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Abstract: Sandwich composites are lightweight structures comprising stiff, thin face sheets often 

carbon or glass fibers bonded to a low-density core, delivering high strength-to-weight ratios, 

superior bending stiffness, and excellent energy absorption. These properties make them ideal for 

aerospace, automotive, and marine applications. Their performance hinges on core material 

selection, face sheet composition, and interfacial bonding, prompting research into optimized 

designs for improved mechanical behavior. This study explores the flexural performance of 

carbon fiber-reinforced polymer matrix composite sandwich beams by optimizing face sheet 

configurations. Sandwich panels were fabricated via vacuum infusion, using a Poly-vinyl 

Chloride (PVC) foam core and varying carbon fibers/epoxy face sheet stacking sequences 2/2, 

2/4-, and 4/2-layers top/bottom in the transverse direction. Four-point bending test assessed 

stiffness, load capacity, and failure mechanisms. The asymmetric 4-top/2-bottom arrangement 

demonstrated the highest average flexural strength of 6.52 MPa, emphasizing the top layer's role 

in resisting tensile stresses and enhancing energy dissipation. Material characterization included 

Differential Scanning Calorimetry (DSC), Fourier Transform Infrared Spectroscopy (FT-IR), 

Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray Spectroscopy (EDS). DSC 

confirmed complete epoxy curing, while FTIR identified key functional groups. SEM revealed 

fiber rupture and matrix cracking as primary failure modes, with EDS detecting high carbon 

content, minor oxidation, and chlorine traces from the PVC core. Force-deflection and strain 

analyses showed asymmetric configurations exhibited more progressive, damage-tolerant failure 

compared to brittle symmetric sandwich composites. These findings offer critical insights into 

layer distribution effects, guiding the design of high-performance sandwich composites for 

structural applications. 

Keywords: Carbon Fiber; Epoxy; Poly-Vinyl Chloride (PVC) foam; Scanning Electron 

Microscope;4-Point bending test

1. Introduction 

Polymer matrix composite (PMC) sandwich are advanced 

structural components that offer a unique combination of 

high strength, low weight, and excellent mechanical 

performance1–3). These beams are primarily used in 

industries such as aerospace, automotive, marine, and civil 

engineering, where the need for efficient weight 

management without compromising strength is crucial4–6). 

The concept of a sandwich beam involves a three-layer 

structure: two thin outer skins and a thicker core material 

between them. The core material plays a vital role in 

resisting shear forces and enhancing the beam's overall 

bending stiffness, while the skins bear the external loads 

and provide resistance to normal stresses7–9). The 

combination of these components allows sandwich beams 

to maintain impressive mechanical properties while 

minimizing weight10–12). Applications where mass 

reduction is paramount. For example, in aircraft fuselages 

and wing structures, sandwich beams with carbon fiber-

reinforced polymer (CFRP) skins and a Nomex 
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honeycomb core are widely used. These components 

reduce overall aircraft weight while maintaining high 

strength and stiffness, contributing to improved fuel 

efficiency and performance13–16). In automotive industries 

high-performance sports cars often use sandwich panels 

with glass fiber skins and foam cores in doors, hoods, and 

floors. These panels help lower the vehicle's weight, 

enhancing acceleration, fuel economy, and handling 

without compromising safety17–20). The skins of a polymer 

matrix composite sandwich beam are typically made from 

high-performance composite materials. These are often 

constructed from polymer resins reinforced with fibers, 

such as carbon, glass, or aramid fibers. These fibers offer 

exceptional strength and stiffness, while the resin matrix 

binds them together, creating a solid, durable structure21,22). 

The primary objective is to create a lightweight, high-

strength, and high-stiffness composite material. The 

carbon fiber face sheets provide excellent tensile strength 

and stiffness, while the PVC foam core offers low density 

and high shear resistance, resulting in a structure with a 

superior strength-to-weight ratio. Sandwich structures are 

often favoured over traditional materials due to their 

excellent corrosion resistance23–26). Thanks to their 

numerous benefits, these composite systems have found 

widespread application in the automotive, aerospace, 

marine, and various industrial sectors27–31). They have also 

attracted increasing interest in the construction industry 

and are beginning to be adopted for civil engineering 

purposes For example, sandwich panels with concrete face 

sheets and a lightweight foam or honeycomb core are 

increasingly used in bridge decks and prefabricated 

building panels32,33). These allow for faster installation and 

reduce the load on the foundation while maintaining load-

bearing capacityCompared to concrete panels, these 

structures are considerably lighter34). The use of GFRP 

(glass fiber reinforced polymer) sandwich panels in 

building construction dates back to the 1970s35). The 

fundamental design principle of sandwich structures is that 

the face sheets (skins) are responsible for bearing in-plane 

tensile and compressive stresses resulting from bending, 

while the lightweight core maintains the separation 

between the skins and transmits shear forces to the 

supports36–38). The fundamental design principle of 

sandwich structures lies in the division of mechanical 

responsibilities between the face sheets and the core39–44). 

