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Single fibre literature data
Table S1 | Single fibre mechanical properties, with compression strength derived via Raman spectroscopy cantilever bending.
	Fibre Nomenclature

	Fibre Diameter (µm)

	Fibre Density (g/cm3)

	Tensile Modulus (GPa)

	Estimated Compression Strength (MPa)

	Tensile strength (MPa)

	Tensile Strain to Failure (%)

	Reference


	C1
	6.0
	-
	378
	1600-1800
	4000
	0.9
	1

	C2
	6.0
	-
	378
	1800-2500
	4100
	1.1
	

	C3
	6.0
	-
	364
	2000-2800
	4200
	1.1
	

	M46J
	5.0
	-
	436
	2700
	-
	-
	2

	M55J
	5.0
	-
	540
	2100
	-
	-
	



Table S2 | Single fibre mechanical properties, with compression strength derived via four-point bending. 
	Fibre Nomenclature

	Fibre Diameter (µm)

	Fibre Density (g/cm3)

	Tensile Modulus (GPa)

	Estimated Compression Strength (MPa)

	Tensile strength (MPa)

	Tensile Strain to Failure (%)

	Reference


	T300
	7.1
	-
	206
	2060
	3500
	1.7
	3


	M40
	7.1
	-
	388
	780
	2880
	0.8
	



Table S3 | Single fibre mechanical properties, with compression strength derived via cantilever beam bending.
	Fibre Nomenclature

	Fibre Diameter (µm)

	Fibre Density (g/cm3)

	Tensile Modulus (GPa)

	Estimated Compression Strength (MPa)

	Tensile strength (MPa)

	Tensile Strain to Failure (%)

	Reference


	-
	9.7-10
	-
	500
	1300-2000
	2000
	-
	4












Table S4 | Single fibre mechanical properties, with compression strength derived via cantilever beam bending and direct compression. 
	Fibre Nomenclature

	Fibre Diameter (µm)

	Fibre Density (g/cm3)

	Tensile Modulus (GPa)

	Estimated Compression Strength (MPa)

	Tensile strength (MPa)

	Tensile Strain to Failure (%)

	Reference


	T300
	7.0
	-
	235
	530
	3530
	1.5
	5

	T700S
	7.0
	-
	230
	600
	4800
	2.1
	

	T800H
	5.0
	-
	294
	700
	5490
	1.9
	

	T1000
	5.0
	-
	294
	910
	7060
	2.4
	

	M40J
	6.0
	-
	377
	610
	4410
	1.2
	

	M50J
	5.0
	-
	475
	600
	3920
	0.8
	

	M60J
	4.7
	-
	588
	580
	3920
	0.7
	
























Table S5 | Single fibre mechanical properties, with compression strength derived via direct compression.
	Fibre Nomenclature

	Fibre Diameter (µm)

	Fibre Density (g/cm3)

	Tensile Modulus (GPa)

	Estimated Compression Strength (MPa)

	Tensile strength (MPa)

	Tensile Strain to Failure (%)

