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RƒSUMƒ

La fabrication par Þlament fondu (FFF) de composites renforcŽs par des Þbres courtes permet

dÕobtenir des pi•ces personnalisŽes complexes prŽsentant des propriŽtŽs mŽcaniques spŽci-

Þques relativement ŽlevŽes, ciblŽes dans des domaines allant de lÕaŽrospatiale au biomŽdical.

Cependant, le processus dÕextrusion et lÕincorporation de Þbres coupŽes dans une matrice

polym•re introduisent des caractŽristiques multi-Žchelles, telles que des interfaces entre Þl-

aments faiblement soudŽes, des porositŽs interÞlamentaires et intraÞlamentaires, et des in-

terfaces Þbre-matrice, qui pourraient mener ˆ une dŽfaillance prŽmaturŽe sous lÕe"et dÕune

charge. En outre, le dŽp™t sŽlectif dÕun Þlament thermoplastique fondu et lÕalignement des

Þbres le long dÕune direction prŽfŽrentielle produisent des pi•ces anisotropes prŽsentant des

propriŽtŽs mŽcaniques hŽtŽrog•nes.

Les caractŽristiques locales (porositŽ, interfaces), la stratŽgie de dŽp™t, et la trajectoire

dÕimpression dŽterminent lÕendommagement et la propagation de Þssure dans les compos-

ites fabriquŽs par FFF sous charge et dŽterminent leurs propriŽtŽs anisotropes dÕŽlasticitŽ et

de rupture.

Il est donc essentiel de dŽvelopper des approches de caractŽrisation pour identiÞer les mŽcan-

ismes de dommages locaux sous charge et dÕŽtudier le comportement ˆ la rupture ˆ plusieurs

Žchelles des composites fabriquŽs par FFF aÞn de fabriquer des composants structurels Þables.

Nous avons proposŽ une approche multi-Žchelle pour Žtudier la mŽcanique de la rupture

basŽe sur lÕarchitecture des polym•res et des composites fabriquŽs par FFF. Nous avons

combinŽ des essais ASTM standard avec des techniques sans contact, basŽes sur lÕimagerie et

la fractographie post-mortem (e.g., microscopie optique, microscopie Žlectronique ˆ balayage)

pour relier les mŽcanismes dÕendommagement locaux aux comportements Žlastiques et ˆ la

rupture observŽs.

Tout dÕabord, nous avons dŽveloppŽ une technique de caractŽrisation sans contact pour

Žtudier la dŽlamination inter-couches ˆ mŽso-Žchelle des polym•res et des composites fab-

riquŽs par FFF. LÕapproche basŽe sur la corrŽlation dÕimages (DIC) microstŽrŽoscopique

fournit des mesures plein champ ˆ la Þssure dans une rŽgion dÕintŽr•t sur la surface de

lÕŽchantillon de! 5 " 4 mm2. Les hŽtŽrogŽnŽitŽs des champs de dŽplacement et de dŽfor-

mation ont soulignŽ les mŽcanismes de dŽfaillance locaux (e.g., Þssuration, dŽlamination de

lÕinterface) pour les Žchantillons avec di"Žrents empilements de couches (0! et 0! # 90! ). Nous

avons validŽ lÕapproche en testant des spŽcimens dÕacide polylactique (PLA) en mode I de

rupture. La microscopie optique et Žlectronique ˆ balayage a permis de mettre en Žvidence
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lÕinßuence des interfaces et de lÕempilement des couches sur la nuclŽation et la propagation

de lÕendommagement sous charge.

Par la suite, nous avons combinŽ lÕapproche microstereoscopique DIC dŽveloppŽe avec des

essais de traction et de ßexion standard et la tomographie ˆ rayons X pour Žtudier le com-

portement de rupture ˆ plusieurs Žchelles dÕun polyŽtherŽtherkŽtone (PEEK) renforcŽ par

des Þbres courtes de carbone et fabriquŽ par FFF. La caractŽrisation multi-Žchelle a mis

en Žvidence la dŽpendance de la tŽnacitŽ ˆ lÕempilement des couches (0! , 0! # 90! , 90! ), au

degrŽ dÕanisotropie et au chemin de la Þssure, ainsi quÕˆ lÕŽnergie de rupture Žquivalente im-

pliquŽe dans la rupture des Þlaments et des interfaces des couches. En outre, les mesures sans

contact ont mis en Žvidence la propagation prŽfŽrentielle des Þssures le long des interfaces

des couches et Þlaments, en raison de la concentration des contraintes sous charge lˆ o• la

porositŽ mŽso-Žchelle sÕintensiÞe.

