effects of processing facility conditions, such as air temperature and humidity may also affect surface treatment effectiveness and are often not covered in research literature.



Further research is needed to determine the relationship between these variables outlined in Figure 14 to determine the most suitable method of surface treatment of fibers and core materials, and the viability of such methods.



The need for tests like contact angle, SEM, XPS, and ATR-FTIR to determine optimal treatment levels is another practical constraint. Many composite processing facilities do not possess such equipment or expertise to conduct these tests and interpret data.




11. Composite Laminates and Sandwich Composite Failure Modes


Monolithic composite laminates have these failure modes [137].



	
Matrix cracking parallel to the fibers.



	
Delamination/Debonding between layers due to interlaminar stress.



	
Fibers in tension fiber breakage and in compression fiber buckling.






This review paper focuses low-velocity impact damage of composite sandwich structures, especially facesheet-core debonding. Facesheet-core debonding is especially serious because they are easily triggered by impacts such as bird strikes and waves which are difficult to prevent, negatively affect the mechanical properties of the plate, and are difficult to visually detect [2,138].



Failure modes are not mutually exclusive: failure in one mode may trigger off and or interact with other failure modes, potentially resulting in overall catastrophic failure [139].



Delamination and Facesheet-Core Debonding


Delamination, or separation of layers, is one of the most common failure modes in fiber composite laminates and composite sandwich panels. This can either be in the form of fabric layers separating within the facesheet, or facesheet core debonding. This occurs when the interlaminar shear strength between layers or bond strength is exceeded [140].



Of the above failure modes, sandwich panels are especially susceptible to facesheet-core debonding as the facesheet and the core material have very different properties, such as Young’s modulus, Poisson’s ratio, and coefficient of thermal expansion. This is especially so under transverse forces and transverse impact forces in particular since these transverse forces cause interlaminar shear stresses at the facesheet-core interface [141].





12. Susceptibility of Fiber and Sandwich Composites to Impact Damage


Impact damage is a major weak point for composites, and much research has gone into this area. Table 12 shows why impact damage is a much greater concern for composites than metals for the following reasons:



Impacts typically occur in the transverse direction, i.e., perpendicular to the plane of the fiber laminate. These transverse forces typically cause interlaminar shear stresses in the plane of the laminate [141]. Since fiber composite laminates typically do not have fibers in the transverse direction, transverse damage resistance is usually poor [137].



12.1. Different Types of Failure Modes on Composites


Figure 15 shows the various failure modes of sandwich composites:



Of these failure modes, debonding at the facesheet-core interface is one of the most common because of the difference in mechanical properties between the facesheet and core.




12.2. Facesheet-Core Debonding and Barely Visible Impact Damage (BVID)


Facesheet-core debonding refers to the local separation of the facesheet and core due to a loss of adhesion at the interface. This is largely due to the difference in elastic moduli and thicknesses of the facesheet and core [144]. This local separation then acts as a delamination crack which can then spread to other parts of the structure [141].



Facesheet–core debonding is especially serious because they are easily triggered by impacts such as bird strikes and waves which are difficult to prevent, negatively affect the mechanical properties of the plate, and are difficult to visually detect. Therefore, it, as well as other internal defects that are difficult to visually detect, are often termed Barely Visible Impact Damage (BVID) [2]. BVID often takes the form of matrix cracking and delaminations between layers [137].




12.3. Effects of Low and High Impact Velocities on Barely-Visible Impact Damage (BVID)


Researchers typically classify impact by velocity ranges: low velocity 1–10 ms−1, intermediate velocity 50–1000 ms−1, ballistic/high velocity 1–2 kms−1, and hypersonic velocity 2–5 kms−1 [145].



Most research literature generally accepts 1–10 ms−1 as the velocity range for low-velocity impact [137,145,146] due to the testing methods typically employed, e.g., drop weight tower, Izod, and Charpy [146].



BVID typically does not occur at higher velocities. This is because, at higher impact velocities, the stress wave propagates so rapidly through the material that the structure has insufficient time to respond, therefore deformation of the structure is localized to a small area, resulting in localized perforations. These localized perforations are relatively easy to detect [142,147,148].



In contrast, [142] defines Low-velocity impact (LVI) as impacts in which the entire structure deforms due to shock waves propagating to the boundary and are reflected back several times [142]. Due to the much longer contact duration, the entire structure responds quasi-statically to the impact and thus more energy is absorbed. Also, the effect of loading rate is relatively low in the LVI velocity range and thus can be safely neglected [143].



Therefore, BVID research tends to largely focus on LVI and not higher velocity impacts [149]. Hence, this review focuses on LVI because medium- and high-velocity impacts tend to result in localized perforations.



The shape of the impactor also affects the type of impact damage caused under LVI damage. As shown by Figure 16, sharp impactors tend to cause more surface damage while blunt impactors tend to cause more internal delaminations. As a result, LVI testing typically uses blunt impactors.



Composite impact test standards have also evolved with time. Initially, the Charpy test method for impact testing of metals was used but was found to be unsuitable for composites because the short and thick test specimen geometry often does not reflect the long and planar nature of composite panels, and absorbed energy varies with specimen geometry [150]. Subsequently, drop weight impact testing was adopted. Presently, the standards ASTM D7136M and D7766M for drop weight impact testing of composite and sandwich composite impact testing, respectively, are often used since their introduction in the late 2000s. D7136 and D7766M generally specify the use of a hemispherical impactor [151,152].
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Figure 16. (a) (Left to right) Hemispherical, Ogive, and Pointed Impactors. Photo adapted from [153] (b) Hemispherical impactor shapes cause more delamination than sharper impactors under low-velocity impact. Adapted from [154], used with publisher’s permission. 
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12.4. Experimental Results of Low-Velocity Impact (LVI) on Balsa Core Composite Sandwich Structures


Table 13 summarizes experiments LVI impact of balsa core composite sandwich structures. To the authors’ knowledge, there are no studies on the effect of surface treatment on a balsa sandwich, or impact damage on a surface-treated balsa sandwich.





 





Table 13. Summary of research literature covering low-velocity impact of balsa core composite sandwich structures. Balsa that is arranged in end-grain (grain perpendicular to the plane of the sandwich panel) is labeled accordingly. Note the following acronyms: NG—Not Given. SB—secondary bonding, VARI—vacuum-assisted resin infusion, FSNT—final sandwich nominal thickness, EG—End-Grain, NEG—Non-End-Grain, SB—secondary bonding of already cured facesheet and cores, NS—no standard explicitly followed, DWT—drop weight tower, HI—hemispherical impactor tip, 4PB—4 point bending, QSI—quasi-static indentation, CAI—Compression After Impact.
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	Who/Fabrication
	Test Method
	Key Findings





	[155]

Co-cured vacuum bagging

	-

	
Facesheet: 4 layers E-glass/Epoxy Prepreg, total 1mm thick




	-

	
Core: 9.5 mm thk Balsa, density 96 kg/m3




	○

	
EG balsa and NEG Balsa












Cured in Vacuum press: temperature 135 °C, pressure 344 kPa for 20 min, followed by post-curing in oven at 80 °C for 5 h.
	NS, Instron Dynatup 9250HV DWT

⌀ 50.8 mm HI mass 7.7 kg

Energy levels—17 J, 26 J, 35 J

Specimen size 100 × 100 × 11.5 m, exposed opening ⌀ 76.2 mm

Also done:

CAI on damaged area, NS.