The face sheets, typically made from strong composite 

materials, resist in-plane tensile and compressive stresses 

caused by bending one skin stretches while the other 

compresses45–49). Meanwhile, the lightweight core, 

although not very strong on its own, plays a crucial role by 

maintaining the distance between the face sheets and 

transmitting shear forces across the structure to the 

supports50,51). This separation significantly increases the 

beam’s bending stiffness without adding much weight, 

making sandwich structures ideal for high-performance 

applications where both strength and lightness are 

essential26). Numerous studies have investigated the 

flexural behaviour and failure mechanisms of composite 

sandwich structures52–54). In past literatures, Russo et al. 

carried out the four point bending test in accordance with 

ASTM C 393-62 in which the span length of sandwich 

panel with PVC core and Polyester core was 330mm and 

the thickness and width was 16mm and 75mm respectively. 

The ultimate load that this sandwich structure got was 

1500N for structure with PVC core and got 1100 N of 

ultimate force for structure containing polyester foam. 

Jameer et al carried out the four point bending test in 

accordance with ASTM D 5467with carbon fibers and 

PVC foam as core material, in which the span length of the 

sandwich panel was 210mm. the thickness and width was 

29mm and 25mm respectively. The ultimate load that this 

sandwich structure got was 910N44). S Mudassir et al. 

carried out four point bending test in accordance with 

ASTM D 7250 in which the span length of the sandwich 

composite with polyurethane and phenolic core was 

200mm and thickness and width was 25mm and 75mm 

respectively. The ultimate load that this sandwich panel 

sustained before breaking was 7kN for Polyurethane foam 

and 6kN for phenolic foam. Jameer et al carried out the 

four point bending test in accordance with ASTM D 5467 

in which the span length of the sandwich panel was 210mm. 

the thickness and width was 29mm and 25mm respectively. 

The ultimate load that this sandwich structure got was 

910N with PVC core42). Q. Chen et al carried out four point 

bending test of sandwich panel consisting of PVC foam 

and Glass fibers. The test was carried out in accordance 

with ASTM D 7250 in which the span length of sandwich 

composite was 180mm and thickness was 10mm with 

width of 75mm. The ultimate load that the sandwich panel 

got was around 600 N. Jameer et al. carried out four point 

bending test in accordance with ASTM D5467 with carbon 

fibers and PVC foam as core materials, in which the span 

length of the sandwich panel was 210mm. the thickness 

and width was 29mm and 25mm respectively. The ultimate 

load that this sandwich structure got was 910N41). 

The study focuses on novelty of the fabrication, flexural 

testing and characterization of carbon fiber-reinforced 

sandwich composites with PVC cores, manufactured using 

the vacuum infusion process. The research explores the 

effects of varying layer configurations (e.g., 2/2, 2/4, and 

4/2 layers at top/bottom) on the flexural performance of 

these composites under transverse loading conditions.  

The investigation includes comprehensive mechanical 

testing, such as 4-point bending tests conducted in 

accordance with ASTM D 546755), to evaluate flexural 

strength, stiffness, and failure modes. Additionally, 

advanced analytical techniques like Differential Scanning 

Calorimetry (DSC), Fourier Transform Infrared 

Spectroscopy (FT-IR) and Scanning Electron Microscope 

(SEM) with Energy Dispersive X-Ray Spectroscopy are 
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Fig. 1: Novelty of work represented against the work done by earlier researchers 

employed to study the thermal curing behaviour, chemical 

composition of the epoxy resin system, high resolution 

surface imaging and elemental analysis of material 

respectively. The DSC analysis provides insights into the 

glass transition temperature (Tg) and curing kinetics, FT-

IR confirms the molecular structure of the cured and 

uncured resin, while SEM-EDX combines the high 

magnification imaging capabilities of SEM with elemental 

analysis provided by EDX. This technique is used in 

various fields to characterize materials, identify 

contaminants, and investigate the cause of damage. This 

work expands upon previous studies by introducing novel 

material combinations (carbon fiber/epoxy with PVC 

cores) and advanced fabrication methods (vacuum 

infusion). The results contribute to a deeper understanding 

of how layer symmetry and fiber orientation influence 

mechanical performance, offering valuable data for 

optimizing composite designs in high-performance 

applications. The findings are supported by detailed 

graphical analyses, including force-deflection curves, 

strain distribution, and visual documentation of failure 

mechanisms, providing a robust foundation for future 

research and industrial applications56). 

2. Material Selection 

The sandwich panels are made of Carbon fiber/Epoxy skin 

and Poly-Vinyl Chloride (PVC) foam as a core material of 

density 60kg/m3 with a core thickness of 25mm which was 

provided by Fine Finish Industries Pvt Ltd, Taloja. The 

main advantages of using PVC foam in sandwich 

composites include its low weight, resistance to moisture 

and chemicals, ease of fabrication, and ability to withstand 

high loads and stresses6,57–59). Carbon fiber facesheets are 

used for their exceptionally high specific stiffness and 

specific strength, meaning they offer superior rigidity and 

load-bearing capacity for very little weight. This allows the 

composite to effectively resist tensile and compressive 

forces from bending loads, while the core material handles 

shear stresses, maximizing the overall structural efficiency. 

The carbon face-sheet thickness was of 0.8mm. The 

facesheet was arranged in transverse direction. Transverse 

fiber orientation provides strength and stiffness against 

loads applied perpendicular to the main axis, preventing 

splitting, improving multi-directional load-bearing 

capacity along the length of the sandwich composite and 

reducing weight. The length of the sandwich composite, 

length of the beam was 210mm and 25mm width 

respectively in accordance with ASTM D 546755). The 

sandwich panel was manufactured using the vacuum 

infusion process60,61). This process is an advanced 

manufacturing technique used to produce high-quality 

sandwich composite structures. This process employs 
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vacuum pressure to draw resin into dry reinforcements, 

ensuring uniform resin distribution and enhanced 

mechanical properties62,63). 