EnÞn, pour tenir compte de lÕhŽtŽrogŽnŽitŽ volumique des Žchantillons de PEEK renforcŽs par

des Þbres courtes de carbone, fabriquŽs par FFF, nous avons ŽtudiŽ lÕŽvolution de la porositŽ

volumique et la distribution des dŽformations et des dŽplacements sous charge de traction

par DIC, tomographie ˆ rayons X et segmentation. LÕinspection 3D pendant les essais in-

situ et le suivi des porositŽes avec le code open source OpenFiberSeg pour la segmentation

ont rŽvŽlŽ la nuclŽation progressive des dommages aux interfaces des Þlaments, a"ectŽe par

la porositŽ ˆ mŽso-Žchelle. Les contours par DIC sur des plans orthogonaux ˆ travers le

volume ont mis en Žvidence les distributions hŽtŽrog•nes de dŽformation et de dŽplacement

en 3D sous chargement, en raison de la concentration de contraintes au niveau de lÕentaille

de lÕŽprouvette et la dinamique de propagation de Þssure.

LÕapproche de caractŽrisation multi-Žchelle proposŽe dŽcrit les comportements Žlastiques et

de rupture des polym•res et des composites fabriquŽs par FFF tout en identiÞant les mŽ-

canismes de dommages locaux conduisant ˆ la rupture. La disponibilitŽ de mesures plein

champ mettant en Žvidence le chemin de la Þssure et la dynamique de propagation favorise

le dŽveloppement de mod•les dÕendommagement pour les composites imprimŽs en 3D. La

technique prŽsentŽe peut •tre appliquŽe ˆ la caractŽrisation dÕune large gamme de matŽriaux

hŽtŽrog•nes, tels que les composites fabriquŽs par moulage par injection, les biocomposites,

les agrŽgats ou le bŽton.
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ABSTRACT

Fused Þlament fabrication (FFF) of short Þber-reinforced composites delivers complex cus-

tom parts with relatively high speciÞc mechanical properties, targeted in Þelds spanning from

the aerospace to the biomedical ones. However, the extrusion process and the embedment

of chopped Þbers within a polymer matrix introduce multiscale features, such as weakly

bonded Þlament interfaces, interÞlament and intraÞlament porosities, and Þber-matrix inter-

faces, that could lead to premature failure under loading. Moreover, the selective deposition

of a molten thermoplastic Þlament and the Þber alignment along a preferential direction

deliver anisotropic parts with heterogeneous mechanical properties. The local features (e.g.

porosity, interfaces), the deposition strategy, and the printing path drive the damage nu-

cleation and propagation in composites manufactured by FFF under loading and determine

their anisotropic elastic and fracture properties. Therefore, it is essential to develop charac-

terization approaches to identify the local damage mechanisms under loading and study the

multiscale fracture behavior of composites made by FFF to manufacture reliable structural

components.

A multiscale approach to study the architecture-based fracture mechanics of polymers and

composites manufactured by FFF is proposed. I combined standard ASTM tests with con-

tactless, imaging-based techniques and post-mortem fractography (e.g., optical microscopy,

scanning electron microscopy) to relate the local damage propagation mechanisms to the

observed elastic and fracture behaviors.

First, I developed a contactless characterization technique to study the mesoscale interlayer

delamination of polymers and composites manufactured by FFF. The approach based on mi-

crostereoscopic digital image correlation (DIC) delivered full-Þeld measurements at the crack

tip over a region of interest on the specimen surface of! 5 " 4 mm2. The displacements and

strain Þelds heterogeneities highlighted the local failure mechanisms (e.g., crazing, interface

delamination) for specimens with di"erent layer stackings (0! and 0! # 90! ). I validated

the approach by testing polylactic acid (PLA) specimens under mode I failure. Optical and

scanning electron microscopy further emphasized the inßuence of the interfaces and layer

stacking on the damage nucleation and propagation under loading.