Cst rate 0.05 mm/s in thickness direction with ⌀ 20.5 mm steel cylinder
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Above table shows that EGB core sandwich can withstand higher impact loads but has less energy absorption than regular balsa cores.

EGB core sandwich retained higher CAI residual strength than regular balsa core.

17 J impact energy causes large (40–52%) reduction in residual strength for both EGB and Regular core sandwich.



	[156]

Method: Co-cured VARI, FSNT: 11.5 mm:



	-

	
Facesheet: 2 plies +45/−45 biaxial stitch bonded non-crimp E-glass fabric, 780 g/m2




	-

	
Core: PVC foam 62 kg/m3 or EG Balsa 157 kg/m3




	-

	
Matrix: Epoxy (type not given)






	NS, CEAST Fractovis Plus, exposed opening ⌀ 76.2 mm

⌀ 12.7 mm HI with mass 5 kg
	See Figure 17

Balsa more prone to debonding than PVC as balsa has poor interface with glass/epoxy.

Balsa has a linear elastic response until the point of initial localized failure, followed by drop in stress level as buckling occurs in weakest sites.



	[55]

Method: Co-cured vacuum bagging, FSNT: 35.53–36.97 mm



	-

	
Facesheet: 4 layers LT800 E-glass 0/90 Biaxial




	-

	
Core:




	○

	
Corecork NL10, thk 30 mm




	○

	
Corecork NL20, thk 30 mm




	○

	
Divinycell H100 PVC foam 100 kg/m3, thk 30 mm




	○

	
Baltek 100 EG Balsa 153 kg/m3, thk 31.7 mm










	-

	
Resin: Crystic 489 PA isophtalic polyester with Butanox M-50 hardener






Cured NL10 laminate displayed weird smell, suggesting curing issues
	ASTM D7136, Rosand IFW 5 HV DWT

Impact energies: 50, 100, 150, 200, 300 J

Specimen size 150 × 150 mm2

Also done:

	
ASTM C393 4PB



	
ASTM D6264 QSI
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Poor adhesion between balsa and Glass/epoxy layer—facesheet is easily ripped off from the core material during quasi-static indentation.

PVC and NL20: Load increases linearly until rupture of 1st facesheet around 12–13 kN and 10 mm displacement.

Authors remark that Cork behaves similarly to a piece of rubber or spring in that it almost regains its original shape after compressive force is released.



	[157]

Method: SB under vacuum, FSNT: 28.2 mm



	-

	
Facesheet: Carbon-epoxy prepreg, either Unidirectional UD 8 ply or 4 ply 5H Satin weave carbon-epoxy AGP370-5H/3501-6S (total 1.3 mm thick)




	-

	
Core:




	○

	
Baltek CK57 Balsa 25.4 mm thick




	○

	
PVC foam H250 Divinycell 25.4 mm thick




	○

	
Aluminium Honeycomb










	-

	
Matrix NG






	NS, DWT model NG

Impact energies: 7.8–108 J

Specimen size 150 × 150 mm2

Also done:

	
ASTM C393 4PB



	
ASTM D6264 QSI





	Minimum energy required for debonding to occur:

UD + Balsa: 15 J, Woven + Balsa: 9 J

UD + PVC: 30–35 J

UD + Al honeycomb: 9 J

Balsa core sandwiches perform well under static loading, but are weak at impact loading as low fracture toughness along grain direction leads to catastrophic core failure and thus debonding at non-impacted facesheet.

PVC core Sandwiches tend to absorb more energy through indentation and are more stable than balsa cores. Debonding tends to occur at impacted Facesheet.



	[158]

Co-cured SCRIMP (patented VARI derivative method)

Each Facesheet: E-glass 810 g/m2 Woven Roving, (number of layers and direction not given) nominal thk 3 mm

Core: 1″ thk. Either



	-

	
EG Balsa D100 9.5 lbs/ft3 (152 kg/m3) or




	-

	
HY80 PVC Foam




	-

	
Webcore—HY80 reinforced with 45 deg oriented glass webs every 1 square inch






Resin: Derakane 510A VE resin

Some samples have intentionally created facesheet-core disbond
	NS, DWT model not given,

⌀ 101.4 mm spherical steel impactor, height 6 ft, 25 and 50 lbs (energy levels—150 ft-lbs (203.4 J) and 300 ft-lbs (407.7 J)

Thereafter: CAI, NS. End loading of plates at 0.1 in/min rate
	Balsa showed higher compression after impact capacity, better local crushing and local shearing but lesser resistance to disbonds than foam.

All Foam specimens did not exhibit any delamination or core crushing, but balsa exhibited delamination for both impact damage and release agents.

Balsa compression after impact load capacity is dependent on delamination size—higher size means less load capacity. It does not matter whether the delamination is due to impact or existing disbonds.

Webcore did not experience any delaminations due to impact.

Refer to Figure 18 for graph on disbond area



	[159]

Method: SB with hot press machine:



	-

	
Facesheet: 4 plies UD E-glass/PP Prepregs 0°/90°/0°/90°




	○

	
Core: Baltek SB100 EG Balsa, 153 kg/m3, thk 15 mm (FSNT 16.64 mm) or 25 mm (FSNT: 26.48 mm)










	-

	
Matrix: Araldite LY564 resin and 3487 BD hardener






	NS, CEAST Fractovis Plus 7526.000, exposed opening ⌀ 76.2 mm

⌀ 12.7 mm HI with mass 4.926 kg
	Main damage modes: fiber fractures at top and bottom facesheets, delaminations between thermoplastic facesheets, transverse fractures of balsa wood core. Refer to Figure 19

Except for the first 5 impacts, the maximum contact force of the sandwich composite specimens decreases with each subsequent impact

Number of repeated 10 J impacts required to fracture laminate: 38 (15 mm), 98 (25 mm)








Several conclusions can be made from the above research literature:




	
Debonding can occur for balsa core sandwiches even at low LVI energy levels, and severity increases with increasing LVI energy levels [159].



	
Both end-grain and non-end grain Balsa cores show poor adhesion to fiber layers and are therefore prone to debonding during LVI [156,159] and static indentation [55].



	
Synthetic foams such as PVC are less susceptible to debonding than end-grain and non-end-grain balsa [156,157,158].



	
Delamination is the dominant damage mode, particularly at higher impact energy levels [156].



