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 This study investigated the low-velocity impact (LVI) response of glass fibre and carbon 

fibre reinforced epoxy hybrid laminates with varying stacking sequences and thickness 

distributions. Bidirectional woven laminates were fabricated using vacuum bagging and 

subjected to instrumented drop-weight impact tests at a constant impact energy of 8 J, 

following ASTM D7136 standards. Four configurations were analysed: (A8-A12) outer 

layer constant (glass) with varying core layer; (B8-B12) outer layers constant (carbon) 

— varying the inner layer thickness; (C8-C12) inner layers constant (carbon) with 

varying outer Glass layer thickness; (D8-D12) inner layers constant (glass) — varying 

outer carbon layer thickness. The impact response and damage characteristics were 

subsequently compared to establish design-oriented guidelines for hybrid laminate 

development. Carbon face plies increased peak load and stiffness, whereas glass face 

plies promoted longer contact duration and higher energy dissipation. Damage area 

analysis further showed that carbon face plies effectively limited both front- and back-

side cracking, while glass-dominant laminates suffered enlarged damage zones. The 

findings provide initial design indications for tailoring glass/carbon hybrid laminates 

where a balance between stiffness, energy absorption, and damage resistance is required. 

Overall, balanced hybrid configurations with moderate ply counts, 8–10 layers, offered 

the most favorable, making them promising for aerospace and automotive applications 

where impact resistance and structural reliability are critical. 
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1. INTRODUCTION 

 

Composite materials play a critical role in modern 

engineering applications such as aerospace, automotive, 

marine, and biomedical sectors due to their superior specific 

mechanical performance combined with low structural weight. 

The growing demand for high-performance and lightweight 

structures has led to a substantial increase in the use of 

advanced composite systems, particularly fibre reinforced 

polymers (FRPs). These materials are widely recognized for 

their ability to achieve higher strength levels while 

maintaining minimal mass, making them suitable for load-

bearing applications where weight efficiency is a key design 

requirement. 

In addition to their favorable mechanical characteristics, 

FRP composites offer several functional advantages, including 

excellent corrosion resistance, reduced maintenance 

requirements, ease of fabrication, and long-term durability. As 

a result, their application has expanded across multiple 

industries, ranging from transportation and marine structures 

to infrastructure and construction. In civil engineering, FRPs 

are commonly utilized in reinforcement bars, sandwich panels, 

and strengthening or retrofitting of existing structures, where 

they contribute to enhanced service life and improved 

structural performance [1]. 

Among the different categories of fibre-reinforced 

composites, carbon fibre reinforced polymers (CFRPs) and 

glass fibre reinforced polymers (GFRPs) are increasingly 

adopted in aerospace, automotive, and marine applications due 

to high specific strength, low density, and favorable resistance 

to impact loading. During service conditions, composite 

laminates are frequently subjected to impact events spanning 

a wide range of velocities, from low-velocity accidental 

impacts to high-velocity dynamic loading, which can 

significantly influence their damage behavior and structural 

integrity [2]. 

CFRPs, GFRPs, and their hybrid composite variants are 

among the most extensively utilized advanced materials due to 

their higher strength-to-weight ratio, corrosion resistance, and 

adaptability in structural design. Thus, these attributes render 

them particularly attractive for aerospace and automotive 

applications, where the demand for lightweight yet dependable 

materials is paramount. Despite these advantages, composite 

structures are prone to impact loading during service, which 
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can initiate damage and progressively degrade structural 

integrity [3]. 

Although hybrid composite laminates are well established 

and widely valued within the aerospace and automotive 

sectors for their multifunctional benefits, they remain 

vulnerable to impact events encountered during operational 

conditions. Such impacts often result in reductions in laminate 

stiffness and residual strength. The low-velocity impact (LVI) 

response of composites is governed by multiple parameters, 

including geometry, mass, and velocity of the impactor, as 

well as the mechanical characteristics of the reinforcing fibres, 

matrix system, and the stacking architecture of the laminate. 

The stacking sequence employed in fibre-reinforced hybrid 

laminates plays a decisive role in controlling energy 

absorption capability and deformation behavior under impact 

loading. Studies have shown that positioning glass fibre plies 

closer to the laminate surfaces, or modifying the relative 

volume fractions of glass and carbon fibres, can significantly 

enhance the impact energy absorption of the structure. 

Likewise, the tensile failure behavior of hybrid composites is 

strongly dependent on hybrid configuration, ply orientation, 

and the nature of the reinforcing fibres used [4]. 

