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This collection contains the proceed-
ings of the 21st European Conference on Composite Materials 
(ECCM21), held in Nantes, France, July 2-5, 2024. ECCM21 is the 
21st in a series of conferences organized every two years by 
the members of the European Society of Composite Materials 
(ESCM). As some of the papers in this collection show, this 
conference reaches far beyond the borders of Europe. 
 The ECCM21 conference was organized by the Nantes 
Université and the Ecole Centrale de Nantes, with the support 
of the Research Institute in Civil and Mechanical Engineering 
(GeM). 

Nantes, the birthplace of the novelist Jules 
Verne, is at the heart of this edition, as are the 
imagination and vision that accompany the 
development of composite materials. They are 
embodied in the work of numerous partici-
pants from the academic world, but also of the 
many industrialists who are making a major 
contribution to the development of composite 
materials. Industry is well represented, reflect-
ing the strong presence of composites in many 
application areas. 

With a total of 1,064 oral and poster presenta-
tions and over 1,300 participants, the 4-day 

event enabled fruitful exchanges on all aspects of compos-
ites. The topics that traditionally attracted the most contribu-
tions were fracture and damage, multiscale modeling, dura-
bility, aging, process modeling and simulation and additive 
manufacturing.

However, the issues of energy and environmental transition, 
and more generally the sustainability of composite solu-
tions, logically appear in this issue as important contextual 
elements guiding the work being carried out. This includes 
bio-sourced composites, material recycling and reuse of 
parts, the environmental impact of solutions, etc.

We appreciated the high level of research presented at the 
conference and the quality of the submissions, some of 
which are included in this collection. We hope that all those 
interested in the progress of European composites research 
in 2024 will find in this publication sources of inspiration and 
answers to their questions.
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PROBING COMPRESSIVE BEHAVIOUR AND FAILURE IN SINGLE 
FIBRE CARBON FIBER COMPOSITES: IN-DEPTH ANALYSIS USING 

IN SITU LASER RAMAN SPECTROSCOPY 
 

Cameron G. Woodgate1, Richard S. Trask1, Milo S.P. Shaffer2, Stephen J. Eichhorn1  
 

1Bristol Composites Institute, School of Civil, Aerospace and Design Engineering, University of 
Bristol, University Walk, Bristol BS9 1TR, UK. 

Email: cameron.woodgate@bristol.ac.uk, r.s.trask@bristol.ac.uk, s.j.eichhorn@bristol.ac.uk 
2Department of Materials and Department of Chemistry, Imperial College London, South Kensington 

Campus, London, SW7 2AZ, UK 
Email: m.shaffer@imperial.ac.uk 

 
Keywords: Carbon Fibre, compression, interface, Raman spectroscopy, micromechanics  

 
 

Abstract  
Compressive failure of fibres in unidirectional composites is often characterised by microbuckling and 
the formation of kink bands. Developing insight into the behaviour of reinforcing fibre and the fibre-
matrix interface before, during, and after failure is crucial for enhancing compressive performance. 
Direct mechanical testing of single fibres is limited due to scale considerations, necessitating alternative 
approaches, additionally, characterising interfacial behaviour in compressive loading lacks a direct 
quantitative method. 
 
In this study, Raman spectroscopy is utilised as a non-contact method for characterising 
micromechanical behaviour and interfacial responses during compressive loading. In situ laser Raman 
spectroscopy is employed to investigate compressive stress-strain behaviour of single fibres as well as 
generate spatially resolved stress maps of single carbon fibres under compression. Two experimental 
setups are discussed: a four-point bending setup for static Raman analysis and a uniaxial compression 
setup for stress map generation. High-resolution Raman stress maps, scanning electron microscopy, and 
confocal laser scanning microscopy are used to examine the evolution of failure of high modulus carbon 
fibres. This research contributes to a deeper understanding of compressive performance in carbon fibre 
composites, crucial for advancing their design and future applications. 
 