	Reference


	T300
	7.0
	1.75
	235
	2000
	3530
	1.5
	6

	T700
	6.8
	1.8
	237
	2500
	5320
	2.1
	

	M40
	5.0
	1.75
	377
	2000
	4460
	1.2
	

	M55
	5.2
	1.91
	520
	1700
	4080
	0.8
	

	T300
	7.0
	1.75
	235
	2200
	3530
	1.5
	7

	T700
	6.8
	1.8
	237
	2530
	5320
	2.1
	

	M40
	5.0
	1.75
	377
	1000
	4460
	1.2
	

	M55
	5.2
	1.91
	520
	1000
	4080
	0.8
	

	H4
	6.4
	1.8
	392
	1500
	4400
	-
	8


	T4
	6.8
	1.8
	235
	2000
	4900
	-
	

	T300
	7.0
	1.76
	230
	3710
	3530
	-
	9

	T800S
	5.0
	-
	294
	3690
	5880
	-
	

	T800S
	5.0
	-
	294
	3690
	5880
	2
	

	T300
	7.0
	1.75
	210
	1800
	3500
	1.68
	10


	T700S
	6.8
	1.82
	237
	2400
	5300
	2.23
	

	T800H
	5.0
	1.81
	306
	2300
	6400
	2.19
	

	T1000
	5.0
	1.82
	294
	2800
	7100
	2.4
	

	M40J
	5.2
	1.77
	335
	1800
	4900
	1.45
	

	M50J
	5.2
	1.88
	430
	1300
	4300
	1
	

	M60J
	5.1
	1.94
	535
	1000
	3500
	0.65
	

	T800S
	5.0
	-
	294
	3690
	5880
	2
	11


	CF1
	5.5
	1.77
	227
	2500
	4000
	-
	12

	CF2
	5.5
	1.78
	236
	2400
	3900
	-
	

	CF3
	5.5
	1.77
	241
	2300
	3500
	-
	

	CF4
	5.4
	1.78
	247
	2250
	3800
	-
	

	CF5
	5.4
	1.78
	242
	2050
	3500
	-
	

	CF1
	5.6
	1.77
	275
	2250
	3750
	-
	13

	CF2
	5.4
	1.78
	300
	2500
	4400
	-
	

	CF3
	5.4
	1.78
	312
	2250
	4250
	-
	

	CF4
	5.3
	1.78
	400
	2260
	4000
	-
	

	CF5
	5.0
	1.79
	450
	1500
	3500
	-
	

	T4
	6.8
	1.8
	235
	2000
	4900
	-
	14

	H4
	6.4
	1.8
	392
	1625
	4400
	-
	

	M46J
	5.0
	1.84
	436
	1690
	4200
	-
	15

	IM7
	5.2
	1.78
	276
	2970
	5500
	-
	

	SM
	7.8
	1.73
	203
	3030
	2800
	-
	



Table S6 | Single fibre mechanical properties, with compression strength derived via tensile recoil.
	Fibre Nomenclature

	Fibre Diameter (µm)

	Fibre Density (g/cm3)

	Tensile Modulus (GPa)

	Estimated Compression Strength (MPa)

	Tensile strength (MPa)

	Tensile Strain to Failure (%)

	Reference


	C1
	7.6
	-
	320
	800
	2100
	0.63
	16


	C2
	6.8
	-
	220
	1500
	3000
	1.35
	

	X
	4.7
	-
	370
	1400
	3400
	0.93
	

	Y
	4.5
	-
	330
	1300
	3100
	0.96
	

	Z
	4.5
	-
	280
	1900
	3500
	1.23
	

	T300
	7.0
	1.75
	210
	1000
	3500
	1.68
	10


	T700S
	6.8
	1.82
	237
	1600
	5300
	2.23
	

	T800H
	5.0
	1.81
	306
	1600
	6400
	2.19
	

	T1000
	5.0
	1.82
	294
	2200
	7100
	2.4
	

	M40J
	5.2
	1.77
	335
	1000
	4900
	1.45
	

	M50J
	5.2
	1.88
	430
	700
	4300
	1
	

	M60J
	5.1
	1.94
	535
	500
	3500
	0.65
	

	M40J
	5.2
	-
	335
	1000
	4900
	-
	17

	M50J
	5.2
	-
	430
	700
	4300
	-
	

	T800H
	5.0
	-
	294
	1600
	6400
	-
	

	T1000
	5.0
	-
	294
	2200
	7100
	-
	

	-
	6.8
	-
	246.72
	869
	3031.6
	1.37
	18


	T300
	7.1
	1.76
	230
	2620
	5020
	-
	19

	M40
	7.1
	-
	335
	860
	3990
	-
	



Table S7 | Single fibre mechanical properties, with compression strength derived by composite back calculation estimates.
	Fibre Nomenclature

	Fibre Diameter (µm)

	Fibre Density (g/cm3)

	Tensile Modulus (GPa)

	Estimated Compression Strength (MPa)

	Tensile strength (MPa)

	Tensile Strain to Failure (%)

	Reference


	T-300
	7.0
	1.79
	231
	2880
	3240
	-
	20

	T-40
	5.5
	1.78
	290
	2760
	5600
	-
	

	T-50
	7.0
	1.81
	393
	1610
	2410
	-
	

	GY-70
	8.4
	1.96
	517
	1060
	1860
	-
	

	AS-4
	7.3
	1.8
	231
	2690
	3640
	-
	

	M40J
	5.0
	1.77
	390
	2330
	4400
	-
	

	M60J
	5.0
	1.94
	590
	1670
	3800
	-
	

	IM8
	5.5
	1.8
	310
	3220
	5170
	-
	



Table S8 | Single fibre mechanical properties, with compression strength derived via loop elastica.
	Fibre Nomenclature

	Fibre Diameter (µm)

	Fibre Density (g/cm3)

	Tensile Modulus (GPa)

	Estimated Compression Strength (MPa)

	Tensile strength (MPa)

	Tensile Strain to Failure (%)