Subsequently, I combined the developed microstereoscopic DIC-based approach with stan-

dard tensile and bending testing and X-ray tomography to investigate the multiscale frac-

ture behavior of short carbon Þber-reinforced polyetheretherketone (PEEK) manufactured

by FFF. The multiscale characterization highlighted the fracture toughness dependence on
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the layer stacking (0! , 0! # 90! , 90! ), degree of anisotropy, and crack path, and the equiv-

alent fracture energy involved in the failure of Þlaments and layer interfaces. Moreover,

the contactless measurements emphasized the preferential crack propagation along Þlament

and layer interfaces due to the stress concentration under loading where mesoscale porosity

intensiÞes.

Finally, to consider the 3D heterogeneity of short carbon Þber-reinforced PEEK specimens

manufactured by FFF, I studied the volumic porosity evolution and strain and displace-

ment distributions under tensile loading by DIC, X-ray tomography, and segmentation. The

3D inspection during in-situ testing and the features tracking with the open source code

OpenFiberSeg for segmentation revealed the progressive damage nucleation at the Þlaments

interfaces, a"ected by mesoscale porosity. The DIC full-Þeld contours over orthogonal planes

through the volume highlighted the heterogeneous 3D strain and displacement distributions

under loading due to the stress concentration at the specimenÕs notch and the damage nu-

cleation dynamics.

The proposed multiscale characterization approach describes the elastic and fracture behav-

iors of polymers and composites manufactured by FFF while identifying the local damage

mechanisms leading to failure. The availability of full-Þeld measurements highlighting the

crack path and propagation dynamics promotes the development of damage models for 3D-

printed composites. The presented technique can be applied to characterizing a wide range

of heterogeneous materials, such as composites manufactured by injection molding, biocom-

posites, aggregates, or concrete.
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Figure 2.12 Damage nucleation in-situ observation by X-ray CT for a 3D printed
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and matrix 3D distribution after tensile test. (b) The presented re-

constructions correspond to the stress-strain values identiÞed in the
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are highlighted for selected regions (A, B, C). The image is modiÞed

from [13]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

Figure 4.1 Miniature CT specimen design and pre-cracking strategy. (a) Specimen

geometry determined to guarantee the successful damage tracking and

the controlled crack propagation at the notched mid-plane (in the close-

up view). All the dimensions are in mm. (b) Mechanical pre-cracking

framework, including a hammer (1) for the impact force transfer to

the specimen held by a grips system (2) to ensure its steady placement

and stability. The razor blade (3), carefully inserted in correspondence

with the CT specimen notch (4), yields a sharp pre-cracking at the

specimen midplane. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

Figure 4.2 Miniature CT specimens printing strategy (a) and Þlament stacking

architecture observed by SEM (b). (a) Two GCodes were prepared to

manufacture specimens for the characterization of interlayer (A) and

interÞlament (B) failures. The 0! and 90! directions coincide with the

øx and øy axes in the global reference system, respectively. The Þlament

deposition layer-by-layer is schematized for both the0! # 0! and the

0! # 90! stacking. (b) 0! # 90! specimensÕ cross-section inspection by
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in the regular 0! # 90! layers piling up, as highlighted in the SEM image.31
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Figure 4.3 DIC images acquisition framework (a) and region of interest for corre-

