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PREFACE 

We present the Book of Abstracts for the 3rd HISTRATE Conference — Advanced Composites 
under HIgh STRAin raTEs Loading: A Route to Certification-by-Analysis, held at the University 
of Latvia on 10th and 11th June 2026 in Riga, Latvia. Building on the strong positive response to 
the first two HISTRATE conferences in 2024 and 2025, this year’s event continues to serve as a 
dedicated meeting place for specialists addressing challenges in composite materials, dynamic 
loading, and computational certification methodologies. Riga, the capital of Latvia, offered a 
unique blend of historical heritage, modern infrastructure, and a dynamic academic community. 
Known for its outstanding architecture and vibrant cultural life, the city provided an excellent 
environment for scientific discussions, networking, and international collaboration. As a major 
hub in the Baltic region, Riga was a fitting host for bringing together researchers, engineers, and 
industry professionals involved in the COST Action CA21155. 

Advanced composite materials have become indispensable in industries such as aerospace, 
automotive, defense, marine, and renewable energy, where lightweight, high-performance, and 
impact-resistant structures are essential. Understanding their response under high strain-rate 
conditions is therefore a matter of both scientific significance and engineering necessity. In 
parallel, the growing adoption of certification-by-analysis reflects a shift toward more efficient, 
reliable, and cost-effective alternatives to traditional qualification procedures. Realizing this vision 
depends critically on the availability of validated, high-fidelity computational models capable of 
accurately predicting material and structural behavior under dynamic loading conditions. The 
HISTRATE conference series realizes knowledge transfer by ideas sharing and discussing both 
the advances and the hurdles in the domain of composites. The 2026 edition integrates 
experimental, numerical, and analytical approaches to make possible transition towards 
certification-by-analysis for composite structures subjected to high strain rate loading. 

The conference program features 6 invite lectures by experts from industry, technical sessions with 
25 oral presentations and 24 poster presentations following thematically the research conducted 
by the COST CA21155 Working groups, including research from early-career scientists. The 
program fostered both formal and informal exchanges, encouraging collaborations and 
continuation of research in future. 

This Book of Abstracts offers diversity of methods, depth of analysis, and future trends by 
compiling contributions from 40 universities, 16 academic research centers, and 8 industrial 
research centers. A broad spectrum of topics is addressed, including innovative experimental 
material characterization, recent developments in constitutive modeling and high-strain-rate 
failure criteria, multiscale simulation methodologies, and advanced composite architectures 
tailored for enhanced dynamic performance. Particular emphasis is also placed on strategies for 
integrating numerical predictions into certification processes. Emerging directions such as the 
application of artificial intelligence and machine learning to material modeling under dynamic 
loading, together with uncertainty quantification techniques for predictive simulations, constitute 
important and rapidly evolving areas represented in this volume. The conference united 
participants from 22 countries, including Belgium (3), Bulgaria (4), Chroatia (1), Cyprus (1), 
France (1), Georgia (2), Germany (3), India (2), Ireland (1), Italy (6), Kosovo (1), Latvia (8), 
Lithuania (1), The Netherlands (1), North Macedonia (5), Poland (8), Portugal (3), Romania (1), 



Spain (1), Switzerland (1), Tunisia (1), Turkiye (12), UK (2). There are 12 joint papers with authors 
from two or more of the following countries: Belgium, Bulgaria, Georgia, Germany, Ireland, Italy, 
Latvia, Lithuania, The Netherlands, North Macedonia, Portugal, Turkiye, UK.      . 

We wish to thank all the authors for their valuable contributions, the reviewers from the conference 
program committee for their thorough evaluations and their tireless efforts in shaping this 
conference. Special recognition is also due to our host from University of Latvia for their 
organizing work and generous support. 

We believe this collection of abstracts will serve not only as a useful reference but also as a lasting 
record of the ongoing efforts to push the boundaries of composite material technology and 
certification practices under dynamic loading conditions. 

The HISTRATE 2026 Organizing Committee 
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Neural network based composite failure prediction for accelerated 
explicit finite element simulations 

Jens Wiegand1* and Giuseppe Zumpano2 
1 COMPACT Composite Impact Engineering LTD, 12 Gateway Mews, London N11 2UT, UK 

2 Rolls Royce PLC, Moor Lane, Derby DE24 8BJ, UK 
* jens@compact-engineering.co.uk 

 

Summary: Explicit FEA for composite materials is computationally hindered by complex failure theories and 
tensor rotations. This study introduces a Depp Neural Network based surrogate model integrated into LS-DYNA 
to accelerate simulations. The framework employs a hybrid approach: computationally efficient neural networks 
predict damage onset in elastic regions, switching to high-fidelity constitutive models only when failure is 
imminent. Validated against impact simulations, the method achieved a 50% reduction in constitutive subroutine 
runtime and a 25% overall speedup. This strategy significantly optimizes resource allocation, enabling faster 
large-scale structural integrity assessments without sacrificing predictive accuracy.  
Abstract  
Finite Element Analysis (FEA) is a cornerstone in engineering simulations, particularly for assessing the 
structural integrity of composite materials. However, explicit FEA methods are often computationally intensive, 
especially when modelling the intricate failure mechanisms inherent in composites. Over the years, failure 
theories have evolved in sophistication, leading to constitutive models that, while more accurate, further 
exacerbate computational demands. This challenge is magnified in large-scale engineering applications where 
extensive meshes are employed, despite the reality that failure typically occurs in localized regions, leaving vast 
portions of the mesh elastic but still subject to complex computations. 

To address this inefficiency, it is imperative to strategically allocate computational resources, concentrating 
efforts on critical areas prone to failure while minimising costs in regions where failure is unlikely. The rapid 
advancement of data-driven methodologies offers promising avenues in this context [1,2]. Deep neural networks 
(DNNs), renowned for their exceptional function approximation capabilities [3], have demonstrated potential in 
capturing complex patterns within data. By integrating DNNs into FEA frameworks, one can develop surrogate 
models that predict failure responses with high fidelity, thereby reducing the reliance on computationally 
expensive simulations in non-critical mesh areas. 

The simulation environment inherent in FEA provides a rich repository of data, facilitating the training of DNNs 
to achieve high accuracy. By leveraging this data, DNN-based models can be trained to recognise and predict 
failure behaviours, enabling a more efficient allocation of computational resources. This approach enhances the 
efficiency of simulations involving composite materials. 

A homogenised constitutive model is used in this study for the prediction of the onset of damage in composite 
laminates. Local orientation-based damage algorithms then calculate material degradation once the onset of 
damage is detected. The constitutive model allows for the representation of up to eight fibre orientations in a 
single finite element, hence allowing for manageable mesh sizes for large, component-level, finite element 
models, and is implemented as a user-defined subroutine (UMAT) in the finite element solver LS-DYNA. 
Evaluating various stress-based failure criteria in this UMAT requires multiple tensor rotations to obtain the 
stress state in coordinate systems which are aligned with the various material orientations in each element. 
These rotations and the local evaluation of the failure criteria are computationally intensive and were identified 
as significant drivers of the computational cost of the constitutive model. 

A surrogate model was developed that allows for the rapid evaluation of the failure criteria without performing 
the failure analysis in all present fibre orientations. Once any orientations inside an element indicate that the 
material nears the onset of damage, the model switches from the surrogate model back to the expensive but 
accurate orientation-based constitutive model for evaluating any potential damage for the remainder of the 
simulation. Consequently, all finite elements that remain elastic during the simulation only use the 
computationally efficient surrogate model, which results in significant time savings. 

The proposed surrogate model was selected by comparing the computational efficiency and accuracy of DNNs 
of varying sizes and activation functions. Optimised synthetic data generation strategies were developed and 
assessed based on the observed network accuracy after training. In addition, a computationally efficient 
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algorithm for fast inference on large parallel architectures was developed and implemented in the finite element 
software LS-DYNA. 

The comparison of the runtime of the accelerated surrogate-based constitutive model and the original 
constitutive model allowed for the measurement of the resulting computational time savings. It was 
demonstrated that a significant reduction in the required computational time could be achieved. The time 
savings depend on the finite element model (e.g., the presence of additional expensive features such as 
contacts). The application to simple ball-bearing impacts on composite laminates demonstrated a 50% reduction 
in time spent in the constitutive model subroutine and a 25% reduction in overall required computational time 
(see Figures 1 and 2). 

 

 

 
Fig. 1. Acceleration of a plate impact simulation. 

 

 
Fig. 2. Comparison of accelerated and baseline failure prediction. 
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Evaluating Thermal Reconsolidation Efficiency in CF/PEKK 
Composites Subjected to Single and Multiple Low-Velocity Impacts 

Mahsa Seyednourani1,2, Sinem Elmas1,2, Hasan Ulus1,3, Mehmet Yıldız1,2, Hatice S. Sas4* 
1Sabanci University Integrated Manufacturing Technologies Research and Application Center, Tuzla, Istanbul 34956, Türkiye 

2Faculty of Engineering and Natural Sciences, Sabanci University, Tuzla, Istanbul 34956, Türkiye 
3Selcuk University, Huglu Vocational School, Konya 42700, Türkiye 

4School of Mechanical, Aerospace and Civil Engineering, The University of Sheffield, S1 3JD, UK 
* h.s.sas@sheffield.ac.uk 

Abstract: This study investigates the efficiency of thermal reconsolidation as a repair strategy for carbon-fiber-
reinforced polyether ketone ketone (CF/PEKK) laminates subjected to single and repeated low-velocity impacts. 
Laminates were impacted at 2.5, 5, and 10 J and then repaired by hot-press reconsolidation. Residual behavior was 
assessed using repeated impact tests, compression after impact (CAI), charpy impact, and dynamic mechanical 
analysis (DMA). Reconsolidation markedly recovered compressive strength and local impact resistance after low to 
moderate damage, whereas its effectiveness decreased with increasing cumulative damage. The results clarify both 
the potential and the limitations of reconsolidation for sustainable life extension of aerospace-grade thermoplastic 
composites. 
Introduction 
Thermoplastic composites are increasingly attractive for aerospace structures because they combine low density, high 
toughness, weldability, and repairability. Among them, CF/PEKK has received growing attention due to its thermal 
stability and damage tolerance. However, low-velocity impact events such as tool drops and service-induced contacts 
still generate matrix cracking, delamination, and local fiber damage, which reduce residual load-bearing capacity. 
Thermal reconsolidation offers a promising repair route because the thermoplastic matrix can be reheated and reflowed 
to close cracks, rebond interfaces, and partially restore structural continuity [1-3]. While earlier studies have mainly 
examined single-impact damage, the influence of repeated impact and repeated healing on repair efficiency remains 
insufficiently understood. This work therefore investigates the effectiveness of reconsolidation for CF/PEKK 
laminates exposed to both single and cumulative impact histories, with emphasis on residual compressive response 
and impact resistance. 
Material and Methods 
CF/PEKK laminates were manufactured from Toray Cetex TC1320 unidirectional slit tapes using automated fiber 
placement followed by autoclave consolidation. Panels with nominal dimensions of 600 × 600 × 3.15 mm³ were 
manufactured and subsequently cut into test coupons. Low-velocity impact tests were performed according to ASTM 
D7136 using impact energies of 2.5, 5, and 10 J to represent different damage severities. In addition to single-impact 
configurations, repeated-impact scenarios were introduced by striking the same region multiple times, either with or 
without an intermediate reconsolidation cycle. Reconsolidation was carried out in a hydraulic hot press at 380 °C 
under pressure, followed by controlled cooling. The repaired laminates were evaluated through repeated low-velocity 
impact testing, Charpy impact, DMA, and CAI testing. This combined approach enabled assessment of both residual 
structural performance and thermo-mechanical changes induced by damage and repair. 
Results and Discussion 
The results show that reconsolidation is most effective when applied after low to moderate damage. For the reference 
condition, reconsolidated specimens reached a peak CAI stress of about 276 MPa compared with 263 MPa for the as-
manufactured laminate, indicating that the thermal cycle itself did not degrade the material. For 2.5 J impacted 
laminates, the peak compressive stress increased from about 220 MPa in the damaged state to about 265 MPa after 
reconsolidation, corresponding to a substantial recovery of residual load-bearing capacity. At 5 J, the peak stress 
increased from about 180 MPa to about 261 MPa after healing, confirming that reconsolidation can still recover 
significant strength after more severe damage. By contrast, for the 10 J condition, only limited recovery was possible 
because the damage approached a catastrophic threshold [2,3]. 
Repeated impact results further demonstrated the limitation of the repair process under cumulative damage. At 2.5 J, 
a single-impact laminate absorbed about 91% of the applied impact energy, whereas a double-impacted unrepaired 
specimen absorbed only about 40%. When reconsolidation was introduced between impacts, the absorbed energy 
recovered to about 79%, showing a clear restoration of stiffness and impact tolerance. Charpy testing also confirmed 
the benefit of healing, with reconsolidated specimens exhibiting higher absorbed energy than the damaged state and, 
in some cases, even exceeding the reference condition. DMA results indicated partial recovery of thermal stability 
after reconsolidation, although the repaired material did not fully return to its original microstructural state. Overall, 



the findings suggest that reconsolidation is more successful in restoring compressive strength than in fully recovering 
ductility once damage becomes repeated or extensive. 
 
Table 1. Summary of absorbed energy and CAI performance for damaged and reconsolidated CF/PEKK laminates 

under repeated impact conditions. 

Sample Type Absorbed Energy (J) CAI Stress (MPa) Interpretation 

2.5J Impact 2.274 220 Baseline toughness 

2.5J-Reconsolidated-2.5J 1.967 264 Strength recovery and improved 
resistance 

Double Strike 2.5J (2.5JX) 0.944 289 Brittle failure, higher residual strength 

2.5JX2-Reconsolidated-
2.5J 1.953 267 Improved resistance, slightly higher 

strength 

5J Impact 3.297 261 Higher impact energy absorbed 

5J-Reconsolidated-5J 3.282 278 Slight decrease in dissipation after 
reconsolidation 

 
Conclusion 
Thermal reconsolidation is a promising repair strategy for aerospace-grade CF/PEKK laminates after low-velocity 
impact damage. The method significantly restores residual compressive strength and improves impact resistance when 
applied after early-stage or moderate damage. However, its efficiency decreases as impact severity and cumulative 
damage increase. These results highlight the potential of reconsolidation for maintenance and life extension of 
thermoplastic composite structures, while also defining the practical limits of the process under repeated damage 
conditions. Future work should focus on multi-cycle healing strategies and localized repair approaches to improve 
performance retention under realistic service histories. 
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Abstract: Developing blast-resistant concrete systems is essential to overcome the limitations of traditional 
reinforced concrete slabs and enhance structural resilience under extreme impulsive loads. This research conducts 
an experimental analysis of the blast response in biaxially voided reinforced concrete slabs subjected to air-blast 
loading. Spherical void formers were carefully placed within two-way reinforced slabs and exposed to a 1 kg TNT 
explosion at a scaled distance of 0.5 m/kg¹ᐟ³. The slabs' dynamic behavior was tracked using strain gauges and 
pressure transducers to record strain–time histories and incident overpressure, while post-blast structural integrity 
was assessed through non-destructive testing, including rebound hammer and ultrasonic pulse velocity (UPV) 
measurements. Results showed a clear two-peak compressive strain pattern linked to incident and reflected stress 
waves propagating through the slab. Localized strain enhancements appeared around the void edges due to stress-
wave interactions and geometric discontinuities caused by the voids. Despite these localized stress concentrations, 
the slabs avoided full perforation or structural failure. Damage evaluation revealed mainly localized, uneven 
cracking, primarily in the slab's central area. Non-destructive tests indicated a moderate decrease in surface 
hardness and up to a 50% reduction in UPV values in the damaged zones, suggesting localized material 
degradation. Nonetheless, damage indices suggest the slabs maintained sufficient residual load capacity after blast 
exposure. Overall, the findings show that internal voids significantly alter stress-wave propagation and promote 
energy dissipation within the slab, reducing the risk of catastrophic failure and enabling lighter structural designs. 
Biaxially voided reinforced concrete slabs, therefore, hold promise as a lightweight, blast-resistant solution for 
advanced structural systems. 

 
 

Fig. 1. Schematic of instrumentation: (a) top view; and (b) sectional-view. 

 
Fig. 2. Damage analysis of BVRCS: (a) top view; and (b) bottom view. 
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Abstract: The increasing demand for sustainable high-performance materials has driven the development of bio-
based composite systems suitable for high strain rate applications. This study investigates fiber-reinforced 
laminates based on epoxy resin modified with epoxidized soybean oil (ESO) as a renewable toughening agent. 
The incorporation of ESO improves matrix ductility, energy dissipation capacity, and crack propagation resistance 
without significantly compromising stiffness. Glass-fiber-reinforced laminates were manufactured and subjected 
to dynamic compression loading at elevated strain rates to evaluate their mechanical response. The results 
demonstrate enhanced strain-rate sensitivity and improved impact resistance compared to conventional brittle 
thermoset systems. Failure analysis indicates reduced matrix cracking and delayed interlaminar delamination due 
to improved matrix–fiber interfacial behavior. The study confirms that bio-based epoxy/ESO pultruded 
composites exhibit promising mechanical stability and enhanced dynamic performance, making them suitable for 
structural applications subjected to impact and high-rate compressive loading. 
1. Experiment 

 The production of thermosetting fiber-reinforced polymer composites by pultrusion generally takes much 
less time due to their short consolidation cycles [1-5]. Several resin systems were used for the pultrusion 
experiments, some of which also contained bio-modified resin with different % in the resin system. 
1.1. Production of new composites   

Pultrusion represents an efficient and highly controlled manufacturing process for continuous fiber-reinforced 
composites based on thermosetting matrices. In epoxy systems modified with epoxidized soybean oil (ESO), the 
process offers a promising route for producing sustainable structural profiles with enhanced toughness and strain-
rate sensitivity. 

In the pultrusion process, continuous glass or carbon fibers are impregnated with a reactive epoxy resin 
system, typically based on DGEBA modified with ESO as a bio-based toughening agent and reactive diluent. The 
incorporation of ESO reduces resin viscosity, improving fiber wet-out during impregnation, while simultaneously 
increasing matrix ductility and fracture resistance after curing. The impregnated fiber bundle is then pulled 
through a heated die, where polymerization and crosslinking occur under controlled thermal conditions. 
Optimization of die temperature profile and pulling speed is essential to achieve complete curing while 
maintaining dimensional stability and minimizing residual stresses. 

 

Fig. 1 Schematic layout of designed laboratory pultrusion 
From a mechanical perspective, ESO-modified epoxy ma[1,6]. trices significantly influence the compressive 
behavior of pultruded composites under high strain rate loading. The increased flexibility introduced by ESO 
enhances energy absorption capacity and delays catastrophic brittle failure typically observed in conventional 
epoxy systems. Under elevated strain rates, pultruded laminates often exhibit increased compressive strength and 
stiffness due to strain-rate sensitivity of the polymer matrix. The presence of ESO can further improve damage 
tolerance by promoting microplastic deformation within the matrix and improving fiber–matrix interfacial stress 
transfer. Failure mechanisms under dynamic compression commonly include fiber microbuckling, matrix 
cracking, and interlaminar shear failure. However, ESO-modified systems tend to show reduced crack 
propagation speed and improved resistance to delamination compared to unmodified epoxy composites. These 
characteristics make bio-based epoxy/ESO pultruded composites attractive for applications subjected to impact, 
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crash loading, and other high-rate mechanical events. [7-11]. Overall, the combination of pultrusion technology 
and bio-modified epoxy systems provides a sustainable and mechanically efficient solution for structural 
components requiring reliable performance under high strain rate compressive loading. 
However, these processes require careful management of key parameters, including temperature, fiber tension, 
speed and resin flow, to ensure optimal consolidation and part performance.  Optimizing these parameters ensures 
high-quality composite parts with superior mechanical properties. These technologies offer significant benefits 
across a variety of industries, automotive and energy, by providing high-performance composite materials with 
tailored properties. 

2. Results and Discussion 
In this study, several thermosetting composite laminates with different matrix formulations were 

manufactured and systematically tested under both quasi-static and high-strain-rate compressive loading 
conditions, as well as under impact. The composite matrices included conventional epoxy systems and bio-based 
epoxy modified with varying contents of epoxidized soybean oil (ESO) as a toughening agent. Pultrusion and 
hand lay-up techniques were employed to produce laminates with consistent fiber volume fractions and controlled 
thicknesses. Mechanical testing involved low, intermediate and high-speed compression and impact tests 
following standards. Selected samples were analyzed using optical and scanning electron microscopy to 
characterize damage evolution, including matrix cracking, fiber micro-buckling, delamination, and interfacial 
failure. 

The results show that increasing ESO content enhances impact resistance, improves energy absorption, and 
provides greater stability under high-strain-rate compression. Microscopic analysis indicates that ESO-modified 
matrices promote more uniform stress distribution and delay crack propagation, leading to improved damage 
tolerance compared to unmodified epoxy composites. These findings demonstrate that bio-based ESO-modified 
thermosetting composites offer superior mechanical performance under dynamic loading conditions, highlighting 
their potential for structural applications requiring high impact resistance and high-rate compressive stability. 
Failure mechanisms transitioned from progressive matrix cracking and fiber micro-buckling under quasi-static 
loading to more localized and confined damage under dynamic impact conditions. 
 
3. Summary  

 Bio-modified thermosetting composites exhibit improved impact resistance and enhanced stability under 
high-strain-rate compression. The incorporation of ESO contributes to increased energy absorption capacity, 
delayed crack initiation and propagation, and mitigation of typical brittle failure mechanisms. However, these 
improvements are observed only up to an optimal ESO concentration. Beyond this threshold, further addition of 
ESO leads to a gradual deterioration of mechanical properties, primarily due to plasticization effects and a 
reduction in crosslink density within the epoxy network. Therefore, ESO-based bio-composites represent 
promising candidates for structural applications subjected to dynamic loading conditions, provided that the ESO 
content is carefully optimized. 
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Summary: High-Entropy Alloys (HEAs) are alloys that contain at least 5 principal metallic elements with 
equimolar concentration, or where the presence of principal elements varies between 5-35%. Four core effects: 
high configurational entropy, sluggish diffusion, lattice distortion and cocktail effects provide to HEA’s the unique 
complex of properties, in particular: shock resistance, high hardness, wear-resistance, high strength, good 
corrosion/oxidation-resistance etc. [1-5].      
The Fe-W-Al-Ti-Ni system was selected to fabricate HEA. Mechanical Alloying was applied to obtain 
ultrafine/nanostructured powder mixture. The explosion compaction was used for consolidation of ultradisperse 
powders. The technological regimes of fabrication of HEA’s and structure-properties are discussed in the paper.  

1. Motivation and Experimental set-up  
1.1. Motivation  
The Fe-W-Al-Ti-Ni–B-C composition is very attractive for both, fundamental investigations and for practical 
point of view (advanced materials for ballistics, energy sector, defense, machine building, chemical industries, 
anti-corrosion coatings, electronics, nuclear power plant etc.).  

1.2. Fabrication of HEA Nanopowders   

Crystalline Fe, W, Al, Ti, Ni coarse elementary pure (at list 96%) powders were used as precursors and subjected 
to “incoming control”, which includes following operations: Sieve analyses, sorting by fraction in vibratory sieve; 
granulometric analyses; x-ray phase and fluorescence analyses. Purity of principal metallic components was: 
≥96%; main impurities: Si, Mn, C. Blend of 15%Fe-45%W7%Al-12%Ti-15%Ni-3%C-3%B (by mass) 
composition was prepared for mechanical alloying (MA). The MA of the HEA powder blend performed in the 
high energetic “Fritsch” Planetary Mill PULVERISETTE 7 (Fig 1). Mill was equipped with WC Balls and jars. 
Conditions of milling: ratio: balls to blend mass ratio 10:1; Diameter of balls: 5mm; The time of MA varied and 
was: 2h; 6h; 10h; 14h; 28h; 36h; 48h; 72h; Rotation speed of the jar was 500 rpm in reverse regime with delay 
30min; The phase composition and particle sizes of the powders were controlled by X-ray diffraction system, 
nano-sizer and SEM investigations. 

 

 

 

 

 

 

Fig.1. MA of 15%Fe-45%W7%Al-12%Ti-15%Ni-3%C-3%B: a) Ball mill view; b) Blend view Charged in jar. 

1.3. Fabrication of Bulk High Entropy Alloys  

The cylindrical container was fabricated from a low carbon steel tube, closed from one side. Pre-alloyed ultrafine 
blend was charged in powder container. Charging of powder performed step by step in little portions of powder, 
followed by pressing on static press-installation for pre-densification (intensity of loading P=500-1000 kg/cm2). 
After filling the containers were closed on both sides. Explosion consolidation of pre-alloyed HEA powder 
(HEAP) performed by well-known [6] axis-symmetric explosion loading scheme (Fig.2). For this purpose, 
cylindrical containers for explosives, from polymer tube (with increased diameter) were prepared. The steel 
container charged by HEAP was in polymer box axis-symmetrically, filled with the powdered explosive (ANFO, 
ammonite or RDX) and was detonated. The stress-deformed condition of the reaction mixture generated under 
explosive loadings, were determined according to solutions of mathematical physics and elasticity theory and by 
the computer program created by authors [7].  
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Fig.2 Axis-Symmetric Cylindrical Set-up for explosion consolidation of HEAP. 

2. Experimental Results  

The pictures of Bulk HEA composite samples fabricated by explosion compaction technology are presented on 
Fig. 3. 
 
 
 
 
 
 
 
 

 
 

Fig. 3. View of Bulk composite samples obtained by explosive consolidation of FeWAlTiNi: a) steel container 
after explosion loading; b) Bulk sample by mechanical treatment for removal of steel jucket; c) FeWAlTiNi Bulk 
composite.  
 
 
Investigations of microstructural transformations of pre-alloyed powders and Bulk HEA’s matrix composites 
consolidated by explosion consolidation technology carried out by JEOL JSM-6510LV scanning microscopes.  
The Bulk HEA composites fabricated by explosion consolidation are characterized by ultrafine grained structure. 
By SEM and XRD investigations confirmed formation of nanostructure in composites obtained from blend, MA 
in 72h. 
At the same time the radial cracks are observed in cross-section of bulk samples. It is an indicator of the necessity 
to change the explosion load parameters, to reduce peak pressure and increase the impulse duration. 

Conclusions:  

- Mechanical Alloying of preliminary prepared precursors mixture was performed in planetary ball mill and 
technological parameters for pre-alloyed powder fabrication are determined. 

- Pre-alloyed ultrafine blend was consolidated by explosion generated high pressure and bulk HEA composites 
are fabricated. 

- The possibilities of formation bulk Alloys by considered technological route are confirmed. 
- The radial cracks in cross section of FeWAlTiNiBC HEA bulk samples were observed.  
- The necessity of future works for optimization of explosion consolidation parameters of FeWAlTiNiBC pre alloyed 

powder is established. 
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Summary: This study aimed to investigate the effect of MXene surface coating on the impact, interlaminar 
fracture toughness, and fatigue properties of basalt fiber-reinforced composites (BFRC) impregnated with a star-
like polymer (SLP)-modified epoxy matrix. The matrix modification, i.e., addition of 0.5 wt.% SLP in epoxy resin 
for BFRC impregnation led to the highest impact and interlaminar fracture properties, but an antagonistic effect 
was observed with dual modification strategies. However, fatigue test results showed that combining bulk matrix 
modification with interfacial treatment was the most effective approach for improving the fatigue behavior of 
BFRC. 

1. Introduction 
Basalt fibers (BF) are a cost-effective alternative to glass fibers in fiber-reinforced composites [1]. With high 
tensile strength (~2.8 GPa), excellent thermal stability, and strong chemical resistance, BFRC are suitable for 
automotive, electrical, wind energy, insulation, and fire-protection applications [2]. A key limitation of BFRC is 
poor interfacial bonding between the BF and the epoxy matrix. The inert, smooth fiber surface restricts mechanical 
interlocking and chemical adhesion, reducing overall composite performance [3]. Surface modification methods, 
including low-temperature plasma treatment (air or oxygen) and chemical sizing, enhance fiber wettability and 
interfacial adhesion, thereby improving interlaminar shear strength and toughness [4]. 

MXenes, particularly Ti₃C₂Tₓ, are emerging two-dimensional materials that are widely explored as coatings or 
nanofillers in polymer composites [5]. Their incorporation improves interfacial bonding, mechanical strength, and 
multifunctionality by enhancing electrical and thermal conductivity. Combining plasma-based surface activation 
with MXene nanocoatings may reduce fiber–matrix debonding and introduce multifunctionality. Additionally, 
modifying the epoxy matrix with SLP improves wettability and adhesion due to its branched structure and reduced 
surface tension [6]. Previous studies revealed significant improvements in interlaminar fracture properties of SLP-
modified BFRC, highlighting the potential of multiscale modification approaches for advanced composite design 
[2,6]. 

2. Materials and methods 

The reference material was BFRC, made from BAS UNI 350 BF (Basaltex, Belgium), and a bio-based epoxy 
system consisting of SR Greenpoxy 33 resin (Sicomin, France) and LITE 2401 hardener (Cardolite, Belgium) 
mixed at a 100:34 ratio. The epoxy matrix was modified with 0.5 wt.% SLP, i.e., poly(n-butyl methacrylate)-
block-(glycidyl methacrylate), developed by SYNPO a.s. (Czech Republic). This concentration was selected 
based on previous results showing optimal improvements in wettability, mechanical, and thermophysical 
properties of SLP-modified BFRC [6]. 

Oxygen plasma treatment was carried out for 2 min using a radio-frequency capacitive plasma unit (JSC Kvartz 
Plasma-600T, Quvasoy, Uzbekistan) operating at 13.56 MHz and 0.3 W/cm². Subsequently, the BF samples 
underwent three cycles of dip-coating in a 0.67 mg/mL aqueous MXene suspension, with each dipping step 
followed by drying at 70 °C. 

Specimens for low-velocity impact testing were prepared in accordance with ISO 14125, with dimensions of 
60 × 60 × 1 mm (±0.2). Laminates were fabricated by manual lay-up using five plies of basalt fiber fabric to 
achieve the required thickness. After fabrication, the samples were vacuum bagged for 12 hours and cured 
according to the previously described protocol. At least five specimens were produced and tested for each 
experimental group. Low-velocity impact tests were performed in accordance with ISO 6603-02 using an 
instrumented drop-weight system (Coesfeld GmbH & Co. KG, Germany). Specimens were clamped between two 
steel plates with a 40 mm circular opening for striker access. A hemispherical striker (20 mm diameter, 5.185 kg) 
was dropped from 1.0 m, producing an impact velocity of approximately 2.80 m/s. 
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Double cantilever beam (DCB) specimens were prepared from BFRC laminate plates in accordance with ASTM 
D5528, with nominal dimensions of 125 × 25 × 3 mm (±0.2), consistent with our previous research [2]. The 
laminates were made by stacking 12 layers of basalt fiber fabric, each manually impregnated with resin in a custom 
mold. For plasma-treated and MXene-coated samples, the two central plies were modified accordingly. Laminates 
were pressed at 20 kPa for 24 hours at room temperature, then post-cured at 80 °C and 120 °C for 2 hours each, 
and finally cut along the fiber direction. Mode I interlaminar fracture toughness tests were performed on a Zwick 
2.5 universal machine at a crosshead speed of 2 mm/min. Crack growth was visually monitored on one specimen 
face using reference marks at 1- and 2-mm intervals. A total of 20 crack-length measurements per specimen were 
recorded to calculate Mode I interlaminar fracture toughness by using modified beam theory. 

Flexural fatigue specimens were prepared according to ISO 14125 with nominal dimensions of 50 × 15 × 1.2 ± 
0.2 mm. Prior to testing, specimens were conditioned for at least 48 hours at 23 ± 2 °C and 50 ± 5% relative 
humidity in accordance with ISO 291. Fatigue tests were performed in three-point bending in accordance with 
ISO 14125 and ASTM D7774. The span was 40 mm (~20× specimen thickness), with 5 mm-radius cylindrical 
loading and support noses. Tests were conducted on an Instron E10000 machine (1–10 kN load cell) under force-
controlled sinusoidal loading at 5 Hz and a stress ratio of R = 0.1. Maximum stress levels were set between 0.9 
and 0.5 of the static flexural strength (determined per ISO 14125), with at least 5 specimens tested at each level. 
Failure was defined as a complete fracture; specimens surviving 10⁷ cycles were classified as run-outs. 

