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Abstract

Digital Volume Correlation (DVQ)in concertwith in situ Synchrotron Radiation Computed Tomography
(SRCT) has been applie@d CarbonrFibre Reinforced Polymers (CFRRs8)der quasstatic tensile loading
DVC represents relatively novel tool for quantifying fufield volumetric displacements and implicit strain
fields. The highly anisotropic and somewhat regidelf-similar microstructures found in wellligned
unidirectional (UD) materialat high volume fractionareshown to béntrinsically challenging for DVC,
especiallyalong the fibre directiorilo permit the application of DVC to displacement and/or strain
measurements parallel to the fikmeéentation the matrix waslopedwith asparse population @ub-micrometre
barium titanatearticles to act as displacement trackees fiducial markers). For the novel materials systems
we have developed)easurement noise considered along with thepatial filtering intrinsic to DVC data
processingCompared towolume images acquired throulyticro-focus Computed Tomography (UG Hold-at
load artefactare mitigatedhrough scanimesonthe order oDsecond using SRCTas opposed tBhours
Instance®f individually fracturedibres evolvinginto clusters of breakarepresented, together with the
associated strain redistributiimaged atvoxel resolution of 0.65 pmjt is shown that the distance over
which strain is recovered in the broken fibn®t only increases with the applied force, but also with the number
of broken fibres, delineatingspects of thivpad shedding phenomendrhe study demonstrates that
unprecedentednechanisticallyconsistenthreedimensional (3Dptrainmeasurementsiay be made in relation
to fibre failure eventgthatcanbe used twalidate micromechanical models for predicting UD tensile failure.
We believe this work presents the first application of DV&h&SRCT imaging of failure in CFRPs, achieving

significantly higher resolution thareported previously within the literature.



1. Introduction

CarbonFibre Reinforced Polymers (CFRPSs) are indreglg used in transport applications due to their
desirable strengthand stiffnesdo-weight propertiesThe tensile dilure of these materialimvolvesa complex
sequence dhteracting mechanismicludingfibre-matrix interfacial debonding, matrimicrocracking,
delamination, fibrdracture, sudaminate and plyailure. The interactions between the different mechanisms
make it challenging tpredictaccuratelthe structural performancef composite matéals. While the different
mechanisms are important for the damage development and property degradatitiimaite tensile failuref
composite parts is generally recognised to be dominated by fibre fracture within O&ptlesstanding the
fibre fractureprocess ishusof fundamentalmportanceor a complete interpretation @fFRPtensile failure,
alongside the various other forms of composite damage that exist.

A key concept in longitudinal tensile failure of unidirectional (UD) compositdsaisfibre strength is a
stochastic quantitjl], whichis typically presumed tdollow a Weibull distribution2]. Therefore, fibre breaks
are initially spatially distributed, and accumulate witbreasing loadAround individual fibre breaks, the
surrounding matrix transfers load, primarily in shear, into adjacent fiBygl#], [5], [6], [7], [8]. This stress
transfer mechanismlso reintroduces stress into the broken fiaral the length over which this process occurs
is commonly referred to as tidei n e f f e c.tMore specifically, Rosbf¥] defined the ineffective length
as twice the fibre length over which 90 % of strain recovery oc€ussmp | ement ary to this, is
l engt ho,; indicating the region over wdncreded Neharley st r ess
intact fibres will thereforecarrylocal stressconcentrationsbut the magnitude decreases with increasing
distance from the fibre bregk0]. Thestresqor stmin) concentration factors (SGf defined as the relative
change in the averagtresqor strair) over the crossection of a adjacenfibre due to the presence of a fibre
break is expectedo increase the probability of fracturethese intactibres[6], [10], [11], [12], [13]. With
ongoing loadingthis increased failure probabilitgaylead to the development of clugtef breakg13], [14],
[15], [16], [17], [18], [19] which furtherincreaseshe SCFsin the neighbouring fibre€atastrophic failure is
assumed to occur when sufficient neighbouring fibres are broken, and a critical cluster is ¥adnoledrows
in an unstableself-sustaining manndt], [10], [17], [19]. Therefore apart from the fibre strengtthestress
andstrain redistribution around fibre breadsdthe length over which it occulsecomes &ey controlling
parameter in predicting thtensilefailure of UD compositedRaman spectroscogg0], [21], [22], [23]
represents usefulapproach to perform such experimental measuremieongever it is limited to surface
measurementandhasoftenbeenperformed ormodelmicrocompositesvith asparse distribution dfbres,
which may not exhibit fullyrepresentativetress/straistates Characterizing volumetric material deformation
and damage in the bulk pfacticalspecimensvith realistic volume fractionthus becomebighly desirable.

However, this is challenging, due to the opacity of the CFRPs, thedhmesmsional (3D) multscale nature of



damage, the coupling of multiple micromechanisms and the difficulty of dissinigidamagecaused by
cutting and polishing artefacts associated \witttallographic sectionini@4].

A significant step forward has been achieved in recent years by the usapO6mputed Tomography
(CT) combined within situloading to identify detailed sequences of damage accumulation ddikrettevel,
in 3D, within the bulk ofealengineeringnaterials under loaftL3], [14], [18], [19], [25], [26]. It is then
interesting to consider the use of Digital Volume Correlation (DM€ strainbased quantification of the local
deformation surrounding fibre break sitegepresentativenaterialssubjected to a continudysappliedload
An extension of the whitéight illumination, twaedimensional (2D) Digital Image Correlation (DIC) technique
[27], DVC is arelatively noveltool capable of quantifying the internal microstructural response of the material
betveen different load statelsy extracting essential deformation and failure parameters such as local
displacements and straif], [28]. Whilst not addressed here, applications to other aspectsjosite
micro- and mesomechanics may be envisagedh as quantifying thafluences of porosity or ply drops on
local load paths/partitioning.

For X-ray CT, the noise and sensitivity of tb&/C measurements rely @everafactors. These include
imaging hardwarebeam stabilityflux, energy, exposure, propagation distance, voxel size), the nature of the
material type under investigatiosampleshape, sizephasedensity distribution, trackable features) and imaging
resuls (contrasto-noise ratio, spatial resolution, artefacts), all of which influence the quality ahtge
volumes obtainefR4], [29], [30]. Consequently, an assesent of theeliability and accuracy of the
measurements is requirétrough validation experimentsr the imaging conditions in questiowhere the
displacement and/or strain field is knoapriori [24], [29]. In this context, Schdbeett al.[24] have reportea
four-point flexural validation studyin which itwas demonstrated that the DVC measurement of the bending
strain gradient through the thickness of the specimen was in good agreemeéheitter-Bernoulli beam
theory[31] for the current material. Additionally, the authors have undertekem estimation by conducting
two zerastrain pair analyses: a static repeat scan and a rigid body displacement assessment.

The underlying vlume image$or DVC aretypically acquired thoughMicro-focusComputed Tomography
(UCT) [24], [29], [30], [32], [33], [34], [35], [36], [37], [38], [39] or less frequently througBynchrotron
Radiation Computed Tomograp($RCT)[37], [40], [41]. While both acquisition methods can delivsable
submicrometre voxel resolution levelsyperiorscansarecommonlyachievedhrough SRCTthebeam is
brighter, monochromatic, coherent and parallel, with a higher level of phase contrasbatstheam hardening
artefactd42]). FurthermorepCT is characterised ksignificantly longerscanning timesnthe order oDhours,
as opposed tbseconds for SRCH2], particularly at submicromere resolutions Thismay be expected to
promote holdatload artefacts neaompositefailure, whereby the viscoelastiespons®f the polymer matrix

mayresult in timedependenstrain variation and subsequent failure of UD compo$itgls [44], [45], [46].