lation on the specimen surface (b). The schematic view in (a) shows

the stereomicroscope module for the images acquisition, including the

high-resolution camera system (1), the beamsplitter (2), the micro-

scope head (3), and the precision support setup (4, 5), controlling the

stereomicroscope alignment. (b) The real-time monitoring of the crack

propagation under opening load (P) was performed over a region of

around 4 " 5 mm2 on the CT specimen surface. A region of interest

of approximately 3" 4 mm2 in the vicinity of the interface undergoing

damage was identiÞed for the DIC measurements. . . . . . . . . . . . 32

Figure 4.4 Displacement and strain contour plots by DIC for specimens with

0! # 0! oriented interfaces undergoing interlayer failure. The mea-

surements were performed over the3 " 4 mm2 ROI in the vicinity of

the delamination front. Little information is lost around the propa-

gating crack. Three time steps prior to the specimen brittle failure

are considered, for an increasing applied loadP, to study the ÞeldsÕ

evolution over time. The DIC images show that the crack propagates

at the pre-cracked specimen mid-plane interface for! 1 mm, without

any crack path alteration due to the presence of defects. TheV dis-

placement contour plot is nearly symmetric, conÞrming the e"ective

load transfer to the specimen mid-plane. The crack path reveals the

doubling of the crack length from (a) to (c). The"xx and "yy Þelds

show an increasing process zone size and local strain intensity during

failure, in agreement with the applied opening load. The"yy plot is

characterized by the lobesÕ shape at the crack tip (in red), compliant

with the distribution expected for specimens undergoing opening mode

failure [14], even more appreciable in the rescaled"yy contour plot. The

contour plots scale bar corresponds to 500µm. . . . . . . . . . . . . . 36
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Figure 4.5 V and strain contour plots by DIC for specimens with0! # 90! ori-

ented interfaces undergoing interlayer failure. The measurements were

performed over the3 " 4 mm2 ROI in the vicinity of the delamina-

tion front, identiÞed in white on the DIC image, for three time steps

corresponding to an increasing applied load P. The V contour plot is

nearly symmetric during delamination, conÞrming the e"ective load

transfer to the specimen mid-plane. We selected a reduced strain Þl-

ter of 9 pixels to increase the strain resolution and better identify the

local heterogeneities, however introducing noise a"ecting the"xx and

"yy contour plots. "yy strain concentration areas were arising along the

crack propagation direction in correspondence of90! oriented Þlaments,

strengthening the interface during failure. These local heterogeneities

are even more pronounced in the bottom"yy contour with a narrower

scalebar. The contour plots scale bar corresponds to 500µm. . . . . . 38

Figure 4.6 Full-Þeld displacement and strain measurements by DIC andx-y plane

mesostructure by XCT for specimens with0! # 90! oriented interfaces

undergoing interlayer failure. (a) The symmetricalV distribution re-

veals an appropriate opening load transfer at the mid-plane interface,

even after the peak load is reached. Quasi-elliptical strain concentra-

tion areas arose in the"yy contour plot (highlighted in red), along the

crack propagation path. The distance between"yy concentration ar-

eas estimated by DIC (453µm) is in agreement with the gap between

90! oriented Þlaments, measured in the XCT scan, around 436µm in

the x - y view (b). This analogy supports the hypothesis that one

of the potential causes of the local strain concentration could be the

damaging of the Þlaments aligned with thez direction, stretching and

breaking behind the crack tip, after propagation. The measurements

are performed over an area with high interÞlament porosity to be able

to identify the mesoscale features, otherwise hardly recognizable by

XCT in a dense 100% inÞll sample. . . . . . . . . . . . . . . . . . . . 39
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Figure 4.7 Full-Þeld displacement and strain measurements by DIC andx-y plane

mesostructure observed by SEM for specimens with0! # 0! oriented

interfaces between Þlaments. (a) The symmetrical V distribution re-

veals an e"ective opening load transfer at an early stage of crack prop-

agation. Elliptical " yy strain concentration areas are periodically dis-

tributed along the y axis right ahead the crack tip in the strain contour

plot obtained by DIC. The average distance between the strain concen-

tration areas was estimated by DIC as around 381µm, in agreement

with the distance between adjacent interfaces (378µm) measured by

SEM (" 100 magniÞcation) on the specimensx-y plane, after failure

(b). One of the possible causes for the higher local strains observed in

(a) can thus be the poor interfacial adhesion, when compared to the

Þlament core, squeezed during stacking. . . . . . . . . . . . . . . . . . 40

Figure 4.8 Full-Þeld displacement and strain measurements by DIC obtained for

specimens with0! # 90! stacking undergoing brittle interÞlament fail-

ure. The symmetrical V distribution reveals an e"ective opening load

transfer at the mid-plane interface, right after the peak load (838 N).