	Reference


	T-800
	5.1
	-
	300
	4400
	-
	5600
	21


	M-40
	6.0
	-
	400
	3500
	-
	3800
	



Single fibre model composite
[image: ]
Fig. S1 | Single fibre model composite. Top, single fibre attached to an epoxy prism, with strain gauge adhered to the side and mounted in grips of the Deben stage under the Raman microscope with loading axis indicated. Bottom, sample geometry used. Scale bar is 5 mm. 
Features of high modulus fibre failure
[image: ]
Fig. S2 | Shear-type compressive break in an M55J fibre. a, Reconstructed 3D composite volume with fibre, matrix and void phases segmented. b, False-coloured SEM images of the region of interest, showing detector, xy-projected and top-down xz-projected views of the break, at various positions through the fibre diameter. Lines within xz-projected images are imaging artefacts and can be ignored. c, Schematic illustrating the post-compressive behaviour of the fibre, including fragment movement and interfacial debonding mechanisms, with red indicating frictional contact. All scale bars, 5 μm. High-modulus PAN-based fibres (M55J) fragment in compression at 0.5 ± 0.03% strain (corresponding to 2.1 ± 0.1 GPa fibre stress2), typically forming a characteristic ~45° shear-type failure.

[image: ]
Fig. S3 | Shear-type compressive break in an M55J fibre. a, Reconstructed 3D composite volume with fibre, matrix and void phases segmented. b, False-coloured SEM images of the region of interest, showing detector, xy-projected and top-down xz-projected views of the break, at various positions through the fibre diameter. Lines within xz-projected images are imaging artefacts and can be ignored. c, Schematic illustrating the post-compressive behaviour of the fibre, including fragment movement and interfacial debonding mechanisms, with red indicating frictional contact. All scale bars, 5 μm. High-modulus PAN-based fibres (M55J) fragment in compression at 0.5 ± 0.03% strain (corresponding to 2.1 ± 0.1 GPa fibre stress2), typically forming a characteristic ~45° shear-type failure.
Since the samples were imaged ex situ, in a relaxed, unloaded state, the retained debonded region indicates significant plastic deformation in the matrix. The rounded shape of the generated cavity reflects the relaxation of the resin during unloading; presumably the fragments also slide back subject to friction. The final stage of fragmentation, in which the broken ends fully slip past each other, has not occurred; this behaviour has been previously only been observed at high strains with optical microscopy, leading to overlapped fibres no longer able to transmit load through direct (face-to-face) frictional contact22.
Features of high strength fibre failure
The methodology demonstrated for high modulus (HM) carbon fibre (CF) fracture was applied to an archetypical high strength (HS) CF (AS4). HS fibres are expected to fail via varying failure pathways compared to HM fibre failure due to the lower moduli and varied microstructure. Lower modulus HS fibres typically have higher compressive strengths than higher modulus fibres, which is often attributed to the larger disordered carbon content, and a lower alignment of the graphitic crystallites23. Typically, HS fibres sustain much larger compressive strains than HM fibres and will eventually reach conditions where matrix shear strength is exceeded, promoting matrix plasticity driven microbuckling.
Since the absolute compression strength of single fibre AS4 (reported as 2.7 GPa elswhere24) is higher than M55J’s, shear instability of the supporting matrix plays a greater role. AS4 fibres have a tensile modulus of 231 GPa, and we typically observe these fibres to fail in compression at 2.2 ± 0.40% strain (corresponding to a 3.5 ± 0.3 GPa fibre stress25). Under optical microscopy, the compression failure of single AS4 fibre model composites shows sections of locally rotated and fragmented fibres (Fig. S4a). Observed failure differed for HS fibres in that initiation of fragmentation and rotation occurred simultaneously, rather than progressively22, where the HS fibres do not exhibit the same surface microcracks observed in HM fibres. The fibre surface remains intact until a rapid, catastrophic failure occurs. 
The geometry of the debonded regions in AS4 is similar to that seen with HM fibres, following the Mode I ‘peeling’ debonding mechanism evidenced by the asymmetric debonding on either side of the fragment. However, as the failure of AS4 fibres is sudden and catastrophic, the initial growth of the debonded area is not steadily progressive, as observed in HM fibre composites, but instantaneous. The largest wedge feature measures approximately 22.3 × 4.0 × 2.7 μm (x × y × z), significantly larger than those observed during HM fibre failure. Compared to HM fibre failure, the debonded lengths and void volume in this particular AS4 break are considerably larger. The void ROI volume measures >578 μm³, with debonded lengths >30 μm. The maximum debonded length could not be determined as it extended beyond the imaged and milled area. Longitudinal cracking is also observed within the centre of the fibre’s diameter.
The fractured ends of the two main fragments are oriented at approximately 45° to the fibre’s longitudinal axis, indicating that the angle is not diagnostic of the failure mechanism experienced by the fibre. Due to the differences in failure modes between HS and HM fibres, there is little evidence that the microstructural shear instability experienced by HM fibres is experienced by the HS fibres. The shear instability experienced by the HS fibres is rather a local matrix shear instability, from which the fibre inherits the “shear failure” 45° angle, and presumably becomes the governing failure mode at a certain fibre modulus.