Hybrid composite systems provide engineers with the 

flexibility to tailor material properties for specific functional 

requirements, offering performance combinations that are 

difficult to achieve using single-fibre composites. Carbon 

fibres contribute higher stiffness, excellent strength, and low 

density, while glass fibres exhibit greater strain-to-failure and 

improved damage tolerance [5]. When these fibres are 

combined using an optimized stacking sequence, effective 

hybridization can be achieved, resulting in balanced 

mechanical performance [6]. From an economic perspective, 

partial substitution of carbon fibres with lower-cost 

reinforcements such as E-glass offers notable cost advantages, 

particularly for civil and defence aerospace applications. 

Hitchen and Kemp [7] proposed a cost-effective hybrid carbon 

fibre composite configuration & systematically examined the 

influence of the ply sequencing on its mechanical response and 

low-energy impact resistance. 

Unintended low-energy impact events—such as tool drops 

during maintenance, airborne debris strikes, or hailstone 

impacts—can cause localized damage and significantly reduce 

the load-bearing capacity of composite structures. Depending 

on impact severity, damage may range from superficial surface 

indentation to extensive internal damage or complete 

perforation. The present study focuses on evaluating the 

influence of stacking sequence and ply orientation relative to 

the principal material axis on the mechanical response of 

hybrid laminates subjected to impact loading. Common 

damage modes observed in impacted composite laminates 

include fibre breakage, matrix cracking, fibre–matrix 

debonding, and delamination, with delamination being 

particularly harmful due to its pronounced effect on stiffness 

and strength degradation [8]. 

Unlike conventional single-fibre composites, hybrid fibre-

reinforced laminates exhibit a characteristic phenomenon 

referred to as the hybrid effect [9]. Early investigations by 

Bunsell and Harris [10] and Phillips [11] first identified this 

effect, demonstrating notable improvements in impact 

resistance for symmetrically alternating carbon/glass FRP 

laminates. Since then, research on hybridization strategies 

aimed at enhancing the impact performance of FRP structures 

has expanded considerably. Papa et al. [12] reported that 

placing glass fibre layers on the impact-facing surface of 

hybrid laminates further improves impact resistance, as 

continuous glass plies on the impacted side increase both peak 

load capacity and absorbed energy, but the stacking sequence 

was not varied with the face plies and core compositions. 

The mechanical response of GFRP laminates is 

predominantly influenced by fibre orientation, while their 

through-thickness strength and toughness remain 

comparatively low [13]. As a result, under transverse dynamic 

loading conditions, LVI emerges as a critical design 

consideration for aerospace composite structures [14]. Such 

impact events can activate damage mechanisms, including 

delamination, matrix cracking, and fibre fracture, all of which 

substantially diminish residual structural performance. 

Consequently, considerable research has focused on 

understanding and improving the low‑velocity impact 

behavior of composite laminates. Researchers have examined 

the effect of stacking sequence in composite laminates and 

showed that laminate architecture significantly affects impact 

damage evolution, peak load response, and failure 

mechanisms [15]. Experimental investigations on cross-ply 

and angle-ply glass/epoxy laminates subjected to varying 

impact energies have shown that lower impact energies 

predominantly induce matrix cracking and delamination, 

whereas higher impact energies tend to promote fibre-

dominated failure modes [16].  

Researchers have employed optimization approaches to 

improve the impact performance of hybrid fibre laminates and 

highlighted the importance of balancing stiffness and damage 

tolerance. Although these studies established the significance 

of stacking sequence, most investigations focused on overall 

hybrid ratios, optimization strategies, or specific laminate 

architectures. Comparatively fewer studies have 

systematically separated the influence of face-sheet material 

from the influence of through-thickness material distribution 

in woven glass/carbon hybrid laminates. The present work 

addresses this gap through four distinct laminate 

configurations (A–D), enabling independent assessment of (i) 

the effect of carbon and glass face plies on impact response 

and (ii) the effect of material distribution between the laminate 

faces and core on damage development. This approach 

provides design-oriented insight into how hybrid architecture 

governs impact behavior [17]. 

 

 

2. EXPERIMENTAL PROCEDURE 

 

2.1 Materials 

 

In this process of study, we have chosen bidirectional 

woven glass and carbon hybrid composite laminates, featuring 

fibres oriented at 0° and 90°, which were systematically 

evaluated under LVI loading. This architecture enhances in-

plane isotropy, where certain critical applications are subject 

to unpredictable impact energies.  

These glass-carbon hybrid composite laminates bring a 

well-rounded blend of structural performance, toughness, and 

cost efficiency. These hybrids outperform pure carbon in 

impact resistance and offer tailored mechanical properties for 

diverse environments—making them highly suitable for both 

research and industrial applications. 