The crack length can be measured in theV contour plot since the crack

tip is hardly identiÞable in the DIC image. The"xx strain distribution

presents strain concentration areas periodically distributed along the

interÞlament interfaces (aligned with they axis), weaker than the bulk

Þlament. The interface delamination is driven by the stretching and

breakage of90! oriented Þlaments during the crack advancement at the

0! oriented Þlaments interfaces. The"yy contour plot does not display

the Õbutterßy lobesÕ shape characteristic of mode I failure, since the

crack propagation involves both the interface and the Þlaments core

damage. No information is lost during correlation and the white area

around the crack corresponds to the high strain region, out of scale. . 42
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Figure 4.9 Average force-displacement response recorded by the electromechanical

machine and failure mechanism observed in the DIC images for di"er-

ently oriented FFF interfaces. (a) The displayed curves were found av-

eraging the response of four specimens for each architecture and crack

propagation mechanism. The lowest peak load (328 N) is recorded for

specimens with0! # 0! interfaces undergoing interlayer failure. (b) The

polymer Þbrils stretching highlighted in white in the top DIC image

for 0! # 90! interfaces undergoing interlayer failure yields a peak load

increase by 18% when compared to the0! # 0! counterpart. Specimens

with 0! # 90! interfaces undergoing interÞlament failure present the

highest peak load (894 N), twice that observed for0! # 0! specimens,

due to the presence of90! Þlaments, aligned with the applied loadP,

whose fracture properties are higher than those of the interfaces. The

progressive breakage of90! Þlaments is highlighted in white in the DIC

bottom image, where the crack tip is hardly recognizable. . . . . . . . 43

Figure 4.10 Comparison between the average fracture energy involved in the in-

terÞlament and interlayer failure of di"erently oriented interfaces. The

energy is estimated by averaging the area under the force-displacement

curves of four specimens for each typology. We show the 95% conÞ-

dence interval to emphasize the resultsÕ variability within the four spec-

imens sets. Specimens with90! oriented Þlaments show higher average

fracture properties and thus energy to failure when compared to the

0! # 0! counterpart, both for interlayer and interÞlament delamination,

despite the resultsÕ dispersion. The response of0! # 90! interfaces un-

dergoing interlayer failure is the most consistent, while all the other

interfaces are characterized by an energy dispersion of the order of!

200 mJ, a"ected by the low specimensÕ number (4). . . . . . . . . . .44
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Figure 4.11 Force-displacement response and energy to fracture variability within

each specimensÕ set. The force-displacement curves for specimens with

0! # 0! stacking undergoing interlayer (a) and interÞlament (b) fail-

ure show a brittle or semi-brittle behavior under mode I load, with

a maximum peak load around 450 N. (a) The peak loads range from

275 N to 464 N during interlayer failure, showing a weaker consistency

when compared to the interÞlament failure peak load variability (b),

around 120 N. As a consequence of the presence of90! oriented inter-

faces the maximum peak load is increased with respect to the0! # 0!

counterparts for specimens undergoing interlayer (c) and interÞlament

(d) failure. Specimen with0! # 90! stacking show a higher peak load

variability when under interlayer failure (c) when compared with the

interlayer failure response (d), resulting from the high Þlament fracture

properties. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

Figure 4.12 Correlation between the fracture energy and the pre-crack length, in-

spected by optical microscopy (" 7 magniÞcation), for specimens with

0! # 0! stacking undergoing interlayer and interÞlament failure. The

pre-crack length was estimated as the distance between the manufac-

tured notch and the whiten plastic damage initiation area on the spec-

imen midplane. For an increasing pre-crack length, from 9.4 mm to

14.7 mm for the interlayer specimens (b) and from 6.5 mm to 9.7 mm

for the interÞlament ones (c), the fracture energy drops by at least half,

due to the interface damage before testing. The manual pre-cracking

is hardly controllable for 0! # 0! interfaces between layers due to their

weakness, leading to an energy to fracture drop for a pre-crack greater

than ! 13 mm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
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Figure 5.1 Specimens designs and printing strategy for investigating the elastic

and fracture behavior of 3D printed CF-reinforced PEEK coupons. (a)

Type I and Type IV dogbones for the estimation of the elastic prop-

erties, SENB specimens, and miniature CT specimens as printed for

the characterization of the interlayer (øz) and intralayer (øxøy) fracture

toughness and failure mechanisms of specimens with di"erent stackings.