Unlike many monolithiomaterials(e.g.Al-Si alloy9, which contain welldistributed, small inclusions which
provide Xray contrasf37], the highly anisotropic and somewhiagular/selsimilar microstructures found in
conventional unidirectional CFRRs$ high volume fractionareintrinsically challenging for DVC, particularly
along the fibre direction. The cylindrical structure aekhtively featurelessurfaces of the filamentack a
well-defined, trackable contrast pattern along the fibre directéading to pooimagecorrelation, and
correspondingly inaccurate displacement estimates in this direction within a gijd®]pkollowing a similar
approach to that taken by Braettal.[34] to generate individual features unique to a particularsatpthe
authors havelopedthe matrixwith asparse population gfarticles put significantly smaller, at00 nmvs.150
pum used in[34]) to act as displacement trackérse. fiducial markerg24]. High-resolution, fibrelevel strain
distributions are specifically addressed (imaged at a voxel resobftth65 pm), as opposed to the pével
studies i 34]. The fraction offiducial markerds selected such that anytpatial impact on the mechanical
performance of the material is mitigat&teviousstudieshave shown that fdow particle concentratianthe
mechanical properties of thermosettimgtricescan bdargelypreserved47], [48]. In turn, by comparing the
micromechanical behaviour of the particldapted materialongsiddts particlefree counterpart, we
demonstrate elsewhej9] that the response of the newly developed CFRP is consistent with standard
production materials suggesting its suitability as a model system for mechanistic iniestigat

Using this approachye reportin situ SRCT tensile testing and micromechanical strain mapping résults
the regions immediale surrounding fibre break#\ complex load shedding phenomenoidentified at fibre
level, wherebythe distance over which strain is recovered in the broken fibre not only increases with the applied
force but also with the number of broken fibr&sr the first timekey 3D strain measuremerasoundfibre
breaks have been made that can be compared to micromecliramieaElement (FEjnodels The work is
intended to support material development pramotethe understanding of the fundamental aspects of

unidirectionalcomposite tensile failure.

2. Materials and mthods
2.1.Materialmanufacturing

Crossply laminates, with a [90/@]ayup,thicknessof D1 mm and apecimerfibre volume fraction(V) of
D55 % were manufactured by druminding at KU Leuven, Belgium. A polyacrylonitrilleased (PAN) 12K
TORAYCA T700SG50C (Toray Industries Inc., Tokyo, Jag&®]) nontwisted tow was used, with7 pm
nominal fibre diameter.

To create microstructural fiducial paths for the application of DVC, the resin was filled with commercially
available tetragonal BaTiJarticles, nominal mean size of 400 nm and approximately spherical shape (US
Research Nanomaterials Inc., Houston, TX, USH). This property combination was selected following an

extensivguCT-based qualitative assessmentorange of possiblgducial compositions (Al, AIOs;, SiC, SiQ,



MgO, TiC, TiO,, BaCQ, BaTiOs;, Cu and BiOs), mean particle sizes (300 nm to 800 nm) and concentrations

(0.25 wt. % to 15 wt. % of the resirjrom this test matrix, BaTigparticles were found to offer the most

favourable compromise between contrast in CT images (high attenuation coefficiettie abdity to obtain a
homogeneous distribution in 3D space with sufficient particle compactness for local DVC ardigses.

particles were dispersed in a SiPreg KTA 313/SR 8500chraponent epoxy (Sicomin, Chateauntas

Martigues, Francgs2]) using a combination of higbhear mixing and heated uksanication (U100H bath,

Ultrawave Ltd., Cardiff, UK[53]). No specific treatment was applied to the particle surfaces. To remove
entrapped air, ththermosding mixture was degassed for 10 minutes at ambient temperature. The amount of
resin used was 150 g, with 31.5 g of hardener, foll ow
weight). The BaTi@fraction was set at 7.5 wt. % of the resin, equivalemtal4 vol. %. A nominal 25 % tow
overlap was targeted during the winding process. A maximum spool tension of 0.12 Ib (54.43 g) was applied. To
control the volume fraction of the matrix, followingnpregnation, the tow was passed througheseringdie

with an orificeslot of 0.2 mmx 9 mm. The temperature of the tow spreader and final guide roller were set to

50 . The fi br e doraschergatiaVagramof tieefmanufactuting setiuthe readers refered

to [24]. The drum winding process resulted in uniaxial prepreg @BPL5 mmx D350 mmx D1900mm,

which was cut and laid up to produce the desired [96/0ksply layup. The prepreg stack was cured in an
autoclave for 280 minutes at 0.5 MPa (5 bar) mmcimuml 2 0 . minim@evoid content in the cured

material, a vacuum dp0.07 MPa DO0.7 bar)was maintained throughout the autoclave process.

2.2.Specimen geometry and loading

Doubleedge notchd specimensveremachinedvia waterjet cutting The specimen geometry is based on
previous work ofSwolfs,Scott, Garcea, Rosinijoffat, Wright andco-workers[13], [14], [15], [18], [19], [25],
[26], although here the total specimen length was increased to 100 meppéd iM19]. This was performed
to (@) minimize therisk ofpub ut f r om t he ¢ ent rragion, 8nd (bypwaccomnodateaf t he ¢
smaller Xray propagation distance, by providing sufficient clearance between the top of the loading rig and
detector optics. Once cut, theshaped sections of the specimens were tabbed with 1.5 mm thick aluminium
sheet. &rospacegrade adhesive, Scotaeld EG9323 B/A (3MCompany Maplewood, MN, USA54]), was
used to bond the tabs onto the CFRP surface. Adhesive curing was performed at 65°€doc@rtliing to the
manuf act ur er 6 s The key speacimenrdidnansions, the tabbed assembly and the ¢ogiigisted
microstructure areollectivelyshown inFig. 1. Tensile loading was performéu situ by using a modified
CT5000singleactuator electromechaniadd (Deben Ltd., Woolpit, Suffolk, UK55]) retrofitted with a
Poly(Methyl Methacrylate) PMMA reaction tube (25 mrauter diameteand 3 mm walthickness)Using
position controto ameliorate potential artefacts during scanniogding was performed at a displacement rate

of 0.2 mm/minupto a prescribed load pdiflypically, ten load steps were applied for stepvimssitu



measurements, with somewlsataller load increments being made at high loads, close to faihiewas

applied on the basis of the work of Scetttal.[14], where fibre breakhavebeenconfirmedto accumulate
exponentially with applied stress, with the majority of breateurring abové90 % UTS. Taalleviate

potential effects of specimen relaxation under load (and thus potential movement during CT acquisition),
scanning was carried out with a slight reduction in 1d2t0(%) from the most recent peak leapplied It is

also worthstatingthatat the scale w are observing, the fact that the fibres are in a gtyssave no effect on

the fibrescale stress transfer characteristics, as shoWB]rand[14]. That is becaussplitting and

delamination does occur, which essentially creates a local UD composite in the notched region of the specimen
after a certain strain (typically ~70% UTH4]). Noise and sensitivity assessment sdategicrepeatand rigid

body displacemehfor the DVC technique were conducted with a small applied pretoaxl. 75 Nto ensure

that the specimen did not move during acquisition and/or manipulator stage translation.

2.3.Synchrotron Radiation Computed Tomography

In situ SRCT measurements weggerformedat the ID19 beamliné&zuropean Synchrotron Radiation Facility
(ESRH, Grenaoble, France. A 25602160p i x el det ector was us8cdns, withiat h a chi
monochromatic beam, were conducted at a 1lUeldomagni fi ca
view (FOV) of D1.66 mmx D1.40 mmx D1.66 mm The beam energy was set to 19 keV, with 2996
projections acquired per scan, at an expe of 25 ms, resulting ID75 s per tomograph. Acquisition was
performed oven rotationof 180°. A propagation distance DBO mm was used, while the data was

reconstructed using conventional absorpti@sed Filtered Back Projection (FBP).