3. Sample Preparation for Composite 

Material 

The process used for preparation of sample is vacuum 

infusion which uses a mould made with aluminium. The 

vacuum infusion process utilizes atmospheric pressure to 

compact the dry fiber layup and core, ensuring excellent 

wet-out and minimizing excess resin. This results in a 

composite with a higher fiber-to-resin ratio, leading to 

superior mechanical properties, reduced weight, and fewer 

voids compared to open-molding techniques. Firstly, clean 

the aluminium mould thoroughly to ensure its free from 

dust and then apply release agent Poly-vinyl Alcohol 

(PVA) to mould to prevent sticking, then cut the Carbon 

fiber fabric to required dimensions (250x220) mm so that 

at least 5 samples should get from the panel of width 25mm 

and length 210mm. Similarly cut the PVC core of required 

dimension as shown in Figure 1. The next step is to lay the 

peel ply on the aluminum mould and then lay 2 layers of 

carbon fiber fabric on the mould (bottom facesheet), next 

place the PVC core on the top of the bottom layer then 

place 2 layers of carbon fiber fabric over the core, ensure 

everything is aligned and fits well. The next step is to put 

the peel ply on top of carbon fiber layer followed by 

vacuum mesh to ensure that the resin flows throughout the 

surface evenly and then seal the edges using sealant tape 

(tacky tape). Ensure there are no leaks in the bag. Connect 

the Vacuum pump and check the leaks. Place spiral tubing 

along the sides and edges and cover the entire layup with 

vacuum bagging film64). Next step is to mix the resin 

system (epoxy resin) with hardener at a ratio of 100:38 by 

weight, after mixing start the infusion by allowing resin to 

be sucked by the vacuum from the inlet to outlet as shown 

in Figure 2. Monitor the flow to avoid dry spots or voids 

which can hamper the strength of composite. Once the 

entire layup is fully saturated, clamp off the resin inlet, 

keep vacuum applied until gelation (initial curing). Allow 

to fully cure under vacuum for 24 hours at ambient 

temperature. The 24-hour curing period is necessary to 

allow for the completion of the polymerization process, 

where the resin and hardener molecules form extensive 

cross-linked polymer chains. This extended time ensures 

the composite reaches its maximum glass transition 

temperature (Tg) and achieves optimal mechanical 

properties, such as strength, stiffness, and thermal stability. 

Once cured, remove the vacuum bag, flow media and peel 

 

Fig. 2: Carbon fabric and PVC core setup 
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Fig. 3: After applying Vacuum pressure and Epoxy resin 

 

Fig. 4: Composite samples after de-moulding and cutting 

ply65,66). And then carefully remove the finished composite 

from the mold. After de-moulding cut the composite panel 

to 5 to 6 specimens of dimensions 25mm width and 

210mm length as per ASTM D 5467 as shown in Figure 3. 

The same procedure was carried out for all the sandwich 

panels with different stacking layers at top and bottom i.e. 

2 layers of carbon fiber fabric on top and 4 layers of carbon 

fiber fabric at bottom and. 4 layers of carbon fiber fabric 

on top and 2 layers of carbon fiber fabric at bottom. Refer 

Figure 4 

4. Results & Discussion 

4.1. Flexural test (4-point bending) 

The 4-point bending test is ideal for composite materials 

because it provides a uniform bending moment and 

reduces shear effects compared to 3-point bending. In 

sandwich composites, a 4-point bending test is preferred 
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because it creates a region of uniform maximum bending 

moment between the two inner loading points, free from 

shear forces. This provides a more accurate measurement 

of the material's true flexural properties by avoiding 

premature failure from stress concentrations that occur 

under the single central load of a 3-point test. It is widely 

used in industries requiring high-performance composites 

to ensure structural reliability. The 4-point bending test is 

a widely used method for evaluating the flexural 

performance of composite materials, providing insights 

into their stiffness, strength, and failure mechanisms under 

bending loads. In this test, a composite beam is supported 

at two outer points while two inner points apply a 

symmetrical load, creating a uniform bending moment 

between the inner loading points and reducing shear effects. 

This setup allows for a more accurate assessment of the 

material's bending behaviour, making it particularly 

suitable for brittle or layered composites prone to 

delamination. The test helps identify failure modes such as 

fiber breakage, matrix cracking, or interfacial debonding. 

Due to its reliability, the 4-point bending test is commonly 

employed in industries like aerospace, automotive, and 

civil engineering to validate the structural integrity of 

composite components. 

The formula for calculating the flexural strength is given 

by: 

σf = 3P(L-a)/2bh2    (1) 

Where: 

σf = Flexural strength (MPa or N/mm²) 

P = Maximum applied load (N) 

L = Support span (distance between outer supports) (mm) 

a = Distance between the inner loading points (mm) 

b = Width of the specimen (mm) 

h = Thickness (total height) of the specimen (mm) 

4.2. Test setup and procedure  

The static flexural test of composite sandwich beams was 

performed in accordance with the ASTM D 5467/ 5467 

Mstandard. The load was applied on the quarter point of 

the span through a 50kN Tinius Olsen universal testing 

machine with a load cell of 50kN precisely because it 

measures the applied force on the composite specimen, 

ensuring accurate flexural strength and stiffness 

calculations as shown in Figure 5. Its high-resolution data 

helps detect early failure events and ensures reliable, 

standardized test results for material validation. The 

applied load, displacements and strains were recorded and 

obtained using video extensometer and a data logger 

system. 