1. Introduction 
The compressive performance of unidirectional carbon fibre reinforced polymer composites (CFRPs) is 
often suboptimal when compared to the same material’s tensile performance. CFRPs often exhibit 
compressive strengths that are ~60% of their tensile strength [1]. To enhance compressive properties of 
CFRPs it is critical to understand the behaviour of reinforcing fibres and their interface with a matrix, 
prior to, during and post-failure. However, direct mechanical testing of fibres is challenging in 
compression due to their scale and aspect ratio [2]. There are also few direct measurement techniques 
to assess interfacial micromechanics in compressive loading conditions. In-situ laser Raman 
spectroscopy is one such technique and can be applied as an indirect non-contact stress sensing 
approach. Raman scattering is especially effective for graphitic materials such as carbon fibres [3], 
providing e information about the underlying atomic structure and bonding. When subjecting a single 
carbon fibre to mechanical loading, local fibre stress can be determined by measuring the shift in 
frequency of a particular Raman band, the graphitic or ‘G’ band, located at ~1580 cm-1. This shift in 
frequency corresponds to compression of in-plane atomic bonds in the graphitic lattice of the carbon 
structure, leading to phonon hardening, increasing the frequencies of scattered light and a resulting shift 
of the G band’s spectral position to a higher Raman wavenumber position [4]. By calibrating this shift 
against strain, stress can be derived using elastic deformation principles. By collecting spectra at spatial 
increments, point-to-point stress maps can then be produced along a length of fibre subjected to 
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mechanical loading within a model composite. This study employs in-situ Raman spectroscopic spatially 
resolved stress maps of single carbon fibres subjected to compressive loading to investigate fibre 
micromechanics and interfacial behaviours. 
 
2. Materials and Methods  
 
2.1 Materials 
Two commercial PAN-based high modulus carbon fibres were used in this study; namely M46J and 
M55J fibres (Toray Advanced Composites, NL). Two sample types are prepared, a poly(methyl 
methacrylate) (PMMA) beam for four-point bending experiments and an epoxy prism for uniaxial 
compression analysis. PMMA was supplied by Merck (DE) and the epoxy resin formulation used was 
Araldite® LY5052 resin and Aradur® 5052CH hardener supplied by Huntsman Corporation (US). The 
resin contained 50-70 % phenol polymer with formaldehyde, glycidyl ether and 30-50% 1,4-Bis(2,3-
epoxypropoxy)butane, and a hardener. The hardener comprised 50-70% 2,2’dimethyl- 4,4’-
methylenebis(cyclohexylamine), 30-50% 3-aminomethyl-3,5,5-trimethylcyclohexylamine, 3-5%, 
2,4,6-tris(dimethylaminomethyl)phenol and 1-3% salicylic acid. A non-silicone mould release agent, 
Ambersil Formula 10, (RS Components Ltd, Bristol GB) was used and C4A-06-015SLA-120-39P strain 
gauges, supplied by Micro-Measurements group UK Ltd (Basingstoke, GB) were utilised to measure 
strain during deformation of the model composites. 
 
2.2 Methodology 
2.2.1 Sample preparation 
Two sample types were prepared for Raman analysis; PMMA four-point bending beams and epoxy 
prisms for direct compression, both with a single fibre embedded near the surface. Beams were laser cut 
from a PMMA sheet into dimensions of 64 × 12.5 × 3.1 mm, following standardised dimensions ASTM 
D6272-17 [5]. Single fibres were manipulated onto the surface of the beam and aligned parallel to its 
long edge and secured in place with adhesive tape. To encapsulate the fibre onto the beam’s surface a 5 
% by weight PMMA-acetone solution was prepared and placed over the fibre via pipette and left at room 
temperature to evaporate away the acetone, leaving a thin encapsulating layer of PMMA over the fibre. 
A strain gauge was adhered via a cyanoacrylate adhesive to the same face of the beam, with the gauge’s 
longest length parallel to the fibre axis. The resulting beam and bending  experiment is shown in Figure 
1a. 
 