Tailored fibre placement techniques allow carbon fibre to 

be placed precisely where high stiffness is required, while 

glass fibre fills less critical areas, optimizing material use and 

cost. Carbon fibre is strong but brittle, whereas glass fibre is 
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tougher and more ductile. Hybrid composites combine these 

traits to reduce the brittleness of carbon, improving impact 

resistance and preventing catastrophic failure. In impact tests, 

hybrids with optimized fibre ratios absorbed more energy and 

reduced damage severity compared to pure carbon composites 

[18]. A study on glass carbon hybrids showed an improvement 

in impact strength versus plain carbon composites, with 

significantly less brittle failure. The fibre cloth is layered 

sequentially, with each layer by an application of the Epoxy 

resin (LY556) and hardener (HY951) in a ratio of 10:1resin to 

hardener procured from Herenba Instruments and Engineers, 

Chennai, and the glass and carbon fibres are procured from 

The Bhor Chemicals and Plastics Pvt. Ltd, Mumbai, India, and 

Marktech Composites, Bangalore. The characteristics of the 

glass fibres and carbon fibres are given in Table 1. 

 

Table 1. Material characteristics and specifications 

 
Characteristic Carbon Fibre Glass Fibres 

Areal Weight (g/m2) 200 200 

Standard Width (mm)  1000 ± 10 mm 1000 ± 10 mm 

Dry Fabric Thickness 

(mm) 
0.2 ± 0.05 mm 0.2 ± 0.05 mm 

Density (g/cm3) 1.8 min. 2.63 min. 

Filament Diameter (µm) 7 nominal 13 nominal 

Tensile Strength (MPa) 4000 min. 3750 min. 

Tensile Modulus (GPa) 240 min. 70 min. 

Elongation (%) 1.8 max. 4.8 max. 

Sizing 
Epoxy 

Compatible 

Epoxy 

Compatible 

 

2.2 Fabrication process 

 

Composite laminates were fabricated using the vacuum 

bagging technique, a widely adopted process for producing 

high-quality, lightweight composite structures. In this method, 

a vacuum pump is employed to evacuate entrapped air and 

consolidate the fibre–resin system, thereby enhancing fibre 

wet-out and ensuring uniform compaction during the curing 

process. The fabrication of glass fibres and carbon fibre 

reinforced epoxy laminates was carried out under controlled 

vacuum conditions to minimize void content and achieve 

consistent laminate quality. 

The laminates were manufactured with varying ply counts 

in accordance with ASTM D7136 specifications for LVI 

testing. Accordingly, bidirectional glass and carbon fibre 

laminates comprising 8, 10, and 12 layers were produced. The 

corresponding stacking sequences of the fabricated laminates 

are presented in Figure 1. 

During the vacuum bagging process, the fabrication surface 

(granite slab) was thoroughly cleaned to ensure a dust-free 

environment. A thin layer of release agent was applied onto 

the surface in order to prevent adhesion of the laminate to the 

mould. Epoxy resin (LY556) and hardener (HY951) were then 

mixed in a weight ratio of 10:1 and uniformly spread over the 

prepared surface. The laminate dimensions were defined based 

on the available mould area and fixed at 500 mm × 550 mm. 

Glass and carbon fibre fabrics, pre-cut to the specified 

dimensions, were sequentially placed onto the resin-coated 

surface. Resin application and fabric placement were repeated 

until the desired number of layers was achieved. After the 

placement of each ply, a bubble-bursting roller (RL52-19150, 

Tools4FRP, Haryana, India) was used to eliminate entrapped 

air and minimize void formation during lay-up. 

Upon completion of the lay-up according to the prescribed 

stacking sequence, a peel ply was placed over the topmost 

fibre layer, followed by a release film and a vacuum bagging 

film. The entire assembly was sealed using vacuum sealant 

tape to ensure airtight conditions. A vacuum pump with a 

capacity of 12 cubic feet per minute (CFM) was connected to 

evacuate air from the system, facilitating laminate 

consolidation and removal of excess resin, which was 

absorbed by the breather fabric. Vacuum was maintained for 

approximately two hours, after which the laminates were 

allowed to post-cure under ambient conditions for 24 hours. 

 

 
 

Figure 1. Stacking sequence with four conditions  
Note: G – glass fibres and C – carbon fibres. 

 

After curing, the fabricated laminates were cut into test 

specimens using a waterjet cutting machine (OM Waterjet 

Cutting Industry, Peenya, Bengaluru, India) in accordance 

with ASTM D7136 standards, with specimen dimensions of 

150 mm × 100 mm. Specimen nesting was performed using 

Deepnest.io software to optimize material utilization. 