3. Main results and conclusions 
Due to different dominant fracture modes in impact and bending fatigue, distinct effects were observed for the 
SLP and MXene treatments. For impact results, the dual modification of BFRC was ineffective because the 
dominant mode was shear stress, and MXenes could reduce interfacial shear strength. Thus, the highest impact 
resistance, with 38% and 78% improvements over BFRC in maximum force and absorbed energy, respectively, 
was achieved with BFRC modified with 0.5 wt.% SLP, due to improved interfacial bonding. 

The most improved fatigue behavior, with the number of cycles improved by 191% compared with the reference 
BFRC, was observed for the hybrid system combining SLP modification and plasma/MXene treatment. It also 
showed that the highest resistance to cyclic failure, indicating a clear synergistic effect between matrix toughening 
and interfacial reinforcement. Thus, it can be concluded that SLP improved matrix ductility and energy 
dissipation, while the plasma/MXene-treated interphase enhanced the overall resistance of BFRC to normal stress, 
which dominates in bending. 

For interlaminar fracture properties, a 45% increase in Mode I interlaminar fracture toughness (ILFT) for BFRC 
containing 0.5 wt.% SLP, attributed to higher epoxy crosslink density and improved fiber–matrix bonding. For 
oxygen plasma and MXene-treated BFRC, critical load and ILFT increased by 18.8% and 28.8%, respectively, 
owing to enhanced interfacial adhesion, surface functionalization, roughness, and nano-reinforcing crack-
deflection mechanisms. However, similarly to impact properties, dual modification did not yield further 
improvement and slightly reduced performance. 

The enhanced performance of BFRC modified with SLP and coated by MXenes highlights the importance of 
multiscale design approaches in developing next-generation fiber-reinforced composites for long-term and cyclic 
loading applications. 
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Summary: In protected CFRP subjected to lightning strike, while thermal effects mostly affect the topmost UD 
plies, damage in the bulk, where temperatures can be far from the ablation temperatures of the composite 
constituents, is mainly the result of the pressure generated by the explosion of the lightning protection layer, 
supersonic plasma expansion and magnetic forces. In this work, a 3D intralaminar damage model and cohesive 
zone interlaminar damage models are applied to study the effects of stacking sequence, paint layer thickness and 
artificial lightning parameters on the mechanical damage induced by the direct effects of lightning strikes on 
carbon/epoxy multi-directional laminates protected by expanded copper foil. The models show an influence of 
stacking sequence not only on the orientation of the damage projected area, but also on its size. In addition, no 
effect on the damage depth is observed, in agreement with available experimental observations. The models also 
show that laminates with thicker ply blocks have larger damage projected areas. The effect of paint layer thickness 
is then predicted, showing that thicker paint layers lead to larger damage extent, as observed experimentally. 
Finally, it is shown that varying the peak current and deposited energy changes the extent of damage, with the 
proposed models following the trends observed in experiments. Ultimately, this study demonstrates that the 
progress and development of reliable models that accurately predict the main effects of lightning strikes is key to 
simulation-based product development and certification-by-analysis of protected composite aero-structures. 
1. Introduction 
In this work, the physically-based models proposed by Karch et al. [1] for the mechanical loads induced by 
lightning strikes are implemented into a 3D structural finite element model and combined with a modified 
continuum damage mechanics (CDM) model for CFRPs [2] and an interlaminar cohesive zone model for 
delamination to predict the mechanical response of protected, painted composite laminates subjected to simulated 
lightning strike. This model, after experimental validation [3], is employed in the prediction of the influence of 
(i) stacking sequence, lay-up and effective ply thickness, (ii) paint thickness and (iii) lightning parameters 
(covering the application domain of the SAE aerospace recommended practice for lightning strike testing of 
aeronautical structures) on the mechanical response of CFRP laminates subjected to simulated lightning strike. 

2. Mechanical lightning loads 

Experimental observations show that, in protected CFRP, “thermal” damage to the CFRP is mostly restricted to 
the first or second topmost UD plies [4, 5]. Thus, in a first approximation, the thermal and thermal-mechanical 
effects can be neglected when predicting (bulk) mechanical damage on protected CFRP samples. 

Following Karch et al. [1], the mechanical pressures from the near-surface explosion of the lightning protection 
layer are computed numerically based on a one-dimensional shock peening model [6], the supersonic plasma 
expansion is accounted using a shock wave model based on Lin’s approach [7], and the magnetic field caused by 
the impressed current flow in the electrically conducting structures is determined analytically [1]. The associated 
pressure distributions are implemented in the finite element solver Abaqus/Explicit [8] using the user-defined 
subroutine VDLOAD, since the adoption of an explicit dynamics solution is compatible with the highly transient 
lightning strike problem considered in this study. 

3. Finite element model 

A finite element model with solid elements is used together with a CDM model [2] and a cohesive zone model 
[8] to represent mechanical damage to the composite plies. An energy regularisation approach based on the 
fracture energy associated with each failure mechanism and based on the characteristic length of the finite 
elements (𝑙∗) is used to ensure mesh independent results after damage onset [9]. Each composite ply is modelled 
as a homogeneous orthotropic material, assuming transverse isotropy. To account for ply thickness effects, in situ 
strengths are defined as a function of ply thickness and position in the laminate [2, 10]. The CDM model is 
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implemented in a user-defined subroutine VUMAT for Abaqus/Explicit [8]. Delamination between plies is 
modelled using volumetric elements and a cohesive zone model implemented in a VUMAT or using cohesive 
surface interactions [8]. The lightning protection layers, consisting of copper mesh embedded in epoxy matrix, 
are assumed homogeneous orthotropic linear-elastic solids [1]. The paint layer on the surface of the laminates is 
not explicitly modelled, but it is accounted for in the computation of the mechanical pressures from the near-
surface explosion of the lightning protection layer [1]. 

4. Results 
4.1. Laminate stacking sequence effects 

In agreement with experimental observations [11, 12], the models reveal that the stacking sequence and lay-up 
have an influence on the surface damage distribution, not only on its orientation, but also on its size; it has, 
however, no effect on the damage depth. In addition, the models predict that laminates with thicker ply blocks 
have larger damage projected areas, again in agreement with the available experimental observations [11, 13]. 

4.2. Paint thickness effects 

The models proposed in this work predict the increase of damage extent with the increase of paint thickness, so 
far observed experimentally [4, 14, 15]. Moreover, they satisfactorily capture the effect of paint thickness on 
different lightning protection layers, following experimentally observed trends reported in literature [4, 14, 15]. 

4.3. Lightning parameters effects 

Compared with the nominal values of peak current and action integral proposed by the SAE aerospace 
recommended practice for lightning strike testing of aeronautical structures [16], a ±10% variation of the peak 
current (admissible bounds set in the standard) creates non-negligible changes of the pressure, force and impulse 
magnitudes, with higher peak currents producing higher deflections and more mechanical damage. Likewise, the 
waveforms with higher action integral also induce more damage than the waveforms with lower action integral 
(considering the admissible bounds of ±20% as set in the standard [16]). 

5. Conclusions 

As the aerospace industry moves towards hybrid experimental/numerical design and certification processes, the 
development of reliable models that accurately predict the main transient effects of lightning strikes becomes 
crucial. This study is one demonstration of application of such models. 
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Summary 

In the reflection zones of impact-induced elastic waves, the time-strain response is highly nonlinear, preventing 
the identification of representative strain-rate states with corresponding strength parameters. Moreover, the 
observed strain rates are exceptionally high. Conventional strain-rate dependent failure criteria for composite 
materials usually fail to predict failure under these conditions. Therefore, an improved failure criterion for 
through-thickness failure in composites, along with a corresponding experimental parameter identification 
methodology, is proposed to enable more accurate prediction of delamination due to spalling.  

1. Conventional rate dependent failure criteria 
To describe rate-dependent failure, strain-rate-based formulations can be employed. Although the general 
applicability of criteria originally proposed by Johnson and Cook [1] has already been demonstrated for fiber-
reinforced thermoplastic composites at low strain rates [2], this approach allows the increase in material 
parameters with rising strain rate to be captured. These parameters are determined under constant strain-rate 
conditions, assuming a constant reference strain rate for evaluating strength. Logarithmic approaches may yield 
unrealistic or even physically meaningless results. Therefore, the use of a power-law formulation is proposed: 

𝜎𝜎3
𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑅𝑅3

+ � 𝜀𝜀3̇
𝜀̇𝜀3
(𝑟𝑟𝑟𝑟𝑟𝑟)�

𝑝𝑝

       (strain-rate approach)       (1) 

with 𝜎𝜎3
𝑓𝑓ail representing the stress at failure at the current train rate 𝜀𝜀3̇, 𝑅𝑅3

+ the strength at reference strain rate 
𝜀𝜀3̇
(𝑟𝑟𝑟𝑟𝑟𝑟) in laminate through thickness direction 3 and p the slope exponent.  

However, in real deformation scenarios, and particularly during wave propagation processes, strain rates vary 
continuously and significantly. Constant strain-rate conditions, to which the corresponding failure parameters 
could be associated, are therefore absent as a reference, limiting the applicability of this criterion. In contrast, the 
temporal-spacial failure criterion proposed by Petrov and Utkin [3] is based on averaged impulse loads acting on 
the structure. For undamaged materials and under the assumption of brittle failure behavior, the spatial dependence 
can be neglected and a purely incubation-time based-approach can be used. Failure is initiated, when 

∫ 𝜎𝜎3𝑑𝑑𝑑𝑑
𝑡𝑡
𝑡𝑡−𝜏𝜏𝑐𝑐

≥ 𝑅𝑅3
+𝜏𝜏𝑐𝑐        (incubation-time approach)       (2) 

with t denoting the time and 𝜏𝜏𝑐𝑐 the incubation time. It becomes evident that, in this approach, the instantaneous 
state of the material is not considered for evaluating the stress condition; instead, the loading history is 
incorporated into the failure assessment. 

2. Incubation-time-based spalling criterion  
The incubation time-approach (2) is well-suited for calculating failure under nonlinear stress‑time histories. 
However, this formulation tends to predict unrealistically high failure thresholds at high strain rates. In contrast, 
the strain‑rate‑based approach (1) does not account for variations in stress rate during loading, but it provides 
realistic predictions for composite materials. Therefore, a combined criterion is proposed here. In this approach, 
the conceptual idea of an incubation time 𝜏𝜏𝑐𝑐 - an associated duration of a stress or strain leading to failure - is 
transferred to the mean incubation stress-rate 𝜎𝜎3

𝜏𝜏𝑐𝑐̇  acting within this period and used for linearization. Considering 
the power-law formulation from (1), the combined criterion for tensile loading can be expressed as  
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   with   𝜎𝜎3
𝜏𝜏𝑐𝑐̇ = 𝜎𝜎3(𝑡𝑡)−𝜎𝜎3(𝑡𝑡−𝜏𝜏𝑐𝑐)

𝜏𝜏𝑐𝑐
   (incubation-time-based failure criterion)   (3) 
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With this formulation, the conventional strain‑rate approach can also be applied to loading histories with varying 
stress or strain rates, since the domain for determining the mean reference stress rate is precisely defined. Fig. 1 
illustrates the relevant model parameters using a nonlinear stress‑time response as an example. 

 
Fig. 1. Model parameters of the incubation-time-based failure criterion. 

3. Experimental characterisation 

For the delamination criterion according to (3), in addition to the failure parameters (reference tensile strength 𝑅𝑅3
+ 

at the respective reference rate 𝜎𝜎3
(𝑟𝑟𝑟𝑟𝑟𝑟)̇ ), the incubation time 𝜏𝜏𝑐𝑐 and the slope parameter p must be determined. 

Using these parameters, the current incubation stress-rates 𝜎𝜎3
𝜏𝜏𝑐𝑐̇ , and subsequently the through-thickness failure 

stresses 𝜎𝜎3
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓  at the current time t, can be calculated. For this purpose, stress-time histories are obtained from 

highly dynamic tests, and the corresponding failure stresses and their mean values are derived, as illustrated in 
Fig. 2. The associated incubation stress rates are determined by linear regression, whereby the lowest identified 
rate in each case is selected as the reference rate. The incubation time 𝜏𝜏𝑐𝑐 is determined for the highest test velocity. 
Finally, the slope parameter p and the reference strength are obtained by curve fitting. 
 

  
Fig. 2. Exemplary experimental evaluation for the identification of the model parameters. 
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Summary: Laminate composites may exhibit discontinuous fracture during mode-I cracking, which is known as 
stick–slip fracture. Such behavior complicates the fracture of composite interfaces as a dynamic fracture even 
under static conditions. This study models such behaviors using a novel cohesive model. Relationships between 
crack length and opening displacement during double cantilever tests were developed based on fracture mechanics 
to identify key parameters. As validation, two experimental datasets were applied. Results show that the model 
accurately predicts stick–slip fracture, suggesting that mode-I crack propagation should be considered as a 
dynamic process even initiated under static conditions.  
1. Main Text  
The variation in energy release rate during crack initiation and propagation is believed to be the main mechanism 
for stick-slip behavior. To account for the reduced energy release rate for crack propagation compared to crack 
initiation, an adapted cohesive model was proposed, depicted as a “chopped” triangle in Figure 1. The profile-
triangle behavior indicates crack initiation within the cohesive model, consistent with the present work's CZM. 
After initiation, the model shifts to a degrading behavior to simulate a slip-stick fracture. The model introduces 
two new zones: energy accumulation and rapid cracking, as found in Figure 1. The energy accumulation zone 
allows for the buildup of energy needed for both crack initiation and propagation. Once sufficient energy is 
accumulated, rapid crack propagation occurs immediately after initiation in the rapid-cracking zone, often marked 
by white bands, as indicated in Figure 1, which represents energy stored during microcrack nucleation. The white 
striation correlates with stick-slip fracture, visible as roughness on the fracture surface under microscopy [1,2], 
indicating greater energy absorption here. Parameters 𝛿𝛿𝑎𝑎 and 𝛿𝛿𝑓𝑓, shown in the figure, denote the crack-opening 
displacements for the DCB samples, defining the lengths of the energy-accumulation and rapid-cracking zones. 
Numerically, these are derived from the separation of the CZM, based on the energy release rate difference at 
crack initiation and propagation (∆G in Figure 1), obtained from R-curves. Adjusting 𝛿𝛿𝑎𝑎 and 𝛿𝛿𝑓𝑓 tunes the evolution 
of damage to match the material's nonlinear behavior. After rapid cracking, a new crack cycle begins until the 
next initiation. The shape of the cohesive model depends on 𝛿𝛿𝑎𝑎 relative to the original critical separation, 𝛿𝛿0: 
Figure 1a shows 𝛿𝛿𝑎𝑎< 𝛿𝛿0, while Figure 1b shows 𝛿𝛿0 > 𝛿𝛿𝑎𝑎. 

 
Figure 1 Proposed cohesive model for stick-slip fracture and schematic for theoretical basis (a&b). 
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With experimental data on stick-slip fracture during mode-I cracking, the proposed cohesive model can be 
validated using a user subroutine in LS-DYNA. Figure 2 shows that the FE model closely replicates the load-
displacement history, particularly the decline in stiffness after each crack-propagation cycle and the stair-like 
increase in crack length. The initial peak in load for Sample-1 (Figure 2b) is disregarded because it arises from a 
rich resin region at the crack tip prior to pre-cracking, as noted by Li et al. [3]. For all results, the load-displacement 
curves from FE modeling display how stiffness decreases after each rapid crack growth. The fluctuations in the 
FE load are caused by damping effects in the detached composite beam following crack propagation. These 
oscillations in load and crack progression correspond to the variations seen in the experimental R-curve. Overall, 
the proposed cohesive model effectively simulates stick-slip behavior, i.e., crack growth and arrest, as observed 
in DCB test experiments. 

 
Figure 2 Model validation with experimental data (a&b), and FE model for propagation (c). 

With model validation complete, a detailed analysis of the cracking process at the crack front of the DCBs can be 
performed using Figure 2c. In the current crack cycle, the crack length increases by 17 mm, accompanied by a 
0.3 mm increase in crack opening displacement. Subsequently, energy is stored over the next 3 mm of loading 
displacement, with the crack length remaining constant until the next crack initiation. When the new crack begins, 
another 2 mm zone is added, representing energy accumulation. Considering DCB tests with a constant 
displacement loading rate, crack initiation and growth occur in less than 10% of the time needed for energy 
accumulation (assuming a steady loading speed). This behavior results from stick-slip fracture, where the crack 
rapidly advances and then arrests. A more detailed analysis [4] can be achieved using the proposed cohesive model 
for stick-slip fracture behavior. 
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Summary: High-velocity impacts pose a critical threat to lightweight composite structures used in aerospace 
applications. This work investigates the impact behaviour of CFRP sandwich panels with PET foam cores 
subjected to steel projectile impacts at velocities between 56 and 198 m/s using a pneumatic gas gun. Post-impact 
damage was characterised through computed tomography to evaluate internal failure mechanisms. Experimental 
results show complete perforation across all velocities, with increasing delamination and core crushing as velocity 
rises. Finite element simulations in Abaqus/Explicit were developed to reproduce the impact response. The 
numerical model captured the general damage trends, although limitations were observed due to uncertainties in 
foam properties and numerical instabilities. 

1. Introduction 
Composite sandwich structures are widely used in aerospace structures due to their high stiffness-to-weight ratio 
and structural efficiency. However, their vulnerability to high-velocity impacts remains a critical concern, 
particularly for aircraft leading edges, UAV structures, and control surfaces exposed to foreign object impacts 
such as hail or debris. While high-velocity impact behaviour has been widely investigated for honeycomb 
sandwich structures and fibre–metal laminates, comparatively fewer studies have focused on CFRP sandwich 
panels with polymeric foam cores. Among these, PET foam cores are gaining interest due to their recyclability, 
low density, and cost-efficient manufacturing. The objective of this work is to investigate the impact response of 
CFRP–PET foam sandwich panels subjected to projectile impacts across a range of velocities representative of 
aerospace impact scenarios. The study combines: 

 experimental impact testing using a pneumatic gas gun, 
 computed tomography (CT) for post-impact damage evaluation, 
 finite element modelling (Abaqus/Explicit) to simulate damage progression and energy absorption 

mechanisms. 

2. Experimental Methodology 

2.1. Materials and Sandwich Configuration 

The investigation structure consists of CFRP skins bonded to a PET foam core. The skins were manufactured 
using plain weave and ±45° carbon fibre fabrics, while the core material is a recyclable PET foam. Table 1 
summarises the main properties of the constituent materials. The layup sequence of the sandwich panel is: Plain 
weave CFRP / ±45° CFRP / PET foam core / ±45° CFRP / Plain weave CFRP. The panels were manufactured by 
vacuum infusion and cut into square specimens. The panels were manufactured by vacuum infusion and cut into 
square specimens with average size dimensions of 308 mm and a total thickness of 6.02 mm. These dimensions 
ensured sufficient panel area to avoid edge effects during the impact tests while allowing rigid clamping in the 
experimental fixture. 

Table 1. Nominal material properties of sandwich constituents 

Material Density 
(g/cm³) 

Tensile 
Strength 
(MPa) 

Tens. 
Modulus 

(GPa) 

Flexural 
Str. 

(MPa) 

Flex. 
Mod. 
(GPa) 

In-plane 
Shear 
Str. 

(MPa) 

Shear 
Mod. 
(GPa) 

Orie-
nt-

ation 

Areal 
Wt. 

(g/m²) 

Plain CFRP  ~1.77 ~480 ~42 ~486 ~766 ~74 ~4.8 0/90° 195 
+-45 CFRP  ~1.77 ~156 ~7 ~164 ~154 62 ~7.5 ±45° 100 
 PET foam 0.06 1.5 0.085 - - 0.55  0.015 – – 
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2.2. High-Velocity Impact Testing 

Impact experiments were conducted using a single-stage pneumatic gas gun equipped with a 4 m launch barrel. 
Hardened AISI 4340 steel spherical projectiles (19.05 mm diameter) were used as impactors. Impact tests were 
conducted at four nominal velocity levels of approximately 56 m/s, 80 m/s, 136 m/s, and 198 m/s. Projectile 
velocity was measured using infrared photogates Post-impact damage was analysed using computed tomography 
(CT) to evaluate internal damage mechanisms including delamination in CFRP skins, fibre fracture and matrix 
cracking, and PET foam crushing and perforation (Fig. 1). CT analysis enabled quantification of delamination 
area as a function of impact velocity, providing insight into damage propagation within the sandwich structure. 

3. Numerical Modelling 

Finite element simulations were performed using Abaqus/Explicit to reproduce the impact behaviour observed 
experimentally (Fig 1). The model includes: CFRP skins represented using composite shell elements; PET foam 
core modelled with 3D solid elements using a crushable foam model, a deformable steel projectile. The composite 
plies were defined using a Hashin damage model to simulate fibre and matrix failure. A refined mesh was 
implemented in the impact region to capture local damage evolution. The shell elements are deleted once a given 
damage threshold is surpassed. 

  
a) b) 

Fig. 1. a) Impact simulation discrete rigid 19mm projectile on PET foam core at 60 m/s; b) Tomographic scans 
of a post-impact panel subjected to 136.3 m/s 

4. Results and Discussion 

Experimental observations showed that the investigated sandwich configuration exhibited complete perforation 
at all tested velocities. CT analysis revealed that the delamination area decreases with increasing impact velocity. 
The largest delaminated area was observed at the lowest velocity (≈56 m/s), while the highest velocity (≈198 m/s) 
produced a more localized damage zone. This behaviour suggests that at higher velocities the projectile perforates 
the panel rapidly, limiting the time available for damage to propagate laterally. The numerical simulations 
reproduced the general impact response and stress distribution, although numerical instabilities were observed at 
the highest velocity. These limitations are attributed mainly to the scarcity of reliable dynamic material data for 
PET foams. 

5. Conclusions 

This work investigated the high-velocity impact behaviour of CFRP–PET foam sandwich panels through a 
combined experimental and numerical approach. The main conclusions can be summarised as follows: 

 The tested CFRP–PET sandwich configuration exhibited limited impact resistance, with complete 
perforation occurring at all investigated velocities between approximately 56 m/s and 198 m/s. 

 Damage morphology varied with impact velocity, with larger delamination areas observed at lower 
velocities and more localized penetration damage at higher velocities. 

 Finite element simulations in Abaqus/Explicit reproduced the general impact response and stress wave 
propagation, although numerical instabilities were observed at the highest velocity. 
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Summary: Additively manufactured continuous fibre reinforced composites enable lightweight structures with 
tailored mechanical properties but exhibit microstructural defects that influence their mechanical response. This 
study combines experimental testing and numerical modelling to investigate their behaviour under quasi-static 
and dynamic loading. Tensile, flexural, and drop-tower impact tests were performed on printed composite 
specimens. Microstructural features, including porosity, were characterized using X-ray computed tomography 
and incorporated into representative volume elements for homogenisation-based numerical modelling. The 
homogenised material properties were implemented in finite element simulations. Good agreement between 
simulations and experiments demonstrates that the proposed homogenisation framework can effectively predict 
the mechanical response of additively manufactured continuous fibre composites.  
1. Main Text  
Additive manufacturing (AM) of continuous fibre reinforced polymer composites enables the production of 
lightweight structures with tailored mechanical properties and complex geometries. The ability to place 
continuous fibres along prescribed load paths offers significant potential for aerospace applications. However, 
the layer-wise deposition process introduces microstructural heterogeneity, including voids, imperfect fibre–
matrix bonding, and interlayer defects, which significantly influence the mechanical response and complicate 
predictive numerical modelling.  
This work presents a combined experimental and numerical investigation of additively manufactured continuous 
fibre reinforced composites with the objective of predicting their mechanical behaviour under quasi-static and 
dynamic loading conditions. Composite specimens reinforced with continuous fibres were fabricated using a 
continuous fibre additive manufacturing system based on the co-extrusion of fibre bundles and a polyamide 
thermoplastic matrix. Mechanical characterisation included quasi-static tensile and three-point bending tests as 
well as dynamic impact testing. The tensile tests on unidirectional specimens aligned with the fibre direction 
showed a predominantly linear elastic response up to failure, with an average Young’s modulus of 
approximately 37.8 GPa and an ultimate tensile strength of about 236 MPa. Flexural testing revealed an average 
flexural modulus of approximately 26.4 GPa and a flexural strength of about 184 MPa, with progressive damage 
behaviour observed during loading. 

 
Dynamic behaviour was investigated using instrumented drop-tower impact tests under different impact 
velocities. The experiments demonstrated a stable response characterised by rapid force increase followed by 
gradual load reduction associated with progressive damage mechanisms such as fibre cracking and interlayer 
debonding. The experimental force–time histories and absorbed energy values provided a basis for validating 
the numerical simulations of the dynamic response.  
To capture the influence of additive manufacturing-induced microstructural features, X-ray computed 
tomography (CT) was used to characterise the internal architecture of the printed composites, including fibre 
distribution and void morphology. Quantitative analysis revealed a measurable void content within the printed 

Figure 1 Results for the three point bending tests for carbon (left) and basalt (right) fibre specimens. 
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material, with average porosity levels of approximately 15% and local porosity within fibre bundles due to 
incomplete impregnation. These microstructural observations highlight the importance of incorporating process-
induced defects into predictive numerical models.  

 
A numerical modelling framework based on micromechanical homogenisation was developed to predict the 
effective material properties of the additively manufactured composites. Representative volume elements 
(RVEs) derived from CT data were used to capture fibre architecture, matrix regions, and void distribution. Two 
homogenisation approaches were employed: finite-element-based numerical homogenisation and the high-
fidelity generalized method of cells. The homogenised anisotropic material properties obtained from the RVE 
analysis were implemented in explicit finite element simulations to model structural response under quasi-static 
and dynamic loading conditions.  

 
Comparison between experimental results and numerical predictions demonstrates that the homogenisation-
based modelling approach is capable of reproducing the measured mechanical behaviour of additively 
manufactured continuous fibre composites with satisfactory accuracy. The developed framework provides an 
efficient multiscale methodology for linking microstructural characteristics with structural-level performance 
and offers a useful tool for the design and optimisation of additively manufactured composite structures. 
 

Figure 2 Void fraction for specimens manufactured using different printing parameters at different positions. 

Figure 3 RVE geometry used for HFGMC (left) and FEM (middle) homogenization. Reference microstructure used 
for RVE modelling (right) representing 15% void content. 

Figure 4 Comparison of numerical results and experiment for the drop height of 100 mm for carbon fibre specimen (left) and 
comparison of numerical and experimental results for reaction force for 100 mm (middle) and 400 mm (right) height. 
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Summary: Composite structures subjected to high-strain-rate loading require reliable predictive models to 
support certification-by-analysis approaches. This study develops a three-dimensional elasticity-based numerical 
framework for the dynamic analysis of functionally graded sandwich plates. The governing equations are 
discretized using the Differential Quadrature Method, enabling accurate high-order spatial approximation while 
retaining the full three-dimensional stress representation. The ongoing study focuses on implementing the 
numerical model and performing parametric investigations of material gradation and core configurations. 

1. Introduction  
Composite materials are increasingly used in aerospace, automotive, and civil engineering structures due to their 
high strength-to-weight ratio and superior energy absorption capacity [1]. In many practical applications, these 
structures may be subjected to impact or high-strain-rate loading conditions, which can significantly influence 
their dynamic behavior and damage mechanisms. Accurate modelling of such responses is therefore essential for 
reliable structural assessment and for developing certification-by-analysis approaches for advanced composite 
structures. 

Functionally graded (FG) sandwich configurations represent a promising class of composite structures in which 
material properties vary continuously across the thickness to enhance stiffness, stability, and damage tolerance. 
These structures have attracted significant attention in applications requiring improved resistance to dynamic 
loading. However, many existing analyses rely on classical or higher-order plate theories that introduce 
simplifying assumptions on the displacement field and may not accurately capture the three-dimensional stress 
state, particularly for thick or heterogeneous sandwich configurations [2–4]. 

To address these limitations, the present work develops a three-dimensional (3D) elasticity-based formulation for 
the dynamic analysis of FG sandwich plates subjected to high-rate loading. The governing equations are 
discretized using the Differential Quadrature Method (DQM), enabling efficient high-order spatial approximation 
and improved predictive modelling capability for advanced composite structures. 

2. Methodology  

The considered sandwich configuration consists of two face sheets and a core layer whose effective material 
properties vary continuously through the thickness according to a predefined grading function (see Fig. 1). The 
elastic constants can be expressed as 

𝐶௜௝ሺ𝑧ሻ ൌ 𝐶௜௝
ሺ௠ሻ ൅ ሺ𝐶௜௝

ሺ௖ሻ െ 𝐶௜௝
ሺ௠ሻሻ𝑓ሺ𝑧ሻ 

where 𝐶௜௝
ሺ௠ሻ and 𝐶௜௝

ሺ௖ሻ denote the material properties of the constituent phases, and 𝑓ሺ𝑧ሻ represents the material 
gradation function along the thickness coordinate. 

The governing equations are obtained from the 3D equations of motion  

𝜎௜௝,௝ ൌ 𝜌𝑢ሷ ௜ 

where 𝜎௜௝ are the stress components, 𝑢௜ are the displacement components, and 𝜌 is the mass density. The strain–
displacement relations follow the classical small-strain formulation 

𝜀௜௝ ൌ
1
2
ሺ𝑢௜,௝ ൅ 𝑢௝,௜ሻ 

To obtain a numerical solution, the DQM is employed to discretize spatial derivatives. In this approach, the 
derivative of a function at a grid point is approximated as a weighted linear sum of function values at all grid 
points, 
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Fig. 1. FGM sandwich plate structure. 

 
Fig. 2. Chebyshev-Gauss-Lobatto points. 

 

∂௡𝑤ሺ𝑥ሻ
∂𝑥௡

∣௫೔ൌ෍𝑎௜௝
ሺ௡ሻ

ே

௝ୀଵ

𝑤ሺ𝑥௝ሻ 

where 𝑎௜௝
ሺ௡ሻ are the weighting coefficients associated with the 𝑛-th derivative. Chebyshev–Gauss–Lobatto points 

are adopted for spatial discretization to enhance numerical stability and accuracy. 

3. Numerical Framework 

The proposed formulation provides a numerical framework for investigating the dynamic response of FG 
sandwich plates subjected to high-rate loading conditions. The computational domain is discretized along the in-
plane and thickness directions using Chebyshev–Gauss–Lobatto grid points (see Fig. 2), which improve numerical 
stability and convergence in DQ implementations. 

Within this framework, the displacement components are evaluated at discrete grid points and assembled into a 
global algebraic system incorporating the effects of material gradation, geometric parameters, and inertia. The 
developed model enables efficient evaluation of the structural response while maintaining full 3D stress 
representation. 

Ongoing work focuses on investigating the influence of parameters such as material gradation profiles, core-to-
face sheet thickness ratios, and geometric aspect ratios. These parametric studies will help assess the dynamic 
characteristics of FG sandwich structures and their suitability for applications involving high-rate loading. 

4. Conclusions 

This study presents a 3D numerical framework for analyzing FG sandwich plates subjected to high-rate loading 
conditions. The formulation is based on elasticity theory and discretized using the DQM. The ongoing 
implementation will enable systematic parametric investigations of material gradation and geometric 
characteristics. The developed framework aims to improve predictive modelling and support certification-by-
analysis approaches for advanced composite structures. 
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Summary  

In recent years, the predictive capabilities of finite element models in crash and impact simulation have 
undoubtedly reached new heights. There is no question that rigorous model setup, by employing sub-modeling 
techniques supported by stringent verification and validation steps based on the modular building-block 
principle, is the key factor for unprecedented reliability, robustness and predictiveness. Moreover, the credibility 
such models can add to technical statements and design decisions is invaluable and enables engineers to replace 
a good percentage of hardware testing.  
 