(b) Miniature CT specimens geometry to study the local interlayer and

intralayer delamination mechanisms by microstereoscopic DIC. The di-

mensions are in millimeters. We report the printing reference system

(øxøyøz) and the characterization reference system (x,y,z), integral with

each specimen and conÞguration and deÞned for an applied loadP

along y. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

Figure 5.2 Three-point bending Þxture for testing pre-cracked SENB specimens

and measuring the fracture properties from the load-displacement curve

recorded by the electromechanical machine. The Þxture includes spe-

ciÞc adapters for the ßexural load transfer to the bottom cylinders in

contact with the specimen, while the top adapter is stationary. . . . . 55

Figure 5.3 Images acquisition setup for microstereoscopic DIC and region of inter-

est over the patterned miniature CT specimen surface. Two Grasshop-

per high-resolution cameras (1) installed on the stereomicroscope en-

abled the timed image acquisition. We ensured the microscope head (2)

correct positioning using the precision movement stage (3) for thex, y,

z microscope alignment with the region of interest over the specimenÕs

surface (4). We deÞned the size of the region of interest over the spec-

imensÕ surface to track the damage propagation at the delamination

front, despite the specimenÕs rigid body motion. . . . . . . . . . . . . 56

Figure 5.4 Typical stress (MPa)- strain (-) curves for Type IV dogbone specimens

with 0! (longitudinal), 90! (transverse), and0! # 90! stacking under

tensile load. The ultimate stress and tensile modulus are maximized

for specimens loaded along the reinforced ÞlamentsÕ direction. The

addition of 90! oriented Þlaments deteriorates the strength and sti"ness

due to the ÞlamentsÕ interfacesÕ mechanical weakness under load and

to the reinforcement misalignment with the loading direction. . . . . 59
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Figure 5.5 Typical load-displacement response and average stress intensity factors

measured for SENB specimens with di"erent stackings under three-

point bending. (a) For each stacking, the recorded peak load is lower for

specimens undergoing interlayer failure (in blue), when compared to the

intralayer failure (in red). The greatest peak load increase is recorded

for specimens with0! # 90! and 90! stackings under intralayer fail-

ure due to the crack propagation across composite Þlaments. (b) The

KIC 95% conÞdence intervals highlight the signiÞcant fracture tough-

ness gain when the delamination involves the Þlaments breakage (red

planes), instead of propagating along layersÕ and ÞlamentsÕ interfaces

(blue planes). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

Figure 5.6 Full strain measurements and conÞdence distribution for CT specimens

with 0! # 90! stacking undergoing interlayer failure before and after the

peak load (89 N), and SEM inspection of (I) the fracture surface and

(II) cross-section. The conÞdence distribution reveals a crack growth

from 0.3 to 1.6 mm within the ROI. The "yy contour exhibits periodic

heterogeneities along they axis, corresponding to the weak0! # 90! lay-

ersÕ interfaces, as revealed by the bi-layer gap estimated by SEM over

the cross-section (II). The SEM inspection of the smooth fracture sur-

face (I) highlights the absence of Þbers and the crack propagation over

a single interface due to the incomplete layer bonding during printing. 62

Figure 5.7 Full-Þeld measurements and SEM inspection for CT specimens with

± 45! stacking under interlayer failure. (a) The! contour reveals the

presence of two damage propagation fronts, as highlighted by theV

symmetric contour step alteration and by the multiple lobes distribu-

tion (in yellow) in the "yy contour. We measured the gap between the

two delamination fronts (190µm) in the "yy contour. (b) The fracture

surface inspection (I) revealed the crack transfer from the pre-cracked

interface to the adjacent one, exposing two layers with45! and # 45!

oriented Þlaments. We measured the 188µm average layersÕ thickness

over the specimenÕs cross-section by SEM inspection (II), in agreement

with the crack fronts gap estimated from the DIC strain contours, sup-

porting the crack bifurcation hypothesis. . . . . . . . . . . . . . . . . 63
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Figure 5.8 Raw DIC images and contour plots for specimens with0! # 90! stacking

under intralayer delamination. The crack rapidly grows from 0.3 mm

to 2.6 mm after the peak load (1676 N), as observed in the conÞdence

(! ) contour. The presence of Þlaments aligned perpendicularly to the

loading direction (90! ) hinders the crack propagation, stretching theV

contour along they axis. The"yy distribution is a"ected by strain con-

centration areas due to the90! oriented Þlaments progressive breakage

and exhibits a wider lobes strain concentration zone (in yellow circles),

when compared to the"yy contour for interlayer specimens with the

same stacking analyzed in Figure 5.6. . . . . . . . . . . . . . . . . . 65

Figure 5.9 Full displacement and strain measurements for CT specimens with

± 45! stacking undergoing intralayer failure, raw DIC image right after

the crack bifurcation, and SEM inspection of the specimensÕ cross-

section. (a) TheV shape"yy distribution highlights the crack propa-

gation along weekly bonded± 45! oriented ÞlamentsÕ interfaces. The

crack bifurcation observed in the"yy contour results in thezig-zagdam-

age propagation path shown in the DIC image right after failure (b), for

a load drop to P=376 N. The rigid body motion alongy and z caused

the correlation loss at the top left corner of the region of interest. (c)