The catastrophic failure behaviour of HS fibres has been reported in other lower modulus single carbon fibres10, but has not previously been observed in three dimensions or at as high a resolution as reported here. Large sections of the fibre are observed to have completely detached from the main length, with multiple wedge-type features labelled in the SEM images shown in Fig. S4c. The observed fracture also displays a significant amount of debris both within and around the break location. The smaller debris likely comprises both fibre fragments and epoxy matrix material. These are found to be visually indistinguishable, though it is likely to be predominantly fibre as the matrix is ductile compared to the brittle fibre.
[image: ]
Fig. S4 | High strength (AS4) fibre break morphology. a. OM images of typically observed AS4 compressive failure. b. Reconstructed SBF break with 3D models outlined in green for edge clarity. c. SEM images with ROI phases overlayed in false colour. All scale bars are 5 μm. This fibre failed at a matrix strain of εm = 2.4% (~3.10 GPa fibre stress, derived from Raman measurements). Large amounts of debris in the inter-fragment region are highlighted, with large segments of fibre broken away from the main fragment bodies. Scale bars are 5 μm.
Multiple crack bifurcations and fine debris formation indicate a high-energy fracture event. HS fibres can store substantially more elastic energy before failure than HM fibres because they sustain both higher stresses and much larger compressive strains. This increase can be estimated using the elastic strain energy density, , which represents the energy available to drive fracture. For example, using representative failure strains, AS4 stores approximately , whereas M55J loaded to 0.5% strain stores only around . This near order-of-magnitude increase in stored energy may result in a more sudden and disruptive release during failure, generating more new fracture surface area, extensive debris, larger fracture zones, and greater deformation of the surrounding matrix. In contrast, HM fibres fail at lower strains with less stored energy, producing cleaner, more brittle fracture planes with limited debris.
Furthermore, in the microstructure for HS PAN-based carbon fibres, with higher disorder and smaller graphitic crystallites, the fibres may exhibit a greater resistance to internal crack propagation and undergo more compressive deformation before failure due to the dissipation of crack energy and increased crystallite mobility10, supported by a higher proportion of disordered turbostratic graphitic carbon26. The observations of fibre failure here shows, for the first time, a visual representation of the fracture morphology, with a progressive fragmentation and a steady strain energy release of HM fibres, as well as a rapid energy release rate, with catastrophic failure of HS fibres. 
Though generally, for HS fibre composites, it is still thought that fibre misalignment dictates the governing failure mode27: well-aligned fibres may fail through intrinsic fibre fracture, whereas poorly aligned fibres facilitate matrix plasticity, triggering microbuckling and ultimately shear failure of the fibre once its bulk shear strength is exceeded. The latter failure mode is not to be confused with a fibre shear instability, which is driven by a failure of the fibre’s microstructure. Fibre microbuckling represents a shift away from microstructure-controlled fibre fracture towards matrix-dominated failure. 
Deconvoluting the transition away from catastrophic failure towards progressive failure, the nature of the progressive failure and its links to the internal behaviour of the fibre requires further investigation.
Nanoscale failure 
FIB-SEM SBF imaging of a noted microcrack location was performed, resulting in a voxel volume of (10 × 13 × 10 nm3); the highest achievable resolution with the sample and FIB-SEM system. Considerations such as milling slice thickness, imaging resolution with sample considerations (fibre depth in epoxy, conductivity, sufficient field of view to make sure features of interest were captured) meant higher resolutions were not possible at the time. 
A HM fibre was first compressively deformed to the onset of fracture  (0.5 % matrix strain), identified by the appearance of microcracks. The sample was then further deformed by 0.2 % strain to capture the fibre structure during failure evolution (resulting SBF imaging reconstruction in Fig. 4)
The new FIB-fragmentation methodology was applied to explore the nature of fibre failure in the HM PAN systems. Comparable compressive kink-band-like features have been reported in single high-modulus mesophase pitch-based carbon fibres subjected to recoil compression, with tensile moduli ranging from 380 to 690 GPa16. In those fibres, shear bands aligned at approximately 45° to the fibre axis were observed exclusively at the fibre surface, and were associated with reduced compressive strength attributed to the high degree of graphitisation facilitating basal-plane shear16.
[image: ]
[bookmark: _Ref216866498]Fig. S5 | Skin-core structures within high modulus fibres and its contribution towards compressive failure mechanisms. a. SEM imaging of kink band cross-section with the indicative location of the skin shown with solid and dotted lines. b. Orthogonal view of 3D reconstructed SBF images, illustrating positioning of kink band within fibre cross-section. c. Schematic of kink band formation mechanism, with failure initiating in the skin through shear instability driven mechanisms, leading to the unstable rotation of the core at the failure location. Scale bars are 2 μm.
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