2.4.Digital Volume Correlation

Digital Volume Correlation was performed using the commercial DaVis v10 software with StrainMaster
DVC package (LaVision GmbH, Goéttingen, Germ4b§]). StrainMasteemploys a correlation criterion
operating on the grelevel intensity values of 3D imaggél]. In essence, the measurement volume is divided
into smaller suisets, and the contrast pattern within eachsaibs then trackefilom the reference to the
deformed state independently (local appro@3}) as a discrete function of the grleywels[41]. A cross
correlation function is employed to measure the conservatidredareylevels between the original and
displaced sulset, with the position determined for which the correlation is closest to[@4ity{30], [40], [41].
Analogous to DIC, the correlation coefficient can be used to evaluate the similitude betweenstis[24h
[30]. A coeficient of 1.0 implies that the stdets are completely related, whereas a value of 0 indicates that
they are completely unrelat§2i4], [30].

The correlation process adettwéBa it swwoi ady «kig.@,at ed 0$ ¢ me |

which iscomplemented by the workflow diagramhig. 3. The associated shift (3D displacement) is given by



the vector connecting the sgbt centroids between the deformation stf6k Finally, 3D strain field
estimation may be carried out through a centred finite difference to determine the numerical derivatives of the
vector feld [24], [30], [35], [41], [57].

Recognition of matching sudets between the deformation states was perfowitath the DVC software
either via aFast Fourier TransforrfFFT) implementationr e f er r e d , ot via a mgltistépEtratdgy
whereby a global prehift was computed throughe &~FTéapproach, followed by Direct CorrelationdDCa
Both implementations us# equivalent of giecewise linearshape function for the referendeformed
mapping anormalized form of therosscorrelationfunctionto quantify the similarity between thmages and
support a multpass approac30], [36], [41], [56]. A trilinear interpolation is useith ~FT§ and a thireorder
spline interpolation ifDC§ to computehe greyscale intensitiesf each displayed voxel abrinteger
positions(i.e. subvoxel measurement§}6]. A CoHalso permits the use aweightedwindow within subsets
anoption which was implementatlringthefinal iteration stef correlation(duatpass).This results in a
potentiallyimproved representation of the local displacement field, agakels in the vicinityof the subset
centroidcarry more weight than voxels located at the edge of theastulWhile the weigled window extends
overtwo times the suiset size, the implenméation ensures that the effective spatial resolution is similar to that
of aconventionakubrset for whichan arithmetic average is implemen{&@]. As isotropic suksets were used
throughout all present analysespeecific notation is introduced, whereby the specified size of -@etis
equivalent to a subet with its characteristic length cubée.(subset size o voxels is equivalent to a stdet
size withN x N x N voxels orN® voxels).More informationor. a Vi si onés DVC i mpl ement at i
in [30] for thed&FTbdand in[41] for thedCbmethod and/or by consulting tkeftwareguidelineg56].

The dOCbdapproactcan maximisehe efficiency ofusingthe DVC algorithm as the search for the
corresponding subet in the deformed stateasconfined to a shift equal to the seareldius Additionally, in
@dCobthe coarse displacementaptured bysinglargersubsets were used as a predictor vector field for the
subsequent and refined iteratiohased orsmaller suksets Althoughthe latter implementation is also possible
using@FT§ theadditional steps can outweigh the faster processing tissciated witthe frequency domain.
Following acomprehensivearametric study analgorithm optimization processspectivelyit was established
t hat yiddddeerdy superio performancen terms ofnoise and sensitivityAs a result, the direct
correlationmethod was used throughout this work.

To moderate computational cgstwo further strategies wetesed First, a32-bit floating pointto 8-bit
integerconversiorwas performedor the voxel dataWhile the correlation results will always be imaging
configurationdependent, Buljaet al.[58] haveshown that histogram (grdgvel) rescaling has negligible
impact on the DVC error. Similarly, the hiepth of volumes was also reduced4@] to achieve faster
processing timesSecondlyfor the directcorrelationmethod,the search radius was incrementally reduced from

8 to 6 and ultimately 4 voxels between the deformed and undeformed state. The latter value corresponds to a



typical fibrebreak opening (based on a 0.65 pum voxel size) in a T7@EEZepoxybased crosply, implying
that in the absence of fracturfildresand/or matrixmicrocracks within the 0° plies, the elastic response of the
microstructure cannot exceed the aforementioned displacement level. Nonetheless, for very seaflizab
andlargeclustes of breaks a higher search radimsay be requiredo fully characteris¢he local deformation

To increase sampling, the overlap between the neighbouringedsilvas set to 75.9%his represents a
higher sampling rate than that previously repoitel@4], [30], [35], [40], for whicha 50 % sukset overlap was
used.Correlation was carried out relative-first, i.e. each volume was correlated with the initial undeformed
scan.The relevant settings used are detaitediable 1.

To assess the noise and sensitivity associated with\Wiaetechnique, conventional stationary and rigid
body displacement tests were performi@dC was applied to cropped volumes from the 0° plies, measuring
600x% 600x 600 voxelsGross rigid body displacements were initially removed by carefully cropping the
volumes with a voxel accuracis previously indicated ifig. 1, the Y-axis indicates the fibre direction, the X
axis isin-planeorthogonal to the fibre direction, while tdeaxis corresponds to the eot-plane direction.
Volumes were carefully checked against the presence of any significant CT afefacisgs, streaksand/or
variations in sharpness within the visible region.

As summarized ifTfable 2, the number ob V C ¢ s ileiplarescomppsed of volumetric sséts, one
subset thick) is computed by dividing the height of the cropped vol@meg00 voxels) by the step size used
in the correlation algorithm. Such an example is illustratdelgn4, where at®ack comprising 083 DVC slices
can be observeds the inplane voxel dimensions are equivaldra.600x 600 voxels), the same number of
DVC data points is obtained-plane as per the slicesTable 2.

Subsets positioned at the perimeter of gl (XY-plane) as well as the planes of sadis located at the top
ends of the stack (direction) must be treated with special considerati®og.hasked or truncated) if
displacement vectors are computed, but not 100 % satisfied from a voxel vadidipeptive i.e. notional sub
sets that overlap with the edge, due to cropping between deformation states and/or large rigid body
displacements, potentially causing the correlated data to be rmiseompletd24], [35].

A common posprocessing aspect of strain computation via DVC (and related DIC algorithms) is the Virtual
Strain Gauge (VSG). The VSG defines the local (effective) region of the image that is used for strain calculation
at a speific location and is volumetrically analogous to the physical area tfugt strain gauge covels7].
Additionally, the VSG may also be considered to be a smoothirsgfrernovalstrategy as it represents a
higherorder filtering stage for the computed strains. More details about the application of VSGs can be found in
[57].

Several key variables affect the VS@e such as the characteristic lenggiz€) of the: strain windowLgw),
step Ls7) and subset Lsg. As the characteristic lengthvsg of the VSG decreases, the noise typically

increases, as the amount of global spatial filtering decreases. Similarly, as the size of the VSG dbereases,



apparent magnitude of local strain peaks alatige cut (extracted region of highest strain gratlisray be
generallyexpected tancreasd57]. In this paper, a VSG with dswof 3 x 3 x 3 neighbouring vectorgas
used, unless otherwise statfig. 5). The application of a VSG implies that the effectimdumetric gauge
length over which each strain value is computed is larger than the size of a singé¢[24h with Equation 1
describing how the characteristic length of the \&®@leswith the aforementioned parametgs3].

0 0 p 0 0

Equationl

3. Results and discussion
3.1.Noise and sensitivity

As noted above, to evaluatgiantitativelythe performance of the DVC technique, noise studies were
conductedThe assessment involves two studies, with the approach being similar toScatbkrket al.[24],
Gillard et al.[30], Pierronet al.[35] andBorstnaret al.[40]. The first is a stationary analysis, which involves
repeated scanning of the same specimen withouakerations in load (zerdisplacement, zerstrain) or CT
parameters (exposure, number of projections, beam energy, current or propagation distance). The purpose of this
static noise test (SNT) is to quantify the intrinsic scanning noise and bias. Bimel stedy is a rigid body
displacement (RBD) in which the specimen was mamesituby a predefined displacement, parallel to the fibre
direction (Y-axis), using the manipulator stage. CT acquisition was performed between each specimen position
to evaluag the magnitude of the displacement vector fields and to assess any interpolation and/or system errors

associated with the DVC approafel®]. For a detailed analysis, the reader rmagsultAppendix A to C.