4.3. Four point bending result of Carbon fiber 

reinforced sandwich composite (2 fibre layers 

at top and 2 fibre layers at bottom) for fibres 

aligned in transverse direction 

In a 4-point bend test, the bottom of the beam experiences 

the highest tensile (stretching) stress, while the top is under 

the highest compressive (squashing) stress as shown in 

Figure 6 and Figure 7. Since most common materials are 

weaker and more likely to crack under tension than 

compression, failure typically starts at the bottom. 

The graph (Force vs. Deflection by Crosshead) shows a 

clear elastic rise in force with deflection up to ~600 N as 

shown in Figure 8, followed by a sudden drop and 

fluctuations, indicative of brittle fracture and instability 

post-peak. Overall, the composite displays elastic 

behaviour up to peak load with abrupt failure, and a well-

defined load-bearing capacity consistent with sandwich 

composite characteristics.

 

Fig. 5: Overall testing setup 
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Fig. 6: Breaking point after applying load 

 

Fig. 7: Specimen broken after loading 

 

Fig. 8: Force Vs Deflection for Carbon fiber composite (2 

Layers at top and 2 layers at bottom) 

Figure 9 and 10 shows the ultimate force and flexural strength 

taken by the 5 samples under consideration for 2 layer at the top 

and two layers at the bottom design. 

4.4. Four point bending result of Carbon fibre 

reinforced sandwich composite (2 fibre layers 

at top and 4 fibre layers at bottom) for fibres 

aligned in transverse direction 

The graphs of Figure 10 show the transverse response of  

 

Fig. 9: Ultimate Force 5 Samples of carbon fiber 

composite (2 Layers at top and 2 layers at bottom 

 

Fig. 10: Flexural strength of all 5 Samples of carbon fiber 

composite (2 Layers at top and 2 layers at bottom 

 

Fig. 11: Force Vs Deflection for Carbon fiber composite 

(2 Layers at top and 4 layers at bottom) 
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Fig. 12: Breaking point of carbon fiber (top 2 bottom 4) 

sandwich composite 

 

Fig. 13: Ultimate Force of all 5 Samples of carbon fiber 

composite (2 Layers at top and 4 layers at bottom) 

 

Fig. 14: Flexural strength of all 5 Samples of carbon fiber 

composite (2 Layers at top and 4 layers at bottom) 

carbon fiber composites under 4-point bending, revealing 

a consistent yet slightly extended deformation behaviour 

compared to earlier sample. 

In the graph (Force vs. Deflection by Crosshead), the load-

deflection curve rises sharply and levels off around 626.67 

N as shown in Figure 11, followed by fluctuations and 

delayed failure, indicating a more ductile post-peak 

response or progressive failure mode. Overall, this sample 

set demonstrates higher deflection capacity and potential 

energy absorption before complete failure, with top-facing 

strain dominating the deformation profile. Figure 12 shows 

the actual test done on Universal testing machine for 4 

Layers at bottom and 2 layers at top whereas Figure 13 

shows the Ultimate strength obtained from 5 samples and 

Figure 14 shows the Flexural strength. 

4.5. Four point bending result of Carbon fibre 

reinforced sandwich composite (4 fibre layers 

at top and 2 fibre layers at bottom) for fibres 

aligned in transverse direction 

Figure 15 shows the actual test done on Universal testing 

machine for 4 Layers at top and 2 layers at bottom. 

In the graph (Force vs. Deflection by Crosshead), the 

force-deflection response is strong and consistent, with a 

gradual and continuous increase in force up to ~910 N as 

shown in Figure 16. Multiple sharp drops in force indicate 

sequential failure events like delamination or cracking, but 

the structure continues to carry load after each, suggesting 

good damage tolerance. The overall higher force and 

deflection range compared to previous tests reflect 

improved mechanical performance.  

Figure 17 and Figure 18 show ultimate force and Flexural 

strength for 4 Layers at top and 2 layers at bottom design. 

Figure 19 shows the average ultimate force for all the three 

combinations whereas Figure 20 shows average flexural 

strength of all the designs under considerations. Lastly 

Figure 21 shows the results obtained for all the three 

designs under considerations at a glance. 

 

Fig. 15: Breaking point of carbon fiber (top 4 layers 

bottom 2 layers) sandwich composite 
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Fig. 16: Force Vs Deflection for Carbon fiber composite 

(4 Layers at top and 2 layers at bottom) 

 

Fig. 17: Ultimate Force of all 5 Samples of carbon fiber 

composite (4 Layers at top and 2 layers at bottom) 

 

Fig. 18: Flexural strength of all 5 Samples of carbon fiber 

composite (4 Layers at top and 2 layers at bottom) 

 

Fig. 19: Comparison between 3 different Symmetry of 

Carbon fiber sandwich composite in transverse direction 

 

Fig. 20: Comparison between 3 different Symmetry of 

Carbon fiber sandwich composite in transverse direction 

4.6. Differential Scanning Calorimetry (DSC):  

This method precisely measures the exothermic energy 

release (ΔH in J/g) during crosslinking reactions, while 

identifying critical curing parameters including onset 

temperature, peak reaction temperature, and reaction 

completion point. The crosslinking reaction is a poly 

addition or condensation polymerization where the 
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functional groups of the resin (epoxide rings) react with the 

functional groups of the hardener (amine). This forms a 

dense, three-dimensional, and irreversible covalent 

network, transforming the low-viscosity liquid mixture 

into a rigid, thermoset solid with high mechanical strength 

and thermal stability. 