This will add value to the product development chain that will, of course, be used to reduce costs in downstream 
development steps: certification of products for specific technical applications, legal approval of products for 
specific target markets, or virtual testing to ensure conformity with hardware test scenarios and even 
continuously reducing the hardware testing regime in consumer goods testing. Furthermore, it should be noted 
that at present different industries are making separate efforts to achieve these goals. Therefore, a certain degree 
of harmonization of regulations will be desirable in the future.  
 
This presentation illuminates the nomenclature of CAE models used in certification, approval, and virtual 
testing. The need for harmonized qualification requirements for virtual testing is discussed. The necessity of 
virtual measuring instruments, such as virtual ATDs or even human body models, is explained. Against this 
backdrop, subsystems intended for the evaluation of parts or components in the development process like 
impactors, barriers, test sleds and such, must also be evaluated and qualified for this task. This leads to higher 
requirements and increased effort on the modelling side before such measuring instruments can finally be used 
in certification processes. And finally, the traceability of models becomes the last and probably most important 
element to ensure that the models submitted to regulatory authorities actually delivered the requested results and 
that the integrity of such models was not infringed. This puts additional pressure on software companies to 
implement traceable model setup and result generation. 



 
 

 

 

 
 

 

 
 
 
 
 
 

Advanced Composites under High Strain Rate 
Loading A Route to Cer fica on-by-Analysis 

2026 Conference 
10th – 11th JUNE 2026 

 
 
 
 
 
 
 
 

Session 3 - Multi-modal sensing for 
impact detection and damage 
characterisation (WG5)



HISTRATE Conference 2026 

Ultrasound Array Signal Reconstruction for Porosity and 

Defect Characterization in Complex Composite Structures 
Subjected To High Strain 

 Krzysztof Dragan2,* Marcin Lewandowski1 and Piotr Karwat1  

1US4US Sp.z.o,,, 111A Puławska Str. / apt. U2, 02-707 Warsaw, Poland 
2ITWL,ul. Ks. Boleslawa 6, 01-494 Warsaw, Poland 

*Corresponding author, E-Mail: krzysztof.dragan@itwl.pl 
 

Summary: The advancement of Non-Destructive Evaluation (NDE) systems necessitates programmable, high-
performance ultrasonic solutions capable of real-time data processing and seamless integration with Artificial 
Intelligence and Machine Learning (AI/ML) methods[1]. Composite materials, widely utilized in aerospace 
present unique inspection challenges due to their complex geometries including volumetric failure modes, 
particularly porosity and delamination [2]. Traditional ultrasonic or Phased Array Ultrasonic Testing (PAUT) 
struggles with the limitations of processing capabilities required for detailed tomographic imaging [3]. This paper 
introduces a novel, programmable ultrasonic scanner featuring embedded high-performance GPU processing and 
advanced ultrasonic understanding.  Paper demonstrate the platform's utility in developing advanced real-time 
tomographic reconstruction algorithms specifically tailored for diagnosing manufacturing defects, such as 
porosity, within composite elements of complex geometry. 
1. PROBLEM INTRODUCTION  
1.1. Data acquisition  
The implementation of Full Matrix Capture (FMC) data acquisition, combined with the Total Focusing Method 
(TFM) image reconstruction, represents a powerful step toward high-resolution composite inspection [4]. 
FMC/TFM provides superior defect mapping and allows for extensive post-processing analysis using the recorded 
raw RF data. Studies confirm the effectiveness of TFM in quantifying damage, such as low-velocity impact (LVI) 
damage in thin CFRP plates, with relative errors in defect length characterization reported below 10% [5,6]. The 
ability to perform 3D reconstruction and data fusion further enhances detailed defect characterization. However, 
for the complex geometries and anisotropic materials, the simple TFM model must be extended. The proposed 
solution encompasses traditional limitations connected with relatively low speed of data processing as well as 
constraints connected with closed architecture.   

1.2. Proposed solution  

The inspection of composite structures presents several critical challenges that necessitate advanced tomographic 
approaches for data visualization [7]. Manufacturing defects like porosity and internal voids occur due to the 
improper manufacturing cycle which imposes a diagnostic challenge because its presence causes high attenuation 
and significant scattering of acoustic waves. This leads to an acoustic shadowing effect, resulting in the loss of 
information about defects situated deeper within the material, potentially causing imaging artifacts [8]. Effective 
ultrasonic tomography is required to accurately localize and characterize these volumetric defects, especially in 
complex geometries (as corners and thickness gradients) [2]. Consequently, robust tomographic solutions must 
incorporate complex geometry constraints to determine the propagation path and accurately perform signal 
reconstruction. Additional challenge relates to necessity of inspection automatization and data visualization and 
analysis [4]. The massive data throughput of FMC acquisition, while enhancing image quality, presents the 
challenge of data overload. Therefore, the solution must embed real-time processing and automated evaluation 
capabilities directly into the scanner to streamline flaw detection and sizing. The us4NDT platform solves the 
processing bottleneck by integrating embedded high-performance GPU processing using the NVIDIA Jetson 
AGX Origin [4]. This high-end edge-computing capability supports the implementation of highly demanding, 
parallel processing algorithms, making real-time Software-Defined Beamforming and TFM processing feasible. 
The most crucial element for automated defect characterization is the integration of AI/ML frameworks. The 
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us4NDT's architecture supports open-source AI/ML frameworks/libraries. Semantic segmentation allows for 
labeling each pixel in the image to provide an in-depth understanding, enabling automatic detection, localization, 
and sizing of defects (e.g., porosity, delamination) [9]. The platform has successfully demonstrated real-time 
automated detection and sizing of simulated defects, classifying them as "acceptable" or "unacceptable" based on 
size criteria. This automation is essential for transitioning from manual data interpretation to autonomous, reliable 
NDE system.  
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Summary: Reliable impact detection is essential for composite structures used in aircraft components and 
spacecraft exposed to debris strikes. This work presents a review of our work on acoustic-emission-based methods 
for impact localisation and force reconstruction in aeronautical composite panels and for impact localisation, 
trajectory estimation, and velocity measurement in a smart carbon-fibre-reinforced polymer orbital-debris 
detector. The methods combine time-reversal processing, hierarchical radial-basis-function interpolation, and 
arrival-time analysis using sparse piezoelectric sensor networks. Experiments showed accurate impact 
identification, supporting structural-health-monitoring and in-situ debris-sensing applications.  
1. Introduction  
Composite structures are widely used in aerospace because they combine low weight with high stiffness and 
strength, but they remain vulnerable to impact events that can generate internal damage and barely visible damage 
states. In aircraft structures, low-velocity impacts from tools, runway debris, or hail can degrade performance and 
complicate maintenance decisions, which motivates structural health monitoring methods capable of identifying 
both impact location and force history. In spacecraft, small debris particles are not always trackable by existing 
monitoring systems, yet they can still damage orbiting platforms, so in-situ impact sensing is attractive for 
improving spacecraft awareness and survivability. This paper unifies three related developments into a common 
impact-detection framework for aerospace composites. The first strand concerns impact source localisation in 
aerospace composite structures using acoustic-emission measurements and time-reversal processing. The second 
develops a hierarchical method for reconstructing impact force histories in composite components from 
experimentally measured transfer functions and sparse sensor data. The third extends the same acoustic-wave 
philosophy to a smart composite orbital-debris detector able to estimate impact position, trajectory direction, and 
particle velocity from two instrumented CFRP plates. 

 

2. Methodology 

The common basis of the proposed approach is the use of sparse piezoelectric sensor networks to record elastic 
waves generated by impact events in composite structures. For localisation, the method uses time reversal, where 
calibration impacts are first recorded over a predefined grid and the unknown event is then identified by cross-
correlation with the stored responses. The impact position is finally estimated within the identified cell by a centre-
of-gravity procedure based on correlation coefficients. 

For force reconstruction in aeronautical composite structures, the localised impact point is combined with 
experimentally derived transfer functions rather than numerical models. A hierarchical radial-basis-function 
interpolation is then used to estimate the transfer function at the unknown impact point and reconstruct the impact 
force history, which reduces dependence on dense calibration data and on detailed mechanical-property 
knowledge. This feature is important for real structures where geometry is complex and operating conditions make 
full modelling difficult. 

For orbital-debris sensing, the detector consists of two thin parallel CFRP plates, each instrumented with three 
embedded piezoelectric transducers. Time reversal is used to localise the impact on each plate, while the arrival 
times are estimated with an Akaike Information Criterion picker and combined with calibrated wave-speed 
information to determine debris direction and velocity. The embedded-sensor concept is especially attractive for 
space applications because the transducers are protected within the laminate rather than exposed on the 
surfaceMargins and type size will be as set by the abstract template. 
3. Results and discussion  

The impact-force-reconstruction method was validated experimentally on a composite plate-like specimen and on 
a wing stringer-skin panel representative of real aircraft structure. The studies used sparse receiving sensors and 
MATLAB-based processing to assess whether transfer-function interpolation could recover force histories with 
useful accuracy even when calibration information near the impact point was limited. The reported comparisons 
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showed that the hierarchical radial-basis-function method could exploit information from points farther from the 
impact location better than simpler interpolation approaches. 

The orbital-debris detector was validated on two CFRP plates of about 200 mm by 200 mm and about 1.3 mm 
thickness, manufactured from T800/M21 prepreg with embedded PZT transducers. The plates were separated by 
190 mm, and low-velocity impact tests were carried out with a roughly 2.7 kg sharp-tip impactor dropped from 
1000 mm, producing a representative mean speed between the plates of about 4.2 m/s for the proof-of-concept 
tests. Although these were not hypervelocity tests, the papers justify the approach by noting that elastic modes 
from low-velocity impacts resemble the standard elastic waves that remain after hypervelocity shock-wave 
conversion.  

For the force-reconstruction problem, the proposed hierarchical method was reported to reconstruct impact force 
histories with high accuracy on both a composite plate and a wing stringer-skin panel, while avoiding the need 
for numerical models of the monitored component. The paper also states that the method could extrapolate 
information from points far from the impact location, which is valuable when dense calibration is unavailable in 
full-scale aircraft structures. These results suggest that sparse experimental calibration can still support practical 
impact monitoring in aerostructures. 

For the debris-detector problem, the time-reversal localisation method achieved sub-millimetre errors in the 
reported tests, with one perpendicular-impact case showing localisation errors of 0.13 mm and 0.14 mm on the 
two plates. In that same case, the average estimated particle speed was about 4.35 m/s, close to the test mean 
velocity of 4.2 m/s. In the skewed-impact cases, the direction parameters were also estimated accurately, with 
percent errors below 1 percent according to the reported results. 

Taken together, the three papers show a consistent research direction: acoustic-emission-based impact sensing 
can be used not only to locate impacts in composite structures, but also to reconstruct their severity and, in dual-
plate space systems, to infer the trajectory and velocity of impacting objects. This combined capability is relevant 
to aircraft structural health monitoring, where maintenance decisions depend on rapid damage assessment, and to 
spacecraft protection, where onboard sensing can complement external surveillance systems. The work therefore 
supports the development of lightweight, sensor-integrated composite structures with built-in impact-awareness 
functions. 

4. Conclusions 

 

The presented body of work demonstrates that sparse piezoelectric sensing, time-reversal localisation, radial-
basis-function interpolation, and arrival-time analysis can be integrated into a practical impact-identification 
framework for composite aerospace structures. In aeronautical applications, the framework enables localisation 
and force-history reconstruction without relying on detailed numerical models. In space applications, it enables 
proof-of-concept localisation, direction estimation, and velocity measurement of debris impacts using a 
lightweight smart composite detector. 
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Summary: A set of thermoplastic composites fabricated from poly(lactic acid) matrix and woven basalt fibers 
was investigated. Within the set there were undamaged sample, samples with single and multiple damage and 
repaired samples. Wave propagation was studied by exciting the waves with surface-bonded piezoelectric sensor 
and sensing with scanning laser Doppler vibrometer (SLDV). The whole samples area was scanned in dense grid 
of points. In order to study the wave interaction with damage the grid of points was divided into smaller windows 
and wavenumber was calculated. The local changes of the wavenumber was used in order to detect and localize 
damage. 

1. Introduction 

The research towards developing effective nondestructive evaluation and structural health monitoring methods is 
ongoing in many research groups. One of the promising method is based on ultrasonic guided wave propagation. 
These wave propagate in thin-walled plate-like structures and are characterizes by multimodal nature. In the lower 
frequencies and for lower thickness fundamental symmetric and antisymmetric modes propagate, while for higher 
frequency ranges and thicker plates more modes appear [1]. In this work the non-contact SLDV-based sensing 
was employed to register the propagating waves. Due to measurements in many points it was possible to calculate 
the wavenumbers of the propagating waves [2]. This allows to filter the modes and track the changes caused by 
obstacles on wave propagation path such as damage. The local changes of the wavenumber [3] were used as 
damage indicator that allowed to distinguish the damaged samples from the referential one. 

2. Measurements  

The investigated samples were made of polylactic acid - PLA (Luminy L175, Total/Corbion NV, the Netherlands) 
used as matrix and plain weave fabric of basalt fibres (BAS 220.1270.P, Basaltex-Flocart NV, Belgium). The 
composites sample plate were prepared using the film stacking process. Laminates of 10 fabric layer 0/90 were 
symmetrically arranged [(0/90)5]s resulting in 1.8 mm thick plates with 45% volume content of fibres. The elastic 
waves were excited in the samples with surface bonded piezoelectric sensor disc (10-mm diameter and 0.5-mm 
thickness). It was bonded to the front face (Fig. 1a). The acquisition was made with an 3D SLDV (PSV-400, 
Polytec, Germany) using its single head. The signals were measured on the back face (Fig. 1b) at 3723 spaced by 
2.2 mm in horizontal and vertical directions.  

 

 
a)  

b) 

Fig. 1. Photo of one of the impacted samples at 5 locations; a) front face, b) back face 
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3. Results  

Out of the measured points a square window of side length 17.6 mm was selected. In this window a three 
dimensional fast Fourier transformation was calculated on the time signals. This resulted in transition from space-
time domain [x,y,t] into wave vector-frequency domain [kx,ky,f]. At the selected frequency the dominant 
wavenumber was calculated and assigned to the coordinates of the window center. The window was then moved 
to cover all the points. The procedure result for the referential sample is shown in Fig. 2a (the color scale 
corresponds to the wavenumber value). The zero value at the edges is the result of the windowing procedure. So 
the approach would not work for damage localization near the edge of the sample. The depicted colors show what 
wavenumber values  can be expected when there is not damage present. Next, the same data processing procedure 
was applied to a sample with 5 impacts made with 1.5J, 2J, 4J, 8J and 16J projectile energy. The result is depicted 
in Fig. 2b. The increase in wavenumber values indicate the damage locations. In this way the location of the four 
impact damage can be indicated. Only the impact made at  1.5J did not resulted in noticeable wavenumber change. 
Taking the referential sample result (Fig. 2a) as a thresholding value it can be deduced that the damage impacts 
made with the highest energy were localized because the k value exceeds 2.83 that is the maximal value extracted 
from Fig. 2a result. Explicitly, the damage made with 8J and 16J was indicated in this way. 

 

 
a) 

 
b) 

Fig. 2. Local wavenumber visualization for a) referential sample, b) sample with 5 impacts made with 1.5J, 2J, 4J, 8J and 
16J projectile energy. 

4. Conclusions 

The local wavenumber-based visualization allows for single damage localization (not shown in this short abstract) 
as well as multiple damage indication. The use of the referential data obtained for undamaged sample allows for 
setting an universal threshold for damage detection and localization in damaged samples. 

 

5. Acknowledgments 

This study has been carried out within the bilateral collaboration project “Non-destructive evaluations on repaired 
fibre reinforced composites (REPCOM)” – Biennium Program 2020-2021 between IPCB-CNR and IMP-PAN. 
The authors would like to thank Mr Fabio Docimo for his contribution to the preparation of all tested samples.  

 

References  
[1] Giurgiutiu, V., 2015, "Structural health monitoring of aerospace composites", Academic Press. 
[2] Michaels, T. E., Michaels, J. E., & Ruzzene, M.,2011, “Frequency–wavenumber domain analysis of guided 

wavefields”. Ultrasonics, 51(4), pp. 452-466. 
[3] Zhenhua, Tian et al., 2015, “Guided wave imaging for detection and evaluation of impact-induced delamination in 

composites”, Smart Materials and Structures 24, 105019. 

 



HISTRATE Conference 2026 

MWCNT-Modified Cellulose Interleaved Multifunctional 
CARALL Composites for Real-Time Impact Detection and EMI 

Shielding 
Tugay Üstün1, Ebru Saraloğlu Güler2, Volkan Eskizeybek3*, Ferhat Yıldırım4 

1 Kahramankazan Vocational School, Başkent University, Ankara, Türkiye 
2 Department of Mechanical Engineering, Başkent University, Ankara, Türkiye 

 3 Department of Material Science and Engineering, Çanakkale Onsekiz Mart University, Çanakkale, Türkiye 
4 Biga Vocational School, Çanakkale Onsekiz Mart University, Çanakkale, Türkiye 

* veskizeybek@comu.edu.tr 
 

Summary: Carbon reinforced aluminum laminates (CARALL) can experience low-velocity impacts (LVI) during 
service, creating barely visible damage that degrades both structural integrity and electromagnetic interference 
(EMI) shielding. This study proposes a bio-based, conductive interleaf for simultaneous structural health 
monitoring (SHM) and post-impact EMI shielding. Cellulose sensing papers were fabricated via conventional 
papermaking with two areal densities (160 and 210 g/m²) and three MWCNT loadings (5, 7, and 9 wt.%). These 
papers were inserted at the Al/CFRP interface in CARALL laminates manufactured by hand lay-up and vacuum 
bagging. LVI tests (ASTM D7136) were performed and resistance change (ΔR/R) was recorded in real time using 
an Arduino-based circuit. EMI shielding effectiveness (X-band, 8.2–12.4 GHz) was measured after impact. 
Among all designs, 210 g/m² + 9 wt.% MWCNT preserved sensing sensitivity beyond the first impact and 
maintained ~60 dB total shielding, while increasing the reflection component markedly compared with lower 
CNT contents. The results show that interleaf areal density and CNT content govern the balance between 
interfacial compliance (impact response) and conductive network resilience (SHM + EMI). 
1. Introduction 
Fiber-metal laminates (FMLs) are used in weight-critical structures due to favorable metal/FRP synergy, while 
CARALL is attractive for aerospace-grade stiffness/strength with improved damage tolerance. However, LVI 
events (hail, debris, tool drop) can trigger internal cracking/delamination with limited surface evidence, 
motivating embedded SHM solutions. CNT-based conductive networks enable resistance-based self-sensing and 
have been leveraged for damage detection in composites. In parallel, electrically conductive architectures are 
needed for EMI shielding, which is closely tied to conductivity and conductive pathway continuity [1]. 

Cellulose is a sustainable platform for functional papers; when combined with CNTs it can form flexible, 
conductive interleaves. Here, we integrate MWCNT-modified cellulose papers into CARALL as an interlaminar 
multifunctional layer and evaluate (i) impact response, (ii) real-time damage sensing, and (iii) post-impact EMI 
shielding [2]. 

2. Materials and Methods 
2.1. Materials 

Functionalized MWCNTs (purity >96%, diameter 48–78 nm, length 10–25 µm) were used as conductive fillers. 
Aluminum sheets and twill weave carbon/epoxy prepregs were employed with an epoxy system for hand lay-up 
impregnation. 

2.2. Fabrication of MWCNT-Modified Cellulose Papers 

MWCNTs were dispersed in deionized water and tip-sonicated (ice bath) to promote stable dispersion and 
minimize damage. Shredded cellulose was blended into the dispersion to form a slurry and then filtered and oven-
dried to obtain conductive papers. Two areal densities (160 and 210 g/m²) corresponding to ~0.15 and ~0.25 mm 
thickness were produced. SEM verification confirmed preserved fiber morphology and CNT presence on fiber 
surfaces, with more continuous networks at higher CNT loadings. 

2.3. CARALL Manufacturing and Specimen Set 

Al surfaces were prepared following standard adhesive-bonding surface treatment practices to enhance interfacial 
adhesion. Conductive papers were placed between Al and CFRP plies, edge electrodes were connected using 
conductive paste to preserve laminate integrity. A vacuum bagging step reduced voids and excess resin, and 
laminates were cured under vacuum. Six reinforced variants plus a neat control were produced. 

2.4. LVI Testing and SHM Acquisition 
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LVI tests were conducted per ASTM D7136 with a hemispherical impactor tip; 75 J was selected for detailed 
comparison based on preliminary damage observations. ΔR/R was recorded during impact using a microcontroller 
and current sensor, enabling real-time resistance tracking (Figure 1). 

 
Figure 1. Schematic illustration of the damage monitoring configuration for CARALL composites 

2.5. EMI Shielding Measurements 

EMI shielding was measured in the X-band using a vector network analyzer (two-port calibration). SETot, SER, 
and SEA were determined from S-parameters; multiple internal reflections were neglected when SETot exceeded 
~10 dB. 

3. Results and Discussion 

The electrical response of the embedded MWCNT-modified cellulose paper sensors under low-velocity impact is 
strongly correlated with the damage mechanisms activated within the CARALL composite. Upon impact, the 
abrupt increase in electrical resistance observed in Figures 2a and 2b coincides with the initiation of back-surface 
fiber breakage and interfacial damage, which induces in-plane tensile stresses within the cellulose paper interlayer. 
These stresses promote separation within the percolated MWCNT network, leading to a sudden reduction in CNT–
CNT contact points and, consequently, an increase in resistance. Although partial recovery of the ΔR/R signal is 
observed during unloading, the permanent offset in resistance indicates irreversible microstructural rearrangement 
of the conductive network, consistent with damage-induced disruption of electrical pathways. Notably, the 
sustained sensitivity observed in the 9K8 specimen during subsequent impacts highlights the critical role of 
cellulose paper areal density and MWCNT content in preserving network connectivity. The higher filler loading 
and thicker paper layer provide a degree of redundancy in conductive pathways, enabling continued strain 
sensitivity even after the initial impact event [3]. These findings demonstrate that the SHM performance of 
CARALL composites is governed not only by the magnitude of mechanical damage but also by the resilience of 
the embedded conductive network, underscoring the importance of interlayer design for reliable post-impact 
sensing. 

 
Figure 2. Force–time and normalized resistance change (ΔR/R)–time responses of (a) 9K6 and (b) 9K8-

CARALL composite specimens subjected to LVI 
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Full-field imaging of Lamb waves is an emerging nondestructive testing technique that allows for detection and 
localization of damages. This technique can be effectively applied to the inspection of both homogeneous and 
multilayered thin-walled components to detect defects such as corrosion and delaminations. The quality of 
imaging often depends on the selection of a proper signal processing algorithm, which makes detection and 
evaluation of defects feasible. One of the most effective algorithms of full-field imaging data is known as local 
wavenumber estimation (LWE) [1] which enables damage detection based on local wavenumbers of Lamb waves 
propagating in thin‑walled components. Due to the dependence of Lamb waves on plate thickness, the 
wavenumbers vary in locations where damages are present, corresponding to effective thickness reduction. 
Therefore, the LWE can be used to clearly visualize defects such as corrosion or delaminations in different types 
of structures. Despite its effectiveness, the original algorithm proposed by Flynn et al. [1] had some limitations 
that hindered its practical applicability. Firstly, the LWE is based on a complex filtration procedure in the 
frequency-wavenumber domain, which results in relatively high computational cost and high memory 
requirements. Secondly, the inspection of structures with complex shapes or significant anisotropy, such as 
carbon‑fiber reinforced polymer (CFRP) composites, may be challenging due to high attenuation and 
direction‑dependent wave velocity. The latter challenge significantly influences the wavenumber maps, resulting 
in non-uniform values of local wavenumbers, which are difficult to interpret and may mask the presence of 
damage in the structure.  

Therefore, in this work, we would like to discuss several improvements to the LWE algorithm that are meant to 
overcome some of its shortcomings and increase its applicability as a nondestructive testing method. Firstly, we 
proposed a method to apply LWE imaging to structures with complex non-planar shapes using nonuniform Fourier 
transform [2]. Secondly, we devised a more efficient implementation of the signal processing techniques required 
for the use of LWE, which significantly decreased its computational cost and memory requirements [3]. Thirdly, 
we devised an improved version of the LWE algorithm in the form of Anisotropic LWE (ALWE) [4]. 
The proposed algorithm introduced an improved filtering scheme in the wavenumber domain to adapt the 
wavenumber estimation procedure to the anisotropy of the structure. These modifications significantly improved 
the quality of wavenumber maps for damage detection. An exemplary result of ALWE compared to LWE for an 
anisotropic composite sample is presented in Figure 1. Both results were obtained from full‑field Lamb wave 
simulations of an anisotropic plate with artificial defects. ALWE compensates for direction‑dependent 
wavenumber and produces a more uniform background, significantly improving the visibility of defects (regions 
with increased wavenumber values).  

 
Fig. 1. Local wavenumber maps of Lamb waves obtained with the LWE (left) and ALWE (right) algorithms. 
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Summary: Impact detection and localization remain very important aspects of a structural health monitoring 
(SHM) system. Composite structures typically have low damage tolerance and an impact may lead to barely 
visible or internal damage not visible in ordinary visual inspections. Hence a system that is able to detect and 
localize impact is invaluable for non-destructive testing inspectors. Furthermore, if a sensor system is capable of 
determining the impact energy, real-time decision-making may be possible. Several techniques have been 
developed for impact detection. The problem with the localization is that most techniques depend on the time of 
arrival of the impact-induced waves. Furthermore, the impact characterization remains a challenge as well due to 
the limitations of sensor systems and signal processing algorithms.  

Several different sensor systems have been developed in the past, the optical fiber sensor based systems bring 
several advantages such as light weight, ability to be embedded and multiplexed as well as electromagnetic 
neutrality. Some work to study the utilization of the FBG sensors has been carried out in the past. In the current 
work the impact of the size of sensor on the performance of the impact detection is determined and compared with 
a new class of optical fiber sensors based on the micro ring resonator. Response of the FBG sensors of different 
sizes are studied for the spatial effects, time of arrival estimation and compared to that of MRR. 
1. Introduction 

Structural health monitoring (SHM) is of significant interest to infrastructure owners as it reduces the lifecycle 
cost of structures. Several different sensors have been developed trying to address the challenges of developing 
reliable, accurate and sensitive sensor systems. Optical fibers sensors (OFS) are a new and upcoming sensing 
technology. The OFS based sensors particularly on the fiber Bragg grating (FBG) sensors are considered mature 
for static and quasi-static strain measurements. But for dynamic measurements, including those for impact 
characterization they are still in their infancy. The FBG sensors in the conventional wavelength based 
interrogation are typically not capable of capturing the impact events on very small time scales. For this purpose 
the application of the FBG sensors in the edge filtering configuration is necessary [1]. In order to further develop 
the sensors for impact sensing as well as other high-strain rate events (such as in split-Hopkinson bar set up) a 
thorough understanding of the sensor response to high strain events is necessary.  

Traditionally, FBGs are treated as point sensors; however, when the impact-induced elastic wave (typically a 
Lamb wave) possesses a wavelength comparable to or shorter than the grating length, the sensor no longer acts as 
a simple strain gauge. Instead, it functions as a spatial integrator. This study employs a numerical approach to 
analyse FBGs of varying lengths (ranging from 1 mm to 20 mm) bonded to a structure. Two cases are studied, in 
first impact on a plate and the resultant spectral response is analysed, and the in the second the response in a split 
Hopkinson Bar experiment is studied. The analysis shows that a trade-off is necessary to ensure appropriate length 
and reliable FBG sensor response. It also indicates the use of micro-ring resonator (MRR) which improves the 
performance event further. The performance of the sensors in terms of aperture effect (spatial averaging) and time 
of arrival computation is analyzed. 

2.  Methodology and scope of study 

The core of this research centers on the spectral power density and the distortion of the FBG’s Bragg peak. Under 
the influence of a high-frequency impact wave, the strain field across the grating becomes highly non-uniform. 
Our results demonstrate that for "long" sensors, the spectral response undergoes significant broadening and 
chirping, often resulting in multi-peak splitting. This phenomenon, while providing a richer data set regarding the 
wave gradient, significantly complicates the signal demodulation process and reduces the Signal-to-Noise Ratio 
(SNR) for standard peak-tracking algorithms. Conversely, "short" sensors (1 mm) maintain a consistent spectral 
shape, behaving as quasi-point sensors that capture the temporal frequency of the impact with higher fidelity. 
However, smaller FBGs exhibit lower absolute reflectivity, necessitating higher-gain interrogation systems. 

In order to compare the performance, FBGs of different length are compared under same impact loading occurring 
5cm away from the middle point of the sensor. In order to achieve the accurate response of the FBG spectrum the 
transfer matrix method (TMM) able to capture the non-uniform strain effects is utilized [2]. Similar to the FBG 
spectrum the MRR spectrum too is simulated using the transfer matrix method. 
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3. Results 

In the edge filtering approach, it is known that the sensitivity of the sensor is proportional to the reflectivity of the 
FBG spectrum, and the slope of the spectrum. In order to ensure comparability the reflectivity of the sensor is 
kept constant (around 70%).  

As can be seen in Figure 1, the shape of the impact event changes as the length of the FBG increases. This is due 
to spatial averaging that the sensor does. Also the maximum amplitude changes quite significantly first it increases 
upto 8mm FBG and then reduces. This is due to combination of 2 effects, where the as the FBG length increases, 
the slope of the edge becomes steeper leading to better sensitivity but spectral distortion due to spatial averaging. 
It can be also seen that the MRR sensor is the fastest to react. This is due to the point nature (considerably smaller 
size) which has minimal spatial sampling effects. The TOA was determined using a standard threshold technique 
commonly used in the literature. For an assumed 1% limit (common across all sensors) the MRR gave the TOA 
closest to the theoretical TOA. The figure 2 shows that the 1mm FBG undergoes a shift due to the impact load 
but the longer FBG due to the non-uniform strain over the 20 mm FBG length undergoes spectrum distortion 
which might be tricky to demodulate without specialized equipment.  

4. Conclusions 

The results indicate that smaller the sensor the better it is for impact localization, and characterization. In case of 
the FBG sensors, the smaller FBGs have lesser sensitivity but this issue is overcome through use of MRR sensors 
which will be investigated experimentally in the future. 
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Figure 1: Response of FBGs of different length to impact 

Figure 2: FBG spectrums under impact a) 1mm b) 20mm 
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Abstract: This study investigates an in-situ resin-injection welding method to enhance Mode I delamination 
resistance in thermoplastic composite structures. Composite panels manufactured using Elium® resin and triaxial 
glass fibres were repaired via liquid resin injection, promoting semi-interpenetrating polymer network formation 
at the crack interface. Mode I fracture behaviour was evaluated using double-cantilever beam (DCB) tests at 
standard and elevated loading rates. The repaired composites exhibited up to 42% higher crack initiation loads 
and improved fracture toughness compared with virgin specimens. These results demonstrate a scalable, 
sustainable repair strategy for large composite structures, supporting extended service life and reduced 
environmental impact in wind energy applications. 
1. Introduction 
Wind energy has become a cornerstone of the global renewable energy transition, providing a sustainable 
alternative to fossil fuels and playing a key role in reducing greenhouse gas emissions in line with net-zero targets 
for 2050 [1]. It is among the fastest-growing renewable technologies worldwide. In wind turbine blade (WTB) 
manufacturing, advanced composites, such as sustainable liquid acrylic resins (e.g., Elium®, developed by 
Arkema, France), offer significant environmental advantages. These resins combine the low viscosity and room-
temperature processability of thermosets with the recyclability of thermoplastics. Based on methyl methacrylate 
monomers, they are infused into fibre reinforcements and polymerised in situ, thereby reducing the carbon 
footprint. To improve efficiency and ensure stable power generation, modern wind turbines increasingly use 
longer, larger rotor blades. However, the increased size and flexibility of these blades make them more susceptible 
to structural damage under varying operational and environmental conditions. Wind farms are often located in 
remote and harsh environments, including offshore, mountainous, and desert regions, where blades are exposed 
to strong winds, salt spray, rain, and lightning, significantly increasing the likelihood of damage. Consequently, 
damage detection and maintenance planning are complex and costly. Previous studies report that operation and 
maintenance costs for offshore wind turbines account for 15–35% of total lifecycle costs, with up to 80% attributed 
to unplanned failures [2].  