3.2.Strain field assessment at single fibre breaks

As statedin Section 24., a key aspect of the DVC technique is that the resuftiegsurementsiust be
regarded as a spatially filtered representation oféhdocal strains within the material. As such, the
deformation captured &ffected and/olimited bythevolume that is used for strain calculation at a specific
location within the materlaSincetheinterestherelies in capturing the strain fieldngitudinallyfrom a fibre
break, a suitable approach is to create a computational domain that isolates the fibre breakTdpening.
rationaleis thatthere can bao strains where there is no matefi#] (e.g.fibre break openings, cracks)
Additionally, no meaningful correlation can be perfornie@é t we ema toemroinal 6 at a break sit
original material microstructurén algorithmic masKproprietary[56]) wasthusappliedto thecroppeddata
whereby all voxedwith a greylevel below a threshold corresponding to ltineakopening(50/255)have been
excluded from the computational domain. Therefore, the values quoted in this section refer to the average strains

derived fran the subset centroid shifts, where only voxels exceeding the aforementionedegedy have been



incorporated. The disadvantage of this technique isvthids are also masked, and thus faih$sist the
correlation algorithm. Nonetheless, the impact is considered negligible duddw tbententof voids within

the manufacturedCFRP.

3.2.1. Strain transfer lengths

Fig. 6 presents aepresentative measursttain map overlaid with the microstructugebjected ton situ
loadingatthe 950 Nload stepThe FOVwascentred orasinglg, labelledé C A singlet is defined in this work
as a norinteracting break, separated by at least ten fibre diameters longitudinally (Y) and twdidibeters
radially (X & Z), measuredrom thecentre of thenearesheighbouring break.

To make bestiseof thespatial resolutiomttainable correlation was performedith the smallest workable
subset size of 32 voxelk0.8 um)and 75 % overlapyieldinga stepsizeof 8 voxels 6.2 um. Similarly, to
limit smoothing in the fibre directigrstrain postprocessing was performedth astrain windowsizeof 1 x 3 x
1 vectorsresulting in a VSGizeof 32 x 48 x 32 voxels A conversion tghysical unis and/or equivalent fibre
diameterss available inAppendix C.

The numerical datdased on centroitb-centroid measurementsas extracted from the overlapped sub
sets best aligned with the centre dfactured carboifibre. Longitudinally from the break planeheé DVC
output yieldswo nearsymmetricalanddistinctstrainregionsi Fig. 6: (1) anéelevated strain lengfimeasuring
D16 umi wherethe strain drops from the maximum recorded valliB4.85 %to Dzerq and (2) adower
strainlengthbof D21 um i wherethe strain graduallincreasesrom Dzero to the fafield measuremenrdf D1.5
%. Combinedthesestrain transfer lengthmay be identified with &ecovery lengtbfrom one side of the break,
with thedull-recovery lengthbeingapproximativelytwice this value.

Fig. 7 presentsline plot of strain(éy,) from the bottonside ofabreak wherehalf of thedull-recovery
lengthbis differentiatedas described abov&he results are expandedrig. 8, wherea collection of
measurements from eigiaentifiedsinglets( 6 A6 t o 6, With Jhe strain daté extvacted from both sides
of the break plané.e. &ull-recoverylengthy. Good consistency can be observed between the different
measuremengsvhereslight deviation from symmetry for some of teadientamaybe attributed to
measuremerroise,microstructural variations @omewhatlifferent damage evolution mechanisms on opposite
sides of the break plank is also worth noting that ncorrelation was found between the broken fibres and high
concentration regions of particles.

Given the effective gauge length/volume of strain measurements, it is of course clear that apparent strains
will be influenced by crack/break displacemets such, the oO0recovery | engthod co
follow a typical Cox59] (shearlag) profile, which predicts that the strain should fall to zero at the fibre end
While this may be asserted for measuremthdtare strictly referred to fibrdd 0], [11], [12], it must be noted

that the DVCGestimated strains reflect the spatial filtering associated with the techRigpmete from local

10



discontinuities/cracks, microstructural anomalies and/or other sources of strain gradients, it may be expected
that the Voig{60] isostrain assumption appliesthe materiahnd the strains reported by DVC argaod

estimate of both fibre and matrix deformation; with the latter bsiegominantcontributor as it contains the
fiducial markers usttoachieve reliableorrelation Appendix A). However immediately adjacent to fibre
breakssteepstrain gradientare expected, anday beinfluencedby the followingmechanismspr
combinationghereof (1) matrixplasticyielding [21], [22], [23] (2) fibre-matrix interfacial debonding (with
slippag® [22], [23], [61], [62], [63], [64] (3) matrixmicrocracking[64], [65], [66], [67], and (4) fibre unloading

and springback[3], [68], [69], [70]. The relative displacement of tkelgeenhancedibre endg42] is also

expected ta@ontribute to theneasuredtrain field.

Along with the matrixdeformation thelocal strain profilelongitudinalfrom the broken fibre measured by
DVC istherefore irfact asuperpositiorof two profileswidely noted in the literaturgl) the dneffective
lengthd which iswidely definedin the modelling literaturastwice the distance from the break plane over
which the strain is recovered to a certain percentafee broken fibrg9], [10], [11], [12], [13], and(2) the
@verloadlengthbof the intact fibres associated with the length over which the stresses are increased due to the
presence of a fibre breakhe DVGb as ed 61 o @ ¢ is dbservedadoliow thegpmofile of the former
whilet he 6éel evat edaddiionalye nc bmpgs bh o6t mayodoverl oad | engt hd
between the break plane and the plane at which the intact fibre B&Feof 0 %410], [11], [12], [13].
Progressingnwardsfrom the&ecoveryl e n D87 away from the break plane, the deformations are
likely to be entirely elastic.

It is, however recognized thdibre-matrix interfacialdebondingcannot belirectly observed in the present
experiment, nor in other statd-the-artin situ SRCT workq13], [14], [15], [18], [19], [71]. The two debonded
surfaces stay in close contact, making it impossible to detect them with CT at voxel resolufor&bafim[1].
Nonetheless, surfaaxperimentsd.g.based on Raman spectroscdp®], [23] and/or photoleasticit{f1], [62],
[63], [64]) report that such damage mechanisms take piladerspecimen tensile loading, albeitrimodel
microcompositesvith asparse fibre distributioWhether the knowledge from microcompositas be reliably
transferred to macroomposites containing bundles of fibres remains unkndn

Radially from thecentre of théoreak plangthe strain transfer lengtlase observed ttall-off incrementally
Fig. 9 presents the strain profile frogsingleté Fwherdoy the datavas collectedongitudinally from both sides
of the break planawith the measuremenieingrepeatedtepwisen the transverse directidiX). Beyonda
radial distance ob26 pum or the equivalent oDfour fibre diametersit is observed that the stragradientsare
significantlyreduced and the faffield strain reading oD1.5 % is reachedilthough nd shown herepwingto
the 3Dcapabilitiesthe datamay also bénterpretedn the outof-plane direction (Z)wherethe strain
distributionsfollow a very similar profile Thisimpliesthat thevolume of materiaturrounding a single fibre

break measurd352 umx D74 pmx D52 pum,within whichload shedding takes pladacreasinghe
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probability offibre break (or clustejevelopmentVery similarresultsarefound ateach ofthe eightsingle

fibre break sitegnvestigated

3.2.2. Effect of applied load on strain transfer lengths

Usi ng Ppdefmitiod of the ineffective length (twice the fibre length over which 90 % of strain
recovery occurs), theffect of applied load on tHeVC-basedfull-recoverylengttbis illustrated inFig. 10 (a).
The strain gradientsre comparedt the 950 N and 900 Nad step respectively with the effectliscussed on
an average basiFhisstrategyis employed to resolve the discrepancies fieign 8. The eightsinglets( 6 Ad t o
0 H tlgntified inSection 3.21. were used to compute a mean staistributionat thelast loading step, while
four singlets could, RO rtac etdh éd agrke d @dAibn g 6IBdgdiomg st e
singlets spontaneously appearthging specimeroading to theultimate load stepf 950 NOne si ngl et (6 A
could betraced back to two preceding loading steps from 950 N; namely 900 N and B5@ésHresults are
shownseparatelyn Fig. 10 (b), noting the quantitative evaluation exceeds that of the measurement noise.
Below this load step, the carbdibresare predominantly intagcivhich limits the analysis to a relatively narrow
range As inthe previous sectiorgrain gradients at fibre breaks were ppstcessed with a strain windsize
of 1 x 3 x 1 vectors based on aarrelation with a sutset size of 32 voxeland75 % overlapAt each load step
the farfield strainwas computed by taking the mean of all the measured strain compdmemser correlated
with a coarsesubset size of 72 voxels (75 % overlap) andtgm®cessed witla higherstrain windowsizeof 3
x 3 x 3 vectors.The latter approaclinvolving considerably lower spatial resolutiomas implemented to
alleviate the influence of fibre breaks on thefiatd strainat high UTS levelswith Table 3 summarizing the
details.