It provides essential data for formulating and optimizing 

curing processes of thermosetting polymers like epoxy 

resins, adhesives, and composite matrices. The standard 

establishes rigorous baseline correction protocols and 

measurement criteria to ensure reproducibility in 

evaluating material reactivity and curing kinetics. 

It is particularly valuable for optimizing curing cycles, 

validating resin-hardener formulations, and ensuring 

batch-to-batch consistency in industrial applications. By 

adhering to ASTM E2160, manufacturers can precisely 

control curing parameters, assess reactivity, and predict 

material behaviour under thermal processing conditions. 

For comprehensive analysis, this standard is often paired 

with ASTM D3418 (Tg determination) to fully 

characterize a material's thermal properties. 

The DSC analysis of the carbon fiber/epoxy composite 

reveals a well-defined exothermic curing reaction between 

88.88°C and 106.92°C of peak at 99.17°C (Tg), indicating 

efficient epoxy crosslinking with a fast reaction rate and 

complete cure, characteristic of a properly formulated resin 

system as shown in Figure 22. These results are crucial for 

optimizing manufacturing parameters, confirming the 

resin's cure profile is suitable for processes like autoclave 

curing (90-110°C range), and ensuring material quality, 

though additional testing to higher temperatures is 

recommended to fully characterize the thermal properties, 

including Tg determination and assessment of thermal 

stability. 

The DSC analysis of the liquid epoxy system (EP 5052) 

reveals a well-defined exothermic curing reaction with 

an onset temperature of 49.13°C, peak at 77.22°C, 

and completion by 122.48°C, indicating a low temperature 

curing profile suitable for applications requiring mild 

processing conditions. The enthalpy of 439.7 J/g reflects 

the total energy released during crosslinking, suggesting a 

highly reactive resin-hardener combination (100:38 ratio). 

The sharp, single exothermic peak confirms efficient and 

homogeneous curing without side reactions, while the 

relatively low peak temperature (77.22°C) implies 

minimal thermal stress during processing as shown in 

Figure 23. 

The DSC graph of the carbon fiber-reinforced epoxy 

composite shows a clear exothermic curing 

reaction (positive heat flow) beginning around 50°C, 

peaking near 150°C, and completing by 200°C, with a total 

enthalpy (heat of reaction) estimated from the peak area 

referred from Figure 24. The broad exotherm suggests 

a controlled curing process typical of epoxy systems, 

where heat release is distributed over a wide temperature 

range (150°C span), likely due to the resin's complex 

crosslinking kinetics or fiber-matrix interactions. 

The absence of endothermic peaks (negative heat flow) 

rules out melting or degradation in this range, while the 

smooth baseline after 200°C indicates complete curing. 

 

Fig. 21: Experimental results on all the three face sheet stacking sequences i.e. 2/2, 2/4-, and 4/2-layers top/bottom respectively
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Fig. 22: Carbon Fiber reinforcement with epoxy resin cure 

Tg run 

 

Fig. 23: EP 5052 (Epoxy resin) Liquid enthalpy graph 

 

Fig. 24: Carbon reinforcement with epoxy cure Enthalpy 

graph 

 

Fig. 25: FT-IR results of Carbon Epoxy laminate 

 

Fig. 26: FT-IR result of uncured liquid resin 

4.7. FT-IR (Fourier Transform Infrared 

Spectroscopy) 

The resulting spectrum is plotted as absorbance or 

transmittance versus wavenumber or wavelength, allowing 

scientists to interpret the composition and structure of the 

sample. 

4.7.1. Epoxy Resin Dominance: 

The library matches (Scores 747–657) strongly indicate 

the presence of epoxy resins, with multiple entries for 

epoxy adhesives and epoxy resins used in electronic parts. 

This suggests the sample is likely an epoxy-based material, 

such as a laminate or adhesive as shown in Figure 25. 

Characteristic epoxy peaks in FTIR typically include: 

915 cm⁻¹: Epoxy ring vibration (C-O-C stretch). 

1240 cm⁻¹ and 1030 cm⁻¹: Aromatic ether (C-O) stretches. 

1500–1600 cm⁻¹: Aromatic ring vibrations (C=C). 

Broad 3400 cm⁻¹: O-H stretch (if uncured or hydrated). 

4.7.2. Phenoxy Resin and Bisphenol A: 

Matches for phenoxy resin (Score 674) and bisphenol 

A (Score 649) suggest these may be components or 

precursors in the epoxy formulation. Bisphenol A is a 

common monomer in epoxy resin synthesis. 

4.7.3. Ethylene/Vinyl Acetate (EVA) Copolymer: 

Lower-score matches (Scores 632–627) indicate trace or 

secondary components like EVA (ethylene/vinyl acetate), 

which might be present as a modifier or contaminant. EVA 

peaks include: 

1740 cm⁻¹: C=O stretch (acetate group). 

¹: C-O stretch (acetate). 