	
Delamination occurs more significantly at the non-impacted than the impacted side for balsa core sandwiches for all cases and impact energies. This is in contrast to PVC foam which is more prone to front facesheet debonding [156].








This seems to suggest that facesheet-core debonding caused by poor interface adhesion is indeed serious a problem both for end-grain and non-end-grain balsa. This appears to agree with [160] on interfacial toughness which showed that PVC cores with glass-epoxy facesheets (2700 J/m2) showed significantly higher interfacial toughness than balsa cores (1400–1860 J/m2) with glass/polyester sandwich panels [160]. However, the study does not show whether the difference is due to differences in core or resin.




12.5. Low Velocity Impact of Cork Core Sandwich Structures


Table 14 summarizes some of the research literature on cork-cored sandwich composites. These cork-cored sandwich composites cover both self-made cork agglomerate as well as commercially available Corecork. To the best of the authors’ knowledge, there is no studies on the effect of low-velocity impact on sandwich panels using any kind of surface-treated cork.



As shown in Figure 19, refs. [56,57] report a small permanent damage area for cork, much smaller than that of PMI foam. This is consistent with Ptak et al.’s findings of cork agglomerates being able to largely recover their initial dimensions and absorb multiple impacts.



In [53], the increasing difference in performance as impact energy increases suggests cork is better at absorbing energy than fiber layers at higher energy LVI levels.



So far, this is little mention of facesheet-core debonding of Corecork or other cork agglomerates under impact, as compared to balsa.




12.6. Effects of Surface Treatment on Low-Velocity Impact (LVI) Damage on Laminates


To the author’s knowledge, there are no papers in the open research literature on the effects of surface treatment on the LVI performance of monolithic or sandwich laminates.



That said, fiber metal laminates (FMLs) are also known to experience debonding at the interface between fiber and metal layers. As FMLs have become a major research area, papers have been written on the effects of surface treatment on LVI performance on fiber metal laminates (FMLs), such as refs. [162,163,164]. This is beyond the scope of this review paper.





13. Conclusions


Facesheet-core debonding caused by low-velocity impact (LVI) damage is indeed a serious problem that affects composite sandwich structures as it considerably reduces mechanical properties and is also difficult to detect visually, but LVI events like hail strikes and dropped tools are difficult to prevent [2].



Boosting the LVI performance of balsa core sandwich would greatly improve the quality of all balsa core-sandwich applications, in particular that of wind turbine blades, which take up the vast majority of balsa core sandwich usage [165]. Wind turbine blades are often subject to high cyclic stresses, and impact loads and are extremely costly and difficult to repair or replace.



This is especially so for balsa core sandwiches, which are very prone to back skin facesheet/core debonding due to poor interface adhesion between balsa and epoxy [156,159]. On the other hand, cork exhibits lesser permanent damage area under low-velocity impact than balsa or thermoplastic foams, due to its ability to elastically absorb impact and rebound.



Both balsa and cork have low free surface energy in both dispersive and polar components. This suggests that using surface modification/treatment methods on cork and balsa can potentially be very helpful in boosting adhesion and and potentially boost LVI performance.



While there are many ways of boosting adhesion, reactive gas surface treatment methods appear to be the most feasible for usage in a composites processing environment due to the relatively fast processing times and lack of liquid chemical usage. Research literature shows that reactive gas surface treatment has also been shown to improve adhesion on dry carbon and glass fibers, cured thermoplastic and thermoset prepreg fiber laminates, and dry cork.



That said, it is difficult to draw a correlation between surface treatment variables, fabrication process parameters, and mechanical properties at present as this is not covered much in the open research literature. This is especially true for the following, of which there is little or no information in open research literature:




	
Surface Treatment of Core Materials—balsa, and Amorim Corecork cork core



	
Effects of surface treatment on co-curing sandwich composite fabrication process –Vacuum Assisted Resin Infusion and Vacuum Bagging








Therefore, much further research is needed in these areas.
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Table A1. These calculation methods are not commonly used in the context of surface treatment of fiber composite or natural materials. Please refer to Table 5 for calculation methods that are often used for surface treatment of fiber composite or natural materials.






Table A1. These calculation methods are not commonly used in the context of surface treatment of fiber composite or natural materials. Please refer to Table 5 for calculation methods that are often used for surface treatment of fiber composite or natural materials.










	Equation Name
	Equation
	Remarks





	Cassie/Cassie Baxter Equation [166,167]
	cos θc = f1 cos θ1 – f2, with f1 + f2 ≥ 1

where:



	-

	
f1 and f2 refers the fractional projected area of materials under the drop. Typically f1 refers to the solid, and f2 refers to air




	-

	
θc is the predicted Cassie–Baxter contact angle, θ1 is the contact angle on a smooth surface of the solid






	Typically used for superhydrophobic surfaces, and surfaces manufactured using lithography, micromachining, etching, or similar techniques. Not commonly used for surface treatment of composite or natural materials.

Simplified form cos θc = f1 cos θ – (1 – f)

is valid for flat-topped pillar geometry without any penetration of the liquid.



	Van Oss Acid-Base Equation

[87,168]
	According to the Lewis acid-base theory, polar interactions occur when an electron acceptor (+) is attracted to an electron donor (−). These form the geometric mean.

                 γ   S L   =   γ   L   +   γ   S   − 2 [ (     γ   L   D     γ   s   D   )     1   2     + (     γ   L   −     γ   s   +   )     1   2     + (     γ   L   −     γ   s   +   )     1   2     ]  

γSL is then substituted into Young’s Equation     γ   S   =   γ   S L   +   γ   L   c o s θ   to obtain     γ   S    
	Since 2 of the Van Oss theory’s 3 parameters deal with polar interaction, this theory works best for organometallic surfaces, inorganic surfaces, and surfaces containing ions.

Not often used in practice, largely because of very limited choice of test liquids with known basic and acidic fractions.



	Young’s Equation

[87,88]
	                                                     γ   S   =   γ   S L   +   γ   L   c o s θ  

where:



	-

	
θ is the droplet contact angle in degrees,




	-

	
γS is the Surface Free Energy of the solid in mN/m




	-

	
γSL is the Interfacial Tension between solid and liquid in mN/m




	-

	
γL is the Surface Tension of the Liquid in mN/m




	-

	
Most other calculation methods are based on Young’s equation.






	Valid for 3 phase systems in thermodynamic equilibrium for ideal (smooth and chemically homogenous) solids and pure liquids.

Not to be confused with the Young Laplace fit, which describes the sustained capillary pressure difference at the interface between two static fluids.



	Zisman Equation

[87,169]
	The surface energy of a solid is based on the highest surface tension liquid (real or imaginary) that completely wets out the solid, i.e., gives a contact angle of 0°:

e.g., for Polyethylene (PE):

[image: Jcs 08 00023 i009]

Then draw a best fit line of the cosine of contact angle against liquid surface tension (mN/m) of the liquids with non-zero contact angles, and see where the best fit line intersects the y = 0 mark.