FromFig. 10 (a) it can be observed thattthe 950 Nload stepthe dull-recovery lengthaveraged over
eight singletss D63 um. Thisis consistenwith the SRCTestimateof 70 um madeby Scottet al [14], based
on the closest separation of fibre breaks along the same fibres in a T700/M21 carApdditenally this also
matcheghe order of magnitude @100 pm reported by various modelling approadi€$, [11], [12], [67];
taking into account thahe distancés a function of theapplied strainlocal microstructure variabilityfibre-
matrix stiffness ratipdebond length, presence of microcraakd elastic properties of the matpaired with
inter-fibre spacingsize effect§1], [10], [12], [67], [72]. A slightincreaseof D7 % is observedh the dull-
recovery lengtérelative to thepreceding load step 800N, with the effect being morevidenton thetop side
of the breakright-hand side of the graphD1.3 um andD2.8 um respectively Thesemeasurementare
consistentwiththosp er f or me d pas illustiatadgrFige 10 (b)) Mode precisely, dull-recovery
lengttbof D67 um is reported coupledwith a smallincreasdrom the penultimate load stealthoughwith a
reversedprominene: D0.4 um andD3.3 um on the top and bottom side of the break plane respectiMaty.

increasean dull-recovery lengtbis moreobviousif thecomparison is pgormedbetween th®50 Nand850 N
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load stepD1.65um andD4 um on the top and bottom side of the breagpectivelyBas ed on &e ngl et o6
maximum increase dull-recovery lengtBas returned by the DV{D the present studg D9 %. While the
increase is not substantidlmust be viewed in the context ob&ainincrementof only D0.23 %i Table 3.
Unpublished data based amevisedversion ofS w o |[Hf0]snddel(transversédsotropic fibre, perfety-plastic
matrix, random packingy; of D55 %)indicates thathisr el at i ve i-necewseyihedguhd agr
reasonably well with the relative increase in Fredictedneffective length between similar maestrain
levels.

In terms of the underlying micromechanics, two factoesidentifiedaspotentialcontribuorsto growthin
the strain transfer lengthith increasing applied loadl) plastic yielding of the matrjand (2)progressive
propagation of fibrematrix interface deboridg, which both exert similar effects on the strain trangifir{21],
[22], [23], [61], [62], [63], [64]. This is supported byhe sharper gradients at the break plassociated with a
higherload, whichsuggestthatlocal damage is evolvingn turn, debonding is controlled by parameters such
as the interfaciathear strength and/or the interface toughnéssfibrematrix friction, the matrix yield strength
and the fibre stiffnesid]. Ongoing work will aim to estaish a comparison between the DVC and model
predictions, highlighting the effect of various local damage modes.

Although aconsisteneffectis discernedindicatingthatthatthe dull-recovery lengthincreass with the
appliedload therelatively smalichangesombined with the spatial resolution limitatioasd the small number
of fibres investigatednply thatthe results should be viewediadicative at presentather tharstatisticaly
significant More measurements, with more bevkfibres and over a wider range of load lewesld a detailed
comparison wittmicromechanical modelsill help clarify this matterIn contrast, thgeneraimagnitude of the
6fukekcovery | engthd measur ement i smalybevievedaa$ feiagcat ed by t

reliable conclusion.

3.3.Strain field assessment at clustef breaks

The strain field assessmentaatiuster of breaks iparticulrly challenging due tthe 3D interaction of
strain fields associated with ealsteak(i.e. intersection of ineffective and overload length respectifzsy).
Thus, informatiorwith minimal spatial resolution artefaatan only be retrieved from fibre breaks that form
closeclusterconfigurations. One such examjsethe case ofo-planar dupletsdefined here asvo interacting
breaks with a separation lefss tharone fibre diameter longitudinally artelo fibre diametes radially.
Furthermoregiven that the matrix deformation dominates the DVC output, it is not possitdbably quantify
the SCFdor the intact fibresFor consistency, correlation and ppsbcessing parameters were retained as in
the assessmenf single fibre breaké.e. subset size of 32 voxels and 75 % overlap, with a strain winslae

of 1 x 3x 1 vectors).
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3.3.1. Evolution of clustes of breaks

Theevolutionof a proto-brealdsite intoa singlefand lateiinto acluster of breakds shownin Fig. 11. The
intial f r act ur e dh MDIVICr e | forloée in thépenGltBnate load step of 900Wi t h f i br e br eak
forming in a neighbouring fi bre i nBadehosthepréviousWwork oad st e
of Swolfset al.[13] andScottet al [14], this incremental formation of a clustemisted to be unusual, with
breakclustersmuch more commonly forming in@b u r s dingulaesentahis may be attributed tie
somewhat smaller load incremebtsingappliedcloser to failurgSection 2.2) than in[13] and[14], allowing
for amore progressive formation of clusters to be captured.
It would appear that the initial breakay betriggered by a region of higher strain compared to the
immediate surroundingsFig. 11 (a) and(b). However, it is beyond the scope of the present work to evaluate
whether this state of strain is responsible (even in part) for initiating breaks. As @usidecing that the
carbonfibre tensile strength distributions follow a Weibull probabilistic Mpienay be assumedor the time
beingthat singlet lis&imply a stochastic eventithin the materialbulki n contr ast, the second
appears to form as the result of the increased strain in the fibres surrounding the existirigpbioeikg the
development of duplet | al the ultimate load step of 95Q tde local strain concentrationtensifies This
increaseshestrain in thesurrounding intact fibresvith two additional fibreof interestdo K 6  a failihg io L 6
the same load incremenforminga secondl u p | e tThedesiduél strain frorthe newduplet can be
visualisedn Fig. 11 (c), with its corresponding DVC slicé Z = Bdingdetailedin the following section as
part of Fig. 11 (d).
Includingboth dupletsvi t hi n a-r ®icmy le e, yaldviedrtihg apipréach describedSection
3.3.2, theformationof asinglet @t 900 N) in this specificclusterconfiguration(at 950 N) results inarecovery
distanceincrease 0011 % for an incremental strain &0.12 %i Table 3. This growthin dull-recovery
lengthbis greater thanhe D7 % averagdor the eightsingletsevaluatedetween the same load stépsig. 10
(a).
These observatiormiggesthat the formation of this cluster is affected by the interaction with the existing
break, and its strain field. A further redistribution of strain occurs, causing a further reduction in load carrying
capacity at the cluster site. In turn, the additicrime of affected material around the two breaks causes a

increase in the fultecovery length when compared to single fibre fractures.

3.3.2. Effect of clustes of breakson strain transfer lengths

Fig. 11 (c) and (d)highlighta sequence of DVC slicegntred on two c@lanarduplets( 130 aKkLd at 6
the 950 N load stefThe firstclustei s obser vaBBl6@hjlethes et ond ©BIHe=0Z2=3806.
correspondindongitudinal(Y), transverséX) andout-of-plane(Z) separatiordistance between the two

clustersareD21 um, D16 pm andD10 um respectivelyAn additionalfibre breakexistsD36 um below duplet
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01iJdb sl i ce 06 AtisliSrégarded foorthe following analysis given its greatparation from the
pair of duplets.