Fabrication consistency was ensured by strictly adhering to the 

above-described procedure. The measured laminate thickness 

corresponding to different ply counts is summarized in Table 

2. 

In this study, hybrid composites are fabricated with the 

above-mentioned number of layers with different 

combinations of glass and carbon fibres. The layering 

configurations are shown in Table 2. In the layering 

configurations, it is observed that there is an increase in the 

thickness of the composite laminates. In this regard, we can 

observe that there are four configurations. In configurations A 

and B, the outer layers are kept constant, and the inner layers 

are increased. In configurations C and D, inner layers are kept 

constant, and outer layers are increased to 8 layers, 10 layers, 

and 12 layers, respectively. The sequences G₂C₂C₂G₂ and 

C₂G₂G₂C₂ represent the 8‑layer configurations for both the 

constant‑face and constant‑core conditions, as shown in the 

four stacking configurations. 

Based on the laminate dimensions, fabric areal density, and 

measured specimen mass, the fibre volume fraction of the 
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fabricated hybrid laminates was estimated to lie between 42% 

and 46%. The slight increase with ply count is attributed to 

improved fibre packing within the laminate structure. 

However, void content was not experimentally quantified 

through density measurements or resin burn-off techniques 

and is therefore not reported. Future work will focus on 

determining fibre volume fraction and void content using 

standardized characterization procedures to establish a more 

comprehensive correlation between laminate quality and 

impact performance. 

 

Table 2. Layering configurations of hybrid glass and carbon composite laminates 

 
Configuration Ply Count Sequence Thickness (mm) Mass (g) Carbon (%) Glass (%) 

A8 8 G2C2C2G2 2.1 42 50 50 

A10 10 G2C3C3G2 2.3 51 60 40 

A12 12 G2C4C4G2 2.42 59 67 33 

B8 8 C2G2G2C2  2.1 42 50 50 

B10 10 C2G3G3C2 2.3 51 40 60 

B12 12 C2G4G4C2 2.42 59 33 67 

C8 8 G2C2C2G2 2.1 42 50 50 

C10 10 G3C2C2G3 2.3 50.8 40 60 

C12 12 G4C2C2G4 2.42 60.8 33 67 

D8 8 C2G2G2C2  2.1 42 50 50 

D10 10 C3G2G2C3 2.3 51 60 40 

D12 12 C4G2G2C4 2.42 60.8 67 33 
Note: G – glass fibres and C – carbon fibres. 

 

3. DROP WEIGHT IMPACT TESTING 

 

Figure 2 shows the instrumented drop weight testing 

machine, manufactured by SS Instruments, Bangalore, which 

was utilized for impact testing. The machine’s specifications 

are outlined in Table 3. To achieve consistent and secure 

positioning, the laminate was fastened using four toggle 

clamps. Additionally, an anti-rebound mechanism was 

integrated into the setup to prevent multiple impacts on the 

specimen. The testing apparatus included a 12.7 mm diameter 

hemispherical striker, attached to a tup weighing 4 kg, and the 

height of fall of the impactor was set as 198 mm as per the 

setting of the drop weight testing machine. 

 

 
 

Figure 2. Drop weight testing machine 

 

Table 3. Specifications of drop weight testing machine 

 
Description Parameters 

Drop Height  0.2 m–1.5 m 

Weight of Tup 4 kg–30 kg 

Impactor Type Hemispherical (12.7 mm) 

Velocity 1.98–5.42 m/sec 

Impact Energy 8 J–441 J 

Machine Weight 650 kg 

Test Area Dimension ASTM D7136 

Compressed Air Supply 4 BAR 

Anti-rebound Mechanism YES 

DAC System NI 6210 

Software System Impact Soft 

3.1 Energy analysis 

 

The impact energy characteristics were evaluated using data 

obtained from the instrumented drop-weight impact testing 

system. For all specimens, the initial impact energy was 

maintained at 8 J and calculated from the mass of the impactor 

and the selected drop height using the following relationship 

in Eq. (1): 

 

Ei = mgh (1) 

 

where, m denotes the impactor mass, g is the acceleration due 

to gravity, and h represents the drop height. 

The absorbed energy (Ea) refers to the portion of the impact 

energy consumed by damage mechanisms within the laminate, 

including matrix cracking, fibre breakage, fibre–matrix 

interface separation, and delamination [3].  