Delamination is a critical damage mechanism in wind turbine blades, significantly reducing structural integrity 
and service life. Delamination occurs when the layers of the composite material separate, often due to 
manufacturing defects, impact damage, or environmental factors (Figure 1a), severely compromising structural 
integrity [3]. For instance, impacts from birds or other flying bodies can cause delamination in the WTB. Another 
reason is that while leading-edge erosion primarily affects surface integrity, it can also induce local tensile stresses 
and interface weakening, which trigger Mode I delamination [4]. Composite healing extends component lifespan, 
reduces material waste, and minimises the carbon footprint associated with new manufacturing, making it a key 
driver of sustainability and lower CO₂ emissions. To the best of the authors’ knowledge, no prior studies have 
investigated resin-injection healing in the Triaxial glass fabric-reinforced Elium® 191 XO/SA (Three parts resin) 
composite. This study investigates the repair of Mode I delamination using resin-injection welding and examines 
the delamination resistance of virgin and healed composites at elevated opening rates, providing direct probing of 
composite deformation mechanisms under extreme loading conditions. 

 
Fig. 1. (a) Delamination in WTB [5]; (b) Cross-sectional view of the WTB [6]. 

(b) 
(a) 
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2. Materials and Testing  
The Triaxial glass fabric (Cristex, U-E-1182 g/m2-1270mm, often used for the outer surface and web of the WTBs, 
Figure 1b), four layers (+45/0/-45) are used to reinforce Elium® 191 XO/SA (comprising three components: 191 
XO acrylic resin (50% w/w), 191 SA accelerator (50% w/w), and methyl ethyl ketone peroxide (MEKP) initiator 
(2% w/w)). The DCB test (Figure 2a) is used to evaluate Mode I fracture toughness in accordance with ASTM 
D5528. The DCB test specimens (eight plies) were cut to dimensions of 165 mm × 20 mm. Aluminium loading 
blocks are placed on the front and back sides of the DCB specimens. A Polytetrafluorethylen (PTFE) film be 
inserted to generate a crack length ao of 50 mm. Constant extension rates of 3, 6, and 9 mm/min are applied to 
separate the specimens. Load, crosshead displacement, and delamination length are continuously recorded. A 
video extensometer (DIC) enabled the automatic detection of crack initiation and real-time tracking of 
delamination length as the specimens gradually opened. Each test continued until a minimum delamination length 
of 50 mm was achieved, measured from the pre-crack tip. Five samples are tested at each loading rate, and the 
average results are recorded.  

3. Results, Discussion, and Conclusion 

As shown in the Figure 2b, the delamination resistance load (P) versus crack opining displacement (COD), the 
healed samples were notably higher than those of the virgin samples, not only at the standard crack-opening rate 
(3 mm/min) but also at elevating loading rates (6 and 9 mm/min), thanks to a novel resin injection repair technique 
due to the formation of a semi-interpenetrating polymer network (semi-IPN) at the bonding interface. The resin 
injection repair developed in this study is based on a University of Edinburgh patent [7]. Notably, the repaired 
coupons exhibited higher delamination loads and, consequently, improved fracture toughness at both crack 
initiation and during crack propagation compared to the literature.       

 
Fig. 2. (a) Schematic of the DCB test, and (b) Delamination load versus crack opening displacement. 

The liquid resin injection repair significantly increases the crack initiation load by 36–42% compared with virgin 
samples across all tested loading rates (3, 6, and 9 mm/min), due to semi-IPN formation, reflecting robust 
performance under elevated loading rates. Using the same novel liquid thermoplastic resin for both manufacturing 
and repair enables an efficient, scalable in-situ repair strategy for large composite structures, such as WTB, 
reducing downtime and maintenance costs. The proposed healing approach extends component service life, 
reduces material waste, and lowers CO₂ emissions associated with replacement manufacturing, supporting more 
sustainable composite utilisation in renewable energy infrastructure. 
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Abstract: 

Aerospace structures are increasingly transitioning from thermoset to thermoplastic composites to enable higher-
rate manufacturing, improved reparability, and enhanced recyclability, while maintaining sufficient damage 
tolerance. This study experimentally investigates the coupled effects of impact temperature on the low-velocity 
impact (LVI) response of unidirectional carbon fiber/poly(ether ketone ketone) (CF/PEKK) laminates. The 
laminates are manufactured from UD CF/PEKK tapes using vacuum bagging followed by oven consolidation, 
demonstrating a viable out-of-autoclave processing route for aerospace-grade thermoplastic composites. The 
consolidation cycle employs a two-step thermal profile with dwell temperatures of 340 °C and 380 °C, followed 
by controlled cooling. A symmetric stacking sequence, [(0/90°)\₇/0°]ₛ, is adopted, resulting in laminates with an 
average thickness of 4.5 mm. Differential scanning calorimetry (DSC) is used to quantify the degree of 
crystallinity of the PEKK matrix, while void content analysis indicates a void fraction of 3.60%. LVI tests are 
conducted at low, room, and elevated temperatures. The force–time and force–displacement responses exhibit a 
pronounced temperature dependence: elevated-temperature impacts show reduced stiffness and larger 
displacements, whereas low-temperature impacts produce higher peak forces and a stiffer response, consistent 
with more localized damage development. 

1. Introduction 

Carbon fiber-reinforced thermoplastic (CFRTP) composites have been extensively studied as an alternative to 
traditional thermoset composites, particularly in the aerospace industry [1,2]. These materials offer a combination 
of high toughness, damage tolerance, impact resistance along with excellent solvent resistance. Additionally, their 
as recyclability, ease of handling, and cost-effective storage provide further advantages over thermoset 
counterparts [3,4]. Due to these benefits, CFRTPs have been successfully utilized in the production of helicopter 
canopies and various aerospace subcomponents, including clips and frames [5,6].  

During the assembly or service life of composite structures, low-velocity impact (LVI) is common occurrence. 
Although the resulting damage may not always be visually apparent, it can significantly compromise structural 
integrity, similar to damage caused by high-velocity impacts. This is primarily due to the anisotropic nature of 
composites, which affects the way impact energy is absorbed and distributed. To maintain structural integrity, 
damage-tolerant designs must retain sufficient load-bearing capacity even when affected by barely visible impact 
damage. Thus, understanding of LVI-induced damage and impact response is essential for maximizing the 
potential of CFRTPs in lightweight structural applications [7,8]. 

Aircraft structural components operate under diverse environmental conditions, where exposure to fluctuating 
temperatures can alter the damage mechanisms and mechanical behavior of composites. These temperature 
variations, experienced throughout the service life of an aircraft, play a critical role in damage formation and 
propagation [9]. To address this challenge, the present study systematically investigates the LVI response of 
CFRTP laminates with cross-ply orientations under room temperature (RT), high temperature (HT), and low 
temperature (LT). 

2. Experimental Procedure 
2.1. Materials and specimen preparation 

The unidirectional carbon fiber/poly-ether-ketone-ketone (CF/PEKK) tape, which purchased from Toray Cetex® 
with the commercial code of TC1320, is used to fabricate thermoplastic composite laminates. The tape used for 
hand lay-up have a nominal thickness of 0.15 mm and a width of 305 mm. Each ply is cut to the desired dimensions 
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(305mm x 305mm) using a digital cutting machine (ZÜND G3-L3200) as shown in Figure 1a. The laminates are 
manufactured using a vacuum-assisted hand lay-up process with the lay-up sequence of [(0/90°)\₇/0°]ₛ as shown 
in Figure 1b-c. After lay-up, the laminates are held under 1 atm pressure using vacuum bagging for 1 hour at room 
temperature, followed by oven consolidation. The consolidation process consists of two steps: first, the 
temperature is increased to 340 °C at a rate of 3 °C/min and maintained for 90 minutes. In the second step, the 
temperature is further increased to 380 °C at the same rate and held for 120 minutes before cooling to room 
temperature at 3 °C/min. The cured thermoplastic composite laminates have final dimensions of 305 mm × 305 
mm, with an average thickness of 4.5 mm, measured at three different points.  

 
Figure 1. Manufacturing stages of CF/PEKK composite plates. 

2.2. Impact Tests 

LVI test specimens are then cut to 100 mm × 150 mm, following ASTM D7136 [10], using a robotic water jet 
system (Kuka KR16 Ultra F robot equipped with a high-performance water jet pump). The specimens are 
subsequently subjected to LVI testing, with the impactor positioned at the center of each sample as shown in 
Figure 2. LVI tests are conducted at an energy level of 30 J to analyze the structural behavior under barely visible 
impact damage conditions. Room-temperature (RT) tests are performed at 25 °C. To investigate the effect of high 
temperature (HT) on the thermoplastic composites, the specimens are conditioned at 75 °C in a climatic chamber 
for 60 minutes to ensure uniform temperature distribution before LVI testing. After being placed in the impact 
chamber, the temperature is continuously monitored using a non-contact digital laser infrared thermometer. Once 
the temperature reaches 70 °C, the impact test is conducted. 

 
Figure 2. Drop tower test setup with specimen positioning and temperature monitoring for HT-conditioned 

specimen. 
3. Results and Discussion 
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Figure 3(a) and 3(b) depict the force-time and force-displacement curves, respectively, obtained from LVI 
tests performed on composite laminates conditioned at RT, HT, and LT. The data reveal significant variations 
in impact response attributable to thermal conditioning. The LT-conditioned specimen demonstrates the 
highest peak force, reaching approximately 8300 N. This value is 5.1% greater than that observed at RT (7900 
N) and 10.8% higher than at HT (7500 N). This increase suggests enhanced stiffness an d resistance to 
deformation at low temperatures, likely due to reduced matrix ductility [11]. In the initial loading phase, the 
LT-conditioned specimen exhibits the steepest slope in its force-displacement curve, further indicating 
increased stiffness. However, the unloading phase is more abrupt compared to RT and HT specimens, implying 
a more brittle failure mode with limited plastic deformation. Notably, the area under the LT curve, representing 
absorbed impact energy, is smaller than that of RT and HT specimens, confirming reduced energy dissipation. 
Conversely, the HT-conditioned specimen displays the lowest peak force and the most extended displacement. 
This behavior is indicative of matrix softening at elevated temperatures, which facilitates increased plastic 
deformation and higher energy absorption. The broader hysteresis loop observed in the HT specimen further 
corroborates enhanced energy dissipation. The RT specimen exhibits an intermediate response, balancing 
stiffness, peak force, and energy dissipation. This balanced behavior underscores the influence of thermal 
conditioning on the mechanical performance of composite materials under impact loading. These findings 
align with previous studies highlighting the critical role of temperature in influencing the impact damage 
resistance and tolerance of carbon-fiber-reinforced epoxy laminates. For instance, research has demonstrated 
that thermal aging can significantly alter the impact behavior of such composites, affecting both damage 
initiation and progression [12]. 

 
Figure 3. Force-time (a) and force-displacement (b) curves obtained from LVI tests conducted RT, HT, and LT 
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Abstract: Advanced polymers and composite materials are widely employed in engineering applications that 
require high impact resistance and energy absorption capacity. Reliable prediction of their mechanical response 
during impact-loading requires accurate experimental characterization under the often complex, multiaxial 
deformation states and large strains occurring in real loading scenarios. However, most conventional material 
testing techniques primarily impose uniaxial stress states and therefore do not fully represent the multiaxial 
loading conditions encountered in real applications. Among alternative techniques, the bulge test is particularly 
promising, as it enables controlled multiaxial deformation up to large strains. For metals, established procedures 
are available for both testing and data processing to extract constitutive behaviour. However, the assumptions 
underlying these standardised procedures for metals are not necessarily valid for other material classes. For 
polymers, especially the assumption of volume conservation might not necessarily be valid, while for composites, 
additional limitations arise from the limited accuracy of result processing procedures in the critical low-
deformation regime. To address these challenges, the application of a new generation of identification techniques 
offers a promising solution. By using full-field deformation data alongside conventional measurements, inverse 
identification methods or data-driven techniques can be employed to obtain calibrated material models. In this 
work, both quasi-static (QS) and dynamic bulge tests are performed on polycarbonate and composite samples. 
Full-field deformation maps are obtained using static and high-speed imaging in combination with stereo digital 
image correlation (DIC). The experimental results provide insights into the deformation behaviour of the materials 
under biaxial stress conditions and establish a framework for improved material modelling under complex loading 
states.  

1. Experiments 
In the present work, hydraulic bulge tests were performed on circular specimens machined from polycarbonate 
(PC) sheets with a thickness of 2.85 mm, and composite plates with thicknesses of 1 mm and 2 mm. The composite 
plates consist of an RTM6 matrix reinforced with woven basalt fabric. The specimens were clamped at the 
boundary, and upon application of pressure, the samples deform through a die opening with a diameter of 60 mm. 
The experiments were conducted under both QS and dynamic loading regimes. 

For the QS bulge tests, the applied pressure was directly measured using a pressure transducer connected to the 
hydraulic chamber (Fig. 1a). The dynamic bulge configuration follows the split Hopkinson bar principle, and the 
pressure inside the chamber was determined from the stress wave transmitted to the output bar [1]. A 
distinguishing feature of the DyMaLab dynamic bulge setup (Fig. 1b) is that the specimen remains fully optically 
accessible during testing, enabling the use of high-speed imaging. In both cases, the deformation of the specimen 
was continuously recorded using a stereo camera system, and the captured images were processed using DIC to 
obtain full-field displacement and strain distributions. 

Fig. 1. Schematic representation of (a) Quasi-static bulge setup and (b) dynamic bulge setup 

https://www.sciencedirect.com/author/23566309400/georg-c-ganzenmuller
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By combining the measured pressure with the DIC-based reconstruction of the dome surface, additional quantities 
describing the deformation behaviour can be obtained. In particular, for the PC samples, the radius of curvature 
at the dome apex is evaluated from the reconstructed surface. Assuming membrane behaviour and volume 
conservation, this enables a first-order estimation of the biaxial stress during deformation. However, for 
polycarbonate, the assumption of volume conservation may not always hold [2]. Moreover, due to the constraints 
imposed on the dimensions of the specimen in the dynamic tests, membrane theory does not apply to the relatively 
thick PC specimens either. Although the composite samples satisfy the assumptions required for the application 
of membrane theory due to their small thickness, the level of deformation is insufficient to obtain reliable values 
for the apex radius. Consequently, more advanced test processing procedures are needed for both materials. 

2. Results and Discussion 
The results and discussion focus on polycarbonate, which exhibits the highest deformation levels. The PC tests 
have a much richer information content and still allow meaningful interpretation using simplified analysis 
procedures. The apex displacement response obtained from the hydraulic bulge tests (Fig. 2a and 2b) based on 
the rate of applied pressure, describes the global mechanical behaviour and the strain rate dependence of the 
material under biaxial deformation. Together with the full-field strain measurements obtained from DIC, these 
results provide a comprehensive experimental characterization of the deformation behaviour of polycarbonate 
sheets and offer a rich dataset for calibrating advanced material models.  

Fig. 2. (a) Apex out of plane displacement of PC samples tested at static and dynamic rates and                        
(b) corresponding DIC out-of-plane displacement fields at different time steps 

The maximum pressure applied to the samples during QS and dynamic tests was 9.3 MPa and 8.2 MPa, 
respectively (Fig. 3a). The maximum in-plane strains εx and  εy at the apex reached approximately 0.75 under QS 
conditions (Fig. 3b). This high value demonstrates the potential of bulge tests to deform materials to significantly 
larger strain levels compared to the uniaxial tests and biaxial tests performed on cruciform specimens. Especially 
the latter involve complex design and optimization procedures to achieve a uniform biaxial stress or strain state 
in the targeted test region of the specimen [3].  

 

 

 

 

 

 

  Fig. 3. a) Evolution of pressure and b) evolution of strain under static and dynamic bulge test 
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Summary: This paper presents the design of a round-robin exercise primarily intended for HISTRATE members, 
but extendable to other research institutions, focusing on the high strain-rate properties of commercial structural 
composites. The objectives of this exercise are to: (i) compare experimental data obtained from benchmark or 
reference material tests in order to assess the influence of different testing and data-processing procedures across 
participating laboratories; (ii) improve best-practice guidelines for split Hopkinson bar testing; (iii) share practical 
insights and operational details related to the selected tests; and (iv) lay the groundwork for the standardization of 
high strain-rate testing methods for composite materials. 

1. Introduction 

High strain-rate testing is widely employed in the design of structures subjected to impacts and explosions; 
however, it is still not governed by comprehensive standards for either conventional materials (e.g., metals and 
plastics) or advanced materials (e.g., composites, foams, and additively manufactured/3D-printed materials). The 
split Hopkinson bar remains the primary experimental apparatus (used mainly for tension, compression, and 
torsion tests) operating within a strain-rate range of approximately 10² to 10⁴ s⁻¹. Nevertheless, as its use has been 
largely confined to the scientific community, the associated standards are often incomplete or not updated to 
reflect recent advances in measurement techniques [1]. Only a limited number of round-robin studies have been 
conducted in the past to address this gap. These efforts have predominantly focused on compression testing of 
metallic specimens and involved a relatively small number of participating research institutes [2-4]. Studies on 
tensile testing are even fewer [5], partly because numerous specimen geometries have been proposed over the 
years, with limited systematic evaluation of their performance. Critical assessments of the challenges associated 
with high strain-rate tensile testing of composite materials are rarer still [6]. The HISTRATE COST Action aims 
to promote a round-robin exercise, primarily involving HISTRATE members, but open to other research 
institutions, focusing on the high strain-rate behavior of commercial structural composites. The objectives of this 
initiative are to: (i) compare experimental data obtained from benchmark material tests to evaluate the influence 
of different testing and data-processing procedures across laboratories; (ii) refine best-practice guidelines for split 
Hopkinson bar testing; (iii) share practical insights and operational recommendations related to the selected tests; 
and (iv) establish a foundation for the standardization of high strain-rate testing methods for composite materials. 

2. Practical Implementation 

This section summarizes the outcomes of an ad hoc WG6 HISTRATE meeting focused on the design of the 
aforementioned round-robin exercise. In particular, it addresses the key aspects of the initiative, including the 
preparatory phase, test execution, data collection and processing, and, finally, data analysis and exploitation. 

2.1. Preparatory work 

The HISTRATE round-robin exercise will focus on the high strain-rate tensile characterization of a limited 
number of commercially available composite materials. Candidate materials may include glass, carbon or basalt 
fiber reinforced polymers (GFRP, CFRP or BFRP respectively), with a maximum of three materials considered 
in the study. Given this limitation, it would be beneficial to select materials representing different classes (i.e.  
thermoplastic composites, a quasi-isotropic fabric and unidirectional fiber reinforcement) in order to capture a 
broad range of material behaviors. The use of certified materials may further enhance material availability and 
ensure data consistency across participants. Selected materials will be procured by the Joint Research Centre 
(JRC) and distributed to participants following a call for interest open to HISTRATE members and other research 
institutions. Materials will be supplied in two possible forms, with participants allowed to request one or both 
options: (i) as-manufactured plates and (ii) specimens machined via CNC under the supervision of JRC. For option 
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(i), participants will be responsible for machining the specimens according to their preferred methodologies. For 
option (ii), JRC will collect specimen design specifications from participants and take responsibility for CNC 
machining the requested geometries. This dual approach will enable the assessment of the influence of specimen 
manufacturing procedures on test results. In all cases, participants will be responsible for measuring (e.g., mass 
and geometry) and documenting (via photographs) each specimen, whether received or machined in-house, prior 
to the testing phase. If feasible, an ultrasound scan on both sample series (produced by JRC and other round-robin 
partners) could be beneficial to check possible defects before the testing phase. 

2.2. Experimental tests 

The test campaign will be defined by only two constraints: the target strain rate and the number of repetitions. 
Specifically, the tests will be conducted at strain rate of about 500 s⁻¹ (average strain rate prior to maximum stress), 
with 5 repetitions for each material. Testing may be performed using either the split Hopkinson bar technique or 
a high-velocity servo-hydraulic system. No constraints will be imposed on participants regarding specimen 
geometry, testing procedures, or experimental equipment. 

2.3. Data collection 

Participants in the round-robin exercise will be required to provide the stress–strain curves obtained from the 5 
test repetitions for each material, together with high-speed video recordings of the specimen gauge section (image 
acquisition frequency ≥ 100,000 fps). In addition to the test data, participants must supply detailed information 
on the adopted testing setup, to be reported using a standardized template. The required information will include, 
among others: materials and geometries of bars/striker/equipment; a detailed description of the instrumentation 
(e.g., strain gauge types and characteristics, Wheatstone bridge configuration, signal conditioning system, sensor 
locations, etc.). For tests performed using the split Hopkinson bar technique, raw strain signals must also be 
provided. Any additional information regarding calibration procedures adopted by the participants will be 
valuable for the data analysis phase. This includes, in particular, calibration methods for force and displacement 
measurements used to determine specimen stress and strain, as well as procedures related to Digital Image 
Correlation (DIC), if applied. Participants are also encouraged to share the data-processing methodologies used 
to derive stress–strain curves from raw sensor data. At the conclusion of the testing phase, all specimens must be 
returned to the JRC, which will coordinate post-mortem analyses in collaboration with other HISTRATE partners. 

2.4. Data elaboration and exploitation 

The collected data will be analyzed by a group of researchers (on a voluntary basis) under the supervision of the 
HISTRATE Core Group. The analysis will be carried out in three progressive phases (Steps 1–3), each 
characterized by an increasing level of complexity. 
Step 1. The initial phase will focus on the evaluation and comparison of processed outputs (i.e., stress–strain 
curves) to quantify data scatter across different materials and participating laboratories. Key parameters such as 
Young’s modulus and stress–strain response up to failure will be considered. This step will provide a first 
assessment of the maturity and reliability of current high strain-rate testing methodologies. 
Step 2. Following the computation of global statistics, the second phase will investigate whether different testing 
methodologies (i.e., specimen and equipment design, as well as data processing and calibration procedures) 
introduce systematic effects or errors in the measured responses (e.g., premature failure induced by clamping 
systems). This stage may require reprocessing raw signals and high-speed images and/or performing numerical 
simulations of the experimental setups. The outcome of this analysis is expected to support the identification of 
optimal testing methodologies. 
Step 3. The final objective of the round-robin exercise is the development of a best-practice document for high 
strain-rate testing of composite materials, which could serve as a basis for future standardization efforts. The 
document will address both experimental design (including equipment and specimen geometry) and data 
processing procedures, with particular attention to advanced measurement techniques (e.g., DIC and multiphysics 
instrumentation). If the results of the round-robin exercise reveal limitations in terms of reliability, additional 
approaches, such as virtual testing or novel experimental methodologies, may also be considered. 
At the conclusion of the project, the results will be disseminated through a peer-reviewed journal publication, and 
the best-practice guidelines will be made available on the HISTRATE website. This work is expected to contribute 
to the establishment of standardized methods for high strain-rate testing of composite materials. 
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Abstract: One objective of the HISTRATE COST Action is to develop a roadmap for the standardisation of high 
strain rate testing of composite materials. The initial HISTRATE contribution structured this roadmap through 
(i) a gap analysis, (ii) roadmap objectives and milestones, (iii) proposed actions, and (iv) stakeholder involvement 
and implementation needs. Key gaps include the limited applicability of existing dynamic testing standards to 
composite materials at high strain rates (up to 103-105 s-1) and the need for more realistic loading scenarios, 
improved testing efficiency, and richer measurement data up to failure. Since then, WG6 has advanced roadmap 
implementation through (a) a dedicated standards overview on high strain rate testing and (b) a round-robin 
concept to benchmark inter-laboratory practice for high strain rate tensile characterisation of commercial 
structural composites. This paper summarises the current status of this roadmap development and identifies what 
has been achieved, what is in progress, and what remains open before a final roadmap can be completed. 

 
Introduction 

The roadmap activity is coordinated in HISTRATE WG6 and targets traceable, comparable high strain rate test 
data (up to failure) to support reliable modelling and the design of safety-critical structures in overlapping sectors 
(aerospace, automotive, energy, marine). Earlier COST experience on certification-related topics [1] is relevant 
because it shows that community practice must be translated into actionable guidance and a credible 
standardisation pathway. The roadmap elements and their current status are therefore presented in a table below. 

Current status of the roadmap development in HISTRATE 
Roadmap 
element 

Progress achieved in HISTRATE Status 
Next steps 

Need for 
standardisation/
gap analysis 

n Existing dynamic standards identified as insufficient for 
composites at high strain rates up to 103-105 s-1 (e.g., ISO 
26203, ISO 18872, ISO/DIS 18989) 
n Priority technical gaps defined: multiaxial vs uniaxial 
loading; multidirectional and woven vs unidirectional 
systems; interlaminar fracture toughness vs strain rate 
n Enabling gaps: testing efficiency (too many 
parameters/tests); sustainable testing pyramids; richer 
observations (higher spatial/temporal resolution, full-field 
methods, multimodal sensor fusion) 

Defined 
 
To reduce the gap to a 
smaller number of 
prioritised standardisation 
topics. 

Roadmap 
structure and 
objectives 

n The main roadmap components were defined in [2], 
following general roadmap-development approaches [3-5]) 
n Short-term goals (1–2 years): generalise best practices 
and in-house procedures; compare/benchmark methods 
across laboratories 
n Mid-term goals (3–5 years): adapt/modify existing 
standards; propose new test methods and specimen 
geometries; integrate advanced monitoring 
n Long-term goals (5+ years): unified methodologies 
across leading European laboratories; potential inputs to a 
CEN prestandard (ENV) 

Defined at the concept 
level 
 
Convert the time-horizon 
goals into possible 
deliverables and measurable 
outcomes that can be 
tracked across WG6 
activities 
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Overview of 
available 
standards 

n Standards overview on high strain rate testing is a 
dedicated building block of the roadmap [6] 
n The review provides the baseline practices (mostly for 
metals) and limitations to composites 

Completed 
Convert into a prioritised 
list of standardisation gaps 
and candidate actions. 

Benchmarking 
and inter-
laboratory 
comparison 

n Round-robin exercise proposed as a short-term 
mechanism to ensure repeatability and comparability via 
benchmark tests and reference material/specimen design 
n Round-robin positioned as the key evidence generator 
for harmonisation decisions 

Designed, but not yet 
completed 
Execute the exercise and 
compare the experimental 
datasets. 

Good-practice 
documentation 

n Drafting good-practice documents identified as a short-
term action to establish a common technical baseline for 
test setup, measurement, and reporting 
n Intended to capture transferable procedures beyond 
single-lab practice 

Identified, but not yet 
completed 
To be compiled based on 
the outcomes of the round-
robin exercise 

Reference 
materials/speci
men strategy, 
testing 
conditions and 
required outputs 

n Round-robin exercise targets: 
o Commercially available composite materials to 
support reproducibility and availability (incl. 
thermoplastic composites, quasi-isotropic fabric 
laminates, unidirectional composites) 
o Strain rate about 500 s-1; five repetitions; test via 
split Hopkinson bar (SHB) tests or high-velocity servo-
hydraulic systems 

n Defined outputs: stress-strain curves; high-speed video 
of the gauge section; raw SHB strain signals; complete 
setup and processing metadata 

Defined round-robin. 
Final material selection and 
commitment of 
participating laboratories 
are still needed. 

Validate the exercise and 
refine it, by implementing 

Advanced 
instrumentation 
and multimodal 
measurements 

n Roadmap emphasises higher spatial/temporal resolution 
for shock/wave characterisation and failure evolution 
n Full-field techniques explicitly prioritised over single-
point-only measurements; multimodal sensor fusion 
identified as a key need 

o DIC measurements included in the round-robin 

Identified, but not 
standardised 
Specify measurement 
recommendations 
(minimum/advanced/option
al) compatible with both lab 
capability diversity and 
standardisation goals 

Data processing, 
calibration, and 
uncertainty 
awareness 

n The roadmap requires traceability beyond reported 
"typical curves", implying consistent data reduction and 
reporting practices 
n Round-robin exercise concept: three-step workflow 

o (1) compare reported stress-strain outputs 
o (2) quantify systematic effects of differing 
setups/data processing 
o (3) compile best-practice recommendations suitable 
for standardisation 

Partially addressed 
Derive robust calibration 
and data-reduction practices 
from the inter-laboratory 
exercise. 

Stakeholders 
and 
standardisation 
pathway 

n HISTRATE community is broad (academia + industry 
stakeholders, e.g. modelling, instrumentation, materials, 
applications) 
n Explicit need identified for stronger engagement with 
certification/standardisation bodies (CEN, SAE, ASTM) to 
enable adoption 

Still limited 
To establish WG6/7-led 
standardisation plan (named 
contacts, target committees) 

Final integrated 
roadmap 

n Roadmap development is recognised as more complex 
than anticipated and not yet complete 
n The main building blocks (all above) defined/initiated 

In progress 
Integrate all building blocks 
into one concise, actionable 
roadmap 
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Conclusion 

HISTRATE progress toward standardisation of high strain rate testing of composite materials is best described as 
completion of core roadmap building blocks rather than completion of the final roadmap itself: the gap analysis 
and time-phased objectives are defined, and the implementation path is developed through a standards overview 
plus a round-robin exercise intended to generate harmonisation evidence. The remaining task is to integrate these 
elements into a single actionable roadmap with clear deliverables, evidence gates (from benchmarking), and an 
explicit engagement path toward CEN/SAE/ASTM to support eventual prestandardisation. 
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Summary: Simulation of laser shock wave propagation in composite laminates requires efficient nu-
merical methods. In this work, we present a new simulation approach coupling the Proper Generalized
Decomposition (PGD) with a non-overlapping domain decomposition (DD) strategy for 2D elastic wave
simulation. Building on the hybrid PGD–SEM model, the out-of-plane direction is decomposed into
non-overlapping subdomains solved locally. Simulation validations confirm accurate wave propagation
with DD convergence.

Introduction

Laser shock testing for controlled delamination of composite materials is a challenging problem to simu-
late numerically since it involves high-frequency wave propagation in heterogeneous media [1]. Several
numerical methods can solve wave propagation problems with controlled accuracy and good conver-
gence properties. Yet, even if the spatial domain is as simple as a plate, the computational effort remains
prohibitive without appropriate numerical resources. The Proper Generalized Decomposition (PGD) has
shown promise for efficient simulation of such problems [2], but its monolithic nature limits scalability.
Domain decomposition (DD) methods [3] offer a way to address this limitation efficiently by partitioning
the out-of-plane direction into subdomains, allowing for parallel solves and reduced computational cost.

PGD–SEM Framework

The 2D elastodynamic problem seeks u(x, z, t) over Ω = Ωx × Ωz satisfying

ρ
∂2u

∂t2
− div[σ] = f , for (x, z, t) ∈ Ω×]0, T ], (1)

with initial and boundary conditions:

∂u

∂n
= 0 on ∂Ω,

u(x, z, 0) = u0(x, z), for (x, z) ∈ Ω,

∂u

∂t
(x, z, 0) =

∂u0

∂t
(x, z), for (x, z) ∈ Ω,

where ρ is the density, f the applied load, and σ = C : ε(u) for an anisotropic stiffness tensor C(x, z).
The PGD approximation reads:

u(x, z, tk) ≈
Mk∑
j=1

ϕj(x, tk)ψj(z, tk), (2)

where modes are found by alternating fixed-point iterations (in-plane then out-of-plane) until stagnation,
with a hybrid explicit/implicit time scheme for stability.
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Domain Decomposition Strategy

The out-of-plane domain is partitioned into S non-overlapping subdomains Ωz =
⋃S

s=1Ω
(s)
z . On each

subdomain, the discrete problem reads:[
L(s)
z +R(s)

z

]
ψ(s) = M

(s)
BZ

(
MT

BXY ϕ
)
+ g

(s)
Γ , (3)

where L
(s)
z is the subdomain physics operator, M(s)

BZ the out-of-plane RHS pre-operator, MBXY the
in-plane RHS pre-operator (both concatenating mass, stiffness, and time-scheme contributions), R(s)

z the
Robin impedance matrix, and g

(s)
Γ the interface data. The Robin condition is given by:

gn+1
nbr = −gn

own +
(
αown

eff +αnbr
eff

)
⊙ψn

own. (4)

where αown
eff and αnbr

eff are the effective impedance parameters for the own and neighboring subdomains,
respectively, and ⊙ denotes element-wise multiplication. Global SEM double-counts contributions at
shared nodes.