That intersection marks the highest surface tension liquid, and thus the surface free energy of the solid.
	Not used for surface treatment of natural materials.

Only measures 1 parameter—the overall surface tension of the solid surface.

At least 5 liquids are required to conduct measurements.

Generally, Zisman theory works best for non-polar surfaces, such as polyethylene or polypropylene.

Unsuitable for polar surfaces. Since surface treatment typically increases the polar component of surface free energy, it is not used for assessing effectiveness of surface treatment.
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Figure 3. Wind Turbine Blades incur one of the highest downtimes, and repair costs of all wind turbine components. Both (a,b) adapted from [24]. This proportion is likely to increase with the introduction of direct drive turbines which do not have a gearbox. 
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Figure 4. (a) Cross Section of Balsa Log showing how balsa blocks are cut. End grain blocks are cut from from balsa logs in an A-grain manner. B and C grain sheets are used for other purposes. Own Diagram. (b) The grain direction of end-grain balsa block is always perpendicular to the fibers when used as a core in a sandwich panel. Own diagram. 
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Figure 5. End grain balsa blocks joined by scrim are joined by scrim to keep blocks together for handling purposes. (a) This scrim allows some degree of curvature. Taken from [33], used with author’s permission. (b) Glass fiber scrim on end grain balsa block. Used with author’s permission. [34]. 
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Figure 6. (a) SEM of Balsa wood. In balsa wood, air and resin can only pass through vessels, not rays & fibers. Adapted from [36] with permission from publisher. (b) Balsa block as seen from the side. The vessels are clearly visible. absorb resin. Adapted from [37] with author’s permission. 






Figure 6. (a) SEM of Balsa wood. In balsa wood, air and resin can only pass through vessels, not rays & fibers. Adapted from [36] with permission from publisher. (b) Balsa block as seen from the side. The vessels are clearly visible. absorb resin. Adapted from [37] with author’s permission.



[image: Jcs 08 00023 g006]







[image: Jcs 08 00023 g009] 





Figure 9. Contact Angle measurements. The lower the droplet contact angle, the higher the wettability of a surface. Picture from. 
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Figure 10. Diagram of surface treatment methods, as categorized by [71,102,103,104]. Not all methods are applicable to composite fiber and core materials. 
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Figure 11. The temporary effect of surface treatment is shown by water contact angle measurements increasing over time on various thermoplastic polymers subject to the different types of plasma treatment. Dotted lines are for untreated surfaces. Adapted from [118], used with author’s permission. 
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Figure 12. Schematic Diagram of Dielectric Barrier Discharge (DBD), Plasma Jet, and Corona plasma treatment systems. Adapted from [134], used with publisher’s permission. 
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Figure 13. SEM image of wetting behavior of PPESK resin on Twaron fiber. (a)—untreated, (b)—6 s, (c)—12 s, (d)—18 s. Hardly any resin sticks on the fiber surface in (a), but increases at 6 s and 12 s. Resin is most evenly covered at 12 s. At 18 s, the resin is not uniformly distributed on the fiber surface. Picture from [91], used with publisher’s permission. 
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Figure 14. Quantifiable Scientific Variables involved in surface treatment of sandwich panel materials and most likely methods of measuring these quantifiable variables. 
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Figure 15. (a,b) Common Sandwich Composite Failure Modes under impact. Both Diagrams adapted from [143]. 
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Figure 17. Impact damage of Balsa core E-glass/epoxy sandwich at 15 J (top) and (bottom) 75 J. Balsa core sandwich exhibits far greater debonding area at the non-impacted side than the impacted side, and the difference increases greatly with impact energy. Adapted from [156]. 
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Figure 18. Graph of facesheet-core disbond area versus low-velocity impact energy on end grain balsa, foam and webcore sandwiches. Balsa exhibits shows much Adapted from [158]. 
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Figure 19. Post-impact photos of sandwiches with balsa core thickness of 15 mm (a) and 25 mm core (b) after impact at 10 J. Facesheet-core Debonding is the first damage mode to occur. Taken from [159], used with publisher’s permission. 






Figure 19. Post-impact photos of sandwiches with balsa core thickness of 15 mm (a) and 25 mm core (b) after impact at 10 J. Facesheet-core Debonding is the first damage mode to occur. Taken from [159], used with publisher’s permission.
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Figure 20. Cork has lesser permanent dent depth post-impact than PMI foam when not impacted by perforation. (a) note the PMI foam (bottom) acts like a plug and helps cause debonding between the non-impacted facesheet and core by pushing the non impacted facesheet. Taken from [57]. (b) force-displacement curves and (c) force-time curves. 
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Table 1. Summary of balsa resin uptake reduction coatings. Data taken from Corelite (PC11) and 3A Composites (Baltek SealX) and Gurit (Balsaflex Lite) marketing literature [28,29,30]. Note the following acronyms: FP—flexible panel, RP—rigid panel, thk—thickness, NG—not given.
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Coating

	
Baltek Al600/10

	
Baltek SealX

	
Balsaflex Lite

	
Corelite PC11

	
Corelite PC11 Pro






	
Type of Panel

	
FP 25 mm thk

	
RP, thickness not given

	
Balsaflex 150 155 kg/m3 FP 25 mm thk

	
“Typical balsa sheet of non-coated wood core”, FP, thk NG




	
Untreated balsa Resin uptake

	
3500 g/m2

	
Not given

	
3800 g/m2

	
1900 g/m2

	
1900 g/m2




	
Treated balsa resin uptake

	
1800 g/m2

	
Not given

	
2100 g/m2

	
1020 g/m2

	
450 g/m2




	
Claimed max % reduction

	
50%

	
80%

	
40%

	
46%

	
76%











 





Table 2. Datasheet properties of uncured Corecork and some balsa products. Taken from datasheets of Amorim Corecork, Corelite, 3A Composites & Gurit [58,59,60,61]. Note that NS stands for No standard given and NG stands for Not given.
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Amorim Corecork

	
Corelite

	
3AComposites

	
Gurit Balsaflex




	

	
Grade

	
Standard

	
NL10

	
NL20

	
Balsasud UL

	
Baltek SB 100

	
110

	
150




	
Property/Unit

	






	
Uncured Properties

	

	

	

	

	

	

	




	
Density/kgm−3

	
# ISO 7322 [61],

* ASTM C271 [62],

! NS

	
120–180 #

	
170–235 #

	
100 *

	
148 *

	
110–125, avg 110 !

	
135–176, avg 155 !