The elastic or rebound energy (Er) represents the amount of 

energy returned by the specimen during impactor rebound 

[19]. It was calculated as the difference between the initial 

impact energy and the absorbed energy, as shown in Eq. (2): 

 

Er = Ei – Ea (2) 

 

Based on the conservation of energy, the relationship 

between the impact energy components is given by Eq. (3): 

 

Ei = Ea + Er (3) 

 

In this study, the incident impact energy (Ei) was kept 

constant at 8 J for all tested laminate configurations. 

 

 

4. RESULTS AND DISCUSSIONS 

 

Table 4 shows the energy absorption performance of hybrid 

composite laminates subjected to an 8 J LVI, evaluated under 

four stacking strategies or configurations,  

A. Outer layers constant (glass) with varying inner 

carbon layer thickness 

B. Outer layers constant (carbon) — varying the inner 

layer thickness 

C. Inner layers constant (carbon) with varying outer 
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glass layer thickness 

D. Inner layers constant (glass) — varying outer carbon 

layer thickness 

 

Table 4. Consolidated results of hybrid specimens for 8 J impact energy 

 

Stacking 

Condition 
Configurations 

Stacking 

Sequences 
Ply 

Counts 
Absorbed 

Energy (J) 

Elastic 

Energy 

(J)  

Peak 

Force 

(kN) 

Displacement 

(mm) 

Contact 

Duration 

(ms) 

Outer layer is 

constant & inner 

layer is increasing  

A8 G2C2C2G2 8 7.6 0.4 2 10.2 11.0 
A10 G2C3C3G2 10 6.8 1.2 2.115 6.8 11.3 
A12 G2C4C4G2 12 5.5 2.5 2.485 6.1 13.1 
B8 C2G2G2C2 8 7.4 0.6 1.5 10.4 10.1 

B10 C2G3G3C2 10 0.2 7.8 3.17 5.8 10.4 
B12 C2G4G4C2 12 0.1 7.9 3.285 4.9 8.9 

Outer layers are 

increasing & inner 

layer is constant  

C8 G2C2C2G2 8 7.6 0.4 2 10.2 11.0 
C10 G3C2C2G3 10 3.5 4.5 2.465 5.8 11.1 
C12 G4C2C2G4 12 1.3 6.7 2.905 4.8 10.0 
D8 C2G2G2C2 8 7.4 0.6 1.5 10.4 10.1 

D10 C3G2G2C3 10 6.8 1.2 2.44 7.0 11.3 
D12 C4G2G2C4 12 5 3 2.745 6.0 11.4 

Note: G – glass fibres and C – carbon fibres. 

 

4.1 Outer layers constant (glass) with varying inner carbon 

layer thickness 

 

When the outer layers were kept constant as glass with 

varying inner carbon layers, i.e., G2C2C2G2 (8), G2C3C3G2 

(10), G2C4C4G2 (12), a progressive reduction in absorbed 

energy was observed as the carbon content increased, 

decreasing sharply from 7.4 J at 8 layers to only 0.1 J at 12 

layers, as in Figure 3(a). Concurrently, elastic energy 

increased, indicating that most of the impact energy is stored 

elastically instead of being dissipated, and peak force 

increased from 1.5 kN, i.e, 8 layers, to 3.285 kN at 12 layers, 

along with a reduction in displacement and contact duration, 

as shown in Figures 3(b) and (c). This indicates that greater 

carbon thickness imparts high stiffness, promoting elastic 

storage of impact energy rather than dissipation, which 

compromises impact tolerance [20]. 

 

 
(a) Peak force vs. time 

 
(b) Absorbed energy vs. time 

 
(c) Displacement vs. time 

 

Figure 3. Impact response of hybrid laminates with constant 

glass outer layers and varying carbon inner layers  

 

With glass on the outside and increasing carbon thickness 

inside, laminates become stiffer and more elastic, but their 

ability to absorb impact energy reduces. The system favors 

energy storage rather than dissipation, which may be 

detrimental to impact tolerance. 

Keeping glass faces constant while increasing carbon in the 

mid-plane enhances flexural stiffness. Carbon’s high modulus 

allows it to carry more load, but it limits progressive damage, 

leading to higher peak forces but lower absorbed energy. The 

reduced curve width (shorter duration) in 12-ply laminates 

reflects lower deformation tolerance and a brittle failure mode 

[21]. 