The cross-section SEM inspection reveals the ÞbersÕ alignment with

the deposition direction at the ÞlamentsÕ core and the poor interface

bonding. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

Figure 5.10 Qualitative Þbers and porosity distribution by X-ray tomography across

a representative volume of 3D printed CF-reinforced PEEK with0! #

90! stacking. The Þbers density view I highlights the ÞbersÕ align-

ment with the deposition direction along0! and 90! oriented layers

and their concentration at the ÞlamentsÕ core. (II) The highest pores

density is observed at the layersÕ interface on both projection planes

(I, II), promoting the damage and failure of parallel interfaces under

Mode I loading. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
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Figure 5.11 Load-displacement response forøxøy and øz SENB specimens with0! ((a),

(b)), 0! # 90! ((c), (d)), and 90! ((e), (f)) stackings under three point

bending test. Overall, the response and the fracture behaviors are

relatively consistent in terms of peak load and crack propagation for

all the conÞgurations. However,øxøy specimens with0! stacking ((b))

and øz specimens with0! # 90! stacking show both sudden failure and

dynamic crack growth possibly due to the reduced Þlament contact

surface and poor Þlament interface adhesion, respectively. . . . . . . .71

Figure 5.12 Fracture surface and cross-section inspection by SEM for SENB speci-

mens with 0! , 0! # 90! , and 90! stacking after interlayer and intralayer

failure. The printing parameters optimization delivers a fracture sur-

face and cross-section where the interÞlament porosity is hardly de-

tectable, justifying the approximation of the real fracture surface with

the theoretical one for the fracture toughness measurements. However,

the interÞlament porosity and lower Þlaments contact area observed

over the cross-section oføxøy specimens with0! stacking explain the

fracture toughness equivalence to that recorded for specimens under

interlayer failure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

Figure 5.13 Load (N)- displacement (mm) curves recorded using the Insight ma-

chine for CT specimens with0! # 90! , and ± 45! stacking under inter-

layer (in blue) and intralayer (in red) delamination during the images

acquisition for DIC. The curve recorded for specimens with± 45! stack-

ing under interlayer delamination exhibits a step behavior possibly due

to the progressive damage of multiple interfaces. The intralayer failure

involves higher peak loads, when compared to the interlayer delamina-

tion due to the crack propagation across reinforced Þlaments. . . . . . 73

Figure 5.14 Pre-cracking pendulum assembly for the fracture specimensÕ controlled

notching. The framework includes a wooden platform (1) for stable

positioning, a specimen (2) and a blade (3) holder for the precise pre-

cracking, a hammer system (4) with a graduated scale (5) to select the

impact force, and a magnifying glass for the careful alignment with the

specimens midplane. The dimensions are in millimeters. . . . . . . . 74
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Figure 6.1 Deben testing stage for the specimen loading during X-ray scanning,

and miniature tensile specimen design and printing strategy. (a) The

Deben Þxture, placed between the electrons source and the detector,

includes metallic clamps with screws to prevent sliding and jaws for

the specimen alignment. The traction load is transferred from the

controller to the grips, and the module rotates at each load level for

scanning. (b) The specimen geometry includes a sharp notch for dam-

age localization (the dimensions are in mm). We printed the specimen

for the crack to propagate between and across Þlaments oriented along

the 0! and 90! directions, aligned with the øx and øy axes, respectively.

The øxøyøz printing reference system di"ers from thexyz in-situ charac-

terization one. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

Figure 6.2 Load-displacement response recorded by the Microtest control unit

for a miniature specimen under tensile load in the Deben Þxture and

reference volume for the interÞlament porosity tracking through seg-

mentation, bounded by blue planes. (a) The force-displacement curve

exhibits load plateaux corresponding to the crosshead dwells for the

specimen X-ray tomography scanning. (b) We isolated a portion of the

specimen around the notch measuring! 13" 2.4" 9 mm3 for segmen-

tation to avoid the acquisition noise originated by the metallic machine

grips. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
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CHAPTER 1 INTRODUCTION

The interplay of additive manufacturing and short Þber-reinforced composites delivers com-

plex structures with relatively high speciÞc strength and sti"ness, which is promising in the

aerospace and automotive domains.