Numerical Results

The model is validated on a multi-layer composite material.

Figure 1: Laser shock simulation with S = 20 subdomains. Wave fronts propagate continuously across
subdomain interfaces without artificial reflections.

With multiple subdomains S > 1, the DD–PGD solver matches the 2D reference model without domain
decomposition. It also matches with 3D reference solution at time early time steps where the reflexions
are not yet . Figure 1 shows wave fronts crossing interfaces without artefacts.

Conclusions and Perspectives

A domain decomposition strategy for the PGD–SEM hybrid elastodynamic framework has been vali-
dated on laser shock configurations. Future work targets incorporating delamination phase and extending
to 3D simulations. This approach opens the door to efficient simulation of delamination processes.
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Summary: Optimization of structures with lightweight properties and high impact resistance is of critical 
importance in the aerospace and defense industries. In this study, the ballistic impact behavior of honeycomb 
composite structures was investigated through numerical simulations, and a fuzzy logic-based prediction model 
was developed. The honeycomb composite structure consists of a 15 mm Al-3003 honeycomb core with 
GFRP(Woven) face materials, a variable-thickness AL2024-T3 protection plate, and an adhesive layer. The 
bonding process of the face sheets was analyzed using the Cohesive Zone Model (CZM) with brittle (AV138) and 
ductile (DP8005) adhesives. A three-input, 27-rule fuzzy logic model produced results in high correlation with 
the numerical data. The findings revealed that adhesive thickness is a fundamental parameter significantly 
affecting energy absorption capacity. 

METHODS AND RESULTS 

1. Numerical Methodology and FEA Setup 

 The honeycomb composite configuration was developed by bonding a variable-thickness AL2024-T3 face sheet 
(0.5–2.0 mm) and an adhesive layer (0.1–1 mm) onto a fixed-thickness honeycomb core structure. The core 
structure comprises a 15 mm Al-3003 honeycomb core sandwiched between two 1 mm GFRP (woven) skins. To 
optimize computational efficiency, the honeycomb core was modeled as a homogenized orthotropic material 
based on the Gibson-Ashby cellular solids theory. The schematic drawing of the structure utilized in numerical 
analysis is presented in Figure 1. 

 
Fig. 1. Schematic drawing of the honeycomb structure. 

Numerical analyses were performed using ANSYS Explicit Dynamics. As a result of a comprehensive mesh 
convergence study, a 3 mm element size was determined to provide a stable balance between accuracy and 
computational time, utilizing an optimized mesh of 28,450 elements. The projectile was defined as a rigid 
cylindrical structure with a 20 mm diameter, hemispherical tip, and 40 mm length, with impact velocities varied 
between 300 and 600 m/s. The time-dependent damage progression in the numerical analyses is illustrated in 
Figure 2. 
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Fig. 2. The time-dependent damage progression. 
2. Cohesive Zone Modeling and Material Performance  

The adhesive layer providing the connection between the AL2024-T3 face sheet and the GFRP skin was defined 
using the Cohesive Zone Model (CZM) to capture delamination and debonding physics. Brittle (AV138) and 
ductile (DP8005) adhesives were analyzed through four different scenarios involving individual and hybrid 
combinations. It was observed that in high-strain rate ballistic impact analyses, the adhesive layer and its 
mechanical properties must be considered as critical parameters affecting structural strength. 

The combination of a 1.5 mm AL2024-T3 face sheet and a 0.6 mm adhesive layer yielded the optimal parameter 
values in terms of ballistic impact resistance. Furthermore, it was observed that employing a ductile adhesive on 
the initial impact side significantly increased total energy absorption. 

3. Fuzzy Logic Based Predictive Modeling  

The developed fuzzy model predicts optimum structural parameters with an accuracy of over 95%, which is 
expected to significantly reduce the need for costly and time-consuming experimental trials during the preliminary 
design phase. The fuzzy logic model architecture and the resulting surface plots are provided in Figure 3. 

 

  

Fig. 3. The fuzzy logic model and surface plots. 
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Summary: This study establishes a comprehensive molecular dynamics (MD) simulation framework designed to 
investigate the mechanical response and failure mechanisms of metal-matrix nanocomposites (MMNCs) under 
extreme dynamic loading. The proposed methodology utilizes LAMMPS to model various metallic matrices 
reinforced with ceramic or carbon-based nano-inclusions. By systematically varying strain rates from 10⁸ to 10¹⁰ 
s⁻¹, the framework enables a comparative analysis of yield criteria, strain-rate sensitivity, and atomistic defect 
evolution. Advanced post-processing via OVITO’s aCNA and DXA algorithms allows for the quantification of 
dislocation densities and interfacial damage, providing a robust tool for the design of impact-resistant 
nanomaterials. 

1. Introduction 
Metal-matrix nanocomposites (MMNCs) have attracted significant interest in aerospace, defense, and automotive 
industries due to their exceptional strength-to-weight ratios and superior hardness. In these systems, the interaction 
between the metallic matrix and the reinforcing phase - often a ceramic nanoparticle - creates a complex stress 
field that governs the overall mechanical performance [1,2]. Among various MMNC systems, Cu/SiC 
nanocomposites represent a prototypical configuration where the significant elastic mismatch between the FCC 
copper matrix (a = 3.615 Å) and the zinc-blende SiC inclusion (a = 4.36 Å) introduces pronounced coherency 
strains and a complex stress field at the metal–ceramic interface [3]. Under high strain rate loading conditions—
characteristic of plate impact, hypervelocity collision, and laser shock scenarios—the deformation response of 
such nanocomposites is governed by fundamentally different mechanisms than those operative at quasi-static 
rates, including homogeneous dislocation nucleation, deformation twinning, and amorphization at interfaces [4]. 

Molecular dynamics (MD) simulation provides an atomistic framework capable of resolving these nanoscale 
phenomena with femtosecond temporal resolution. The present work establishes a systematic LAMMPS-based 
simulation methodology for high strain rate deformation analysis of nanocomposites, integrating hybrid 
interatomic potentials with advanced post-processing through OVITO’s adaptive common neighbor analysis 
(aCNA) and dislocation extraction algorithm (DXA) [5,6]. Particular attention is given to dislocation–inclusion 
interaction mechanisms and the strain-rate-dependent evolution of defect populations, building upon the 
foundational observations of Yildiz et al. [4] who demonstrated that elevated loading rates produce enhanced 
strength accompanied by complex deformation mechanisms in nanoporous metallic systems. 

2. Methods 
The simulation cell is constructed as a three-dimensional periodic supercell approach, typically oriented along the 
primary crystallographic axes (x–[100], y–[010], z–[001]). Using tools such as the Atomsk package, various nano-
reinforcement geometries (spherical, cylindrical, or plate-like) are embedded into the single-crystalline or 
polycrystalline metallic matrix. In order to accurately capture the diverse bonding environments, a hybrid force-
field approach is implemented. Embedded-Atom Method (EAM) potentials are used to describe the many-body 
interactions and electron density effects in the metal. Tersoff or Bond-Order Potentials (BOP) are applied to 
covalent structures like SiC, Al₂O₃, or carbon nanotubes. Morse or Lennard-Jones potentials are parameterized to 
define the cross-species interactions at the matrix-filler boundary. 

Generally, all molecular dynamic simulations are performed using LAMMPS [7] with a timestep of 1 fs. The 
protocol follows three sequential stages: (i) conjugate gradient energy minimization (tolerance: 10⁻⁸ eV/Å); (ii) 
NPT equilibration at 300 K and zero pressure for 100 ps using a Nosé–Hoover thermostat/barostat; and (iii) 
uniaxial deformation along the z-axis via the fix deform command at four/five strain rates (such as 10⁸, 10⁹, 5×10⁹, 
and 10¹⁰ s⁻¹) with NPT-controlled lateral boundaries to enforce uniaxial stress conditions. The deformation-
subtracted temperature is computed using compute temp/deform to prevent thermostat artifacts at extreme loading 
rates. Atomic configurations are dumped at 5 ps intervals including per-atom stress tensor components computed 
via the virial formulation. Post-processing employs OVITO [5] with a sequential modifier pipeline: aCNA for 
structural identification (FCC, HCP, BCC, and disordered), DXA for dislocation network extraction including 
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Shockley partials (⅙⟨112⟩), perfect dislocations (½⟨110⟩), stair-rod (⅙⟨110⟩), and Frank partials (⅓⟨111⟩), and 
color-coded von Mises stress mapping for strain localization visualization. 

3. Results and Discussion 
The studies in the literature consistently predict a strong positive correlation between yield stress and strain rate. 
As the rate increases, the time available for thermal activation of dislocations decreases, necessitating higher 
stresses to initiate plastic flow. Interestingly, the elastic modulus remains rate-independent, as it is governed by 
the inherent bond stiffness of the composite constituents [8]. 

In metal-matrix nanocomposites (MMNCs), the interface serves a dual purpose: first, it acts as a preferential site 
for the heterogeneous nucleation of dislocations due to elastic mismatch and coherency strains; and second, once 
nucleated, the reinforcement phase functions as a barrier that causes dislocation pile-up, leading to significant 
work hardening, particularly under compressive loading. A critical finding enabled by this framework is the 
identification of a "regime transition" at extreme strain rates (typically ≥5×10⁹ s⁻¹). At these rates, the material 
transitions from sequential partial dislocation emission to a regime of homogeneous multi-slip activation and 
deformation twinning, dramatically increasing the total dislocation density [2, 9]. 

4. Conclusion 
The established LAMMPS-based methodology provides a reproducible and high-fidelity approach for exploring 
the mechanical limits of metal-matrix nanocomposites. By integrating hybrid potential modeling with automated 
defect analysis, the framework successfully captures the strain-rate-dependent transition of deformation modes 
and the critical role of interfacial amorphization in damage accumulation. This generalized approach is applicable 
to a wide range of material systems, facilitating the discovery of next-generation composites for extreme 
environment applications. The integrated deployment of OVITO’s aCNA and DXA analysis modifiers, coupled 
with automated Python-scripted batch processing, provides a quantitative and reproducible methodology for 
defect characterization in nanocomposite systems subjected to extreme dynamic loading. 
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Summary: Strong material attenuation in composite structures limits the inspection range of guided waves and 
hinders reliable damage detection. To address this issue, this study proposes a multi-point excitation approach 
combined with a time-varying spatial filter for large and complex structures. The filter suppresses source 
interference, isolates a single wave mode, and compensates for attenuation to extend the inspection area. 
Experiments on CFRP plates demonstrate rapid imaging, wide-area coverage, and reliable detection of barely 
visible impact damage, confirming the method’s potential for non-destructive testing. 
1. Introduction  
Composite laminates are widely used in aerospace, automotive, and energy applications because of their high 
specific strength, high specific stiffness, and excellent fatigue and corrosion resistance. However, these materials 
are vulnerable to barely visible impact damage (BVID), which can be induced by low-velocity impacts and may 
significantly degrade the structural integrity while remaining difficult to identify by visual inspection. Guided 
waves have been widely employed in nondestructive testing and structural health monitoring because of their high 
sensitivity to defects and capability for long-range inspection. Nevertheless, for large and complex composite 
structures, strong material attenuation remains a major challenge, as it reduces the effective inspection range and 
weakens damage-related wave features. In this context, multipoint excitation is desirable because it can enlarge 
the effective inspection region and enable wide-area inspection within a single measurement. 
Among guided-wave-based approaches, full wavefield damage inspection provides richer spatial-temporal 
information for damage characterization [1]. A variety of imaging methods have been developed, such as root 
mean square (RMS), adaptive wavenumber analysis [2], local wavenumber analysis [3], and mode-conversion-
based methods [4]. Compared with other approaches, mode conversion offers a more direct and efficient way to 
extract relatively pure damage-sensitive features. Therefore, this study proposes a multipoint-excitation-based 
mode-conversion mapping method for detecting impact-induced BVID in complex CFRP structures. 

2.  Multipoint Excitation-Based Mode Conversion 

In this study, a multipoint excitation-based S0 mode-conversion mapping method is proposed. The method 
generates an S0 mode tracking mask to automatically capture structural and damage features associated with S0 
mode conversion. Subsequently, the extracted features from different time frames are fused using the RMS 
operation to produce the final mapping. For mask generation, a semi-analytical method is first used to obtain the 
envelope of the S0 mode group velocity, 𝑣(𝜃), along different propagation directions. As shown in Fig. 1, the 
procedure includes two parts: an S0 mode weighting mask, 𝑀𝑤(𝑥, 𝑦, 𝑡), for tracking the time-evolving S0 mode 
envelope generated by different excitations, and a scanned-area removal mask, 𝑀𝑠(𝑥, 𝑦, 𝑡), for excluding the 
inspected area and reducing A0 mode interference. The final mask is obtained by multiplying these two masks. 
The final mask is obtained by multiplying these two masks. For the i-th excitation source, an annular mask region 
is defined by the inner and outer anisotropic envelopes, 𝐸𝑖𝑛(𝜃, 𝑡) = 𝑣(𝜃)𝑡 and 𝐸𝑜𝑢𝑡(𝜃, 𝑡) = 𝑣(𝜃)(𝑡 + 𝑊/𝑣(𝜃0)), 
respectively, where W denotes the mask width for S0 mode tracking, and 𝜃0 is the reference direction, taken here 
as the positive x-axis. The corresponding binary indicator for the weighting mask is defined as: 

𝑀𝑖(𝑥, 𝑦, 𝑡) = {
1 𝐸𝑖𝑛 ≤ 𝑟(𝑥, 𝑦, 𝑡) ≤ 𝐸𝑜𝑢𝑡

0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
, 

where 𝑟(𝑥, 𝑦, 𝑡) is the distance from the spatial point (𝑥, 𝑦) to the i-th excitation source. The overlap number of 
the three regions is then given by: 

𝑁(𝑥, 𝑦, 𝑡) = ∑ 𝑀𝑖(𝑥, 𝑦, 𝑡)

3

𝑖=1

 

𝑀𝑤(𝑥, 𝑦, 𝑡) = {
1/𝑁(𝑥, 𝑦, 𝑡) 𝑁(𝑥, 𝑦, 𝑡) ≥ 1

0 𝑁(𝑥, 𝑦, 𝑡) = 0
 . 

The scanned-area removal mask, 𝑀𝑠(𝑥, 𝑦, 𝑡), is used to remove the region inside the inner anisotropic envelopes 
by assigning these pixels a value of 0 and all others a value of 1. The final mask is obtained by multiplying 
𝑀𝑠(𝑥, 𝑦, 𝑡) with the S0 mode weighting mask. The resulting mask is then applied to the full wavefield data, and 
RMS processing along the time dimension yields the final mode-conversion mapping. 
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Fig. 1. Anisotropic S0-mode tracking mask under multipoint excitation. 

 
(a)                                                    (b) 

Fig. 2. BVID detection: (a) specimen with multipoint excitation; (b) multipoint S0 mode-conversion map. 
3. Experimental results 

The CFRP specimen contains three excitation sources and three impact-induced damage regions, as shown in 
Fig. 2(a). All three excitations were applied at 100 kHz, and the scanning area of the full wavefield data is 
indicated by the light blue region – the scanning has been made from the other side of the specimen which is flat. 
The final imaging result is presented in Fig. 2(b). The wavefield mapping accurately identifies both the locations 
and extents of the impact-induced damage regions, even in a complex specimen containing multiple stiffeners. 
The boundaries of the stiffeners are also clearly highlighted. The highlighted region near the center, corresponding 
to the three bonded piezoelectric transducer actuators, was excluded from the final mapping for clarity. 

References  
[1] Radzieński, M., Doliński, Ł., Krawczuk, M., Żak, A., & Ostachowicz, W. (2011, July). Application of RMS for damage 
detection by guided elastic waves. In Journal of Physics: Conference Series (Vol. 305, No. 1, p. 012085). 
[2] Kim, B., Kong, Y., Lee, S., & Park, G. (2026). Adaptive wavenumber variation mapping for full-field ultrasonic 
wavefield-based damage detection. Structural Health Monitoring, 14759217261428552. 
[3] Rogge, M. D., & Leckey, C. A. (2013). Characterization of impact damage in composite laminates using guided 
wavefield imaging and local wavenumber domain analysis. Ultrasonics, 53(7), 1217-1226. 
[4] Wandowski, T., Radzienski, M., & Kudela, P. (2025). Lamb wave S0/A0 mode conversion for imaging the internal 
structure of composite panel. Composite Structures, 353, 118748. 



HISTRATE Conference 2026 

Numerical Simulation of a Shearographic System with a 
Pixelated Polarization Camera  

Elena Stoykova,1,2* Violeta Madjarova,1,2 and Nataliya Berberova-Buhova1,2 
1 Institute of Optical Material and Technologies, Bulgarian Academy of Sciences, Acad. G. Bonchev Str. 109, 1113 Sofia, Bulgaria  
2 National Centre of Excellence “Mechatronics and Clean Technologies”, Kliment Ohridski Blvd., Block 8, 1700, Sofia, Bulgaria   

* elena.stoykova@gmail.com 

 

Summary: Design of optical setups and optimization of algorithms in speckle-based non-destructive testing 
(NDT) need a simulation tool for numerical modelling of complex speckle measurements. This paper presents a 
second part of research dedicated to development of such a tool for systems for electronic speckle pattern 
interferometry (ESPI), shearography and laser speckle photometry. More specifically, options for shearography 
analysis are described by modelling a system using a polarization camera with an array of linear micro-polarizers 
enabling single shot four-step phase shifting. The tool facilitates studying the impact of noise and speckle 
properties, including temporal evolution, on phase retrieval accuracy. 
1. Introduction  
High sensitivity and full-field measurement capability of speckle-based optical metrology enable rapid contactless 
inspection, quality control and maintenance of critical components in aerospace, automotive, and manufacturing 
industries. Design of the measurement setups and optimization of processing algorithms need a simulation tool, 
which provides numerical modelling of complex speckle patterns for understanding of noise and error sources, 
and improving accuracy in NDT applications. This work is part II of research conducted in [1] that describes a 
simulation tool for analysis of speckle-based measurements. Part I [1] was dedicated to modelling an ESPI system. 
Part II widens the tool’s options focusing on shearography analysis by modelling a system using a polarization 
camera with an array of linear micro-polarizers oriented at 0, -45, 45, 90 that enables four-step phase shifting 
in a single shot. 
2. Simulation tool for a shearographic measurement 

The developed simulation tool for ESPI and shearography is based on generation of complex amplitudes for two-
beams interferometry and consists of blocks for generation of raw data, extraction of relevant information, and 
accuracy evaluation. Computer generation of subjective speckle patterns at given properties as size, contrast, 
evolution of speckles is based on the measurement principle for transforming the sample mechanical change into 
phase data  and introducing speckle evolution in time, environmental and registration noise. The algorithms for 
phase retrieval, dynamic speckle analysis, filtering and compression form the processing block. Quality 
assessment of the measurement outputs by means of various metrics is performed in the accuracy block.  
We modeled a shearographic system based on a Michelson interferometer [2]. A laser beam reflected from the 
tested object with a rough surface is divided into two beams, which pass through two linear polarizers with 
orthogonal polarization and reflect from two mirrors inclined at a small angle to each other for introducing shear.  
The beams impinge the array of micro-polarizers after passing through a quarter-wave plate with its fast axis 
oriented at 45 with respect to the linear beam polarizations. This array forms a structure of super-pixels of size 

2∆ × 2∆  where ∆ is the camera pixel pitch.  The polarizers provide simultaneously four phase-shifted at /2 
images 𝑖1, 𝑖2, 𝑖3, 𝑖4 for the interfering two orthogonal circularly polarized beams on the camera’s aperture. The set 
𝑖1, 𝑖2, 𝑖3, 𝑖4 is formed from the image I of size 𝑁𝑥 × 𝑁𝑦 , that is recorded at moment 𝑡 = 𝑠∆𝑡 where ∆𝑡 is the time 

interval between two consecutive images and s = 1,2…S. The following relations are valid: 𝑖1(𝑘, 𝑙, 𝑠) =
𝐼(2𝑚 + 1,2𝑛 + 1, 𝑠), 𝑖2(𝑘, 𝑙, 𝑠) = 𝐼(2𝑚 + 1,2𝑛 + 2, 𝑠), 𝑖3(𝑘, 𝑙, 𝑠) = 𝐼(2𝑚 + 2,2𝑛 + 1, 𝑠), 𝑖4(𝑘, 𝑙, 𝑠) = 𝐼(2𝑚 + 2,2𝑛 +

2, 𝑠), 𝑘, 𝑙 = 1 … 𝑁𝑥,𝑦 2;  𝑚, 𝑛 = 0 … 𝑁𝑥,𝑦 2 − 1⁄⁄ . Intensities in the four images are given by 𝑖𝑝 = 𝐸𝑥,𝑝𝐸𝑥,𝑝
∗ +

𝐸𝑦,𝑝𝐸𝑦,𝑝
∗ , 𝑝 = 1,2,3,4 where 𝐸𝑥,𝑝  and 𝐸𝑦,𝑝 are the x- and y-components of the electric vector of light passed though 

the p micro-polarizer. If 𝐸𝑜 and  𝐸𝑠    are the complex amplitudes of the two circularly polarized beams falling on 
the array of micro-polarizers, then we have  𝐸𝑥,1 =  𝐸𝑜 + 𝐸𝑠  and 𝐸𝑦,1 = 0 , 𝐸𝑥,2 =  0.5(1 + 𝑖)𝐸𝑜 + 0.5(1 − 𝑖)𝐸𝑠 
and  𝐸𝑦,2 = 0.5(1 + 𝑖)𝐸𝑜 − 0.5(1 − 𝑖)𝐸𝑠 , 𝐸𝑥,3 =  0.5(1 − 𝑖)𝐸𝑜 + 0.5(1 + 𝑖)𝐸𝑠 and   𝐸𝑦,3 = 0.5(1 − 𝑖)𝐸𝑜 +

0.5(1 + 𝑖)𝐸𝑠 ,  𝐸𝑥,4 = 0  and  𝐸𝑦,4 = 𝑖𝐸𝑜 − 𝑖𝐸𝑠 .where i is the imaginery unit. The sample is illuminated by a laser 
light at wavelength  = 0.6328 µm. The phases 𝜑𝑜  and 𝜑𝑠, of the complex amplitudes 𝐸𝑜 and  𝐸𝑠 of the sheared 
light beams are formed as partially overlapping parts of the phase 𝜑𝑡𝑜𝑡𝑎𝑙 = 𝜑𝑠𝑝 + 𝜑𝑑   composed by the speckle 
phase, 𝜑𝑠𝑝, uniformly distributed from 0 to 2, and phase, 𝜑𝑑 = 4𝜋𝑑 ⁄ , related in the modeled case to the out of 
plane object displacement, 𝑑, due to the experienced deformation. Both 𝜑𝑠𝑝 and 𝜑𝑑 depend on spatial coordinates 
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and time. Temporal correlation in 𝜑𝑠𝑝 is described by the normalized temporal correlation function, 𝜌(𝜏), where 
the time lag, 𝜏 , may vary in space and time. The complex amplitudes 𝐸𝑜 and  𝐸𝑠 are found from  𝐸𝑜,𝑠 =

𝐹𝑇−1 {𝐻 ∙ 𝐹𝑇{𝐸′𝑜,𝑠}} where  𝐸′𝑜,𝑠 are corresponds to light falling on the camera,  𝐹𝑇{∙} denotes Fourier transform 

and H is a circ function in the Fourier domain with a cut-off frequency equal to 𝑁𝑥∆𝐷 (2𝑓)⁄ , where D and f are, 
the diameter and the focal distance of the camera objective and we assume 𝑁𝑥 =  𝑁𝑦 . By varying the parameters 

of the cut-off frequency, speckle of different size and contrast is generated. The phase estimate at each moment 

is calculated as 𝜑̂ = 𝑎𝑡𝑎𝑛 (
𝑖2−𝑖3

𝑖1−𝑖4 
). We used the model of a linearly increasing in time displacement given by 

𝑑(𝑥 = 𝑝∆, 𝑦 = 𝑞∆, 𝑡 = 𝑠∆𝑡) = 𝑠𝑓(𝑝, 𝑞), 𝑝, 𝑞 = 1, 2, . . , 𝑁𝑥,𝑦, and 𝑓(𝑝, 𝑞) describes the deformation model.  We 

assume that the displacement is accompanied by correlated in time evolution in speckle described by 𝜌(𝜏) =
𝑒𝑥𝑝(− 𝜏 𝜏𝑐𝑜𝑟𝑟⁄ ) at constant temporal correlation radius, 𝜏𝑐𝑜𝑟𝑟  , across the object for the current simulation. As a 
first object, we modelled a flat plate subjected to out of plane bending only along x-axis with  𝑓(𝑝, 𝑞) =
−0.09492(𝑝 − 𝑝0)2/𝑝0

2  with p = 1,2…1200 and 𝑝0 = 600. The other parameters are 𝑁𝑥 = 𝑁𝑥 = 1024 and 𝑆 =
300, shear of 110 pixels along the x-axis is applied. Figure 1 presents variation of the difference 𝑖2 − 𝑖3 in time at 
low (𝜏𝑐𝑜𝑟𝑟 = 500∆𝑡) and high (𝜏𝑐𝑜𝑟𝑟 = 5∆𝑡) speckle evolution at a given pixel and the corresponding filtered 
unwrapped phase maps calculated as the difference of the 2D phase distributions at the end and the start of the 
measurement. The sinusoidal profile of the fringes is clearly seen at low speckle evolution while they are rather 
distorted for the fast-changing speckle. Nevertheless, the phase is correctly restored even in this case. 

 

Fig. 1. Intensity fringes at a single pixel (left) and filtered unwrapped phase maps showing the difference between 
the final and initial states of the flat plate subjected to out-of-plane displacement at low and high speckle evolution.  

 
Fig. 2. Filtered unwrapped phase difference of the final and initial states of the flat plate with two local defects 
subjected to out-of-plane bending at low and high speckle evolution; (a,b) - 𝑓1(𝑝, 𝑞), (c,d) -𝑓2(𝑝, 𝑞).  
Next, we modeled two plates with local defects for models 𝑓1(𝑝, 𝑞) = 0.09492(𝑝 − 𝑝0)2/𝑝0

2 + 0.10125𝑒𝑥𝑝(−𝐴) +
0.0759𝑒𝑥𝑝 (−𝐵) and 𝑓2(𝑝, 𝑞) = 0.01582(𝑝 − 𝑝0)2/𝑝0

2 + 0.0169𝑒𝑥𝑝(−𝐴) + 0.0189𝑒𝑥𝑝 (−𝐵) where 𝐴(𝑝, 𝑞) =
0.0028(𝑝 − 0.9𝑝0)2 + 0.00008(𝑞 − 1.2𝑝0)2  and 𝐵(𝑝, 𝑞) = 0.00011(𝑝 − 0.6𝑝0)2 + 0.00018(𝑞 − 0.4𝑝0)2 . 
The same shear was applied.  The phase maps in radians are shown in Fig.2 at low and high speckle evolution. 
We see reliable detection of the defects both for the strong and left deformations and even in the case of high 
speckle evolution.  

This work was supported by the Bulgarian National Science Fund (BNSF) under projects КП-06-КОСТ/14, and 
the Project BG16RFPR002-1.014-0006 „National Centre of Excellence Mechatronics and Clean Technologies“. 
Research is conducted in the framework of COST Action CA21155 HISTRATE.  
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Summary:  

This study evaluates the application of Microring Resonators (MRRs) for structural health monitoring, focusing 
on the sensing of impact events across diverse material substrates. A hybrid modeling framework, combining the 
Finite Element Method (FEM) and Coupled Mode Theory (CMT), was developed to simulate MRR optical 
responses to signals generated by impact forces in plates, examining how the sensor's position relative to the 
impact source affects signal acquisition and sensitivity. 

1. Introduction 
Structural Health Monitoring (SHM) is defined as the continuous monitoring of a structure's condition during 
operation through integrated sensor systems [1]. Due to its significance and broad range of applications—spanning 
civil infrastructure, industrial systems, and aerospace—numerous recent studies have evaluated various 
methodologies for this task. Among these, optical sensors, such as Fiber Bragg Gratings (FBGs), have gained 
significant attention. Another, less studied approach is integrating MRRs, which offer superior sensitivity and 
compact dimensions. A typical MRR configuration consists of a straight bus waveguide placed near a closed-loop 
waveguide (Fig. 1).  

 

Fig. 1. Schematic representation of the effect of strain on the microring resonator geometry [2] 
The interaction between these two structures is governed by the phenomenon of an evanescent field coupling, 
which allows for the exchange of optical power. Similarly to FBGs, the optical reaction of MRRs to the change 
in such parameters as the temperature or applied strain is based on the shift in the resonance wavelength. For 
MRR, the resonance condition can be presented as follows: 

𝑚𝜆𝑟𝑒𝑠  =  𝑛𝑒𝑓𝑓𝐿, 

Where 𝑚  is an integer, 𝜆𝑟𝑒𝑠 is the resonant wavelength, 𝑛𝑒𝑓𝑓  is the effective refractive index, and 𝐿  is the 
circumference of the sensor. The change in resonant wavelength caused by strain and temperature depends on 
both the change in the length of sensor’s waveguide and its effective refractive index [2]:  

Δ𝜆

𝜆
  =  

Δ𝐿

𝐿
+

Δ𝑛𝑒𝑓𝑓

𝑛𝑒𝑓𝑓
. 

Combining high sensitivity with a small footprint, MRRs offer a promising approach for impact monitoring 
through their ability to translate impact-induced elastic Lamb waves into precise optical signals. 
 
2. Methodology 

The study utilizes a hybrid modeling approach, combining numerical and analytical methods to simulate the 
optical response of MRRs to guided waves. The FEM is employed to model the propagation of Lamb waves 
generated by impact forces in plates. The dynamic strain fields obtained from the numerical simulations are 
integrated into an analytical model based on CMT. This model accounts for the elasto-optic effect and the 
geometric deformation of the MRR, translating mechanical vibrations into optical signals.  

3. Results 

The evaluation of the MRR’s performance was based on its sensitivity of response to dynamic strain fields. 
Numerical simulations (Fig. 2) successfully captured the propagation of Lamb waves across the plate. The 
integration of these strain fields into the advanced MRR analytical model revealed a high fidelity in translating 
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mechanical vibrations into optical spectral shifts. Figure 3 illustrates the simulated spectral response of the MRR 
at three distinct time steps following the impact: before it reaches the sensor and for maximum positive and 
negative strain amplitudes. This dynamic shift confirms the sensor's capability to track the full wave profile, 
demonstrating that MRRs can effectively serve as high-resolution detectors for impact-induced vibrations in 
structural health monitoring. Furthermore, simulations of impact events from various directions were conducted, 
with results demonstrating the omnidirectional sensitivity of the circular MRR, which allows for effective strain 
capture and consistent signal acquisition, regardless of the wave propagation direction relative to the sensor. 