The FTIR result shown in Figure 26 indicate a strong 

presence of epoxy resin, supported by high library match 

scores (761–665), with key peaks likely corresponding to 

epoxy functional groups such as C-O-C stretch (915 cm⁻¹) 

and aromatic rings (1500–1600 cm⁻¹). Secondary matches 

include phenoxy resin, bisphenol A (a common epoxy 

precursor). 

4.8. SEM (Scanning Electron Microscope) 

The SEM images of the carbon fiber sandwich composite 

reveal a well-organized, tightly packed unidirectional fiber 
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architecture, indicating precise layup and effective 

structural alignment crucial for high mechanical 

performance. The fiber diameters, consistently around 5.8 

to 7.9 µmas shown in Figure 27, Figure 29 and Figure 31. 

It confirms the use of high-quality carbon fibers. The SEM 

Figure 28, Figure 30 and Figure 32 reveal significant 

microstructural features and failure mechanisms typical of 

brittle materials. Clear evidence of fiber rupture indicates 

sudden and catastrophic failure, which is characteristic of 

carbon fibers due to their high stiffness and low elongation 

capacity. The presence of fiber-matrix debonding and 

matrix cracks highlights interfacial weaknesses and stress 

concentration points that contribute to the overall failure of 

the composite. Additionally, dispersed epoxy matrix 

regions suggest localized matrix damage and potential 

issues in resin distribution or bonding. The smooth, sharp-

edged carbon fibers with consistent diameters confirm the 

use of high-quality reinforcement. Overall, the images 

reflect the brittle nature of carbon fibers, which, while 

offering excellent strength and stiffness, fail abruptly 

without significant deformation, emphasizing the need for 

careful structural design in applications where toughness 

and gradual failure are critical. 

Carbon fibers are known for their high strength and 

stiffness, but they also exhibit brittle failure behaviour. 

Unlike ductile materials, which deform plastically before 

failure, carbon fibers can withstand high loads up to a 

certain point, beyond which they fail suddenly and 

catastrophically with little or no warning. This is clearly 

observed in the SEM images of carbon fiber sandwich 

composites, where fiber rupture appears clean and abrupt, 

indicating a brittle fracture mechanism. The failure occurs 

once the tensile or shear stress exceeds the fiber's ultimate 

strength, without significant elongation or plastic 

deformation. This characteristic makes carbon fiber 

composites ideal for high-performance applications 

requiring lightweight yet strong materials, such as 

aerospace, automotive, and sporting goods. However, it 

also means that design safety margins must be carefully 

considered, as failure tends to be sudden and complete, 

with little tolerance for overloading or impact.

 

Fig. 27: SEM image of Carbon Fiber reinforced sandwich composite (Fibers aligned in Transverse direction 2 layers at top and 2 

Layers at bottom) 

 

Fig. 28: Diameter of single Carbon Filament 
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Fig. 29: SEM image of Carbon fiber reinforced sandwich composite (Fibers aligned in Transverse direction 2 layers at top and 4 

Layers at bottom) 

 

Fig. 30: Diameter of Single Carbon Filament 

 

Fig. 31: SEM image of Carbon Fiber reinforced sandwich composite (Fibers aligned in Transverse direction 4 layers at top and 2 

Layers at bottom) 
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Fig. 32: Diameter of Single Carbon Filament 

4.9. Energy-Dispersive X-ray Spectroscopy 

(EDS or EDX): 

The study shows the EDS results of carbon fiber 

composites at rupture region and at surface of composite. 

The basic idea of this is to see the elemental composition 

at two different region i.e at rupture region and at surface 

of composite materials. The EDAX APEX analysis this 

sample reveals a high carbon content (~95-96.5 wt%) with 

minor oxygen (~3.5-4.6 wt%) across three selected areas 

as shown in Figure 33. Area 2 shows trace chlorine (0.2 

wt%), suggesting potential contamination or residue. The 

atomic percentages align closely, with carbon dominating 

(~96-97 at%). Net intensities for carbon are significantly 

higher (1239-1592.9 counts) compared to oxygen (29.7-

34.5 counts) and chlorine (20.4 counts). The consistent 

high carbon concentration indicates a carbon-rich material, 

possibly graphite or a polymer, with minimal oxidation. 

The presence of chlorine is due to the core material of 

Polyvinyl chloride. Overall, the material is predominantly 

carbon with minor oxygen incorporation. 

The EDAX APEX analysis of sample shows a carbon-rich 

surface with ~82-83 wt% carbon and ~16-17 wt% oxygen 

across three selected areas as shown in Figure 34. Atomic 

percentages confirm carbon dominance (~86-87 at%) with 

lower oxygen (~12-13 at%). Area 3 reveals trace chlorine 

(1.1 wt%), likely indicating contamination or residue. Net 

intensities for carbon (1010.8-1426.4 counts) are higher 

than oxygen (144.4-209.9 counts) and chlorine (114.3 

counts). The elevated oxygen content compared to the 

rupture region suggests surface oxidation or organic 

contamination. The material remains carbon-dominated 

with notable oxygen incorporation. 