Single fibre epoxy prisms were prepared by first casting the base epoxy prism in a silicone mould, coated 
in release agent. The two epoxy components, resin LY5052 and hardener 5052CH, were thoroughly 
mixed in a ratio of 100:38 parts by weight, following the manufacturer’s guidelines. The mixture was 
degassed in a vacuum chamber at 700 mm.Hg, for 30 minutes, poured into the coated silicone mould 
and left at room temperature and pressure for 7 days to cold cure. The resulting prisms had dimensions 
of 12 × 6 × 6 mm, following ASTM D695-15 [6]. To embed a single fibre in the epoxy resin, a short 
filament (3-5 mm) was manipulated onto the surface of a cured prism, aligned parallel and centrally 
with the long edge of the prism and secured in place with adhesive tape. A thinned epoxy solution was 
prepared by first following the same mixing and degassing procedure as discussed above, then mixing 
the degassed epoxy with acetone in a ratio of 25:75 parts by weight epoxy to acetone. Thinned epoxy 
was dropped over the fibre using an adjustable air-displacement pipette in a volume of 30 μL, removing 
the adhesive tape prior to dropping the acetone, ensuring the fibre remained on the prism. Epoxy-acetone 
solution was spread across the prisms’ surface, ensuring the solution was evenly spread to a uniform 
thickness. The fibre was gently manipulated to ensure the fibre was aligned with the prisms long edge. 
Encapsulated fibre samples were left for 7 days at room temperature to allow the epoxy to cold cure, 
minimising residual stresses. 
 
Following the cold cure, a post-cure step of 60°C for 6 hours was completed enabling a consistent cure 
across all samples. A strain gauge was then adhered to the prism, parallel to the fibre length, as shown 
in Figure 1b. 
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2.2.2 In-situ Raman analysis 
Raman spectroscopy was carried out using a Renishaw inVia micro-Raman spectrometer, with a 532 
nm, 2.33 eV DPSS diode laser with a maximum power of 0.5 W. Software used to control the 
spectrometer and motorised stage was the WiRe 4.1 HF7241 2014 interface. The CCD used had a grating 
with 1800 lines/mm and a long working distance 50× lens with a numerical aperture of 0.5 was utilised 
for the measurements, resulting in an average spot size of 0.8 μm. Prior to measurements being carried 
out, the system was calibrated against a silicon (Si) wafer using a spectral band located at 520 cm-1. Any 
drift in the position of this band was accounted for by offsetting the CCD’s grating position to shift to 
the reference value. 
 
 

 
 

Figure 1. Two experimental setups utilised for in situ Raman spectroscopy. a) A four-point bending 
rig with a PMMA beam with a single fibre encapsulated on the compressive face of the beam and b) a 
uniaxial compression setup, utilising a Deben 5 kN microtester and epoxy prisms with an embedded 

single fibre. 

 
Four-point bending PMMA beams with single fibres embedded were utilised to calibrate the G-band 
strain sensitivity for the fibres investigated. An in-house fabricated, manually operated four-point 
bending rig was used (Figure 1a), where bending was applied in resulting strain steps of -0.034%, 
measured via a strain gauge adhered to the compressive face of the beam. In situ Raman measurements 
were taken in a single position in the centre of the fibre’s length, with measurement conditions ranging 
from 2-10 seconds with a laser power of 1-10%. Once spectra have been collected, spectral band 
information was derived via deconvolution of the spectrum into peaks corresponding to vibrational 
modes, listed in Table 1. Pseudo-Voigt functions were used to fit these bands, as described elsewhere 
[7]. 
 
Point-to-point stress mapping was carried out utilising an epoxy prism sample geometry, which were 
subjected to uniaxial compression via use of a Deben MICROTEST tensile compression stage, fitted 
with a 5 kN loadcell, pictured in Figure 1b. This setup was installed on the motorised stage of the Raman 
microscope. Full lengths of embedded short fibres were mapped at increasing levels of compressive 
deformation to evaluate how local fibre compressive stress evolved. Samples were first mapped with no 
applied loading, where spectra were collected every 5 μm over a range 0-200 μm, starting at the end of 
the fibre, then every 50 μm until 200 μm from the end of the opposite end of the fibre. 
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Table 1. Vibrational bands present within the Raman spectra region of interest. Corresponding 
vibrational modes for each band are described with peak position fitting bounds denoted. Peak full 
widths at half maximum are constrained between 10 to 1000 cm-1, peaks are positive and a linear 

background of y = 0 was used. 