 

4.2 Outer layers constant (carbon) — Varying inner layer 

thickness 

 

In the second configuration (B), the outer layers were 

carbon, while the inner layer thickness varied. The 

corresponding stacking sequences were C₂G₂G₂C₂ (8 plies), 

C₂G₃G₃C₂ (10 plies), and C₂G₄G₄C₂ (12 plies). When carbon is 

outside and glass increases inside, the absorbed energy 

gradually decreases from 7.6 J at 8 layers to 5.5 J at 12 layers, 

and elastic energy increases progressively but not as 

drastically as in configuration A. There is a longer contact 

duration, which indicates that there is a more progressive 

impact response, as shown in Figures 4(a)-(c). This 
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configuration provides a balance between stiffness and energy 

dissipation, as the outer carbon plies contribute to load 

resistance while the inner glass facilitates partial absorption 

[22]. 

 

 
(a) Peak force vs. time 

 
(b) Absorbed energy vs. time 

 
(c) Displacement vs. time 

 

Figure 4. Impact response of hybrid laminates with constant 

carbon outer layers and varying inner glass layer thickness  

 

Glass inner layers are more compliant and promote 

progressive damage modes (matrix cracking, delamination 

growth, fibre–matrix friction). With carbon faces providing 

initial stiffness, the glass core allows through-thickness 

deformation and distributed damage that converts impact 

kinetic energy into dissipative work. This gives broader, 

smoother load–time curves and longer contact durations. The 

result is improved energy absorption at the expense of peak-

load carrying capacity. 

 

4.3 Inner layers constant (carbon) with varying outer glass 

layer thickness 

 

The third configuration is C, where the stacking sequence is 

G2C2C2G2 (8), G3C2C2G3 (10), G4C2C2G4 (12). For laminates 

with carbon as the constant inner layer and varying glass at the 

outer surfaces, a similar trend of decreasing absorbed energy 

was recorded, reducing from 7.4 J to 5 J with increasing glass 

thickness. When carbon remains central, and glass is varied on 

the outer surfaces, the system becomes progressively stiffer, 

showing moderate elastic storage. However, the decline was 

moderate compared to carbon-dominated sequences, and 

contact duration remained relatively stable. Peak force 

increased from 1.5 kN to 2.745 kN, showing higher resistance 

to penetration. These results highlight that the glass outer 

layers contribute to delaying failure and enhancing damage 

tolerance, although stiffness and peak force rise with thickness 

(see Figures 5(a)-(c)). 

 

 
(a) Peak force vs. time 

 
(b) Absorbed energy vs. time 

 
(c) Displacement vs. time 

  

Figure 5. Impact response of hybrid laminates with varying 

glass outer layers and constant carbon inner layer   

 

Glass on the surfaces promotes progressive failure 

mechanisms (matrix cracking, delamination), allowing higher 

energy absorption. Carbon mid-planes maintain the baseline 

stiffness, but glass outer plies dominate the impact response 
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by spreading damage and delaying sudden catastrophic failure. 

As a result, laminates with more glass face plies deform more 

and dissipate more energy. 

 

4.4 Inner layers constant (glass) — varying outer carbon 

layer thickness 

 

Finally, the fourth configuration D, where the stacking 

sequences are C2G2G2C2 (8), C3G2G2C3 (10), C4G2G2C4 (12). 

where the inner layers were fixed as glass with increasing 

outer carbon thickness. Here, absorbed energy declined 

steeply from 7.6 J at 8 layers to 1.3 J at 12 layers, and Elastic 

energy and peak force rose sharply. At the same time, 

displacement decreased significantly, confirming that carbon-

dominant outer layers yield a stiff but brittle response with 

limited capacity for impact energy dissipation, as shown in 

Figures 6(a)-(c). 

 

 
(a) Peak force vs. time 

 
(b) Absorbed energy vs. time 

 
(c) Displacement vs. time 

 

Figure 6. Impact response of hybrid laminates with varying 

carbon outer layers and constant inner layer thickness  

 

Thick carbon face plies raise bending and surface stiffness, 

concentrating loads near the impact region and limiting 

through-thickness deformation. Carbon’s high modulus favors 

elastic response and localized damage (fiber fracture or sudden 

delamination) rather than progressive dissipative mechanisms. 

The result is higher peak loads and a more brittle-type load 

response.  

 

4.5 Similarity interpretation 

 

(1) 8-layer laminates (C2G2G2C2 and G2C2C2G2): These 

specimens demonstrate almost identical responses, 

characterized by high energy absorption and greater 

flexibility, making them the most effective in terms of impact 

tolerance. 

(2) 10-layer laminates (C2G3G3C2 and G3C2C2G3): Both 

configurations show a moderate performance, providing a 

compromise between stiffness and energy dissipation, thereby 

offering a balanced mechanical response under impact. 