As in the case of single fibre breaks, the DVC output yields twosygametrical and distinct strain regions
T ancelevatedanddower strainlengthbrespectively, on each side of the corresponding dupleisever, die
to thespatial proximityof thetwo dupletsinteractionbetween thatrain fieldsnow takes placewith two
separateffectsobsenablein Fig. 11 (¢) and(d): (1) amergingof thedower strainlength€} and (2) a coupling
of theelevated strain lengdtwith thedower strainlengthi At the preserty attainable spatial resolutions, the
formereffect leads t@n extension of théull-recoverylengttg while thelatterpromotes a dampening of the
strain gradientsMore precisely, heseredistributioneffectsarea consequence of the relatively small axial
separation of the duplets, withe two breakassociated with duplét| J 6 b e imarginallywitbimathee d
Gecovery lengtho f 0 K kideveesanTdhis effect is consistent with that observed numerically &j,
whereby fibre breaks have been shown to trigger an SCF peak within the recovery region of other broken fibres,
ultimatelyresulting in shorter ineffective lengths.

Fig. 12 presentsghe strain distributions e | ati ve t o breaks 616 and O6K6, whi
from the peak strain§.o account for thenteractonof t he st r ai n ftheddtuhgistitkdnd 6 was t
be observe thatthe maximum strain d®88% r ec or d e d ¢otwerly a fadtoedD1.@withlréspeicts
todupletd KL 6 , apdakeatueof D54 % is measuredGiventhat he O KL 6 s$stigndidamty pr of i | e
dampenedthediscrepancyat the fracture planesay be attributed tdifferent damagenechanismsit the two
clustersIn the absencef dissimilar damage scenarios at the fracture plane, similar peak levels would be
expected within the 0tbkimilraiuseedcondigunatioris and tedistrigutiom sffécts. o wi n g
Forexample at the bott om o which resemtles @ cladk figr tearjpnasiblein Heteveeh u r e
it and the neighbouring intact fibrAlthough notobservablénere,a similarfeatureexists at top of breai Jn6
an adjacent slicéNeitherfeatureis traceablen the previous load stepEhe presence of microcrack would
explain the higher strain arstraing r adi ent ¢ a p t. lukevwss Sveolfsetcl13]l peetlict vety J 6
high strairs andgradients originating at the tip oficrocraclks in the matrixSecondlythepeak strain recorded
at du p ls eot substgntiadly higher than the averagkieof D5.15 %atthe eightsingletsat the
equivalent load step Fig. 10 (a). This suggestshatthis clusteris somehowassociated with less local damage
atthe fracture planemaking therelationship between the number of broken fibreslacal microstructural
damagsdess straightforward

Thedistance over which the fdield strain is recovered frotthetwo duplets is more difficult to interpret
due to the interactingtrain fields aneffectalso visible through the intersectiggadientsn Fig. 12. As such i
is not possible tcompletelydecouplehe dull-recovery length&associated with the two duple&ven more so
for thefour componentibre breaks Therefore, the&full-recovery lengthis given by the maximum distanoé

D78 umwhich encompasses both clusteCampared to the averatgngthof D63 pmrecordedrom Fig. 10
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(a) at the 950 Noad stepthis isD24 %higher Interestingly, thefull-recovery lengtBdoes not appear to
increaseproportionallywith the effective diameter of the cluster. For example, it might be expected that if there
wasscaling with the linear dimensions, a doubling in the number of fibres involved in a cluster, representing a
doublinginthecross ect i onal area, would represent a a2 (41 %)
similar increase in the dimensiookall associated damage and strain figklg.the Kelly-Tyson perfect
plasticity mode[74]). Clearly such an increase is not observed in the present DVC study, which could either be
due to a limitation of théechnique or indicate a more complex states of damage and(stopis in[73]).

The DVC measured strain field at a cluster of breaks therefore indicates a state wherebyedbeviety
length near fibrébreaks grows notrdy with the applied load, but also with cluster s@empared to single
fibre fractures, an additional layer of strain redistribution complexity is detected, and in certain cases links with
higher local damage can be matdkesefindingscanalsobe used to arbitrateetweerdifferentmodelling
approachesasfor example the model proposed Bimenta and Pinhfy5], [76] is the only one in theecent
benchmarking exercid&7] that considers a growing ineffective length with applied stress and number of fibres

broken in a clustefalso noted irf78]).

4. Summary and conclusions

Digital Volume Correlabn was applied in conjunction with situ Synchrotron Radiation Computed
Tomography to investigate the strain fields at fibre breaks in unidirectional CRibkenReinforced Polymers
subjected to quasitatic tensile loading-or the material systems utilized, measurement sensitivity and noise
wereconsidered, along with the spatial filtering intrinsic to D$t€ain measurementSorrelation between
breaks and corresponding strain regions have bstblishedt a level well above the measured noisethe
best of the authoéknowledge, thisdg the first timehat 3Dstrain measuremenigve beemade within the
bulk of representative composite materialgler applied tensile load.

To eliminate the issue associated wgthor correlation along the fibre directigche matrix waslopedwith a
sparse population dfighly contrastedub-micrometre particlesThese acted dslucial markersand
significantly lowered the measurement uncertainty, allowing for strains to be interpreted-v@rRigid
body displacementss also confirmed that specimen translation parallel to the fibre direction is in line with the
applied displacements, obviating a key problem in applying DVC to such uniformly aligned microstructures.
Compared to volume images acquired throhtitro-focus @mputed Tomographyhe metrological
performance of the DVC technique was demonstrated to be superior. Furthermogd|batiartefacts were
mitigateddue toscan time®nthe order oDseconds as opposeddbours.

The strain field assessment at sinfifbee breaks resulted ifiull-recovery lengtbconsistent withvalues
reported inthe modellingliterature D50-100 um However,due tothe spatial resolution limitations and

associatedVC averaging effectshedeformation at a constituent levauld not be separatéte. between
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fibre and matrix) Consequentlyeach of therecovery lengtbprofiles encompasskan élevated strain lengéh
associategrimarily with thematrix deformatiorat the crack plandollowed by adower strainlengttbwhere
theDVC is expected to ba goodestimate of both fibre and matrix deformatiéaditionally, thedull-recovery
lengthsdwereobserved tancrease wittthe applied loadconsistent with micromecharal modeling
predictionsn the literature, indicating that the level of microstructural damage (matrix yielding or debonding)
advances with increasing load. The changeshan@ever,small and must be viewed in the context of a small
stress range over which observations can &danowing to the fact théibre breaks develop exponentially with
stress, with the majority of breaks occurring immediately prior to failure.

The evolution ofingle fibre breaksto dupletsresulted in aonsiderablyargerdull-recovery length
together with & increasedrowthcompared to single fibre break® determine the relationship more
accurately between the number of breaks in a cluster, and the surrounding microstructural damage, acquisition
methods capable of substantially higher vorsbtution levels would have to be utilized.

This paper is consistent with the philosophy of d&6da
of data obtained from individual experiments can be used to inform model development and validatich
it represents thérst step towardsheoverallaim of the study, which consisté a comparisometween
numerical and analytical modetedictions Nonethelesghe approach isot simple or direct. That is because
any comparison/validation of corresponding modelling must inchaplévalen spatial filtering €.g.sub-setgrid
spacing to match the experimental constraints.