 

Fig. 2. Numerical simulation of guided wave propagation induced by the impact force 

 
Fig. 3. Simulated MRR optical response under impact loading 

4. Conclusion 

This study demonstrates the significant potential of MRRs for impact sensing, providing a theoretical framework 
that invites future experimental validation. Subsequent research could focus on evaluating alternative resonator 
geometries, such as elliptical or racetrack configurations, to optimize signal acquisition. 
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Abstract 
Ultrasonic Lamb wave non-destructive testing technology has a wide application in the damage detection of plate-like 
structures due to its high detection efficiency, suitability for large-scale detection and the ability to recognize small-scale 
damages. The frequency wave number (f-k) domain filtering method was adopted. According to the corresponding 
relationship between the propagation direction of the guided wave and the f-k matrix, combined with the characteristics of 
the difference in wavenumbers of different modes of guided waves at the same frequency, a three-dimensional (3D) window 
function was constructed to realize the extraction of different modes and their corresponding damage reflection signals. 
The Common Source Method (CSM) f-k domain imaging method was used to achieve single-modal damage imaging. 
Finally, the data fusion imaging method was used to split the modal damage imaging and the accuracy of damage imaging 
was further improved. 
Keywords: Damage detection, composite materials, damage imaging, frequence wavenumber, SHM 
 
I Introduction 
In the detection process of the board structure based on Lamb wave, the Lamb wave signal containing the damage feature 
in the receiving board is generated by the information analysis, extraction time and other information. In addition, detect 
and identify whether there is damage and location in the structure. Due to the limitations of linear arrays in detection ranges, 
Rajagopalan et al. Error! Reference source not found. chose a circular array with a weak anisotropic Lamb wave mode. Assuming t
hat the direction of phase velocity and group velocity of Lamb wave were consistent in local directions, one through-hole 
damage in a composite laminate was located. Subsequently, Vishnuvardhan et al.[2] also used a ring array to achieve the 
impact layer damage imaging in a quasi-homogeneous composite laminate. Yu et al. [3,4] determine the value of array 
spacing by studying the relationship between wave-number curves and array spacing, and design matrix-type phased arrays. 
Yu's team introduced the SLDV equipment in the experiment. Wang et al. [5] first proposed the use of the Lamb wave 
combined with sparse sensing arrays to solve the problem of high array costs. Due to the small number of sensors used, it 
is not possible to obtain enough spatial wave field information, and it is difficult to achieve high-precision imaging of 
structural damage due to the large influence of the Lamb wave dispersion effect. In view of the above deficiencies, a 
multimodal damage imaging fusion method is proposed, which can fully consider the multimodal effect of the guide wave 
and comprehensively weight the damage imaging results of multiple modes in the guide wave, so as to further improve the 
accuracy of damage imaging 
II Experiments 
The simulation model shown in Fig. 1 is established in the COMSOL software. The size of the plate in Fig. 1(a) is 200 
mm×200 mm×1 mm, the location of the excitation point is selected to be one-third of the length from the lower edge and 
the left edge, the size of the excitation source is selected as 6 mm in diameter, and the through-hole damage size is selected 
as 8 mm, its position being set to (68.67 mm, 91.33 mm). The red area is the data acquisition area, and the grid division 
size is set to 0.35 mm. The specific division details are shown in Fig. 1(b). The grids of the damage area and the signal 
excitation area are encrypted, and the rest of the area uses a 0.35 mm mesh grid, and sweep along the thickness direction 



to set up two layers. The guided wave signal in the scanning area is extracted and imported into the imaging algorithm for 
post-processing. 

 
(a)                                                                                (b) 

Fig. 1. (a) Geometric model. (b)Meshing. Schematic diagram of finite element modelling 

III Conclusion 
Fig. 2 shows the f-k domain CSM imaging result, where the black circle in the figure is the actual location of the damage. 
Fig. 2(a) is the imaging result of a single A0 mode, and Fig. 2 (b) is the imaging result of a single S0 mode. Compared with 
Fig. 2 (a) and (b), the imaging area of the A0 mode is greater than that of the S0 mode. The range is relatively small in terms 
of modalities. At the same time, compared with the results of time-domain single-modality imaging, the imaging area has 
a smaller width, and the damage area is more concentrated. The 3D imaging results in Fig. 2 (c) and (d) are obtained, where 
Fig. 2 (c) is the imaging result of the superimposition of the two modal amplitudes, and Fig. 2 (d) is the imaging result of 
the value superposition method. After comparison, the amplitude full multiplication positioning result basically coincides 
with the damage, which shows that the superposition of the damage results of the two modes can reduce the damage range 
and improve the imaging accuracy of the damage. The high-pixel area of damage imaging is more concentrated, and the 
positioning effect is better, indicating that the f-k domain CSM imaging algorithm that considers all frequency components 
in the frequency band has higher imaging accuracy. 

 
(a)                                             (b)                                      (c)                                    (d) 

Fig. 2. (a) A0 modal imaging. (b) S0 modal imaging. (c) S0, A0 modal amplitude full plus imaging. (d) S0, A0 modal amplitude full 

multiplicative imaging. f-k domain imaging results. 
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Abstract: Recently, growing interest in the use of natural reinforcing fibers has led to the development of new 
materials that share the same advantages as conventional composite systems while being environmentally 
friendly. In this work, the use of shearography and ESPI as a non-destructive investigation method in full field 
and non-contact mode was tested on basalt-based laminates. 

1. Introduction 

Over recent years, the use of advanced composite materials in aeronautical, automotive and sporting applications 
has been consolidated. Typical and well-established characteristics of composite materials such as weight 
reduction, resistance to fatigue and corrosion make them competitive in many cases compared to conventional 
ones. However, it is unavoidable that these materials, generally reinforced with carbon or glass fibres, require 
complex, expensive and non-environmentally friendly production processes, and consequently are not in 
themselves "green". Thus, in recent decades, the use of natural reinforcing fibers has gained increasing attention, 
allowing the development of new materials that share the same advantages as conventional composite systems 
while respecting the environment. Promising results have been found for resins, even those of biological origin, 
loaded with both natural fibres such as jute, linen and hemp, and mineral ones such as basalt. Due to their structural 
complexity, these materials are not always compatible with the use of standard non-destructive evaluation 
methods, such as ultrasonic testing. In this work, the use of Electronic Speckle Pattern Interferometry and 
Shearography as a non-destructive investigation technique in full field and in non-contact mode were considered 
to test various basalt-based laminates. 

2. Materials and methods  

In this work, different typologies of specimens and loads have been considered.  

1) For the first case, a polypropylene matrix provided by Songhan Plastic Tech. Co. Ltd. (Shangai, China) 
and a plain wave basalt fabric (areal weight: 210 g/m2) from Incotelogy GmbH (Pulheim, Germany) 
were used for specimens’ preparation. The polymer matrix, either as-is (PP) or pre-modified (PPC) by 
adding 2% by weight of a coupling agent (Polybond 3000 from Chemtura, USA), was preliminarily melt-
filmed. The laminated specimens were obtained by alternating polymer films and basalt fiber fabrics and 
subsequent hot compaction of the stacked system. Subsequently, impact tests were conducted at various 
energy levels (U = 3, 8, 15 J) using a drop-weight machine to examine the initiation and progression of 
damage by shearography on 100x150 mm specimens. 

2) 2) In the second case, composites based on polyamide 6 (from BASF) as the matrix and a plain corrugated 
basalt fabric (weight: 210 g/m2) from (Incotelogy GmbH) as reinforcement were considered. Specimens 
with dimensions of 100 mm × 12.7 mm were obtained from the hot-compacted laminates and used for 
three-point bending tests on a universal mechanical testing machine (model Instron 4301). Measurements 
were carried out according to ASTM-D790 at a crosshead feed rate of 5 mm/min, using a 1 kN load cell 
and a 70 mm rotation set, regardless of the thickness of the specimens. Flexural damage was analyzed 
by shearography. 
Finally, non-destructive analyses were performed on reference polypropylene/woven basalt fiber 
laminates (12 plies) and similar laminates but made up of layers preliminarily stitched at the edges, 
compacted under the same temperature and pressure conditions. Both samples were cut with a diamond 
wheel into square 100 mm × 100 mm specimens intended for subsequent low velocity impact tests which 
damages were evaluated by ESPI. 

Shearography and ESPI belong to the speckle-based NDT techniques capable of full field and real time 
measurements on the displacement (for shearography gradient of the) of the specimens after a perturbation (for 
example thermal heating) [1]. 
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3. Results and discussion 

 

The following figures show the results obtained by shearography and ESPI.  

Fig. 1 shows the wrapped phase of shearogram for specimens belong to case 1) after a low-energy impact (3J). 
For PPC the impact damage essentially disappears while, for the specimen with polypropylene only, it is clearly 
visible. 

 

Fig. 1 Shearogram after 3J impact of specimen without coupling agent (left) and with ca (right). 

For flexural test (2), Fig. 2 highlights the damaged zone revealed by shearography (yellow ring) that can be 
referred to a delamination. 

 

Fig. 2 Shearogram after flexural test of basalt/PA specimen. 

The results for last case (3) are shown in Fig. 3. Looking at figure, the damaged area after impact (energy of 
40J) is highlighted by yellow ring while cracks propagation is indicated by green arrow. It is also visible the 
effect of the stitchs (red arrow) which scheme is reported on the left.  

 

Fig. 3 Stich scheme (left), phase map by ESPI (right). 

In summary, the examples shown demonstrate how shearography and ESPI are valid techniques for the non-
destructive testing of basalt fiber-based laminates with relevant industrial application potential thanks to their 
environmental sustainability [2-4]. 

4. References  

[1] Francis, D., Tatam, R.P., and Groves, M.R., “Shearography technology and applications: a review” Meas. Sci. Technol. 
21 (2010) 102001 (29pp). 
[2] Pagliarulo, V., Saltarelli, C., Paturzo, M., Papa, I., Russo, P. “Defect and Damage Detection in Green Laminates Using 
Shearography” DRMS 2025. Proceedings in Engineering Mechanics. 
[3] Pagliarulo, V., Saltarelli, C., Paturzo, M., Russo, P., “The use of shearography for non-destructive evaluation of damage 
in “green” composite laminates” Proc. of SPIE Vol. 13436 1343618-6 (2025). 
[4] Cigliano, C., Donadio, F., Lopresto, V., Papa, I., Pagliarulo, V., Russo, P., “Stitching Effect on Impact Behaviour of 
Composite Materials” European Workshop on Structural Health Monitoring. EWSHM 2022. Lecture Notes in Civil 
Engineering, vol 254. Springer (2022). 



HISTRATE Conference 2026 

Textile-Fiber-Based Metamaterial Structures for Impact 

Detection and Damage Characterisation: A Review of Multi-

Modal Sensing Approaches 

 
Amine Haj Taieb,1 Souha Koubaa,2 * 

1 ISAMS, University Of Sfax, 2002, Sfax Tunisia 

2 ISAMS, University Of Sfax, 2002, Sfax Tunisia 

  
 

Summary: Textile-based metamaterial composites are emerging as promising structures for impact mitigation and adaptive 
structural health monitoring. This paper presents a review survey of recent developments in textile-fiber-based metamaterial 
architectures designed for high-strain-rate applications and impact detection. Particular attention is given to multi-modal 
sensing strategies combining acoustic emission, strain sensing, and high-speed imaging to monitor damage initiation and 
propagation. The review highlights how engineered textile architectures enable tunable mechanical behaviour and improved 
energy absorption. Integrating sensing technologies within these structures offers new opportunities for advanced composite 
systems capable of real-time impact detection and damage characterisation. 

Main Text  

1. Introduction 

Advanced composite materials are widely used in aerospace, automotive, and protective structures because of their high 
strength-to-weight ratio and excellent mechanical performance. However, their vulnerability to impact damage and high 

strain-rate loading remains a critical challenge for structural reliability and safety. 
Recent developments in mechanical metamaterials have introduced new opportunities for designing composite structures 
with engineered architectures capable of controlling deformation, energy absorption, and wave propagation. In particular, 
textile-fiber-based metamaterial structures, such as woven, braided, and lattice textile architectures, have demonstrated 
promising potential for impact mitigation and adaptive structural behaviour. 
At the same time, advances in multi-modal sensing technologies are transforming structural health monitoring approaches 
for composite structures. By integrating different sensing modalities, it becomes possible to capture multiple physical 
signatures of damage events, improving detection accuracy and enabling real-time monitoring. 
This paper presents a review survey of textile-based metamaterial composite structures and their integration with multi-

modal sensing systems for impact detection and damage characterisation. 
 
2. Textile-Based Metamaterial Architectures 
Textile manufacturing techniques offer unique possibilities for creating hierarchical and architectured composite materials 
with tailored mechanical responses. Structures such as 3D woven composites, braided reinforcements, auxetic textile patterns, 
and lattice-inspired fabrics can act as metamaterial architectures capable of modifying stress distribution and impact energy 
dissipation. 
These textile-based metamaterials exhibit several advantages: 

 Tunable stiffness and energy absorption properties 
 Lightweight and flexible structural configurations 
 Enhanced damage tolerance and progressive failure behaviour 
 Compatibility with bio-based or hybrid fibre systems 

Recent studies demonstrate that textile metamaterials can significantly improve impact resistance and deformation control 

under high strain rate conditions. 
 
3. Multi-Modal Sensing for Impact Detection 
Monitoring the dynamic behaviour of metamaterial composite structures requires advanced sensing techniques capable of 
capturing different physical phenomena during impact events. 
Several sensing modalities have been investigated in the literature, including: 

 Acoustic emission sensors, which detect micro-crack initiation and fibre breakage 
 Strain and deformation sensors, providing quantitative information on structural response 
 High-speed imaging, enabling visualisation of damage propagation and deformation mechanisms 
 Embedded fibre-optic sensing systems, which offer distributed strain monitoring 

The combination of these sensing approaches forms a multi-modal sensing framework capable of significantly improving 
the reliability of damage detection and structural health monitoring in composite systems. 
 
4. Discussion and Future Perspectives 
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The integration of textile metamaterial architectures with multi-modal sensing technologies opens new perspectives for 
advanced composite structures capable of adaptive behaviour and real-time damage detection. 
Future research directions include: 

 Development of smart textile metamaterials with embedded sensing capabilities 
 Integration of data-driven approaches and machine learning for damage detection 
 Investigation of high strain-rate behaviour using advanced experimental techniques 
 Application of these systems in lightweight protective structures and sustainable composite materials 

These developments contribute to the advancement of certification-by-analysis methodologies, a key objective in the design 
and validation of next-generation composite structures. 
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Summary: This study presents testing of composite materials using tensile loading and laser speckle photometry 
(LSP). The LSP is an intensity-based method, which enables tracking the processes within the objects at high 
spatial and temporal resolution. Statistical processing of sequences of laser speckle patterns formed on the surface 
of the composite materials during the tensile tests provides different correlation-based parameters and reveals the 
potential of LSP for materials characterization.  

1. Introduction 

LSP is a single-beam coherent optical technique exploiting high sensitivity of speckle to micro-changes of 
topography and/or refractive index due to various processes as e.g. deformation or heating [1-2]. Digital image 
processing of time-varying speckle patterns extracts reliable statistical parameters for materials characterization 
and damage inspection. We used LSP for observing the behaviour of different composite materials subjected to 
tensile loading. Two composite materials were used: a plain-weave basalt-fibre reinforced epoxy, denoted as CM-
1, and a satin-weave E-glass-fibre reinforced epoxy, denoted as CM-2. For both materials, off-axis shear samples 
were used, inclined by 45° relative to the warp direction, each with 10 plies. 

2. Laser speckle photometry in tensile testing  
We conducted the experiment using the optical set-up illustrated in Fig. 1. The light from the He-Ne laser (LASOS 
Lasertechnik at λ = 633 nm) passes through a half-wave plate (HWP) with a fast axis at 45º to the horizontal axis, 
and a quarter wave plate (QWP) with its fast axis oriented at 0º to the horizontal axis, to become left circularly 
polarized (LCP). Both the HWP and the QWP have λ/10 surface accuracy. Next, the beam is expanded to a beam 
with cross-section diameter of 40 mm by the beam expander (BE) to illuminate the specimen. The resultant 
speckle patterns were captured sequentially by a camera (BASLER acA4096-30um) positioned at a small angle 
to the optical axis. The acquisition rate was set to 96 fps for both samples. The tested samples, CM-1 and CM-2, 
were subjected to tensile loading at a constant crosshead speed using an AMETEK Lloyd Instruments LRX Plus 
tensile machine, with a capacity of 5 kN. For CM-1, the tensile speed was set to 5 mm/min, while for CM-2 it was 
set to 2.5 mm/min. For both samples, the loading limit was set to 4850 N. Time-dependent loading curves for 
CM-1 and CM-2 are presented in Fig. 1. The curve for CM-1 exhibits a sudden drop in the load, indicating that 
the sample fractures at a load of 3402.9 N. In contrast, the curve for CM-2 indicates that the sample did not 
fracture before the testing machine reached its load limit. 

 
Fig. 1. Optical set-up for tensile laser speckle photometry (HWP and QWP – half-and quarter wave plates, BE – 

beam expander) and loading curves for the tested composite materials CM-1 and CM-2. 

Data processing included pixelwise calculation of the estimates of the mean, 𝐼𝑥̅,𝑦 =
1

𝑁
∑ 𝐼𝑥,𝑦;𝑛,𝑁

𝑛=0  , and the 

variance,  𝑣̂𝑥,𝑦 =
1

𝑁
∑ (𝐼𝑥,𝑦;𝑛 − 𝐼𝑥̅,𝑦;𝑛)2𝑁

𝑛=0 , of intensity, 𝐼𝑥,𝑦;𝑛,, at point (𝑥, 𝑦) and time instant 𝑛𝑡 for a sequence 
of N = 400 images of size  𝑁𝑦 × 𝑁𝑥 pixels at pixel period ∆ = 3.45 μm and the sampling period between two 

mailto:vdmadjarova@gmail.com
mailto:vmadjarova@iomt.bas.bg


HISTRATE Conference 2026 

successively acquired images  ∆𝑡 . We applied a normalized processing due to the signal-dependent nature of the 
speckle intensity fluctuations, estimating the normalized temporal correlation function (NTCF) Γ(𝑥, 𝑦; 𝑚) =

1

(𝑁−𝑚+1)𝑣̂𝑥,𝑧
∑ (𝐼𝑥,𝑦;𝑛 − 𝐼𝑥̅,𝑦) ×𝑁−𝑚

𝑛=0 (𝐼𝑥,𝑦;𝑛+𝑚 − 𝐼𝑥̅,𝑦) at time lag mt. The NTCF contour maps at 50 s after the start 

of the test are presented in Fig. 2 for time lags corresponding to m = 1, 10, 20, 30 and 40 in the case of CM-1. 
Each of the presented activity maps shows the same mean value and spread of the estimate fluctuations across the 
map. The mean value falls with the time lag. To characterize the tested material, we chose a region of 500 by 500 
pixels and found the average value of the NTCF at a given time lag. Figure 3 gives the variation of the average 
NTCF-value during the test for CM-1 and CM-2; the plotted curves correspond to m = 1, 10, 20, 30 and 40. The 
results are completely different for both tested materials. After some short transient interval, the NTCF for CM-1 
falls from 1 to levels less than 0.5 becoming narrower until the break of the material. The NTCF level of 0.5, 
which may be regarded as a threshold for substantial correlation, is observed at time lags decreasing from 40∆𝑡 
to 10∆𝑡 during the test. On the contrary, the NTCF of CM-2 remains the same for the whole period of tension and 
the NTCF level 0.5 corresponds to a time lag close to 40∆𝑡.  

 
Fig. 2. Activity maps as 2D distributions of NTCF estimate at increasing time lags 50 s after the start of the 

tension for the composite CM-1.  

 
Fig. 3. Average NTCF value during the test at increasing time lags; left – CM-1, right – CM-2.  

In summary, we confirmed the efficiency of laser speckle photometry for the characterization of composite 
materials during tensile testing, by correlation-based dynamic speckle analysis. Building an activity map as a 2D 
spatial distribution of a statistical parameter for an object subjected to tensile loading provides an instant picture 
of the speed of temporal changes across the object surface and reveals the presence of defects. A pointwise or 
average temporal correlation radius gives a quantitative basis for comparison of the tested materials. 
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Summary: Lamb waves are widely used in structural health monitoring for damage detection in composite 
structures; however, their propagation is also strongly influenced by material anisotropy. This study investigates 
Lamb wave dispersion in short glass fiber-reinforced polymer composite plates with different fiber content (PA6-
GF35 and PA6-GF50). Plate specimens were excited using a piezoelectric transducer with a chirp signal (80-800 
kHz), and dispersion curves were obtained via frequency-wavenumber analysis. The results reveal noticeable 
differences in wave velocities and dispersion behavior, as well as pronounced anisotropy in the measured 
wavefields. This work highlights the potential of ultrasonic methods for material characterization and implications 
for reliable damage detection. 
1. Introduction 
Short fiber-reinforced polymer composites are widely used in engineering applications due to their favorable 
mechanical properties and manufacturing efficiency. However, their performance strongly depends on the 
underlying microstructure, in particular the distribution and orientation of fibers, which introduce significant 
material anisotropy. Recent studies have shown that fiber orientation plays a key role in determining the effective 
properties of injection-molded components, and its accurate characterization remains an active research topic 
[1,2]. 
Currently, fiber orientation and microstructural features are most commonly assessed using destructive or 
laboratory-based techniques, such as microscopic cross-section analysis and X-ray micro-computed tomography 
(µCT) [1–3]. While these methods provide high-resolution insight into internal structure, they are time-
consuming, costly, and not suitable for rapid or in-situ evaluation. As a result, there is a growing need for fast and 
non-destructive approaches capable of capturing material anisotropy in shor t fiber-reinforced composites. 
Ultrasonic methods, and in particular guided waves, offer a promising alternative due to their sensitivity to elastic 
properties and directional behavior of materials. Lamb wave propagation is directly influenced by material 
stiffness and anisotropy, which affect both wave velocities and dispersion characteristics. In addition, advanced 
signal processing approaches based on local wavenumber estimation have been successfully applied in guided 
wave-based damage detection in thin-walled structures [4]. Despite extensive use of Lamb waves in structural 
health monitoring (SHM) and non-destructive testing (NDT), their potential for material characterization in short 
fiber-reinforced thermoplastic composites remains relatively unexplored. 
In this study, Lamb wave dispersion in short glass fiber-reinforced PA6 composite plates is investigated with the 
aim of assessing sensitivity to material anisotropy and fiber content. Frequency–wavenumber analysis is used to 
extract dispersion characteristics and compare wave propagation behavior for materials with different 
reinforcement levels. The results provide insight into the role of microstructure in guided wave propagation and 
highlight its implications for reliable damage detection in composite s tructures. 

2. Materials and methods 
Short glass fiber-reinforced polyamide (PA6) composite plates with nominal fiber contents of 35% (PA6-GF35) 
and 50% (PA6-GF50) were investigated. The specimens had dimensions of 100 × 100 mm and a thickness 
of 3 mm. The difference in fiber content was expected to result in distinct guided wave propagation characteristics, 
reflected in variations in dispersion behavior and anisotropy . 
Lamb waves were excited using a piezoelectric transducer and a broadband chirp signal in the frequency range of 
80–800 kHz. The wavefield was measured over a predefined spatial grid on the plate surface, enabling acquisition 
of space–time data for further analysis. Frequency–wavenumber (f–k) representations were obtained by applying 
a two-dimensional Fourier transform (2DFT) to the measured signals, allowing extraction of dispersion 
characteristics. 
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The dispersion curves corresponding to different propagation modes were identified from the f–k spectra and 
compared between the two materials. In addition, the spatial wavefields were analyzed to assess directional 
dependence of wave propagation and identify anisotropic effects. 

3. Results 

The measured wavefields revealed pronounced anisotropy in wave propagation (Fig. 1a), manifested as direction-
dependent wavefront shapes and propagation characteristics. These effects are attributed to preferential fiber 
orientation resulting from the manufacturing process, leading to anisotropic effective material properties. 
The corresponding frequency–wavenumber representations exhibited clear dispersion patterns for both 
investigated materials, enabling identification of dominant Lamb wave modes in the analyzed frequency range 
(Fig. 1b). A comparison between PA6-GF35 and PA6-GF50 showed noticeable differences in dispersion curves, 
particularly in terms of phase velocities of selected modes. As shown in Fig. 1c, PA6 -GF50 exhibits lower 
wavenumbers for a given frequency, corresponding to higher wave velocities, consistent with its increased 
stiffness due to higher fiber content. 

 
Fig.  1.(a) Example wavefield measured on a short glass fiber-reinforced PA6 composite plate, showing pronounced 

anisotropy in wave propagation. (b) Corresponding frequency–wavenumber (f–k) representation with clearly visible Lamb 
wave modes. (c) Comparison of selected dispersion curves for PA6-GF35 and PA6-GF50, with lower wavenumbers 

observed for PA6-GF50, indicating higher wave velocities. 

4. Conclusions 
The study demonstrates that Lamb wave dispersion in short fiber-reinforced polymer composites is strongly 
influenced by material microstructure, including fiber content and orientation-induced anisotropy. The observed 
differences in dispersion behavior and wavefield patterns confirm that Lamb wave dispersion analysis is sensitive 
to microstructure-related anisotropy in such materials. 
These preliminary results indicate that ultrasonic methods are a promising tool for non -destructive material 
characterization of short fiber-reinforced composites. From a SHM and NDT perspective, the findings suggest 
that material anisotropy should be considered when interpreting guided wave signals, as it may affect damage 
detection performance. This opens the path towards incorporating material characterization into more reliable and 
robust damage detection strategies. 
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Summary: This study presents a numerical investigation into Lamb wave interaction with damage zones in 
composite materials, specifically tailored for high-strain-rate applications. Using high-fidelity finite element 
modeling, we examine how dynamic stress waves interact with localized defects, such as delamination. The 
research focuses on identifying wave-field perturbations and energy-scattering patterns that occur during the 
interaction of a Lamb wave with damage. Our results characterize the sensitivity of specific modes to impact-
induced damage, providing a theoretical foundation for real-time structural health monitoring in environments 
where high-speed deformation and wave-to-damage coupling are critical. 

1. Introduction  

The rapidly increasing reliance on Fiber Reinforced Polymers (FRP) in the aerospace and automotive sectors has 
catalyzed a critical need for robust Structural Health Monitoring (SHM) protocols that maintain diagnostic 
integrity under extreme operational loading. Within the current landscape of non-destructive evaluation, Lamb 
waves have emerged as a premier diagnostic modality; these ultrasonic guided waves leverage low attenuation 
and high sensitivity to internal discontinuities to facilitate long-range inspection of thin-walled geometries. 
However, while Lamb waves are highly effective for initial flaw detection, transitioning to comprehensive post-
damage characterization introduces significant complexity. The physical interaction of these wave modes with 
multifaceted damage architecture, specifically the concurrent presence of interlaminar delamination, matrix 
cracking, and fiber breakage, results in intricate scattering and mode conversion phenomena that challenge 
existing analytical frameworks and necessitate more sophisticated signal interpretation strategies. 
In composite laminates, damage typically manifests as a combination of interlaminar delamination, matrix 
cracking, and fiber rupture. Unlike isotropic materials, the anisotropic nature of composites causes the Lamb wave 
velocity to be directionally dependent[1]A0 mode of the lamb wave is used to detect impact-induced damage in 
aircraft composite parts[2]. With the lamb wave approach, the low-velocity impact damage within composite 
structures can be detected [3]. When an incident Lamb wave encounters a damaged region, energy scattering 
occurs. This involves redistributing the wave’s mechanical energy into reflected, transmitted, and converted 
components. The type of damage can be identified by its scattering coefficient [4]. With the scatter matrix, the 
size, shape, and orientation of damage can be characterized. In high-fidelity numerical models, delamination acts 
as a waveguide filter. A portion of the energy is "trapped" within the delaminated sub-laminates, leading to 
localized resonance, while another portion undergoes mode conversion. For instance, an incident S0 mode striking 
an asymmetric delamination will partially convert into an A0 mode, a signature that is vital for identifying the 
depth of the damage. 
Recent studies demonstrate that numerical simulations can effectively map the Wave Damage Interaction 
Coefficients (WDIC), allowing researchers to predict how impact-induced damage, such as delamination, will 
scatter energy before a physical prototype is even built. By focusing purely on a numerical approach, this research 
isolates the variables damage type and damage geometry, providing a theoretical roadmap for "smart" composites 
capable of self-diagnosis for damage extent detection. 

2. Methodology 

To simulate Lamb wave propagation in laminated composites, a high-fidelity Finite Element Method (FEM) 
approach is employed, typically utilizing dynamic explicit integration to capture the transient nature of wave-
structure interactions. The composite laminate is modeled using specialized shell or 3D continuum elements, 
where the stacking sequence and anisotropic material properties—defined by the stiffness matrix 𝐶௜௝—are strictly 
assigned to represent the directional dependency of wave velocities. To ensure numerical stability and avoid 
spatial aliasing, the mesh density is refined such that at least ten elements exist per shortest wavelength (𝜆௠௜௡), 
while the temporal resolution is governed by the CFL (Courant-Friedrichs-Lewy) condition, ensuring the time 
step Δ𝑡 is smaller than the time required for the wave to traverse a single element. Actuation is often modeled as 
a concentrated Hanning-windowed tone burst applied to specific nodes to suppress sidebands, and the resulting 
displacement or strain histories are extracted from "sensor" nodes to analyze mode conversion and scattering 
caused by embedded delamination or fiber discontinuities. Initiation of an S0-mode wave under the above-
mentioned FEM presetting is shown in Figure 1. 
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Figure 1:Initation of a symmetric Lamb wave 
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Summary: This work compares the dynamic mechanical behavior of neat polyketone (PK) and two batches of 
glass-fiber-reinforced polyketone (PK-GF30) using flexural DMA at 0.1–40 Hz. The three samples show distinct 
E′, E″, and tan δ responses across the tested temperature range. Both PK-GF30 batches exhibit higher stiffness 
and lower damping than PK, although the two reinforced batches form separate modulus groups. The α-relaxation 
(Tg) is visible in all datasets through changes in E′, E″, and tan δ. Differences between the PK-GF30 batches arise 
from skin-core orientation effects. Only these three datasets are referenced in this abstract. 

1. Introduction 

Polyketone (PK) is a semicrystalline engineering polymer used in components requiring mechanical stability 
and chemical resistance. Reinforcement with short glass fibers (PK‑GF30) significantly increases stiffness and 
improves the material’s response under vibration and cyclic loading. Because injection‑molded short‑fiber 
composites develop an inhomogeneous skin-core microstructure, their flexural and dynamic mechanical 
properties depend strongly on the fiber orientation in near‑surface layers. [1] 

Dynamic Mechanical Analysis (DMA) is essential for characterizing stiffness, viscoelastic losses and 
relaxation behavior as functions of temperature and frequency. These properties are critical for numerical 
modelling, product design and understanding the thermomechanical stability of composites. 

Although several PK‑GF30 specimens were tested during the broader campaign, only the three datasets 
included in the DMA plots (PK‑GF30 batch A, PK‑GF30 batch B and neat PK) are presented and referenced in 
this abstract. 

The purpose of this study is to evaluate the evolution of E′, E″ and tan δ with temperature and frequency, 
identify Tg and relaxation mechanisms, and explain the differences between materials. 

2. Methodology / Experimental  

DMA measurements were carried out in three-point bending, a mode strongly influenced by the outer layers 
of the specimen due to the linear stress distribution: 

𝜎(𝑦) =
𝑀 𝑦
𝐼

, 
 

which places maximum tension and compression at ±h/2 from the neutral axis. Consequently, DMA flexure is 
dominated by the skin layer, where fibers are strongly aligned. [2] 

Short-fiber injection-molded composites exhibit a three-layer microstructure: 

• Skin: thin external layer with highly aligned fibers in the flow direction 

• Sub-skin: transitional region with moderate alignment 

• Core: central region with random fiber orientation [3]  

DMA tests were performed at 0.1, 0.4, 1, 4, 10 and 40 Hz, over a temperature range of approximately 25-
185 °C. The following viscoelastic properties were recorded:E′ - storage modulus, E″ - loss modulus and tan δ = 
E″/E′ - damping factor. 