(3) 12-layer laminates (C4G2G2C4 and G4C2C2G4): These 

exhibit comparable trends, marked by high stiffness but brittle 

behavior, with minimal energy absorption. Such designs are 

favorable where rigidity is prioritized, but are least effective 

for impact energy dissipation. 

 

4.6 Cross-configuration comparison  

 

Across all configurations in Table 5, the highest absorbed 

energy was observed in the 8-ply laminates, particularly 

C2G2G2C2 and G2C2C2G2, indicating superior impact 

tolerance. In contrast, the smallest damage area was obtained 

in the carbon-face-sheet configuration C4G2G2C4, 

demonstrating the effectiveness of carbon outer plies in 

restricting surface damage propagation. These observations 

reveal a clear trade-off: configurations optimized for energy 

absorption generally exhibit larger damage zones, whereas 

configurations optimized for damage suppression tend to 

dissipate less impact energy and behave more elastically. 

Therefore, balanced 8–10 ply hybrid architectures provide the 

most favorable compromise between impact tolerance and 

structural stiffness. 

 

Table 5. Cross-comparison of impact response and damage 

characteristics for hybrid laminate configurations at equal ply 

counts 

 

Ply 

Count 

Highest 

Absorbed 

Energy 

Smallest 

Damage Area 

Design 

Interpretation 

8 Ply 
C2G2G2C2 

(7.6 J) 

G2C2C2G2 (28.68 

mm² backside) 

Excellent impact 

tolerance 

10 Ply C2G3G3C2 G2C3C3G2 

Balanced 

stiffness-energy 

response 

12 Ply 
C2G4G4C2 

(energy) 

C4G2G2C4 (23.62 

mm² backside) 
Stiff but brittle 

Note: G – glass fibres and C – carbon fibres. 

 

4.7 Final interpretations  

 

The results show that laminate stacking sequence and 

thickness distribution between glass and carbon layers 

strongly influence impact energy absorption and damage 

tolerance. When top and bottom carbon face plies are constant, 

increasing the inner glass thickness improves absorbed energy 
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and displacement but reduces peak force and elastic energy. 

Conversely, when top and bottom glass faces are constant, 

increasing the inner carbon thickness raises peak load and 

elastic energy but drastically reduces absorbed energy, 

indicating brittle failure. In laminates where the inner carbon 

is constant, increasing glass at the outer faces enhances 

absorbed energy and contact duration, leading to more 

progressive failure modes. On the other hand, with an inner 

glass constant, increasing carbon face plies significantly 

increases stiffness and peak force but lowers displacement and 

energy absorption. Eight-layer configurations C2G2G2C2 and 

G2C2C2G2 generally show the highest absorbed energy, 

confirming their superior damage tolerance. Twelve-layer 

laminates with thicker carbon or glass domination exhibit 

minimal absorbed energy despite higher peak loads, 

highlighting their brittle nature. A clear trade-off is observed: 

higher carbon content provides stiffness and peak load 

resistance, while higher glass content promotes energy 

dissipation and longer contact durations. The load–time graphs 

support this trend, with glass-rich configurations showing 

broader, smoother curves, while carbon-rich laminates exhibit 

steep peaks and abrupt failure. Overall, balanced hybrids with 

moderate thickness (8–10 layers) provide the best compromise 

between stiffness and energy absorption, making them ideal 

for impact-resistant applications. 

 

4.8 Damage area 

 

From Table 6, experimental findings clearly demonstrate 

that stacking sequence and ply distribution strongly influence 

both energy absorption and damage characteristics under LVI. 

 

Table 6. Damage area of hybrid specimens 

 

Stacking Condition Stacking Sequences No. of Layers 
Damage Area 

Front Side Back Side 

Outer layer constant & increasing inner layer 

C2G2G2C2 8 88.16 73.66 

C2G3G3C2 10 106.78 91.05 

C2G4G4C2 12 131.17 78.38 

G2C2C2G2 8 90.9 28.68 

G2C3C3G2 10 44.28 40.88 

G2C4C4G2 12 79.64 74.57 

Increasing outer layers & keeping inner layer constant 

C2G2G2C2 8 88.16 73.66 

C3G2G2C3 10 81.34 97.86 

C4G2G2C4 12 48.64 23.62 

G2C2C2G2 8 90.9 28.68 

G3C2C2G3 10 56.74 34.87 

G4C2C2G4 12 34.28 33.15 

 

When the top and bottom carbon layers were kept constant 

with increasing inner glass plies C2G2G2C2 → C2G3G3C2 → 

C2G4G4C2, the laminates exhibited a progressive reduction in 

absorbed energy, shifting from 7.4 J for 8-layer to almost 

negligible levels for 12-layer configurations. The 

corresponding load-displacement curves showed a stiffer but 

more brittle response, dominated by elastic energy storage. 