Thematerials and methodse now developedndwith a high level of confidence in the basic
measurementstherapplication areas can be envisaged wheigzostructural influence may be important
influences of porosity or ply drops on local load paths/partitiordogpression/microbuckling, and materials

with multiaxial or discontinuous reinforcement
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Appendix Ai Static noise test

Under ideal conditions, the obtained displacement vector data and the resulting calculated strains, should be
equal to zero. Noise arising from the imaging system.photon counting statistics, electrical noise, scattered
radiation) and the surrounding environmeng(induced vibrations, thermal changes) represents the most
significant norideality, and consequently erroneous-sab displacements will generate false strains within the
results[30], [35], [40]. However, due to the novelty of the DVC technique, as yet there is no agreed standard for
the assessment of the strain error (usually referred to as the strain res@4fidi3f], [40]. For example, one
approach reports the maximum standard deviation of a given strain map (planesefs3i#®], [35], while a
second returns the standard deviation of the measured strain components within thd24|JaA®.

Following the first approaglihowever can result in overestimating the error, as results can be affected by
unrepresentative localised scanning artefaetg( i ngs, detector 6zingersod). I n
taken for which the error is seen to form a normal distribution avitrean oDzero. The advantage of this

approach is that both the stochastic noise in the imaging system and any biases in the correlation algorithm are
captured and accounted f{@¢4], [40].

A typical effect of the suiget size on the strain resolution is presentdeldnl3. As previously reported in

the literature, a compromise can be achieved between strain and spatial reEAliti@®], [30], [32], [37],

[40]. Of particular interest in this paper is the normal stéirparalel to the fibre direction. Considering the

normal components of the strain tensor, it can be observed that the lowest error is generally achieved in the fibre
direction (), despite the fact that correlation along the fibres themselves has the lowesstpaaticularly in
particlefree CFRP$40]. This may be rationalised, as the deposition of Bg@i®@ing the drum winding

process occurred parallel to the fibre direction as the tow was drawn through the die; essentially creating
longitudinal bands of fiducial markers in thed¥fection which assists the correlation process significantly,
eliminatingthe selfsimilar microstructureAlbeit for reduced spatial resolutions, a similar effect is also

observed by using UCT on the partieldapted material if24], demonstrating reasonable consistency between

the different imaging methods.

The compromise between strain and spatial resoligiarcritical decisiona smaller sutset size will
contain too few unique features, in this case, the Bap#tticles. In contrast, a larger saét will compromise
spatial resolutioffi79], as the underlying deformation is representative of the average displacement of all the
voxels contained within the std®et[24], [40]. A larger sukset size also implies a larger characteristic length for

the VSG, which in turn has a negative impact on the global lesggtle over which the strains are compufes.
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the fiducial markers are the main features used for correlatingetsibetween the different deformation states
it may be assumed that matrix deformation dominates the DVC dagjut

A tradeoff is identifiable inFig. 13 at an isotropic suBet size of 72 voxels, where the corresponding length
of the VSG measures 108 voxdis.contrast, a 32 voxel stdet size wasonsideredhe smallest subet size
achievablet presentor reliable measurements usingstmaterial, with the lower limit being a consequence of
insufficient BaTiQ particles captured by smaller sabts containing less thaD10 particles per subet The
equivalent VSG (for different subset sizes applied) are showrfiiy. 14, alongside thetrain resolutior{ ,|J
related to the static noise test. Fr&oguation 1, it can be observed that for the particular case of a 75 %etub

overlap, the characteristic length of the VSG measures the constituesdtslimension plus one half.

Appendix Bi Rigid body displacement

The displacement field following a movement parallel to the fibre direction was initially computed at a sub
set size of 72 voxels (75 % overlaphe measured variation in displacement via DVC is relatively small, with
an average displacement reading of 4.828 um and a standard deviationQfi®.00he induced Y
displacement was manually confirmed to the nearest pixel in Fiji Inj88Enultiple measurements were
taken bydetermining the distance between a unique featuged void or BaTiQ particle) and a reference
point. The manual (average) measurement indicates a displacenighbbft 0.65 pumwhich is within the
accuracy of the DVCAs the present work is exclugily focused on fibre direction strain measurements, rigid
body displacement analysegre only carried out in the longitudinal directigithough not an objective here,
it is acknowledged that in order to perform reliable transversdirgttion), and oubf-plane (Zdirection)
strain measurements additional noise assessment studies would be reqgissdi{[40]).

A strain map indicating the rigid body correction is showRim 15, where the magnitude of the
longitudinal strain noise is shown on a map overlapped with the microstrueturemaller suisetsthe SNT
and RBD corrected errots2J are collectivelysummarized irFig. 16. Edgeartefacts arising from volume
displacements were geometrically masked prior to initiating the correlation process, measurigyi®@dlid
voxels (rounded to the closest integer), across each of the 600 raw data slices.

Fig. 16 (a) shows a general trend, where the RBD corrected error tends to be slightly higher than that of the
SNT. This is consistent with previous studies which have shown that rigid body displacements can induce
higher errors, particularly in the translation difeot due to additional errors from the interpolation biases
arising from the specimen movem¢4], [30], [35], [40]. Given the singlactuator configuration of the
presenin situexperiment as well as possible compliances within the loading rig, the RBD strain resolution is

considered as the relevant representation of the strain error.
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Despite a different DVC framework and superior SROXels resolution levels (resulting in nadentical
spatial filtering), the magnitude of the RBD corrected strain resolutions are reasonably consistent with those

reported in40] usingparticle toughened interlayer teaals.

Appendix Ci Effect of strain window size

The effect of strain window size on the SNT and RBD corrected scans is visitite itv, where the strain
resolution associated with the normal strain compobjemtere reprocessed using<3 x 1 vectors and % 5 x
5 vectors respectively. Correlation with a sséi size of 32 voxels and 75 % overlap was maintained
throughout. The resulsre compared against the default strain window sizexa3 8 3 vectorsTable 4
presents the equivalent VSGs in physical units and fibre diameters respectively, based on the number of
neighbouring vectors enclosed.

The strain window limited to smoothing the fibre directioni(e.1 x 3 x 1 vectors) leads to the highest
measurement uncertainty. This is expected, as a strain window size30f 3 vectors or 5 5 x 5 vectors will
reduce the available signt-noise ratio by averaging the results oadarger effective volume (smoothing in
the fibre directiorvs.isotopically in the material bulk).

For real deformation testS¢ction 3.2andSection 3.3) the size of the VSG (a function of: strain window,
subset size and overlap) should, bewever small enough so that the real amplitude of the fluctuations is fully
restored. While beyond the scope of this work, a detailed analysis has shown that an excessively large VSG is
susceptible to ovesmoothing of the strain data, and implicit loss in infation regarding the material
deformation. Nonetheless, achievement of strain measurements with very fine spatial resolution is limited in
practice, as reported [24], due to experimental constrainesd.unigueness of the material pattern at a
microstructural level). Additionally, such an implementation may cause the noise floor to exceed the signal
level. Therefore, a balanced sigitainoise ratiofSNR) must be considered independently for a givensatb

size, which is in turn linked to the materials and imaging methods used.
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Figure 17 Tensile specimens: (a) key specimen dimensions, (b) tabbed assembly (CFRP plus aluminium tabs),

(c) SRCT slice showing a teiew of the microstructure doped with high contrast fiducial markers. Load
bearing crosssectional area of 0° plies correspons20.42 mm.
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Figure 27 Schematic diagram of the DVC process: inclusion of fiducials and presence ofspas#ic search
region when using the 6DCO6 met I28]dvith pdfmisgionrfrem Hisevier t 0 s c a
and with permission fro Jirouek et al[81].
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Figure 37 Workflow diagram of the DVC process.

Data

Post-processing

interpolation (N/A)

U

Engmneerng results

Noise & sensitivity

Final subset size | FFT preshift Stepl | Step2 Step 3 No. of \_/oxgl \_/oxgl \(oxgl
(voxels) (voxels) (voxels) | (voxels) | (voxels) passes | binning | binning | binning
steps 13 step 1 step 2 step 3
32 64 64 40 32
40 80 80 48 40
48 80 80 56 48
52 80 80 56 52
60 96 96 64 60 2 4x4x4 | 2x2x2 | NONE
72 128 128 88 72
80 128 128 96 80
100 144 144 112 100
120 176 176 136 120

Tableli Summary 06 D Geitings used in the mulitep, multipass approacli75 % sub-set overlap.
Weighted windows used in the last iteration step (ghaak).