Vibrational 
band Peak position [Bounds] (cm-1) Vibrational mode 

G ~1580 [1500-1650] Ideal graphitic lattice (E2g symmetry) 

D ~1350 [1300-1400] 
Disordered graphitic lattice (A1g symmetry), 

associate with graphene layer edges 

D′ ~1620 [1590-1630] 
Disordered graphitic lattice (surface graphene 

layers, E2g symmetry) 
D′′ ~1500 [1400-1550] Amorphous carbon 
I ~1200 [1050-1300] Disordered graphitic lattice (A1g symmetry) 

 
 
Measurement conditions ranged from 2-10 second scans with a 1-10% laser power, depending on the 
sample’s fibre depth in epoxy). This map was collected both as a baseline and to measure possible 
residual stresses within the fibre from the curing of the epoxy resin. Load was then applied by increasing 
the cross-head displacement (in compression) to control the prism’s compressive strain, measured via a 
Micro-Measurements D4 Data Acquisition Conditioner. Spectra were taken during loading at specific 
strain increments, in strain steps of -0.034 %. Maps and Raman band positions were taken in strain 
increments of -0.25 %. Maps of loaded fibres had inter-spectra spacings of 2, 5 and 50 μm from 0-100, 
105-400, and 450 μm, to the centre of the fibre, respectively. The same resolutions were repeated for 
the other half of the fibre, resulting in the entire length of fibre being mapped, with higher mapping 
resolution at the ends of the fibres. Each individual spectrum within each map had the position of the G 
band discerned using the method described above and in Table 1 and the position of the G band with 
respect to position along the fibre is collected. 
 
2.2.4 Confocal Laser Scanning Microscopy 
Confocal Laser scanning microscopy (CLSM) was utilised here to investigate both fibre depth in epoxy 
prism samples to check for sample consistency and investigate post-failure fibre geometries. CLSM was 
carried out using a Leica SP8 AOBS confocal laser scanning microscope. Fibre depths in epoxy were 
measured using a 10× air gap lens and a 50× long working distance lens, using an Argon ion 488 nm 
laser. Images were analysed using ImageJ. 
 
3. Results and Discussion 
 
3.1 In situ Raman investigations 
3.1.1 Four-point bending 
The four-point bending experimental setup was used to obtain both a G band strain sensitivity calibration 
and additionally to derive compressive stress within single fibres undergoing compressive loading. 
Compressive stress-strain curves for the two fibres investigated here have been reported elsewhere [8]. 
By comparing the deconvoluted position of the carbon fibre’s G band to the level of compressive strain, 
obtained from the strain gauge adhered to the surface of the PMMA beam, a G-band strain calibration 
was obtained (in cm-1/%). This method assumes that the strain experienced by the fibre is the same as 
the strain gauge reading. G band strain sensitivities are reported in Table 2, obtained via fitting linear 
regressions to G band Raman wavenumber shift versus compressive strain data. Due to non-linear 
response of carbon fibres in compressive loading, the curves were split into two regimes to account for 
compressive modulus ‘softening’ [9]. 
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To utilise the G band strain sensitivities (∆𝐺𝐺∆𝜀𝜀f) to derive stress, 𝜎𝜎f, a previously reported approach was 
used [9].  
 

∆𝜎𝜎f = ∆𝐺𝐺 × ∆𝜀𝜀f
∆𝐺𝐺 ×

∆𝜎𝜎f
∆𝜀𝜀f

                                                             (1) 
 

where ∆𝐺𝐺 is the shift in the position of the G band and ∆𝜎𝜎f∆𝜀𝜀f
 is the tensile Young’s modulus of the measured 

fibre. 
 
 

Table 2. G band strain sensitivities for two fibres under investigation. 

 

Fibre 
Non-linear onset 

strain 
(%) 

Initial G Band 
Sensitivity 
(cm-1/%) 

High Strain G Band 
Strain Sensitivity 

(cm-1/%) 

M46J 0.47 9.64 ± 0.3 4.27 ± 0.4 

M55J 0.41 11.68 ± 0.7 6.00 ± 1.9 

 
 
3.1.1 Point-to-point Raman stress mapping 
Once the G band strain sensitivities reported in Table 2 were obtained, point-to-point stress mapping 
was carried out. G band positions were collected along a short length of a single fibre compared to a 
zero stress position, obtaining ∆𝐺𝐺. Equation 1 was then used to derive local compressive stress. These 
data were then compiled into a map such as that seen in Figure 2a.  
 