	
Resin Uptake/kgm−3

	
-

	
270

	
170

	
NG

	
NG

	
NG

	
NG




	
Compressive Strength/MPa

	
# ASTM C365 [63], * ISO 844 [64]

	
0.3 #

	
0.5 #

	
6.53 *

	
9.2 *

	
8.3 *

	
13.0 *




	
Comp. Modulus/MPa

	
ASTM C365

	
5.1

	
6

	
2036

	
2526 *

	
2130 #

	
3518 #




	
Shear Strength/MPa

	
ASTM C273 [62]

	
0.9

	
0.9

	
1.88

	
2.6

	
2.0 #

	
2.8 #




	
Shear Modulus/MPa

	
ASTM C273

	
5.9

	
5.9

	
110

	
187

	
103 #

	
163 #




	
Tensile Strength/MPa

	
ISO 7322

	
>0.2 #

	
>0.4

	
7.5 #

	
NG

	
NG

	
NG




	
Tensile Modulus/MPa

	
ASTM C297

	
NG

	
NG

	
2238

	
NG

	
NG

	
NG




	
CTE @ RT/10−6 per °C

	
ASTM E831-06 [65]

	
110

	
110

	
NG

	
NG

	
NG

	
NG




	
Thermal Conductivity W/m.K

	
ISO 8301

	
0.0408

	
0.0507

	
0.048 *

	
0.066 *

	
NG

	
NG




	
Cured Properties

	

	

	

	

	

	

	




	
Resin absorption, g/m2 mm

	
-

	
270

	
170

	
NG

	
NG

	
NG

	
NG




	
Moisture Absorption %

	
ASTM C272 [66]

	
<4

	
<4

	
NG

	
NG

	
NG

	
NG








Also, the symbols !, #, * refer to the standard that the manufacturer refers to in their datasheet when listing a certain property.













 





Table 3. Comparison of Sandwich Panel Fabrication Methods. Info taken from [62,63].
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	Method
	Processes
	Total No. of Processes
	Joining Mechanism





	Co curing
	2 fiber facesheets and core cured in the same mold, in the same process
	1
	Chemical cross-linking



	Co bonding
	1 facesheet and core cured together, another facesheet cured separately, then both joined together with adhesives
	3
	Adhesive bonding



	Secondary bonding
	Each core and facesheet is cured separately, then 3 joined together with adhesives.
	4
	Adhesive bonding










 





Table 4. Categorization of surfaces as hydrophobic or hydrophilic based on water droplet contact angle [81].
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	Wettability Classification
	Contact Angle and Remarks





	Strongly Hydrophilic
	Close to 0°



	Less Strong hydrophilic
	≤90°



	Hydrophobic
	90–150°



	Superhydrophobic
	Above 150°. Water droplets simply rest on the surface without actually wetting to any significant extent.










 





Table 5. Summary of various methods for calculating surface energy of a surface based on droplet contact angle measurements. Methods are listed in alphabetical order, not all of them are used in the context of surface treatment of natural materials. Some others, like the Cassie–Baxter and Zisman method are not relevant to surface modification of natural or composite materials and are covered in the Appendix A.
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	Equation Name
	Equation
	Remarks





	Extended Fowkes/OWRK

Equation

[82,83,84]
	                     γ   L   ( 1 + c o s θ ) = 2 [ (     γ   L   D     γ   S   D   )     1   2     + (     γ   L   P     γ   S   P   )     1   2     ]  

where:

	-

	
θ is the droplet contact angle in degrees




	-

	
γL is the liquid surface tension:     γ   L   P     is its polar component, and     γ   L   D     is its dispersive component in mN/m




	-

	
γS is the solid’s surface free energy:     γ   S   P     is its polar component, and     γ   S   D     is its dispersive component in mN/m






If the dispersive fluid used has a     γ   L   P     of zero,     γ   S   D     can be easily found and the equation can be solved easily.
	Also referred to as the Owens–Wendt–Rable–Kaelble (OWRK) or geometric mean method.

Requires a minimum of 1 polar and 1 dispersive fluid.

Mathematically equivalent to the Owens Wendt method, but only requires a minimum of 2 liquid measurements to find the polar and dispersive components of the solid’s surface free energy.



	Fowkes Equation

[84,85]
	Based on Young’s Equation     γ   S   =   γ   S L   +   γ   L   c o s θ  

Fowkes defines γSL by the equation below:                      γ   S L   =   γ   L   +   γ   S   − 2 [ (     γ   L   D     γ   S   d   )     1   2     + (     γ   L   P     γ   S   P   )     1   2     ]  

The Extended Fowkes method is typically used in practical calculations.
	Fowkes equation interprets the dispersive and polar solid-liquid interactions as the geometric mean of the dispersive (nonpolar) and polar component of surface free energy, without elaborating in more detail.



	Owens Wendt Equation

[83,84]
	                       γ   L   ( 1 + c o s θ )   2     ( γ   L   D   )     1   2       = (     γ   S   P   )     1   2       (     γ   L   P   )     1   2             γ   L   D         1   2       + (     γ   S   D   )     1   2        

Droplet measurements of at least 5 different liquids are needed.

Plot a best fit linear graph of   y =     γ   L   ( 1 + c o s θ )   2     ( γ   L   D   )     1   2        ,   x =   (     γ   L   P   )     1   2             γ   L   D         1   2         using the droplet measurements.

Surface Free Energy polar and dispersive Components can be found by using the best fit line Gradient   m = (     γ   S   P   )     1   2      , and y intercept   c = (     γ   S   D   )     1   2      
	Mathematically equivalent to the Extended Fowkes Equation shown above. Based on Good’s & Young’s Equation.

Requires a minimum of 5 different liquids.

Extended Fowkes is often preferred over Owens Wendt as it requires much less experimental data collection (2 vs. 5 liquids).



	Wu Equation

[82,86]
	                   [     γ   L   d     γ   s   d       γ   L   d     + γ   s   d     +     γ   L   p     γ   s   p       γ   L   p     + γ   s   p     ] = 0.25 ( 1 + c o s θ )  

where:

	-

	
θ is the droplet contact angle in degrees




	-

	
γL is the liquid surface tension:     γ   L   p     is its polar component, and     γ   L   d     is its dispersive component in mN/m






γS is the solid’s surface free energy:     γ   s   p     is its polar component, and     γ   s   d     is its dispersive component
	Also referred to as the harmonic mean method. Based on Wu’s findings where OWRK method underestimated the polar interactions in molten polymers.

Requires a minimum of 1 polar and 1 dispersive fluid.

Wu equation is best used for polymers with low surface free energies of up to 30–40 mN/m.



	Young’s Equation

[84,87,88]
	                           γ   S   =   γ   S L   +   γ   L   c o s θ  

where:

	-

	
θ is the droplet contact angle in degrees,




	-

	
γS is the Surface Free Energy of the solid in mN/m




	-

	
γSL is the Interfacial Tension between solid and liquid in mN/m




	-

	
γL is the Surface Tension of the Liquid in mN/m




	-

	
Most other calculation methods are based on Young’s equation.






	Valid for 3 phase systems in thermodynamic equilibrium for ideal (smooth and chemically homogenous) solids and pure liquids.