E′ represents the elastic portion of the viscoelastic response under oscillatory loading. As temperature 
increases, E′ generally decreases due to enhanced molecular mobility. Higher frequencies restrict molecular 
relaxation processes, leading to higher recorded stiffness. All conclusions in this study are derived strictly from 
the provided E′‑versus‑temperature curves. 
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3. Results 
The DMA results show a clear separation between PK-GF30 batch A, PK-GF30 batch B, and neat PK across 

all viscoelastic functions. The storage modulus E′ places batch A consistently at the highest stiffness level, batch 
B slightly lower, and neat PK significantly lower. All materials exhibit a smooth temperature-induced decrease in 
E′, and higher frequencies raise the modulus. The two reinforced batches follow nearly identical temperature-
frequency trends, differing only in their absolute modulus values. 

  
Fig. 1. E’ for all three samples at 10Hz Fig. 2. E’ at all frequencies for PK neat 

 
The loss modulus E″ follows the same hierarchy. Each material shows a low-temperature decrease leading 

to a minimum near 60-80 °C, followed by a rise characteristic of the α-relaxation. Batch A consistently reaches 
higher E″ values than batch B at elevated temperatures, while neat PK shows the lowest loss modulus due to its 
higher molecular mobility. 

The tan δ curves confirm these trends. Neat PK displays the highest damping, whereas the reinforced 
materials show lower values because fiber reinforcement restricts segmental relaxation. Batch A has slightly lower 
tan δ than batch B, indicating more efficient stress transfer. The similar shapes and Tg positions for both reinforced 
batches demonstrate that their polymer-matrix relaxation behavior is the same, differing only in reinforcement 
effectiveness. 

The Tg is identifiable in all datasets through the softening of E′, the rise in E″, and the increase in tan δ, 
occurring in the same temperature range for all three materials. At temperatures above roughly 150-180 °C, the 
frequency-dependent differences diminish, particularly for neat PK. The reinforced materials also converge, 
though batch A maintains higher stiffness than batch B across the entire temperature range. 

The persistent separation between the two PK-GF30 batches originates from differences in fiber-orientation 
efficiency in the skin layer formed during injection molding. Because flexural DMA is dominated by the highly 
stressed surface regions, small variations in skin-layer fiber alignment or thickness lead to measurable differences 
in E′, E″ and tan δ. Batch A appears to have a more efficiently oriented surface region, explaining its higher 
stiffness, higher high-temperature E″, and lower damping compared with batch B. 

4. Discussion and conclusions  
The DMA results show that glass‑fiber reinforcement markedly increases stiffness and reduces damping 

compared with neat PK. PK‑GF30 batches A and B display nearly identical temperature (and frequency) 
dependent trends in E′, E″ and tan δ, indicating the same matrix relaxation behavior and a common Tg. Their 
difference lies only in reinforcement efficiency: batch A is consistently stiffer and less dissipative than batch B 
due to more effective fiber alignment in the skin layer, which dominates the flexural response of injection‑molded 
short‑fiber composites. Although frequency‑dependent effects diminish at higher temperatures, the stiffness 
hierarchy PK‑GF30 A > PK‑GF30 B > PK remains throughout the tested range, underscoring the strong influence 
of microstructural orientation on dynamic mechanical performance. 
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Summary:  

This work presents an advanced EMAT-based non-contact inspection methodology for detecting interfacial 
disbonds in GFRP composites subjected to dynamic and high-strain-rate conditions. Shear horizontal waves were 
generated and optimized through systematic coil and frequency selection to enhance defect sensitivity. Signal 
differentiation between bonded and unbonded regions enabled reliable identification of adhesion loss. The study 
demonstrates the potential of EMAT as a rapid, reusable, and robust testing tool for in-situ monitoring of 
composite joints in demanding loading environments. 

1. Introduction 
Composite materials such as Glass Fiber Reinforced Polymers (GFRP) are widely used in aerospace, automotive, 
and energy sectors due to their high specific strength and stiffness. Under dynamic and high-strain-rate loading, 
bonded interfaces may develop interfacial disbonds, delamination, or adhesion failure, making reliable defect 
detection essential for structural integrity. The studied specimens include a surface layer with a cross-pattern fibre 
orientation and internal unidirectional plies, introducing anisotropy that influences ultrasonic wave propagation. 

Conventional ultrasonic methods, such as Phased Array Ultrasonic Testing (PAUT), require couplants and direct 
contact, limiting their use in harsh environments. In contrast, Electromagnetic Acoustic Transducers (EMATs) 
enable non-contact ultrasonic inspection. For GFRP materials, a magnetostrictive tape is externally applied to 
enable wave generation and enhance the Signal-to-Noise Ratio (SNR), while avoiding permanent adhesion to the 
specimen surface. 

Shear Horizontal (SH) waves are particularly suitable for detecting interfacial defects due to their sensitivity to 
bonding conditions and minimal mode conversion. While EMAT inspection has been widely demonstrated in 
metallic structures [1–2], fewer studies address bonded composite interfaces [3-4] under dynamic loading. 

This work investigates coil geometry and excitation frequency optimisation to improve defect sensitivity in GFRP 
composite joints, aiming to develop a rapid and production-compatible inspection approach for detecting 
interfacial disbonds. 

 

2. Development and Results 
The EMAT inspection of GFRP composite I-beams demonstrated a good distinction between bonded and 
unbonded regions. Variations in received signal amplitude and waveform characteristics were observed in 
locations corresponding to disbonded areas. The pitch–catch inspection approach proved effective for continuous 
monitoring along the beam structure. 

The influence of coil size on inspection performance was also investigated. Smaller EMAT coils (0.1″– 0.2″) 
provided higher spatial resolution and improved sensitivity to localized defects. Larger coils (0.3″– 0.5″) produced 
wider coverage but resulted in reduced defect sensitivity due to spatial averaging of the ultrasonic field. 

Among the tested configurations, the 0.2″ EMAT coil demonstrated the best compromise between inspection 
coverage and defect detectability. Additionally, the pitch-catch method on the tested inspection showed the most 
consistent ability to differentiate between bonded and unbonded regions. 

The plate experiments further indicated that material characteristics within the composite structure influence the 
EMAT signal response. Variations in signal amplitude and waveform stability were observed across different 
plate samples, highlighting the sensitivity of EMAT measurements to changes in internal structure and bonding 
conditions. Some variations in signal amplitude are also attributed to the anisotropic fibre architecture of the 
composite, where the surface cross-pattern reinforcement and the internal unidirectional fibres affect shear 
horizontal wave propagation. 



HISTRATE Conference 2026 

Comparison with PAUT inspection results showed good agreement in several inspected regions, confirming the 
capability of the EMAT approach to identify potential defect locations within the composite structure. 

 

 

 

 

(a) Schematic  (b) B 1.1. (c) B region all. 
 

Fig 1. (a) GFRP I-beam aircraft wing assembly, (b) PAUT result, (c) EMAT result. 

3. Conclusion 

• EMAT-based pitch–catch inspection successfully identified interfacial disbond regions in GFRP 
composite structures through noticeable variations in transmitted signal amplitude and waveform 
characteristics. 

• Evaluation of multiple coil geometries showed that smaller coils enhance defect sensitivity due to higher 
spatial resolution, while larger coils provide broader inspection coverage. A 0.2″ EMAT coil offered the 
most effective balance between spatial resolution and inspection range. 

• Comparative experiments on composite plates indicated that material characteristics within the 
composite influence EMAT signal amplitude and stability, affecting ultrasonic wave generation and 
overall signal response. 

• Inspection results showed good agreement with PAUT in several regions, confirming the reliability of 
the EMAT-based approach for identifying potential disbonded areas. 

• The non-contact and couplant-free nature of EMAT inspection enables rapid and repeatable evaluation 
of bonded composite structures without the need for surface preparation.  

• These characteristics make the proposed EMAT methodology suitable for inspection and quality control 
of composite components used in dynamic and high-strain-rate structural applications, where hidden 
interfacial defects may compromise structural integrity. 
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Summary: 

 

The increasing demand for lightweight, high-performance, and environmentally sustainable materials in 
aerospace applications has driven growing interest in natural fibre reinforced composites (NFRCs). However, 
their adoption in safety-critical structures, such as unmanned aerial vehicles (UAVs), is still limited by the lack 
of reliable data and standardized methodologies for their behaviour under high strain rate (HSR) loading 
conditions. 

Within the framework of COST Action CA21155 (HISTRATE), the HISTRAND project aims to address these 
gaps by investigating the dynamic response of NFRCs across multiple scales, from material constituents to 
structural components. The project will focus on the experimental characterisation of NFRCs under tensile, 
compressive, and shear loading using Split Hopkinson Bar (SHB) systems available at SUPSI and ETH Zurich. 
Particular attention will be devoted to understanding strain rate sensitivity, failure mechanisms, and fibre–matrix 
interactions, through testing of both composite materials and their individual constituents. 

A key objective of the project will be the cross-comparison of experimental results obtained from different SHB 
configurations, with the goal of identifying critical parameters influencing measurement accuracy and 
repeatability, and contributing to the development of harmonised testing protocols (Fig. 1). In parallel, structural-
level validation will be performed through impact and crash tests on UAV-representative components at the Joint 
Research Centre (JRC), enabling the correlation between material behaviour and real-world performance. 

The experimental results will support the development and validation of strain-rate dependent material models, 
contributing to certification-by-analysis approaches. Ultimately, the project aims to demonstrate the feasibility of 
NFRCs as sustainable alternatives to conventional composites in aerospace applications, while supporting 
standardisation efforts and advancing the scientific framework for high strain rate testing within HISTRATE. 

 

 
Fig. 1. Sample figure. 
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Summary: In this study, graphene oxide (GO) reinforced epoxy nanocomposites are fabricated using an electric-
field-assisted alignment technique prior to curing. A high-voltage electric field is applied to orient graphene sheets 
within the polymer matrix, aiming to induce anisotropic pathway. Quasi-static compression tests are conducted to 
evaluate orientation-dependent mechanical behavior. The results reveal significant improvements in stiffness and 
strength along the alignment direction compared to randomly dispersed systems. Although high strain rate 
experiments are not conducted in this phase, the observed microstructural features suggest strong potential for 
strain-rate-sensitive performance. The study provides a microstructure-driven framework for the future 
development of impact-resistant graphene/epoxy nanocomposites 
 
1. Introduction 

Graphene-reinforced nanocomposites have attracted considerable attention because of their exceptional stiffness, 
high aspect ratio, and large specific surface area. Previous studies have demonstrated that uniform dispersion 
improves mechanical performance; however, random orientation limits efficient stress transfer under directional 
loading. Microstructural control via external fields offers a promising route to enhance anisotropic reinforcement 
efficiency, [1, 2]. 

Electric-field-assisted alignment enables graphene sheets to orient along the applied field direction prior to matrix 
curing, forming preferential load-bearing pathways. While several studies have reported improvements in quasi-
static properties, the implications of such alignment for high strain rate performance remain largely unexplored. 
This study investigates the microstructure–property relationship of electrically aligned graphene/epoxy 
nanocomposites and discusses their potential relevance for dynamic loading applications. 

2. Materials and Methods 

Graphene oxide (GO) is incorporated into a thermoset epoxy matrix using a three-roll milling process to ensure 
homogeneous dispersion. Prior to curing, a high-voltage electric field (up to 2.5 kV, 50 Hz) is applied across the 
mold to induce alignment of graphene sheets, (Fig. 1). The electric field is maintained during the pre-curing stage 
to stabilize orientation within the viscous matrix. Specimens are fabricated for compression testing. Quasi-static 
mechanical tests are performed at room temperature under displacement-controlled loading conditions. 

 
a) three-roll milling process to ensure 

homogeneous dispersion 

 
b) Application of a high-voltage electric field 

Fig. 1 Manufacturing of nanocomposites 
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3. Results and Discussion 

3.1 Microstructural Observations 

Scanning electron microscopy (SEM) analysis confirmed partial alignment of graphene sheets along the applied 
electric field direction as seen in Fig. 2b. Compared to randomly dispersed nanocomposites, the aligned samples 
exhibited a more continuous platelet network, suggesting improved stress transfer efficiency.  

 
a) without electric field application 

 
b) with electric field application 

Fig. 2. SEM images of GO/epoxy nanocomposites 

3.2 Quasi-Static Mechanical Behavior 

Specimens loaded parallel to the alignment direction showed higher elastic modulus, ultimate strength and energy 
absorption capacity compared to the behavior of nanocomposite without electric field, (Fig. 3).  Aligned samples 
exhibited increased strain energy density, suggesting improved resistance to crack propagation and damage 
evolution.  

 
Fig. 3. Comparison of the effect of electric-field-induced GO alignment in GO–epoxy nanocomposites 

. 
 
3.3 Implications for High Strain Rate Loading 

Although dynamic experiments are not conducted in this study, the observed microstructural features provide 
important insights into potential high strain rate behavior. Under rapid loading, polymer chain mobility becomes 
restricted, resulting in increased apparent stiffness. The presence of aligned graphene sheets is expected to further 
constrain molecular motion, thereby amplifying strain-rate sensitivity. 

4. Conclusions 

Electric-field-assisted alignment of graphene oxide within an epoxy matrix exhibited improved stiffness, strength, 
and strain energy density along the field direction. Although limited to quasi-static testing, the results strongly 
suggest that microstructural orientation control may significantly influence high strain rate response.  
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Abstract:  

Composite materials are increasingly used in engineering structures where they may be exposed to 
dynamic and impact loading conditions. Under high strain rate loading, complex damage mechanisms such as 
matrix cracking, fiber breakage, and interlaminar delamination can occur, significantly influencing the structural 
integrity and mechanical performance of the material. In this study, the damage behavior of composite materials 
subjected to high strain rate conditions was investigated using impact and compression testing methods. Slow 
deformation under standard laboratory conditions, Charpy impact tests were performed to evaluate energy 
absorption and impact resistance, while medium and high strain rate compression tests were conducted using the 
UTM machine and Split Hopkinson Pressure Bar (SHPB) technique to characterize the dynamic mechanical 
response of the composites. The obtained results enabled identification of dominant damage mechanisms, 
including crack initiation, propagation, and delamination between composite layers. The experimental 
observations provide insight into the relationship between loading rate and damage evolution in composite 
materials. The findings contribute to a better understanding of failure mechanisms in composites subjected to 
dynamic loading and may support the design of more reliable composite structures for high-performance 
applications the other investigated systems.    

Experiment  
 This study investigates the effect of a newly developed impregnation process on various material types 

exhibiting different flow behaviors after curing. The proposed design significantly reduces pore content in the 
resulting laminates, enhancing structural integrity and mechanical performance. High-quality prepregs with low 
void content enable fast, automated processing of high-performance composites, whereas tapes with higher 
porosity require longer consolidation cycles [1–10]. 
Cotton–phenolic, glass epoxy laminates, with moderate mechanical strength, excellent dielectric properties, and 
high compressive strain tolerance, are widely used in electrical insulation (e.g., circuit substrates, insulating 
panels), mechanical components (e.g., bushings, structural panels), and protective barriers. Their performance 
under impact and high-strain, high-speed compressive loading is therefore critical. Experimental testing focuses 
on energy absorption, deformation behavior, and failure mechanisms under dynamic compression. For the first 
impact test, specimens with dimensions 10x10x55mm were used. Compression tests were performed on 
specimens approximately 15 × 15 × ~16 mm at slow, medium, and high strain rates (Table 1). Split Hopkinson 
Pressure Bar (SHPB) tests will also be conducted, if feasible, to evaluate matrix cracking, fiber breakage, and 
interlaminar delamination mechanisms, enabling comparison across strain rates. Typical strain rate ranges for 
common mechanical tests are summarized below in Table 1 and Fig.1 
 

  
 
Fig.1 UTM compression test, Impact Test and SHSB compression test of cotton–phenolic laminates 
 
Following the experiments, the damage and fracture morphologies of the composite specimens were analyzed 
using optical microscopy and scanning electron microscopy (SEM). This study focuses on the high strain rate 
behavior of composite plates under impact and compression, with particular attention to the evolution of damage 
and failure mechanisms. Fracture surfaces and affected zones were examined to identify key features such as crack 
initiation, fiber breakage, and interlaminar delamination. The impact tests were performed with an initial impact 
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energy of 7.5 J, a side inclination angle of 150°, and an impact velocity of 3.5 m/s. The measured impact strength 
of these composites was approximately 14 kJ/m². Compressive stress was observed to increase with testing speed, 
ranging from 1 mm/min to 300 mm/min. It is anticipated that even higher values could be achieved for SHSB 
composites, provided that the corresponding tests are successfully conducted. 
 
Table 1. Typical strain rates for compression and impact tests 

Test Type Impact 
Compression 

Strain Rate (s⁻¹) 
 Regime / Notes 

Impact Test  ~10³ – 10⁴ Rapid pendulum 
impact 

UTM Slow 
Compression 1 mm/min  

 
 
 
 

10⁻⁴ – 10⁻¹ 

~9.8 × 10⁻⁴ Low strain rate 

UTM Medium 
Compression 5 mm/min ~4.9 × 10⁻³ Medium strain rate 

UTM High 
Compression 20 mm/min ~1.96 × 10⁻² High strain rate 

(quasi-static) 
UTM Very High 

Compression 100 mm/min 9.8 × 10⁻² High quasi-static 

UTM Extreme 
Compression 200 mm/min 1.96 × 10⁻¹ 

Upper quasi-static / 
approaching 

dynamic 
UTM Max 

Compression 300 mm/min 2.94 × 10⁻¹ Dynamic 

SHPB ~10 m/s 10³ – 10⁴ ~588/1800? Dynamic, very 
high strain rate 

Conclusion 

The study showed that compressive strength in the composites increases with higher testing speeds, demonstrating 
a clear strain rate effect. Impact and high strain rate compression tests promoted crack initiation, delamination, 
and localized damage. Optical microscopy and SEM analyses of the fracture surfaces revealed dominant failure 
mechanisms, including matrix cracking, fiber breakage, and interfacial debonding, highlighting the complex 
interaction of damage modes under dynamic loading. Overall, these results provide valuable insight into the 
evolution of damage and failure in composites under high strain rate conditions, contributing to the design and 
optimization of structures with enhanced impact and compression resistance. This also summarizes the 
development and current understanding of composite behavior under impact loading, presenting the main 
experimental techniques for high strain rate tensile, compressive, and shear testing, along with their advantages 
and limitations. The findings emphasize the need for further research to improve predictive models and design 
strategies for composite materials subjected to dynamic loading conditions. 
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Summary: This study investigates the compressive behavior of an aeronautical epoxy matrix reinforced with 1 
wt% silica nanoparticles (~800 nm) under varying strain rates. Tests were performed under quasi-static (0.0008–
0.08 s⁻¹) and high strain rate conditions (up to 1050 s⁻¹) on both neat and filled resins. Results indicate that silica 
nanoparticles enhance compressive yield strength while reducing maximum strain across all conditions. However, 
strain rate sensitivity decreases at higher rates in the filled system. The relationship between strain rate and 
compressive yield strength follows a power law, with a strain rate exponent of approximately 0.0227. 
1. Introduction 
Epoxy resins are widely employed as matrices in high-performance aeronautical composites due to their highly 
crosslinked structure after curing, which ensures high stiffness, strength, and thermal resistance [1]. However, 
they are inherently brittle, exhibiting low fracture toughness and poor crack resistance [2]. To overcome these 
limitations, researchers have introduced rigid fillers such as silica (SiO₂) nanoparticles [3]. Their addition, 
typically up to nanoscale dimensions, has been shown to enhance elastic modulus, tensile strength, and fracture 
toughness, especially when the particles are well dispersed, without remarkable effects on failure strain [4]. 
Despite these improvements, the response of epoxy nanocomposites at high strain rates remains insufficiently 
explored, particularly for submicrometric particle sizes. This study investigates the compressive behavior of epoxy 
reinforced with silica nanoparticles of approximately 800 nm. Both high strain rate tests, using a split Hopkinson 
pressure bar, and quasi-static experiments were conducted to compare mechanical performance. The influence of 
nanoparticle addition on compressive yield strength across different strain rates is analyzed. 

2. Material and Methods 
The material studied was RTM6 epoxy resin, both neat and reinforced with 1 wt% silica nanoparticles. Cylindrical 
rods were produced by degassing the resin at 90 °C for 30 minutes under vacuum, followed by casting into 
aluminum molds and curing according to the standard RTM6 cycle (cure at 160°C for 90 mins followed by 
postcure at 180 °C for 120 mins). The nanoparticles, synthesized via a sol–gel method and without surface 
functionalization, were carefully dispersed to ensure uniform distribution within the matrix. SEM analysis showed 
an average particle size of about 800 nm. After curing, the rods were machined into small cylindrical specimens 
with identical geometry to ensure consistent testing conditions in both quasi-static and high strain rate experiments 
(see Fig. 1.a). 
Quasi-static reference tests were performed using an Instron 5569 universal testing machine at crosshead speeds 
of 0.2, 2, and 20 mm/min, corresponding to strain rates of 8×10⁻⁴, 8×10⁻³, and 8×10⁻² s⁻¹. A 50 kN load cell was 
employed to record the applied load, while displacements were measured using 3 linear variable displacement 
transducers LVDTs which were fixed on the bars close to the sample. The complete experimental setup for quasi-
static testing is illustrated in Figure 1.b. 

a) b) 

  
Fig. 1. a) Dimensions of the compression specimen. b) Quasi-static setup. 

Dynamic compression tests were performed using a split Hopkinson pressure bar (SHPB) system, where the 
specimen is positioned between an input and an output bar and loaded by an incident stress wave. Upon interaction 
with the sample, the wave is partially reflected and transmitted. The bars, made of high-strength aluminum, had 
diameters of 25 mm and lengths of 6 m (input) and 3 m (output). Stress waves were generated by launching a 
cylindrical striker at velocities of 8, 11, and 14 m/s. Strain signals (incident, reflected, transmitted) were recorded 
using strain gauges mounted on the bars. Steel end plates and an alignment device ensured uniform loading 
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conditions. Sample stress, strain, and strain rate were determined using classical Hopkinson bar equations. 
Interfaces were lubricated with PTFE to minimize friction. 

3. Results and Discussion 
Figure 2.a shows the engineering stress–strain behavior of neat epoxy resin under both low and high strain rates, 
highlighting its strong strain-rate sensitivity due to its viscoelastic nature. For clarity, only the quasi-static strain 
rate of 0.0008 s⁻¹ is reported. The compressive response can be divided into three main regions: (1) an initial 
linear elastic region followed by a nonlinear stage, (2) a stress plateau where stress remains nearly constant with 
increasing strain, and (3) a strain-hardening region up to failure. The compressive yield strength is defined as 
stress at the first point of the plateau region. As strain rate increases, both stiffness and yield strength increase. At 
intermediate high strain rates (250 and 650 s⁻¹), specimens did not fail, showing stress drop and strain recovery 
during unloading. Figure 2.b reports the behavior of silica nanoparticle-filled epoxy, which follows the same 
three-region trend. Yield strength (indicated by arrows) and stiffness also increase with strain rate. However, at 
high strain rates, the increase in yield strength is less pronounced compared to neat epoxy. At 340 and 670 s⁻¹, 
samples did not fail, again showing unloading recovery. For tests conducted up to failure (0.0008 and 1000 s⁻¹), 
the addition of silica nanoparticles led to reduced failure strain. 

a) b) 

  
Fig. 2. Engineering stress strain response at different strain rates of a) neat epoxy and b) silica filled 

nanocomposites. 

Figure 3 illustrates the effect of strain rate on compressive yield strength. The nanoparticle-filled system shows 
significant improvement under quasi-static conditions, while only slight gains are observed at high strain rates. 
This dependence follows power law: 

𝜎𝑦
𝑐𝑜𝑚𝑝

= 𝐾𝜀̇𝑛 
with constants K = 181.04 MPa and n = 0.034 for neat epoxy, and K = 195.2 MPa and n = 0.0227 for the filled 
system. Similar trends were reported by Ying-Gang Miao et al. [5], with differences attributed to nanoparticle 
size (≈20 nm vs ≈800 nm). 

 
Fig. 3. Effect of strain rate on the compressive yield strength for both neat and silica nanoparticles filled epoxy 

resins. 
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Summary: This study examines the in situ manufacturing of high-performance composite laminates from carbon-
fiber-reinforced thermoplastic prepregs with PPS matrices using the Automated Tape Laying (ATL) process. A 
full factorial experimental design was applied to analyze the influence of processing temperature, laser placement 
angle, and roller compaction pressure on laminate performance. Flexural strength testing and regression analysis 
showed that processing temperature and compaction pressure significantly affect mechanical properties, while the 
laser placement angle has a minor influence. Microscopic observations confirmed that higher temperatures and 
compaction pressures improve interlaminar bonding and reduce porosity, resulting in enhanced flexural strength 
of the produced laminates. 
 
1. Materials  
The thermoplastic unidirectional prepreg material, denoted as UD1, was used for the experimental investigations 
and for the manufacturing of thermoplastic composite laminate plates. The UD1 prepreg consists of unidirectional 
carbon fibers (HexTow® AS4) combined with a thermoplastic polymer matrix polyphenylene sulfide (PPS). The 
prepreg tapes were supplied by Suprem (Switzerland). The AS4 carbon fibers are continuous fibers with a tensile 
modulus of approximately 241 GPa and a tensile strength of about 5419 MPa. These fibers are commonly 
available in filament bundles of 3K, 6K, and 12K, providing high stiffness and strength suitable for high-
performance composite applications. 
 
2. Preparation of Laminated Samples 
Composite laminate plates were manufactured using the Automated Tape Laying (ATL) process with laser-
assisted heating (LATL). During the process, the prepreg tapes were heated by a laser and consolidated onto a flat 
tool surface using a compaction roller. The ATL system, developed by Mikrosam (North Macedonia), includes 
several key components such as a tape transport system, prepreg unwinding unit, edge alignment system, defect 
detection system, tension control system, cutting system, heating system, and compaction control system. The 
compaction roller used in the process has an outer diameter of 90 mm. 
Prepreg tapes with a width of 25 mm were laid at a constant speed of 9 m/min in the fiber direction (0° orientation). 
Each laminate plate consisted of eight layers, resulting in a total laminate thickness of approximately 1.5 mm. The 
produced laminate plates had dimensions of 300 mm × 150 mm, with each layer composed of six prepreg tapes 
placed side by side. During the lay-up process, several technological parameters were controlled, including 
processing temperature, laser placement angle, and compaction roller pressure, while other parameters such as 
laying speed and tool temperature were kept constant. The produced laminates were subsequently analyzed to 
evaluate their mechanical properties and microstructural characteristics. 
2.1. Design of Experiments 
To evaluate the influence of key technological parameters on the properties of the produced laminates, a Design 
of Experiments (DoE) approach was applied. A full factorial experimental design with three factors at two levels 
(2³) was used to systematically investigate the process parameters during the Automated Tape Laying (ATL) 
process. The selected factors were processing temperature, laser placement angle, and compaction roller pressure, 
as these parameters are reported to have a significant influence on interlaminar bonding and consolidation quality 
of thermoplastic composite laminates.  
Based on this experimental design, eight combinations of processing conditions were defined and laminate plates 
were produced for each condition. Multiple replications were performed to ensure the reliability of the 
experimental results. The obtained data were used to develop regression models describing the relationship 
between the processing parameters and the mechanical performance of the laminates, particularly their flexural 
strength. Statistical analysis was further conducted to evaluate the significance of the factors and their interactions, 
as well as to verify the adequacy of the developed regression model.  
2.2. Flexural Strength Testing 
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The flexural strength of the produced laminate plates was evaluated according to the ASTM D790 standard using 
the three-point bending method. For each laminate plate, five specimens were cut in the longitudinal direction 
with dimensions defined by the standard. Prior to testing, the thickness and width of each specimen were measured 
using a micrometer to ensure accurate stress calculations. The tests were performed using a universal testing 
machine (Chengde, model Jingmi) with a testing speed of 5 mm/min and a support span of 25 mm. The maximum 
load recorded before failure was used to calculate the flexural strength of the specimens.  
2.3. Microscopic Analysis 
The microstructure of the produced laminates was analyzed using optical microscopy and scanning electron 
microscopy (SEM) to evaluate the quality of interlaminar bonding and the presence of defects such as pores or 
voids. Cross-sections of the laminate specimens were prepared by cutting samples from different regions of each 
laminate plate, embedding them in epoxy resin, and polishing them to obtain a smooth surface for observation.  
Optical microscopy was used to examine the interlaminar bonding between layers and the distribution of pores 
within the laminates. The pore content was determined through image analysis using Image J (NIH ) software, 
providing quantitative information about the quality of consolidation of the composite material.  
For a more detailed microstructural investigation, selected samples were further analyzed using a scanning 
electron microscope (SEM) VEGA3 LMU (Tescan). Prior to SEM observation, the samples were polished and 
coated with a thin layer of gold. SEM analysis enabled detailed observation of fiber–matrix interfaces, 
interlaminar bonding, and internal defects within the composite structure. 
 
3. Results and Discussion 
Flexural strength tests were conducted on laminate plates produced under eight different ATL processing 
conditions. Five specimens from each laminate plate were tested according to ASTM D790. The flexural strength 
values ranged from approximately 800 MPa to 1200 MPa, depending on the applied processing parameters. 
Higher flexural strength was obtained at higher processing temperatures and compaction roller pressures, which 
improve consolidation and interlaminar bonding between layers. Lower processing temperature and pressure 
resulted in weaker bonding and reduced mechanical performance. 
Regression analysis based on the factorial design of experiments indicated that processing temperature and 
compaction pressure have the most significant influence on flexural strength, while the laser placement angle has 
a minor effect. 
Microscopic observations using optical microscopy and SEM confirmed that laminates produced under optimal 
conditions exhibit good interlaminar bonding and low porosity (≈2%), whereas samples produced at lower 
pressure and temperature showed higher porosity (≈4–5%), leading to reduced mechanical properties. 
 
4. Summary  
In this study, thermoplastic composite laminate plates based on carbon fiber prepreg were manufactured using the 
Automated Tape Laying (ATL) process with laser-assisted heating. The influence of key processing parameters, 
including processing temperature, laser placement angle, and compaction roller pressure, was investigated using 
a factorial design of experiments. 
The results showed that processing temperature and compaction pressure have a significant influence on the 
flexural strength of the laminates, while the laser placement angle has a minor effect. Laminates produced under 
higher temperature and pressure exhibited improved consolidation, better interlaminar bonding, and lower 
porosity, resulting in higher flexural strength. 
Microscopic analysis confirmed that improved interlaminar bonding and reduced pore content lead to enhanced 
mechanical performance of the composites. The developed regression model adequately describes the relationship 
between the processing parameters and the flexural strength of the laminates. 
Overall, the results demonstrate that proper control of processing parameters is essential for achieving high-quality 
thermoplastic composite laminates with improved mechanical properties. 
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Abstract:   
Optimizing processing parameters is crucial for high-quality filament-wound composites. This study compares 
two statistical approaches—full factorial Design of Experiments (DOE) and the Taguchi L8 method—for 
evaluating the influence of key processing factors on electrical, mechanical performance and structural quality. 
Full factorial DOE provided detailed insights into main and interaction effects, while the Taguchi method enabled 
faster optimization with fewer experiments. Both approaches effectively improved composite performance. The 
choice of method depends on the desired balance between experimental efficiency and detailed understanding of 
factor interactions. These results emphasize the value of statistical design in robust filament-wound composite 
production. 

Experiment   
For the manufacture of the samples, E-glass fibers and a three-component epoxy resin system were used. The wet 
filament winding process was carried out on a filament winding machine. Ring-shaped samples were produced 
according to a factorial Design of Experiments (DOE) with 2 permutations, using a combination of key winding 
parameters specified in Table 1. The selected parameters included winding speed, fiber tension, and resin bath 
temperature, as these factors significantly influence resin impregnation, fiber alignment, and the resulting 
mechanical performance of the composites. The DOE approach was selected because it is superior to the 
traditional one-variable-at-a-time method, which does not account for possible interactions between filament 
winding parameters. 
Table 1. Winding parameters and levels used in the DOE and Taguchi L8 orthogonal array for filament winding experiments. 