A shear-lag model was used to fit a trend to the data [10], from which, interfacial shear stress (IFSS) 
was determined using a force balance approach (Figure 2b). From these derived IFSS curves, 
quantifiable interfacial parameters such as the maximum shear stress (τmax) and transfer length (Lt) were 
obtained, for which there are very few alternative techniques to measure in compressive loading.  
 
 

 
 
Figure 2. Point-to-point Raman stress maps of a single M46J fibre undergoing uniaxial compressive 
loading, where (a) demonstrates how local stresses evolve over increasing levels of applied loading 

and (b) the derived IFSS information for the mapped fibre. Solid lines in (a) are fitting a 
micromechanical model reported elsewhere [10]. 
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Additionally, using this approach, physical changes to the interface can be identified through stress 
mapping, such as in Figure 2a where a linearisation of the stress uptake at εm= -0.5 % occurs at the ends 
of the fibre. This linearisation corresponds to a debonded or partially debonded interface, where the 
stress transfer between the matrix and interface becomes frictional rather than shear-based. The 
corresponding constant interfacial shear stress in Figure 2b indicates the shear stress at which the IFSS 
is a maximum, overcoming the interfacial shear strength, causing matrix-interface debonding to occur.  
 
Point-to-point mapping is a versatile technique for single fibre model composites in compression as the 
maximum spatial resolution is in the range of 0.5-1 μm, depending on the Raman spectrometer’s laser 
spot size. By utilising the equipment at its maximum resolution, micromechanical failure modes, such 
as compressive fragmentation, can be investigated as failure evolves. An example high resolution stress 
map for an M46J fibre undergoing compressive fragmentation is shown in Figure 3. 
 
 

 
 
Figure 3. Highly spatially resolved Raman stress map of an M46J HM fibre undergoing compressive 
failure. The map shows how the local stress state evolves over increasing compressive loads, with a 

measurement every 0.5 μm. 

 
Features that develop during compressive failure of HM fibres can be tracked and investigated using 
high-resolution mapping, such as the development of a break (seen developing in Figure 3 between 
1150-1250 μm), individual fragment shear-lag profiles (1200-1350 μm) and inter-fragment features 
(1350-1370 μm). Combining high resolution Raman stress maps of HM fibre fragmentation with 
imaging techniques such as CLSM (Figure 4), provides further insight into how fibres fail in 
compression, allowing investigation of geometric configurations of post-failed fibres. 
 
CLSM allows 3D analysis of the features of HM fibre fragmentation which, in turn, will allow a more 
thorough understanding to the failure progression experienced by single fibres, by combining the images 
with high resolution Raman maps of fragment evolution, which only gives a 2D view of fragmentation 
behaviour (Raman mapping is only carried out in 1 dimension along a fibre’s length). 
 
A combination of analytical techniques, such as those used here, will allow a more in-depth 
understanding of how single fibre model composites, such as those used here, and multi-fibre, macro 
composite failure initiates, propagates and how ultimate failure occurs.  
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Figure 4. Confocal laser scanning microscopy images of example HM fibre fragmentation features, 
(a) a break location in a fragmented M46J fibre and (b) a fragment-slip feature, imaged in a 

fragmented M55J fibre sample. Top images are the XY projections of the features imaged in the 
bottom image, which is an averaged z-projection of the stack. 

 
 
4. Conclusions  
The utilisation of in situ Raman spectroscopic mapping method to characterise both fibre 
micromechanical behaviour and interfacial properties is a versatile technique capable of highly spatially 
resolved stress mapping. This approach allows for tracking the initiation and propagation of fibre 
compressive fragmentation. When combined with confocal laser scanning microscopy, it enables a more 
comprehensive analysis of fragmentation behaviour by imaging post-failure geometric fibre 
configurations. This integrated methodology provides valuable insights into the mechanical response of 
carbon fibre-reinforced polymer composites under compression, facilitating advancements in composite 
design and performance optimisation. 
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