Subset sizgvoxels) Step size (voxels) N?Z'_Zfirz::/g;:;fes No. of E\V/Vc? :Itiijllces per
32 8 75 8
52 13 46 13
60 15 40 15
72 18 33 18

Table2 7 Number of DVC slicefplanes of sutsets)for a given sukset size wittY5 % overlap andthe
corresponding number of raw data slices per DVC sfislamenclature: DVC slice numbering starts with O.
Applicable to a cropped volume of 6800 x 600 voxels.
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Figure 47 Examplestack comprsedof 33 DVC slices in the lirection (Z=006to &=3 2,&@pplicableto a sub
set size of 2 voxels with75 % overlap loaded to 950 Nn turn, each DVC slice.g. plane of suksets, one
volumetric sukset thick) is representative f@B raw CT data slices. Raw data volumes cropped from the 0°
plies: 600x 600x 600voxels. Yaxis indicates the fibre direction-ais isin-planeorthogonal to the fibre

direction, while the Zaxis corresponds to the eof-plane direction.

Reference load | SpecimerlJTS at

Load at CT DVC-basedar-field
applied (N) applied load (%) acquisition (N) strain (%)*
850 88 765 D1.25
900 93 810 D1.37
950 98 855 D1.50

Table31 Far-field and ecovery strain as a functiorf different load levels'Strains computed at acquisition
load and not compensated for existing preload in the specimen.
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Figure571 Schematic illustration of different VSGs , depending on the strain window sigeiked: (a)
anisotropici Lswof 1x 3 x 1 vectors, (b) anisotropit Lswof 3 x 3 x 1 vectors, and (dsotropici Lswof 3 x
3 x 3 vectors. Each cube represents a-seband its associated centroid, with a grid spacing of one step. Sub
sets are not overlapped here for simplicity reasons. Strain window size 8% 1 emphasises smoothing
along the fibre direction, 3 3 x 1 in the fibre layup plane, and8 3 x 3 smooths isotopicall\Higherorder
strain window sizes are possible, but this can lead to answeothing of the strains computed (i.e. reduction
in signatto-noise ratio).

-
-
-
-

7 umT700SG50Cfibre

~ 8 voxel step

| R—— Fractured fibre (singlet)

¥ [mm]
[%] 4p/ap

0.10 0.11 0.12 0.13 0.14 0.15 0.16 0.17 0.18
x [mm]

Figure6i DVC sl i ce 6 Z= 2 $train fieltl susoundiagtingletd C Bolloveing tbrrelation with
a subset size of 32 voxels (75 % overlap) and strain-postessing with a strain window size ok B x 1
vectors, the DVC output yieltso nearsymmetricabnddistinct strain regionsongitudinally from the break
plane (1) ancelevated strain lengimeasuringD16 pum, and (2) & | o w e rlengthbof 221 jrm after which
the farfield strain level of 1.5 % is attaineMlicrostructure subjected to in situ tensile loadwfgd50 N (98 %
UTS), with acquisition performed &55 N. FOVamountgo 0100 umx 0100 um.The measurement error
corresponds td0.093 % (see Appendices).
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Fig. 7
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Figure7i Hal f o fr etchoev eorfyulllengt hd spl it into the two disti
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Figure8i St r ai n gy mmedsuredrangitudipally from eight distinct singlets (both sides of the break

plane).Microstructure subjected to in situ tensile loadmfg®50 N 098 % UTS, with acquisition performed at
855 N.The measurement error corresponds0.093 %
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Figure9i St rai n ¢g)r addaesnur gdJ l ongitudinally from singlet ¢
repeated stepwise in the transverse direction (X). Thédht strain level of 1.5 % is attained beyond a radial
distance ofD26 pm. Strain distribution indicated in red foles a longitudinal axis from the break plane.
Results appl i cab IMerostruwtur®sulfjectsedita ircséu temle=l@doiP50 N 098 %
UT9), with acquisition performed at 855 Whe measurement error corresponda@093 %

Fig. 10 (a)
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Fig. 10 (b)
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Figurel0i St r ai n g, iaditatireg 9 % strginltecovery for the different applied load steps: (a)
average of eight distinct singlets (6A6 to 6HO6), and
the break planeThe measurement error correspond€®093 %
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Figure 117 lllustratingthee vo |l ut i on of a <c | thgteeark 60fsilree ak EDVB(ea )8 5@p rN
s | i c38§ (6) dree singe break atthe 900 N load stdpV C s | 866 e (&4 =dupl et 061306 at |
stepi DVC sl 8de (@Z=dupl et O6KLOI AMC tshleBsaddtomadnteracing,t ep st e |
strain fieldssurroundingd u pl et s 61 J 6 a Calrelaidhlpdiformesl svith @ subet sizeedf 32 .
voxels (75 % overlap), while strains regostprocessed with a strain window size of B x 1 vectorsFOV
amountgo 0100 pmx D100 pm The measurement error correspond€@ 093 %

Fig. 12
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Figure12i St r ai n g, raedsuredniangitudipdlly from breaksl & aafitde twioKuplets (both sides
of the break plane). Note the longitudirfaisible), transverse and odf-plane separation distance$ D21 pm,
D16 um andD10 um respectivelyMicrostructure subjected to in situ tensile loadmig®50 N 098 % UTS,
with acquisition performed at 855 Nlhe measurement error corresponda@093 %
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Fig. 13
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Figure 131 The influence of subet size on the strain resolutidaring SNT scanning (expressed as the

standard deviation of the measured strain valuiisistrating the compromise between strain and spatial

resolution.The#y, component of the strain tensor denotes the longitudinal (fibre) stsaithein-plane
transverse strain, while the cof-plane strain component is given Hy.

Fig. 14
120

o
o

108
108

o
3]

96

84

o
~

72

60

48

o
N

36

o,

Characteristic length (voxels)
o
w
U, strain resolution (%)

24

©
=

12

B Sub-set (spatial resolution) EVSG (global spatial filtering) @ Strain resolution(y yy)

Figure 147 lllustration of VSG and subet sizein conjunction witts p at i a | resolutiagn vs.
Voxel size corresponds to 6.am.
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Figurel5i DV C s | 168 ei 6 Z & s ty5trin map (oise)roeerlald with the microstructure following
RBD correctionMasking applied00x 8 x 600voxels) to remove edge artefacts for théidplaced scans.
Map range:-0.080 to 0.08 %. Applicable for a correlation performed with a sabt ske of 72 voxels and 75 %

overlap.
Fig. 16 (a)
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Fig. 16 (b)
-0.004

-0.004
-0.003 -0.004
-0.003
< -0.003
&
o
©
£
c -0.002 -0.002
g -0.001 -0.001 :
%] )
=
-0.001 -0.001
0.000 §
32 52 60 72

Isotropic subset size (voxels); 75 % overlap

@ESNT BRBD (Y)

Figure16i ( a) Str ai g) r easmd u(t b oy ortthe SNTrandRBR avrre¢tdd scans for
various subset sizes with 75 % overlap. Masking applied (80®x 600 voxels) to remove edge artefacts for
the ¥displaced scans.

Fig. 17
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Figure 171 Strain resolutior( \j for the SNT an@RBD correctedscans fovarious strain window sizes j),
computed with a subet size of 32 voxels aii8 % overlap.

Strain windowsize VSGsize VSGsize VSGsize
(vectors) (voxels) (pm) Equivalent fibre @ (um)
1x3x1 32x48x% 32 20.8x 31.2x 20.8 D3 x D4.5x D3
3x3x3 48x 48 % 48 31.2x 31.2x 31.2 D4.5x D4.5x D4.5
5x5x5 64 x 64 % 64 41.6x41.6x41.6 D6 x D6 x D6

Table4 1 Equivalent VSG sizes in physical units (1 voxel = 0.65 um) anddibreeters respectively (1 fibre
diameter = 7 um), based on different strain window sizes, applicable to-setidize of 32 voxels with 75 %
overlap.
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