This brittle behavior was further reflected in the damage area, 

where the front-face cracks increased substantially from 88.16 

to 131.17 mm². Hence, glass-dominant cores contributed to 

poor energy dissipation and enlarged surface cracking, see 

Table 6.  

In contrast, when the inner glass plies were held constant, 

and carbon plies increased at the outer surfaces C2G2G2C2→ 

C3G2G2C3 → C4G2G2C4, the absorbed energy remained 

moderate, 7.4 J to 5 J, but peak load capacity increased, 

indicating enhanced stiffness and crack resistance. The 

damage area reduced drastically on both the front from 88.34 

to 48.64 mm² and back from 73.66 to 23.62 mm² surfaces, 

confirming that carbon face sheets act as effective barriers 

against impact-induced damage. This configuration proved 

most effective in suppressing delamination growth while 

maintaining structural rigidity.  

When the top and bottom glass layers were kept constant 

with increasing inner carbon plies, G2C2C2G2 → G2C3C3G2 → 

G2C4C4G2, the absorbed energy decreased with additional 

plies, while peak load increased, signifying improved 

stiffness. However, due to brittle glass skins, the damage 

response was inconsistent: the front-face area initially 

decreased to 90.9 and 44 mm² but increased again at higher ply 

counts to 79 mm². This suggests that inner carbon layers 

improved stiffness, but the presence of glass at the outer 

surfaces still governed crack initiation and visible surface 

damage (see Table 7).  

 

 
 

Figure 7. Graph of the damage area of hybrid specimens 

 

Finally, when the inner carbon layers were kept constant 

with increasing glass plies on the outer surfaces G2C2C2G2 → 

G3C2C2G3 → G4C2C2G4, a gradual decrease in absorbed 

energy from 7.4 to 5 J was observed alongside increased 

stiffness. The damage analysis revealed reduced front damage 

from 90.9 to 34.28 mm² and a substantial increase in the back-

face cracking from 28.68 to 33.15 mm². This indicates that 

while glass at the outer layers is prone to visible surface 

cracking, the carbon core effectively restricted damage 

propagation through the laminate thickness, improving 

backside protection, as shown in Figure 7. 
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Table 7. Front and back side damage of hybrid specimens 

 

Sl 

No. 

Stacking 

Sequence 

No. of 

Layers 

Front Side 

Damage 

Image 

Back Side 

Damage 

Image 

1 C2G2G2C2 8 

  

2 C2G3G3C2 10 

  

3 C2G4G4C2 12 

  

4 G2C2C2G2 8 

  

5 G2C3C3G2 10 

  

6 G2C4C4G2 12 

  

7 C2G2G2C2 8 

  

8 C3G2G2C3 10 

  

9 C4G2G2C4 12 

  

10 G2C2C2G2 8 

  

11 G3C2C2G3 10 

  

12 G4C2C2G4 12 

  

 

Overall, increased carbon at the outer layers was most 

effective in limiting both front- and back-side damage while 

maintaining stiffness, making them suitable for applications 

demanding high impact resistance. Conversely, glass-

dominant cores promoted brittle behavior with larger damage 

areas, reducing overall impact tolerance. Configurations with 

outer layers of glass and carbon inner layers offered a trade-

off, providing excellent backside protection at the expense of 

increased front-surface cracking (see Table 7). 

 

 

5. CONCLUSIONS 

 

This study systematically investigated the LVI response of 

hybrid glass/carbon fibre reinforced epoxy laminates with 

varying stacking sequences and thicknesses. The results 

consistently demonstrated that the placement of carbon or 

glass layers strongly governs the balance between energy 

absorption, stiffness, and visible damage tolerance. 

i) Carbon-rich outer layers minimized both front- and 

backside damage, offering superior impact tolerance. 

ii) Glass-dominant skins exhibited brittle cracks with 

larger front-side damage zones despite moderate 

absorption. 

iii) Hybrid configurations with glass skins and carbon 

cores provided effective backside protection but 

higher surface cracking. 

iv) Increasing laminate thickness enhanced stiffness but 

reduced energy absorption, promoting brittle failure. 

v) The findings provide initial design indications for 

selecting glass/carbon hybrid stacking sequences 

where a balance between impact energy absorption 

and damage suppression is required. Further 

validation through post-impact residual strength 

testing is necessary before structural design 

recommendations can be established. 
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