Not to be confused for the Young Laplace fit, which describes the sustained capillary pressure difference at the interface between two static fluids.










 





Table 6. Literature review compilation of surface free energies of some materials without any surface treatment. Materials are shown in alphabetical order. Common materials used in fiber composites and sandwich composites are carbon fibers, glass fibers, balsa, PMI, and PVC foam. Note: GM stands for Geometric Mean, and HM stands for Harmonic Mean.
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	Substrate Materials (Who)
	     γ   S   D      (mN/m)
	     γ   S   P      (mN/m)
	γS (mN/m)





	Aramid Fibers % [90]
	34.3
	8.5
	42.8



	Aramid (Twaron) Fibers ! [91]
	39.1
	11.5
	50.6



	Balsa [92]
	42.33
	1.73
	44.07



	CaCO3 $ [93]
	54.5
	153.4
	207.9



	Carbon Fiber, PAN based [94]
	21.4
	0.0
	21.4



	Cork ! [95]—OWRK method on cork, likely agglomerate sheet
	18
	~0
	18



	Cork ! [96]—First Quality Cork, measurements taken on surface perpendicular to tangential direction, taken at 24 °C
	25 (GM)

22 (HM)
	6 (GM)

11 (HM)
	31 (GM)

33 (HM)



	Cork $ [77]—Cork powder (Champcork Company) ground to 25 mesh, type of cork not specified
	38 @ 40 °C

35 @ 50 °C

34 @ 60 °C

31 @ 70 °C
	Not mentioned in paper
	Not Applicable



	Cork ! [97]—Cork agglomerate laminated with a polymer membrane
	7.4
	3.5
	10.9



	E-Glass Fibers ! [98]—E-glass fibers surface treated with silane coupling agent γ-methacryloxypropyltrimethoxysilane
	31.5 @ 0.0%

29 @ 0.1%

28.5 @ 0.2%

28 @ 0.3%

~27.5 @ 0.4%

27.5 @ 0.5%

31.5 @ 0.8%
	2.5 @ 0.0%

9.5 @ 0.1%

11 @ 0.2%

12.5 @ 0.3%

15 @ 0.4%

14 @ 0.5%

5 @ 0.8%
	34 @ 0.0%

38.5 @ 0.1%

39.5 @ 0.2%

40.5 @ 0.3%

43 @ 0.4%

42 @ 0.5%

5 @ 0.8%



	E-Glass Fibers [98]—untreated
	26 @ 0.0%
	5
	31.5



	E-Glass Fibers [98]—PVA sizing
	26.5
	7
	33.5



	E-Glass Fibers [98]—polyester sizing
	24
	13
	37



	E-Glass Fibers [98]—epoxy sizing
	29.5
	9.5
	28



	PET bulk material [99]
	38.4
	2.7
	41.1



	PMMA ! bulk material [93]
	34.3
	5.8
	40.1



	PP ! bulk material [93]
	32.5
	0.9
	33.4



	PVC ! bulk material [99]
	39.7
	2.2
	41.9



	SiO2 # [93]
	94.7
	163.0
	257.7



	Talc # [93]
	49.3
	90.1
	139.4







Note Contact Angle measurement technique: ! → sessile drop using Goniometer, $ → Inverse Gas Chromatography, # → Gravimetric measurement, % → Micro Wilhelmy.













 





Table 7. Types of liquid chemical treatments used on natural fibers and their function. This paper contains the most commonly used research papers. Treatments are listed in alphabetical order.
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	Typical Reagents
	Main Purpose
	Remarks





	Acetylation [103]
	Acetyl groups (CH3COO−)
	Improve adhesion to nonpolar matrix materials (e.g., PP) by increasing hydrophobicity—replace polar OH groups near cell wall with less polar acetyl groups
	



	Alkali Treatments [103]
	NaOH
	
	-

	
Remove lignin, hemicellulose, wax, oils, and other compounds which hinder adhesion




	-

	
Increase surface roughness








Increase number of reactive sites
	OH functional groups on fibers replaced with O-Na groups



	Benzoylation [102]
	Benzoyl chloride (C6HCOCl)
	Decrease hydrophilicity and moisture absorption of natural fibers—replace polar OH groups near cell wall with less polar benzoyl groups
	Normally used in conjunction with alkali treatment



	Enzyme

[111]
	Various Enzymes
	Enzymes digest waxy layer, modify fiber itself.
	Tensile strength increases of 5–45% reported in abaca fibers.



	Graft Copolymerization [102]
	Various
	Grafting of monomers onto cellulose backbone of natural fibers, such as vinyl and allyl ethers
	



	Isocyanate [102]
	−N=C=O functional group
	Acts as a coupling agent—Forms strong covalent bond with hydroxyl groups in cellulose and lignins
	



	Maleated coupling [111]
	Maleic anhydride
	Modifies both fiber surface and polymeric matrix to improve interfacial bonding and mechanical properties.
	Often used on natural fibers



	Permanganate treatment [102]
	KMnO4 solution in acetone
	MnO3 ion formation leads to cellulose radical, boosts adhesion through free radical reactions with OH groups.
	



	Silanization [102]
	Silane (SiH4) compounds
	Silane acts as a coupling agent—which binds to matrix as well as hydroxyl groups in the fiber.
	Commonly used on glass and natural fibers










 





Table 8. Summary of some chemical treatment methods of composite fibers and cork in the research literature.
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	Fiber/Core/Who
	Treatment Method
	Key findings





	Cork sheets 200 × 100 × 12 mm * [95]
	Silanization: dip cork in silane solution (1% aminopropyltriethoxysilane in 50 vol% ethanol/water solution adjusted to pH 8) for 30 min, then use compressed air to remove fluid and the dry cork for 3 h in oven.

Fabrication—secondary bonding with epoxy.
	Treated vs. untreated cork:

Reduced total (10 vs. 18 mN/m) and dispersive (9 vs. 18 mN/m) surface energy.

Peel test strength—13% lower. Increased Young’s modulus and reduced damping.



	Cork granules

[112]
	Silanization: immerse in silane-methanol or silane-acetone solution for 30 min, then dry in the oven at 60 °C for 3 h.

Then mix 5 wt% with PP and extrude
	Treated vs. untreated:

Contact angle: increase by 15° (methanol) and 20° (acetone). Charpy (ASTM D6110) impact energy: No change. Tensile stress: +6%



	Cork granules

[112]
	Alkaline treatment with NaOH: immerse cork granules for 1 h in NaOH-distilled water of varying concentrations.