 

Fig. 33: EDS results of Carbon Fiber sandwich composite (2 Layers at top and 4 Layers at bottom) at rupture region 
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Fig. 34: EDS results of Carbon Fiber sandwich composite (2 Layers at top and 2 Layers at bottom) at surface 

 

Fig. 35: EDS results of Carbon Fiber sandwich composite (2 Layers at top and 4 Layers at bottom) at rupture region

The EDAX APEX analysis of sample reveals an 

exceptionally high carbon content (~97.2–97.6 wt%) with 

minimal oxygen (~2.2–2.8 wt%) across three selected 

areas as shown in Figure 35. Atomic percentages confirm 

carbon dominance (~97.9–98.2 at%), indicating a near-

pure carbon material, likely graphite or a similar carbon-

based structure. Trace chlorine (0.3 wt%) appears in Area 

3, suggesting minor contamination. Net intensities for 

carbon (651.9–1086.5 counts) far exceed oxygen (9.7–14.0 

counts) and chlorine (21.5 counts), this material exhibits 

higher carbon purity and lower oxygen content, implying 

superior structural integrity or reduced environmental 

exposure. The results highlight a highly carbon-rich 

composition with negligible impurities The EDAX APEX 

analysis of sample reveals a carbon-rich surface (~81.9–

82.0 wt%) with significant oxygen content (~16.9–18.1 

wt%), consistent across three selected areas as shown in 

Figure 36. Atomic percentages show carbon dominance 

(~85.7–86.2 at%) but with higher oxygen (~13.4–14.3 

at%). Area 3 detects trace chlorine (1.1 wt%), suggesting 

surface contamination due to PVC core. Net intensities for 

carbon (1180.8–1309.2 counts) exceed oxygen (194.7–

211.9 counts) and chlorine (137.3 counts). The elevated 

oxygen levels indicate surface oxidation or organic 

residues, likely from environmental exposure. The 

material remains carbon-dominated but with notable  
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Fig. 36: EDS results of Carbon Fiber sandwich composite (2 Layers at top and 4 Layers at bottom) at surface 

 

Fig. 37: EDS results of Carbon Fiber sandwich composite (4 Layers at top and 2 Layers at bottom) at rupture region

oxygen incorporation on the surface. 

The EDAX APEX analysis of sample shows a high carbon 

content (~92.1–96.6 wt%) with minor oxygen (~3.4–7.9 

wt%) across three selected areas as shown in Figure 37. 

Atomic percentages confirm carbon dominance (~94.0–

97.4 at%), indicating a primarily carbon-based material, 

such as graphite or carbon fiber. Net intensities for carbon 

(367.2–1301.6 counts) are significantly higher than 

oxygen (6.8–64.3 counts), reflecting the material's carbon-

rich nature. Area 3 exhibits the highest carbon purity (96.6 

wt%) and lowest oxygen (3.4 wt%), suggesting localized 

variations in composition. The results align with typical 

carbon materials but show slightly higher oxygen content 

compared to ultra-pure carbon forms, possibly due to 

surface oxidation or minor impurities. Overall, the sample 

is predominantly carbon with minimal oxygen 

incorporation. 

The EDAX APEX analysis reveals a carbon-rich surface 

(82.7–84.5 wt%) with significant oxygen content (15.5–

16.7 wt%) across three selected areas as shown in Figure 

38. Atomic percentages show carbon dominance (86.8–

87.9 at%) but with notable oxygen incorporation (12.1–

13.1 at%). Area 3 detects trace chlorine (1.0 wt%), likely 

indicating surface contamination. Net intensities for 

carbon (856.3–1118.4 counts) exceed oxygen (108.3–

158.1 counts) and chlorine (90.3 counts), the surface 

exhibits higher oxygen levels, suggesting oxidation or 

organic residues from environmental exposure. The results 

highlight a carbon-dominated surface with measurable 

oxygen and minor chlorine impurities. 

Past studies focus on sandwich panels with glass/epoxy 

skins and polyurethane/phenolic foam cores, fabricated 

using hand lay-up. Only two fiber orientations (balance 

symmetry and quasi-isotropic) are tested. The author  
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Fig. 38: EDS results of Carbon Fiber sandwich composite (4 Layers at top and 2 Layers at bottom) at surface 

introduces carbon fiber/epoxy composite with PVC cores, 

fabricated via vacuum infusion. The author adds three 

configurations (2/2, 2/4, and 4/2 layers). This adds 3 

unique material variants, significantly broadening the 

study. Past studies is limited to 4-point bending tests under 

static loading, with comparisons between experimental 

and analytical results for flexural stiffness and deflection. 

Failure modes are briefly discussed. The author expands 

testing to detailed 4-point bending results for all material 

configurations, including ultimate force, deflection and 

ultimate flexural strength. Differential Scanning 

Calorimetry (DSC) to analyse curing behaviour (Tg, 

enthalpy) of epoxy resins, adhering to ASTM E2160. FT-

IR spectroscopy to characterize chemical composition of 

cured/uncured resins, referencing ASTM E168/E1252. 

Visual documentation in the form of Scanning electron 

microscopy (SEM) of failure modes (delamination, 

cracking) for each configuration, with images and graphs. 

The past results and discussion present, tabulated data for 

flexural stiffness and deflection, with limited graphical 

representation (e.g., Load vs. Deflection curves for 

PU/phenolic cores) but got highest values up to 6kN as per 

ASTM D 7250.The author conducted the test as per ASTM 

D 5467 and got the highest values of 900N. The author 

adds Carbon fiber composites and PVC cores, which is not 

conducted or studied till now. The author significantly 

extends the work by introducing new materials, advanced 

fabrication methods, and additional analytical techniques. 