  

 
In addition to the full factorial design, the Taguchi L8 orthogonal array was employed. This array can be 
interpreted as a fractional factorial design 2 7 4 , enabling the investigation of up to seven two-level factors 
using only eight experimental runs. In contrast to the full factorial design, some interaction effects may be aliased, 
meaning that only the main effects can be reliably estimated. Although both the 2 factorial design and the Taguchi 
L8 array require eight experimental runs, the factorial design allows a complete evaluation of interaction effects, 
whereas the Taguchi method provides a faster optimization approach focused primarily on the main effects. 
This combined methodology enables a systematic evaluation of the influence of winding speed, fiber tension, and 
resin bath temperature on the process–structure–property relationships of filament-wound composites. 
Understanding these relationships provides valuable insight for optimizing the manufacturing process in order to 
achieve improved mechanical performance, uniform resin distribution, and enhanced structural integrity. 
The low and high levels for each parameter were selected based on experimental constraints and material 
limitations. In this study, the investigated ranges were: winding speed (10–20 m/min), fiber tension (50–150 N), 
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and resin bath temperature (25–40 °C). These parameter levels were applied in both the full factorial 2 Design 
of Experiments (DOE) and the Taguchi L8 orthogonal array. 

 
Figure 1. Comparison between full factorial design, fractional factorial design, and the Taguchi orthogonal array used for experimental 

optimization of composite processing parameters 
  
The factorial DOE approach enables the evaluation of both main effects and interaction effects between the 
selected parameters. In contrast, the Taguchi L8 method focuses primarily on the estimation of main effects while 
maintaining experimental efficiency through a reduced number of experimental runs. Although the L8 array 
allows robust estimation of main effects using only eight experiments, certain interaction effects may be aliased. 
Therefore, a full factorial analysis is required when detailed interaction effects between parameters must be 
evaluated. 
The experimental results obtained from the designed experiments were analyzed to determine the influence of 
winding speed, fiber tension, and resin bath temperature on the void content, electrical behavior, and overall 
structural quality of the filament-wound composites. 

Conclusion 
A comparative study of full factorial 2 and Taguchi L8 experimental designs was conducted to optimize 

filament-wound composite processing parameters. While the factorial design enabled a detailed evaluation of both 
main and interaction effects, the Taguchi method provided a faster and more efficient approach for robust 
parameter optimization with a reduced number of experiments. Both statistical approaches contributed to 
improving the electrical and mechanical performance, as well as the structural quality of the produced composites. 
Furthermore, the optimized processing conditions resulted in composite structures with improved resistance to 
deformation and enhanced structural stability, making the obtained products suitable candidates for high strain 
rate testing. The selection of the appropriate experimental design therefore depends on whether detailed 
interaction analysis or experimental efficiency is the primary objective. These findings highlight the importance 
of statistical design methods in the development of high-quality and reliable filament-wound composite materials. 
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Summary: This study addresses the challenge of tailoring mechanical responsiveness in nanofibers for advanced 
nanotechnological applications. Electrospinning was utilized  to fabricate polyacrylonitrile (PAN) composite 
nanofibers integrated with magnetic metal oxide nanoparticles . Characterization via HRSEM, XRD, and 
spectroscopy confirmed a homogeneous nanoparticle dispersion. Dynamic Mechanical Analysis (DMA) under 
magnetic fields revealed significant increases in stiffness and altered glass transition profiles compared to PAN . 
These results demonstrate that strong interfacial interactions modify polymer chain dynamics, offering a data-
driven framework for designing stimuli-responsive materials with precisely controlled thermomechanical 
properties for sensors and catalysts. 
1. Main Text  
1.1. Introduction  
Electrospinning has emerged as a premier technique for developing micro- and nanofibers characterized by high 
porosity and vast surface areas. While  polymer fibers offer structural utility, there is a growing need for "smart" 
materials capable of responding to external stimuli. The integration of magnetic nanoparticles into a polymer 
matrix presents a solution for creating responsive systems, yet the fundamental interactions governing their 
thermomechanical behavior—especially under active magnetic fields—require deeper investigation to enable 
precise material design. 

2. Experimental Methods 

Magnetic metal oxide nanoparticles , specifically Ferrites (e.g., Fe2O3, MnZnFe2O4, CoFe2O4), were incorporated 
into the polyacrylonitrile  solution prior to electrospinning[1-3]. The electrospinning setup included a grounded 
collector placed within a syringe,. For the production of nanofibers, the polymer mixtures were electrospun at 
ambient temperature with driving voltages of 10–15 kV. The electrospinning process was standardized with a 
constant needle-to-collector distance of 15 cm and a controlled precursor feed rate of 1 mL/h. Thermomechanical 
properties were evaluated using a PerkinElmer DMA-8000 system. Samples were analyzed in tension mode across 
a temperature gradient from 300 K to 800 K, utilizing a linear heating rate of 5 K/min. To investigate the 
frequency-dependent viscoelastic behavior, measurements were recorded under applied sinusoidal forces at 
frequencies of 0.5 Hz. The morphological characteristics and chemical composition analysis of the produced 
nanofibers were examined by scanning electron microscopy (SEM) and integrated energy-dispersive X-ray (EDX) 
analysis, respectively. Surface features were investigated on a Hitachi S-4800 SEM at 2 kV acceleration voltage 
on samples coated with Au/Pd (5 nm) using secondary electron (SE) mode. 

 The resulting fibrous mats were subjected to structural analysis by High-resolution scanning electron microscopy 
(HRSEM) and X-ray diffraction (XRD) and by Chemical Spectroscopy: FTIR, Raman, and XPS to verify 
molecular bonding and elemental composition. Dynamic Mechanical Analysis (DMA) conducted both in ambient 
conditions and under applied magnetic fields to observe real-time stiffness shifts. 

3.  Results and Discussion  

The electrospinning process successfully produced uniform nanofibrous structures with consistent nanoparticle 
distribution, avoiding the common pitfall of agglomeration. 

The DMA data provided the most striking insights. When subjected to magnetic fields, the PAN-based 
composites exhibited a marked enhancement in stiffness, particularly at the glass transition temperature (Tg) 
compared to PAN . This shift in the transition profile, compared to pristine PAN, suggests that the magnetic 
fillers do not merely act as passive reinforcements. Instead, strong interfacial interactions between the 
nanoparticles and the PAN chains fundamentally restrict or modify polymer chain mobility. This research 
elucidates the critical structure-property relationships necessary for the mechanical characterization of magnetic 
nanocomposites. By confirming that nanoparticle dispersion and external field application directly dictate 
thermomechanical response, this study provides a roadmap for tailoring fibers for use in high-performance 
sensors, energy storage devices, and magnetic catalysts. 



HISTRATE Conference 2026 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. (a) Dynamic mechanical analysis comparison of the investigated PAN, Fe2O3/PAN and MnZnFe2O4 / 
PAN Nanofibers (for 0 T and 120 mT) at 5 C min-1 at 0.5Hz,and SEM of Fe2O3/PAN (upper right),EDX of 

MnZnFe2O4/PAN Nanofibers (bottom right) 
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Summary: In this study additively manufactured PLA – PETG multi material composite was mechanically 
characterized. PLA is a strong and environmentally friendly material used in additive manufacturing however it 
is brittle and not suitable for harsh environment applications due to its weak chemical resistance. PETG, well 
known for its ductile and chemically resistant behavior, was employed as the capsule for the PLA inner structure 
of the hybrid composite. Tensile and compression tests were carried out to investigate how this novel hybrid shell-
core structure affects the mechanical properties. Results show that the composite achieves beneficial 
characteristics between stiffness and ductility possessing environmental protection.  

1. Introduction 

Additive manufacturing (AM) gains more attraction day by day thanks to advancements in AM machines and 
materials used for the method. It enables ease of manufacturing even for very complex geometries which are 
difficult to fabricate using conventional methods. Fused deposition modelling (FDM) is the most widely used AM 
method worldwide, generally owing this to its high affordability by hobbyists. Its use in the automotive and 
aerospace industry is expanding as  well [1]. The need for strong, durable and light parts are essential for such 
industries and the use of novel materials are required to achieve such demands. As the FDM method evolves, the 
fabrication of multi material composite parts are becoming possible and it becomes possible to compensate the 
negative aspects of single material parts [2]. PLA has high tensile strength and stiffness compared to PETG 
whereas PETG is more ductile and has less tensile strength [3]. Though PLA is an eco-friendly and strong material, 
it is not preferred for outdoor use due to its degradation through environmental exposure, especially due to 
exposure to chemicals for long durations. It also displays brittle behavior. On the other hand PETG is well known 
for its chemical resistance [4]. It also has good thermal stability and industries like automotive and aerospace are 
researching such materials as PETG to be used in their products [5]. This study proposes an architecture with the 
combination of an environmentally friendly polymers and a chemically resistant polymer  aiming to optimize 
stiffness and ductility which may contribute to the search of materials needed in the mentioned industries 
especially for the components exposed to harsh environments.  

2. Material and Testing 

A novel composite which was not investigated before in the literature was studied in this work where PETG was 
used as an outer shell and PLA was encapsulated in this shell with the help of a dual extruder. This was achieved 
only with enclosing PLA in the composite for PLA an PETG are chemically incompatible, meaning they show 
weaker layer adhesion in normal printing operation. Specimens were 3d printed with varying printing parameters 
which strongly affect the mechanical properties of the material. These printing parameters create the meso-
structure of the material such as internal geometry, number of raster lines and infill percentage. Generally, these 
parameters determine the weight and strength of the specimen. Initial objective of this study is to compare the 
tensile and compressive behavior of PETG-PLA hybrid composite specimen with the specimens manufactured 
with only virgin PLA and only with virgin PETG. Specimens with same number of raster lines, same infill 
geometry and same infill percentage was manufactured. The hybrid composite was 3d printed with raster walls of 
PETG filament and the inner material was 3d printed with PLA filament. The configuration of the three types of 
tensile test specimens in the slicer software can be seen in Figure 1. Tensile tests were carried out according to 
ASTM D638-14 test standard  [6]. In order to observe the effect of PLA existence in the PETG envelope in terms 
of compressive properties compressive test specimens were also manufactured. Compression tests were carried 
out with respect to ASTM D695-15 test standard  [7].  
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Fig. 1. a) Virgin PETG specimen b) virgin PLA specimen c) PETG-PLA specimen 

3. Results and Discussions 

When we analyze the tensile test results we see that PLA has a higher ultimate tensile strength (UTS) than PETG 
which agrees with the literature. PETG-PLA composite has a slightly lower UTS value compared to virgin PETG 
specimen. On the other hand, PETG-PLA composite shows similar ultimate strain value compared to virgin PETG 
and this value is much higher than virgin PLA showing an improvement in ductility. When we compare the elastic 
modulus values we see that virgin PLA specimen has the highest value showing the highest stiffness while virgin 
PETG specimen has the lowest elastic modulus value. Conversely, we see that PETG-PLA composite specimen 
has a 16.8 percent higher elastic modulus value compared to virgin PETG. This indicates a balanced mechanical 
property of stiffness and ultimate strain that might have advantages in some loading scenarios for the PTG-PLA 
hybrid composite. The tensile test graphs of the three specimens can be seen in Figure 2.  

 
Fig. 2. Tensile test graph for PETG-PLA composite, virgin PETG and virgin PLA specimens 

In terms of compression tests we see a similar behavior on compressive modulus and we see that PETG-PLA 
composite has a value lower than virgin PLA but significantly higher than virgin PETG. The results display a 
possible improvement in flexural behavior and the future work will include 3-point bending tests and the effect 
of key printing parameters shaping the shell-core architecture on these mechanical properties will be evaluated.  
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Summary: This study investigates the impact of manufacture-induced non-uniform interlayer matrix distribution 
in thermoplastic polyurethane (TPU) Kevlar-fibre composites on low-velocity impact responses. Laminates with 
varying TPU contents were fabricated via hot-press forming, and interlaminar matrix thicknesses were 
characterized by microscopical recognition. A ply-level stochastic finite element model was developed to simulate 
heterogeneities, compared against experiments and uniform model. Results show such non-uniformity influences 
laminate’s impact stiffness, peak force, and residual deformation, with impact behavior dispersions decreasing 
with increased matrix content but varying non-monotonically with impact energy. At last, a critical impact-
centered ‘decisive region’ was identified, beyond which non-uniformity exerts negligible influence on response 
dispersion. 

 
Main Text  
Thermoplastics exhibit fluidity and eco-friendly features, offering benefits over thermosets. Thermoplastic 
composite is therefore regarded as one of promising candidates for advanced composite structures design. Among 
thermoplastics, thermoplastic polyurethane (TPU) has been widely used as matrix owing to its flexibility and 
excellent ductility, which contribute to laminate’s outstanding resistance against impact loading [1-3]. However, 
when TPU composites manufactured via hot-press forming [4,5], the matrix exhibits a stochastically non-uniform 
distribution between adjacent fiber layers, as shown in Fig. 1. This manufacture-induced microstructural 
uncertainty may influence the overall impact behavior. Prior studies have highlighted the significant role of TPU 
matrix content in composite’s impact resistance performance [3], yet the effects of such spatial heterogeneities 
remain underexplored. Investigating these stochastic features is crucial for further elucidating the laminates 
practical production tolerances’ contribution to impact responses, thereby informing impact-oriented structural 
design, engineering applications, and customized fabrication strategies for TPU composites. 

 
Fig. 1. Optical microscopy image of TPU composite in cross-section. 

Cross-sectional microscopic recognition across different regions was deployed to extract the probability density 
distributions of interlayer matrix thicknesses. Building on a validated ply-level macro-homogeneous finite 
element model developed in previous work [3], where interlayer matrices are constructed as independent sold-
element plies, stochastic fields were established and mapped onto the matrix plies to simulate the non-uniform 
geometric characteristics. Simulations were conducted for various TPU composite configurations and different 
impact energy levels, with results systematically compared against experimental data and outcomes from 
conventional uniform model.  

The findings demonstrate that under low-velocity impact conditions, the non-uniform interlayer matrix 
distribution can significantly affect the laminate's impact behavior and cause dispersion on response. Compared 
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to conventional model, the stochastic model replicated the laminate’s behavior with higher accuracy, especially 
on impact stiffness, peak force, and residual deformation. Further analysis reveals that the dispersions shrink as 
the TPU matrix content increases, while with elevation of impact energy, exhibiting non-monotonic trend, initially 
increasing followed by decreasing as reaching high-energy level. For impact-resistant design and practical 
application, accounting for the probabilistic ranges and extrema of peak forces and maximum displacements is 
essential. At last, the stochastic fields within FE model were further refined and optimized to investigate the 
correlations between the response dispersion and the spatial extent of the matrix inhomogeneous distribution area. 
The outcomes identified a ‘decisive region’ beyond which the non-uniformity exerts negligible influence on 
dispersion. This study not only developed a stochastic modeling strategy in macroscale level, but also these 
insights offer valuable guidance for tailored impact-resistance designs and fabrication optimizations in TPU 
composites, enhancing their reliability in high-performance applications. 
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Summary: The ballistic behavior of aramid fiber–reinforced phenolic laminates is influenced by fiber volume 
fraction and molding pressure. This study evaluates the effects of resin content (20% and 50%) and consolidation 
pressure (2, 6, and 10 MPa) on ballistic limit velocity (V50) and backface deformation. Laminates with areal 
weights of 2–9 kg/m² were tested according to NIJ 0101.07 standards. Results show a linear increase of V50 with 
areal weight and up to 18% higher ballistic resistance for laminates containing 80% fiber. Increasing molding 
pressure reduced trauma depth by approximately 25% with minimal effect on V50. Optimal performance was 
achieved with high fiber content and 10 MPa consolidation pressure. 
 
1. Materials and experimental procedure 
Ballistic laminates were manufactured using ballistic-grade plain woven para-aramid fabric as reinforcement and 
a modified phenolic resin as matrix. The aramid fabric was a plain weave (1×1) construction with an areal weight 
of 280 ± 7 g/m² and nominal thickness of 0,43 mm. The yarn linear density was 1260 dtex in both warp and weft 
directions, with yarn counts of 11,0 ends/cm (warp) and 10,5 picks/cm (weft). The measured tensile strength of 
the fabric was approximately 10,000 N/5 cm in the warp direction and 9,500 N/5 cm in the weft direction. No 
surface coupling agent was applied to the fibers. 
The matrix system consisted of a resol-type phenolic resin with dry content above 98% and density of 
approximately 1,1 g/cm³. Because conventional phenolic resins are inherently brittle and unsuitable for dynamic 
impact applications, the resin was modified with powdered polyvinylbutyral (PVB) to improve toughness and 
flexibility. The modification aimed to enhance strain accommodation during ballistic loading and to reduce 
premature interlaminar cracking. 
Prepreg sheets were produced using a controlled impregnation process in which resin solution viscosity, 
temperature, resin pickup, volatile content, and gel time were continuously monitored. Two resin content levels 
were prepared to investigate the influence of fiber volume fraction: laminates containing approximately 20 wt.% 
resin (≈80% fiber) and laminates containing 50 wt.% resin (≈50% fiber). After impregnation, prepreg sheets were 
air-dried to the required volatile content and cut into 400 × 400 mm plies. 
Laminates were fabricated by stacking prepreg plies to achieve target areal weights ranging from 2 to 9 kg/m². 
The stacked assemblies were consolidated in a hydraulic hot press at 160 °C. To evaluate the effect of 
consolidation pressure on ballistic and trauma behavior, panels were molded under three different pressures: 2 
MPa, 6 MPa, and 10 MPa. The pressure time was adjusted according to laminate thickness to ensure complete 
curing. After molding, panels were cooled under pressure to minimize residual stresses and warpage. 
Ballistic performance was evaluated using the V50 ballistic limit method in accordance with NIJ 0101.07 standard 
procedures. Square panels of 400 × 400 mm were rigidly clamped during testing. A minimum of fourteen 
projectiles were fired at each configuration to determine the ballistic limit velocity, defined as the arithmetic mean 
of the highest partial penetration velocities and the lowest complete penetration velocities within the required 
velocity spread. Projectile velocities were measured using calibrated chronographic instrumentation. 
Backface deformation (trauma effect) was assessed on panels with an areal weight of 5 kg/m² molded at different 
consolidation pressures. After impact, the rear surface deformation was measured by determining both the 
maximum indentation depth and the effective deformation diameter. The trauma depth was defined as the 
maximum perpendicular distance from the original rear plane of the panel to the apex of the deformation bulge. 
The trauma area was calculated from the measured diameter of the affected region. All measurements were 
performed immediately after impact to avoid elastic recovery effects. 
The experimental matrix therefore allowed evaluation of the combined influence of fiber volume fraction, 
laminate areal weight, and molding pressure on both ballistic resistance and backface deformation behavior. 
 
2. Results and Discussion 
Ballistic limit velocity (V50) increased linearly with areal weight for all laminates, confirming that energy 
absorption scales with the amount of reinforcing material. Laminates containing 20 wt.% resin (higher fiber 
volume fraction) showed 12–18% higher V50 compared to 50 wt.% resin systems, demonstrating that fibers are 
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the primary energy-absorbing component. Further increasing fiber content beyond 80% led to insufficient 
interlaminar bonding and delamination, indicating the need for minimum matrix content to ensure structural 
integrity.  
Molding pressure had a limited effect on V50 but significantly influenced trauma behavior. Increasing pressure 
from 2 to 10 MPa reduced backface deformation by approximately 20–25%, due to improved laminate 
densification and interlayer coupling. Higher resin content did not improve trauma performance and slightly 
increased deformation, likely due to matrix brittleness. 
The best overall performance was achieved with 20 wt.% resin and 10 MPa molding pressure, providing high 
ballistic resistance and reduced trauma. These results confirm that fiber content governs penetration resistance, 
while consolidation pressure primarily controls rear-face deformation. 
 

 
Fig. 1. Post-impact damage patterns and backface deformation of aramid/phenolic laminates at different 

consolidation pressures and resin contents. 
 
3. Summary  
The study demonstrates that ballistic performance of aramid/phenolic laminates is primarily controlled by fiber 
volume fraction, while trauma behavior is strongly influenced by consolidation pressure. Ballistic limit velocity 
increases linearly with areal weight and is significantly higher in laminates containing lower resin content 
(approximately 20 wt.%). Increasing resin content reduces ballistic efficiency due to decreased effective fiber 
participation. Molding pressure has limited influence on penetration resistance but substantially reduces backface 
deformation by improving laminate densification and interlaminar bonding. The best overall performance was 
achieved in laminates with high fiber content molded at 10 MPa, providing both superior ballistic resistance and 
reduced trauma depth. 
These findings confirm that optimized armor design requires maximizing fiber contribution while ensuring 
sufficient consolidation to control rear-face deformation. 
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Summary: Dual-phase (DP) steels are characterized by a multiphase composition, as well as high strength and 
ductility. DP600 samples were tested in accordance with ASTM E8 at a strain rate of 0.0083 s⁻¹ and simulated 
using LS-DYNA and LS-OPT. The parameters of the Gurson–Johnson–Cook damage model were optimized to 
fit the engineering stress–strain curves. The results show good agreement between the experimental results and 
the numerical simulations in terms of stress-strain curves. 
 
1. Experimental results  

In this presentation, a type of dual-phase steel, namely DP600, was investigated. Its chemical composition can be 
established from [1]. Uniaxial tensile tests were performed on four different samples at room temperature, with a 
strain rate of 0.0083 s⁻¹, similar to [2]. The tests were conducted to obtain engineering stress–strain curves, as 
shown in Figure 1. The results in terms of stress and strain may vary depending on the samples, as reported in [3]. 
   

 
 

Figure 1. Engineering stress-strain of DP600 steel 
 
2. Experimental and numerical results 

The simulations were performed using the LS-Dyna software, while the optimization of the Gurson–Johnson–
Cook model parameters was carried out using the LS-Opt software. Through LS-Opt, the parameters for various 
samples, prepared according to the ASTM E8 standard, were optimized. It is worth noting that the Gurson–
Johnson–Cook damage model is the most suitable for samples with different geometries and cross-sections. Figure 
2 shows a comparison between the numerical and simulation results for the analyzed samples. 
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Figure 1. Comparison between experimental and numerical results expressed through engineering 
stress-strain curves of DP600 steel 

 

In the future, these results for DP600 and DP800 at different strain rates are planned to be published in a 
scientific journal. This will provide valuable insights for the modeling and optimization of dual-phase steels. 
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Summary: This study employs molecular dynamics simulations to investigate dislocation-mediated deformation 
and hydrogen embrittlement in metal matrix composites under tensile loading. The results show that dislocations 
govern plastic deformation, while reinforcement phases influence their nucleation and mobility. Hydrogen atoms 
interact strongly with dislocations and lattice defects, altering local stress fields and promoting strain localization. 
As composite strength increases, hydrogen susceptibility also increases, leading to reduced ductility and earlier 
crack initiation. The findings provide atomistic insight into the coupling between strengthening mechanisms and 
hydrogen-assisted failure, supporting the design of high-strength composite systems with improved environmental 
resistance. 
1. Main Text  
Hydrogen embrittlement (HE) is a critical degradation phenomenon that severely compromises the mechanical 
performance and structural integrity of metallic materials exposed to hydrogen-containing environments. It causes 
reduction in ductility, premature crack initiation, and sudden catastrophic failure, often occurring at stress levels 
well below the expected strength of the material. Despite decades of research, the underlying mechanisms and 
molecular/atomic origin of HE remained unclear, including hydrogen transport, trapping at microstructural 
defects, and interactions with dislocations and crack tips. At the microscale and nanoscale, hydrogen alters local 
stress fields, reduces cohesive strength, and promotes strain localization, thereby accelerating damage evolution. 

Metal matrix composites (MMCs) are advanced structural materials composed of a continuous metallic matrix 
reinforced with secondary phases such as particles, fibers, or precipitates. The metal matrix provides toughness 
and ductility, while the reinforcement phase enhances strength, stiffness, and wear resistance. Plastic deformation 
in the metallic matrix is primarily accommodated by the motion and interaction of dislocations. These line defects 
enable metals to deform plastically under applied loads by gliding and multiplying within the crystal lattice. The 
presence of reinforcements modifies dislocation nucleation, motion, and accumulation, leading to strengthening 
through mechanisms such as friedel cutting, orowan looping, and dislocation pile-up. 

However, the same microstructural features that enhance strength can also increase susceptibility to hydrogen 
embrittlement. Hydrogen atoms diffuse through metallic lattices and tend to accumulate at energetically favorable 
sites, including dislocations, grain boundaries, interfaces, and other lattice defects (can be octahedral or tehedreh 
tetrahedral sites). Their interaction with dislocations can either enhance mobility (hydrogen-enhanced localized 
plasticity) or promote decohesion at interfaces (hydrogen enhanced decohesion), both of which may contribute to 
premature failure. In MMCs, the complex interplay between dislocations, reinforcement phases, and hydrogen 
creates localized stress concentrations that can accelerate crack initiation and propagation. 

Given that these processes originate from atomistic-scale interactions, a molecular-level understanding is essential 
for uncovering the fundamental mechanisms governing hydrogen-assisted damage in MMCs. In this work, we 
employ molecular dynamics simulations to investigate dislocation-mediated deformation and hydrogen 
embrittlement in metal matrix composites (only the metal part) under tensile loading. By resolving the interactions 
between hydrogen atoms, dislocations, and reinforcement phases, we provide atomistic insight into the coupling 
between strengthening mechanisms and hydrogen-assisted failure. 

Our simulations reveal that the presence of hydrogen significantly reduces the velocity of dislocations during 
tensile deformation. In hydrogen-free systems, dislocations glide continuously under the applied stress, enabling 
homogeneous plastic flow. However, once hydrogen atoms are introduced, dislocation motion becomes 
progressively hindered. As the hydrogen concentration increases, the reduction in dislocation velocity becomes 
more pronounced, indicating a concentration-dependent retardation effect. 

This behavior can be attributed to the strong interaction between hydrogen atoms and dislocation cores. Hydrogen 
segregation around dislocations alters the local atomic bonding and stress distribution, increasing resistance to 
dislocation glide. The effect increases at higher hydrogen contents due to enhanced trapping and accumulation 
near lattice defects and matrix–reinforcement interfaces. 
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The observed slowdown in dislocation motion is consistent with the hydrogen-enhanced decohesion (HEDE) 
mechanism, which reduces cohesive strength along critical regions and facilitates localized damage initiation. 
Although HEDE is often discussed in the context of monolithic metals, our results demonstrate that it can also be 
activated in composite systems. In metal matrix composites, hydrogen-assisted decohesion at matrix–
reinforcement interfaces further amplifies stress concentration, thereby accelerating the transition from localized 
plasticity to crack initiation. 

In conclusion, our study provides atomistic insight into dislocation-mediated deformation and hydrogen 
embrittlement in the metal part of the metal matrix composites under tensile loading. Molecular dynamics 
simulations demonstrate that hydrogen strongly interacts with dislocations and lattice defects, significantly 
reducing dislocation velocity in a concentration dependent manner. As composite strength increases, hydrogen 
susceptibility is amplified, promoting strain localization and earlier crack initiation. The results support the 
activation of hydrogen-enhanced decohesion in composite systems, particularly at matrix–reinforcement 
interfaces. These findings clarify the coupling between strengthening mechanisms and hydrogen-assisted failure, 
offering guidance for designing high-strength composites with improved resistance to hydrogen degradation. 
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Summary 
This study proposes a data-driven framework to predict the dynamic stress–strain response of polyethylene (PE) 
in Split Hopkinson Pressure Bar (SHPB) experiments. Strain rate data and stress-strain curves at different strain 
rates are used as input to a Multi-Layer Perceptron (MLP) neural network, while stress–strain curves derived from 
classical SHPB analysis served as targets. The model learns the nonlinear relationship between inputs and material 
response. Results highlight the effectiveness of machine learning for high strain rate material characterization. 
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1. Introduction 
SHPB technique remains the most widely used experimental method for characterizing material response at strain 
rates between 10² and 10⁴ s⁻¹. In a conventional SHPB experiment, incident, reflected, and transmitted strain 
waves are recorded using strain gauges mounted on elastic pressure bars. Based on one-dimensional elastic wave 
propagation theory, stress and strain are calculated.  
 
Recent developments in machine learning enable direct identification of nonlinear relationships from 
experimental data without explicitly solving governing equations. Neural networks, in particular, can approximate 
complex mappings between measured inputs and target outputs, [1]. The objective of the present study is to 
develop a Multi-Layer Perceptron (MLP) model capable of predicting the dynamic stress–strain curve of PE. The 
results demonstrate the potential of machine learning as an alternative computational tool for high strain rate 
material characterization. 
 
2. Multilayer Perceptron (MLP) Network  
MLP is a class of feedforward artificial neural networks widely used for regression, classification, and function 
approximation tasks. An MLP network consists of an input layer, one or more hidden layers, and an output layer. 
Each layer contains a set of interconnected nodes (neurons), where each connection is associated with a weight, 
[2, 3]. MLP structure is given in Fig. 1a. The structure of any neuron is given in Fig.1b. 

 

a)                                                             b) 

Fig. 1. a) Structure of MLP network, b) Structure of any neuron 

In an MLP, the input layer receives the predictor variables and forwards them to the hidden layer(s). Each neuron 
in a hidden layer computes a weighted sum of its inputs and adds a bias term. This linear combination is then 
passed through a nonlinear activation function, such as the sigmoid or hyperbolic tangent (tanh) to introduce 
nonlinearity into the model. The output layer performs a similar operation to produce the final prediction. 
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In this work, a data-driven methodology is proposed to predict the dynamic stress–strain response of PE during 
SHPB experiment. Limited number of experimental data at multiple strain rates are used for training and 
validation.  Experimentally calculated stress–strain curves and strain rate data obtained using classical SHPB data 
reduction are employed as input and target outputs during training. Thickness of specimen is 8 mm and 
experimental results for bar pressures of 1.2, 1.5, and 1.8 are used. Two of the results are used in training stage of 
network while the remaining is used for testing the performance of the network. The RMSE and R2 performance 
metrics are obtained and compared for networks with different number of neurons at hidden layers. 

3. Results and Discussion 
A machine learning-based framework is developed to predict the dynamic stress–strain behavior of PE directly 
from SHPB stress-strain curves using a MLP network. The MLP model successfully reconstructed the dynamic 
stress–strain response of PE across different strain rates. Predicted curves exhibited strong agreement with 
experimentally calculated references. 

Fig. 2a depicts the stress strain curves obtained for 1.2 and 1.8 bar pressure that are used for training the network 
and Fig. 2b depicts the experimentally obtained stress strain curve for 1.5 bar together with predicted one by 
network. The network include two hidden layer every consisting of 5 neurons. The performance of network is 
obtained as RMSE = 9.85726 and R² = 0.8297. Increasing the number of neurons in hidden layer gives better 
results in predicting the training set curves but performance decreased for the test set. 

 

a) b) 

Fig. 2.a) Stress strain curves obtained for 1.2 and 1.8 bar pressure, b) experimentally obtained stress strain curve 
for 1.5 bar together with predicted one by network. 

Unlike classical SHPB analysis, the proposed approach does not require explicit knowledge of bar elastic 
constants, wave speed, or equilibrium verification during prediction. Instead, these relationships are embedded 
within the trained model parameters. However, generalization capability depends on training data diversity. 
Expanding the dataset to include additional strain rates, specimen geometries, and different polymer grades would 
further enhance predictive robustness. 

4. Conclusions 
In conclusion, the proposed MLP-based framework demonstrates strong potential as an efficient and reliable 
alternative to conventional SHPB data reduction procedures for predicting the dynamic stress–strain behavior of 
PE. By directly learning the relationship between input stress–strain signals and the corresponding dynamic 
response, the model accurately reconstructs material behavior across varying strain rates with high agreement to 
experimentally calculated references. 
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