Then mix 5 wt% with PP and extrude
	Treated vs. untreated:

Contact angle: <1° change in both polar and dispersive, Mechanical properties: tensile strength—4–6%, tensile modulus—4–8%



	Carbon Fiber

[113]
	Oxidation treatment: Immerse fibers for 5 h in boiling HNO3 solution
	Increase in surface oxygen and nitrogen content and increased surface energy of fibers



	Carbon Fiber

[114]
	Silanization: Soak for 8 h in 1 mMol silane solution for 8 h at room temp, then wash off surface residues with deionized water, then dry at 110 °C for 10 min, then cool in vacuum desiccator
	



	Jute Fabric

[109]
	Alkali + Silane: Fabric dipped in 5% NaOH solution for 1 h, then wash with 1% HCl solution for neutralization then wash with distilled water. Then dried in oven at 70 °C for 3 h. Then soak fibers for 45 min in solution of 0.5 wt% silane coupling agent [3-(2-aminoethyl amino) propyl trimethoxysilane] in acetone.
	Laminates made from Alkali + Silane treated fibers exhibited 25% higher ILSS than laminates with untreated fibers



	Glass and Carbon Fibers

[115]
	Silanization Surface Treatment and fabrication process:

	
Carbon (CF) and glass fibers (GF) dried for 2 h at 110 °C to get rid of humidity which can cause bubbles in composite.



	
Silane A1100 solution brushed gently across fiber surfaces, then left to dry at room temperature for 5 h.



	
Fibers placed in an aluminum mold of dimensions of 250 × 90 × 4 mm



	
Hand layup fabrication: Epoxy matrix (Easy Composites, UK) of tensile strength 70 MPa brushed onto fibers and left to dry.





Mech tests: ISO 527-4 type 2 tensile tests conducted at 25 °C.
	Treated vs. untreated cured laminates:

Glass Fiber: 8–10% higher Tensile strength and Young’s modulus. Attributed to the primary amine in APS Silane reacting with epoxy, plus formation of H-bonds between silanol group and oxide surfaces in silica, which leads to M-O-Si oxane bond with the fiber.

Carbon Fiber: Decreases of up to 17% in tensile strength. Attributed to the absence of reactivity and oxane bond formation between silane and CF.







* Not mentioned in the specific paper, but cork sheets of that size are typically cork agglomerates since it is difficult to find natural cork sheets of that size without naturally occurring defects.













 





Table 9. List of heterogenous (surface) reactions. Adapted from [117].
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	Name
	Reactions
	Description





	Etching
	AB + Csolid → A + BCvapour
	Material erosion



	Adsorption
	Mg + S → Ms

Rg − S → Rs
	Molecules (Mg) or radicals (Rg) from a plasma come in contact with a surface (S) exposed to the plasma and are adsorbed on surfaces



	Deposition
	AB → A + Bsolid
	Thin film formation



	Recombination
	S − A + A → S + A2

S − R + R1 → S + M
	Atoms (A) or radicals (R) from the plasma can react with the species already adsorbed on the surface to combine and form a compound.



	Metastable de-excitation
	S + A * → A
	Excited species (denoted by *) collide with a solid surface and return to the ground state.



	Sputtering
	S − B + A+ → S+ + B+ + A
	Positive ions accelerated from the plasma towards the surface with sufficient energy can remove an atom from the surface.



	Polymerization
	Rg + Rs → Ps

Mg + Rs → Ps
	Radicals in the plasma (Rg) can react with radicals adsorbed on the surface (Rs) and form polymers (Ps).










 





Table 10. Comparison of advantages and disadvantages of LPPC, corona, and atmospheric plasma systems. Adapted from [73,135].






Table 10. Comparison of advantages and disadvantages of LPPC, corona, and atmospheric plasma systems. Adapted from [73,135].










	
	LPPC
	Atmospheric Plasma, Corona, and DBD





	Advantages
	
	-

	
Entire part treated during processing,




	-

	
Can achieve low takt times on parts with large surface areas




	-

	
Easier to control the concentration, composition and process chemistry of the gases in enclosed chamber under vacuum [77]




	-

	
able to achieve higher and more uniform surface free energy levels and part cleanliness than APPT




	-

	
works well with corrosive service gases,




	-

	
vacuum chamber provides operator isolation if toxic/corrosive gases used






	
	-

	
Allows continuous processing of parts,




	-

	
No need for expensive vacuum chambers or pumps




	-

	
(Corona only) No need to procure gases




	-

	
(Except DBD) Nozzle can be easily mounted on robots for automated production









	Disadvantages
	
	-

	
Need for expensive vacuum chamber and pumps




	-

	
Batch production only






	
	-

	
(Except DBD) Small processing area during treatment—large takt times




	-

	
large volume of gas required to process




	-

	
limited selection of compatible process gases




	-

	
Ventilation of working area required for safety
















 





Table 12. Comparison of Impact Damage on Metals versus fiber composites. Information taken from [137] unless otherwise cited.
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	Aspect
	Metals
	Fiber Composites





	Detectability
	Easy to detect as damage is typically starts on the impacted surface [142]
	Difficult to detect. This is often referred to as Barely Visible Impact Damage (BVID) as damage often occurs as internal delamination or on non-impacted surface but rarely shows on impacted surface.



	Energy absorption by plastic deformation
	High due to ductility of metal. Often large strains of >10% at constant yield stress before work hardening occurs.
	Low. Most composites are brittle, thus cannot absorb much energy by plastic deformation.










 





Table 14. Summary of various research literature on impact damage of cork-cored sandwich composites. Note: SB stands for secondary bonding, VARI stands for vacuum-assisted resin infusion, FSNT stands for final sandwich nominal thickness, EG stands for End-Grain, NEG stands for Non-End-Grain, SB stands for secondary bonding of already cured facesheet and cores, VARI stands for vacuum assisted resin infusion, NS stands for no standard explicitly followed, DWT stands for drop weight tower, HI stands for hemispherical impactor tip, 4PB stands for 4 point bending, and QSI stands for quasi-static indentation. NG stands for Not Given.
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	Who/Fabricated Sample
	Impact Test Method
	Key Findings (U—Unimpacted)





	[56]

SB under pressure, epoxy adhesive, FSNT 10.5 mm



	
Facesheet: 2 layers 0–90° CF-Epoxy prepreg



	
Core—various types:




	○

	
Self-made Cork agglomerate of epoxy + cork granules of varying sizes




	○

	
Rohacell FX PMI foam









	
SB adhesive: epoxy





	ASTM D7136, Imatek DWT

Drop height 0.8 m, impact velocity 4 ms−1, Impact energy 23 J

Also done: ASTM C393 4PB
	Cork has better impact performance than PMI foam:

Cork (vs. PMI foam):

Impactor rebounds (versus no rebound) and higher peak force levels (3 vs. 2kN)—indicating cork shows rapid response to transient loads.

Much less visible damage area—slight superficial dimple (vs. perforation of core material and destruction of core foam).