It provides a more comprehensive dataset (mechanical, 

thermal, chemical) and detailed failure analysis, making it 

a substantial expansion of the original study. The past 

studies focus on flexural behaviour of foam-core 

sandwiches is preserved, but the author adds multi-layered 

composites, curing kinetics, and molecular 

characterization, enhancing both practical and theoretical 

insights. 

5. Conclusion 

This study explored the optimization of carbon fiber-

reinforced polymer matrix composite (PMC) sandwich 

beams by varying the number of carbon fiber layers in the 

facesheets to improve flexural strength. Using a vacuum 

infusion process with PVC foam as the core, three 

configurations (2/2, 2/4- and 4/2-layers top/bottom) were 

fabricated and tested under 4-point bending according to 

ASTM D5467. Among the tested configurations, the 4-

top/2-bottom layer setup exhibited the highest flexural 

performance, achieving a peak load of 910 N and an 

average strength of 900.07 N. The investigation into three 

carbon fiber-epoxy and PVC foam configurations revealed 

a clear performance hierarchy based on layer distribution. 

The symmetrical 2/2 top/bottom setup provided a baseline 

strength of 602.33 N, while the asymmetrical 2/4 

top/bottom version showed a negligible improvement to 

608 N, indicating that reinforcing only the bottom face was 

ineffective. In stark contrast, the inverse 4/2 top/bottom 

configuration achieved a dramatically higher load capacity 

of 900 N, conclusively demonstrating that placing more 

layers on the top face was the optimal design for 

maximizing strength under the tested conditions. Force-

deflection and strain analysis indicated that increasing the 

top facesheet thickness significantly enhances the beam’s 

ability to carry load and dissipate energy before failure. 

This configuration also showed a more gradual and 

progressive failure mode compared to the abrupt brittle 

failure observed in the symmetric 2/2 configuration. 

To further validate the mechanical findings, a series of 

complementary characterization techniques were 

employed. Differential Scanning Calorimetry (DSC) was 

conducted to assess the curing behaviour of the epoxy resin 

system, confirming that the curing process was both 

complete and highly efficient, ensuring optimal cross-

linking and thermal stability. Additionally, Fourier 
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Transform Infrared Spectroscopy (FT-IR) was utilized to 

analyze the chemical composition of the composite, clearly 

identifying the characteristic functional groups of the 

epoxy matrix as well as trace amounts of resin additives, 

which play a crucial role in enhancing material properties. 

Microstructural evaluation was performed using Scanning 

Electron Microscopy (SEM), which provided high-

resolution images of the composite’s fracture surfaces. 

These images revealed that fiber rupture and matrix 

cracking were the dominant failure mechanisms, 

indicating stress concentration points and interfacial 

bonding characteristics between the fibers and the matrix. 

To complement SEM observations, Energy Dispersive X-

ray Spectroscopy (EDS) was employed to determine the 

elemental composition of the composite. The EDS analysis 

confirmed that the material was primarily carbon-rich, 

consistent with the carbon fiber reinforcement, while also 

detecting minor surface oxidation and residual polyvinyl 

chloride (PVC) particles, which may have influenced 

interfacial adhesion and overall durability. 

The integration of these analytical techniques provided a 

comprehensive understanding of the composite’s 

structural integrity and failure behaviour. The findings 

underscore the importance of optimizing layer distribution 

in carbon fiber sandwich beams, as it directly impacts load-

bearing capacity, flexural rigidity, and energy absorption. 

By carefully tailoring the stacking sequence and resin 

formulation, it is possible to achieve a superior balance 

between lightweight design and mechanical strength. 

This study highlights the potential of advanced composite 

materials in high-performance applications, particularly in 

industries such as aerospace, where weight reduction is 

critical, and automotive and civil engineering, where 

structural efficiency and durability are paramount. Future 

research could explore the effects of alternative resin 

systems, hybrid reinforcements, and environmental aging 

on long-term performance, further enhancing the 

applicability of these materials in real-world scenarios. 

6. Future scope: 

Future research could explore the use of advanced core 

materials such as Nomex honeycomb, aluminium foam to 

enhance shear resistance and energy absorption, while also 

investigating fiber reinforcement of different GSM with 

increase in layers. Additionally, incorporating nanofillers 

(e.g., graphene, carbon nanotubes) into the epoxy matrix 

could improve interfacial bonding and fracture toughness, 

further enhancing the mechanical performance and 

damage tolerance of sandwich composites under diverse 

loading conditions. PVC foam core with carbon fiber 

facesheets serves as a crucial baseline for future studies. 

Researchers can directly compare their results using 

advanced materials like Nomex honeycomb or nanofiller-

enhanced epoxies against your findings to quantify the 

improvements in shear resistance, energy absorption, and 

fracture toughness. 
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Nomenclature 

ASTM American Society for Testing and Materials 

DSC Differential Scanning Calorimetry 

EDS Energy Dispersive X-ray Spectroscopy 

EP Epofine (Epoxy resin) 

FT-IR Fourier Transform Infrared Spectroscopy 

FH Fine Hard (Hardener) 

GSM Grams per Square Meter 

PVA  Poly-vinyl Alcohol 

PVC Poly-vinyl Chloride 

SEM Scanning Electron Microscope 

Tg Glass Transition Temperature 
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