	[53]

SB: Compress with weights without vacuum bagging, SikaForce 7888 L10 (VP) PU adhesive, FSNT 15 mm



	
Facesheet: VARI 2 layers + 45° biaxial E-glass + epoxy



	
Core—Either:




	○

	
Coarse grain cork granules




	○

	
Corecork NL25




	○

	
Rohacell FX PMI foam




	○

	
C70.75 PVC foam, 80 kg/m3




	○

	
Rigid polyether-based PUR foam, density NG











	NS, Rosand IFW 5 HV DWT

Specimen size 60 × 60 mm2

Impact energies: 10, 15, 20, 25, 30, 40 J

Also done: ASTM C393 4PB
	Flexural: Both cork cores exhibit lower flexural stiffness than thermoplastic foams

Impact: Cork has less damage than thermoplastic foams



	-

	
<15 J—similar behavior for all cores




	-

	
20–25 J—externally visible damage area is much smaller for cork than thermoplastic foams




	-

	
>30 J—fiber failure also occurs in both PVC and cork specimens









	[54]

Method: Co-cured vacuum bagging, FSNT: 35.53–36.97 mm



	
Facesheet: 4 layers LT800 E-glass 0/90 Biaxial



	
Core: Either




	○

	
Corecork NL10, thk 30 mm




	○

	
Corecork NL20, thk 30 mm









	
Divinycell H100 PVC foam 100 kg/m3, thk 30 mmBaltek 100 EG Balsa 153 kg/m3, thk 31.7 mmResin: Crystic 489 PA isophtalic polyester with Butanox M-50 hardener





Cured NL10 laminate displayed a strange smell, suggesting curing issues
	ASTM D7136, Rosand IFW 5 HV

Impact energies: 50, 100, 150, 200, 300 J

Specimen size 150 × 150 mm2

Also done:



	
ASTM C393 4PB



	
ASTM D6264 QSI, HI ⌀ 16 mm and speed 0.2 mm/s





	[image: Jcs 08 00023 i006]

NL20 shows complete separation of non-impacted facesheet during impact, likely due to higher strain.

Cork laminates have potential for applications with impact requirements, with the downside of lower stiffness and higher weight than balsa and thermoplastic foams.

Both NL20 and Balsa show debonding at the non-impacted facesheet and core.

Correlation of QSI and impact tests: PVC, NL20, and Balsa behave similarly: QSI max force is 150% of max force during LVI. NL10—QSI max force 66% of impact max load.



	[161]

Method: Co-cured VARI



	
Facesheets: 2 layers Toho Tenax HTS40 CF non-crimp fabrics



	
Core: Either




	○

	
7 mm PET3D Core,




	○

	
10 mm PET3D Core or




	○

	
7 mm PET3D and 3 mm Corecork NL20 Core




	○

	
PET3D—150 kg/m3 PVC Foam









	
Resin: Epicote MGS RIMR035c infusion epoxy





	NS, Custom drop-weight machine, HI 25.4 mm (mass not given).

Flat sandwich panels of size 330 × 200 mm clamped at 2 edges with steel bars

Impact energies—39 and 53 J

Post LVI, C-scan, and visual inspection of panels to detect damage.
	High energy absorption and rebound effect of cork significantly reduces energy absorbed by the rest of the structure.

Damage: VSD—Visible Small dent, VFR—Visible Facesheet Rupture, PGD—permanent global deformation, CSC—Core shear cracks, NC—No core shear cracks detected visually or by C-scan

[image: Jcs 08 00023 i007]



	[55]

Comparison of composite structures subjected to post-LVI ballistic impact.

Structures compared are monolithic Texipreg E-glass epoxy and SB E-glass sandwich with cork core.

Monolithic: [0/90]8, thk 2.6 mm

Sandwich:

Each Facesheet: [0/90]4, thk 1.3 mm

Core: 2 mm Corecork

SB done by autoclave consolidation
	NS, CEAST Fractovis Plus, ⌀ 20 mm HI with mass 5.62 kg

Impact energies: 25 and 40 J

High velocity (HV) (78–201 m/s) impact tests conducted on LVI impacted specimens, projectile residual velocity after perforation measured
	Perforation did not occur for both impact energies in either material. Matrix cracks were the first damage introduced by transverse impact load.

Cork Sandwich (C) vs. Monolithic (M):

LVI Peak Loads: Slightly higher (higher is better, implies less damage)

LVI absorbed energy: At 25 J: roughly equal. At 40 J: −30%. (lower is better, implies less damage)

Post perforation projectile residual velocity after ballistic impact @ 200 m/s: C: −6%, 25 J: −14%, 40 J: −20%. (lower is better, implies better energy absorption)

Lambert-Jonas Ballistic limit / areal limit density: C: 4%, 25 J: 10%, 40 J: 25% (higher is better)



	[42]

comparing effect of different temperatures on LVI performance of SB sandwich structures.

SB process: Apply bio-epoxy Elan-tech ADH 46.46 and cure for 24 h under constant load

Facesheets: Hot Compression Molded Polypropylene (PP) (2.2 + 0.1 mm thk) and Polypropylene Compatibilized (PPC) (2.1 + 0.1 mm thk), +4 layers of 360 kg/m3 twill Flax/Basalt hybrid fabric.

Core—15 mm thk, using either Divinycell HP-130 PVC Closed Cell Foam 130 kg/m3, Corecork NL 10 and NL 25
	ASTM D7136

HI 12.7 mm, 12.055 kg for

Impact energies: 32.5 J, 65 J, 97.5 J, 130 J

Specimen size 150 × 150 mm2

Impact energy needed to cause perforation is measured.
	Embrittlement occurs in both PVC and cork synthetic cores at −40 °C, leading to a larger crack on sample back face

Average PI at 32.5 J and 65 J: Cork NL10 and NL25 display less PI depth than HP-130 at both 32.5 J and 65 J.

Perforation energy in J (higher is better):

[image: Jcs 08 00023 i008]



	[57]

Comparison of LVI performance of cork and PMI foam sandwich.

SB: carried out at “uniform pressure”, FSNT—9.7 mm



	
Facesheet: 2 layers 0–90° CF-Epoxy prepreg



	
Core—various types:




	○

	
Self-made Expanded cork




	○

	
Rohacell FX PMI foam









	
SB adhesive: Loctite 1C-LV epoxy





	ASTM D7136, Instron Dynatup 9200, HI ⌀ 12.7 mm

Impact energies: 10 J

Specimen size 150 × 150 mm2

Also done:



	
ASTM D7250 3 point bending



	
Damping—ASTM E756-05





	Cork has longer average impact time than PMI foam (13 ms vs. 9.5 ms)

Both sandwiches exhibit similar planar damage areas but cork has much smaller average dent depth than PMI foam (3.4 vs. 7.1 mm). See Figure 20.

Rebound: HI rebounds past original impact point for cork, HI does not for PMI.

Damage:



	-

	
Cork: Bottom facesheet intact and no visible facesheet-core debonding




	-

	
PMI: piece of foam cracks off under impactor and pushes it into bottom facesheet, causing large facesheet-core debonding at bottom.
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