However, the layer-wise part manufacturing, the sudden material consolidation right after the

extrusion, and the nozzle Þber breakage deteriorate the partÕs mechanical properties below

those attainable with conventional manufacturing approaches such as injection molding.

In the context of the Safran Industrial Research Chair on Additive Manufacturing of Organic

Matrix Composites (AMOMC), Safran S.A. collaborates with the Laboratory for Multiscale

Mechanics (LM2) at Polytechnique MontrŽal to identify the practical applications of 3D

printed composites, assess the solutionsÕ reliability under loading, and develop damage models

to reproduce and predict failure.

One essential step in this direction is investigating the fracture behavior of polymer and com-

posites manufactured by fused Þlament fabrication with a focus on their architecture-based

fracture mechanics, which is the objective of this doctoral project. In this thesis, a multiscale

characterization approach to identify the local failure mechanisms, such as crazing, interface

delamination, and porosity-induced damage, critical for FFF composites under loading, is

proposed. I studied the fracture mechanics of carbon Þber-reinforced Victrex polyetherether-

ketone supplied by Ensinger, a promising solution for aerospace applications due to its high

strength, sti"ness, and thermal resistance. The characterization outcomes guide the design

and manufacturing of reliable structural parts not subjected to premature failure and promote

the development of constitutive models to describe the damage nucleation and propagation.

The document is organized as follows. In Chapter 2, I present state of the art about the char-

acterization of polymers and composite manufactured by fused Þlament fabrication, to then

focus on the promising application of contactless techniques (e.g., digital image correlation,

X-ray tomography) to the identiÞcation of the local failure mechanisms of heterogeneous

materials under loading. In Chapter 3, I identify the gaps in the literature and present the

corresponding thesis research objectives addressed in the three articles reported. Chapter 4

presents the development of a contactless characterization approach to study the mesoscale

delamination of layer and Þlament FFF interfaces under mode I loading. Chapter 5 collects

the results of the multiscale characterization of FFF carbon Þber-reinforced PEEK, including

its elastic and fracture properties, local failure mechanisms by digital image correlation, and

microstructure investigation by X-ray tomography. Chapter 6 presents an X-ray tomography
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and digital image correlation-based technique to study the volumic stress concentration for

FFF composites under loading due to the pores dispersion and heterogeneous material re-

sponse. A global results discussion, mentioning the approach limitations and the description

of future research directions in Chapter 7 and Chapter 8, respectively, draws the conclusions

of the document. In Appendix A, an additional investigation of the fracture properties of

composite specimens printed in the high-temperature MiniFactory extruder at Safran Com-

posites is reported.
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CHAPTER 2 LITERATURE REVIEW

2.1 Fused Þlament fabrication

2.1.1 Manufacturing process

The spread of fused Þlament fabrication (FFF), also known as fused deposition modeling, lies

in its simplicity, ßexibility, and compatibility with neat and reinforced polymers [16Ð18]. The

process involves the molten material extrusion above its glass transition temperature (Tg)

through the heated nozzle and its layer-wise deposition on the heated printing bed, according

to the toolpath and printing parameters speciÞed in the extruder input Þle through slicing,

as shown in Figure 2.1a [19]. The layer-wise part growth allows for complex customized ge-

ometries and functional conÞgurations impossible to obtain with conventional manufacturing

approaches (e.g., injection molding, autoclave), and the sudden material solidiÞcation yields

a geometrical accuracy in the order of 100µm [18, 20]. However, the printing and environ-

mental parameters, as well as the material properties, severely a"ect the consolidated part

mechanical performances under operating conditions and can limit the adoption of additive

manufacturing for high-performance structural applications [19, 20]. The material viscosity,

(a) (b)

Figure 2.1 Fused Þlament fabrication process and deposition strategy. (a) The process in-
volves the Þlaments feeding to the printing head through a roller system, the material heating
to a molten stage, and the nozzle extrusion on the printed bed. The part grows layer by layer
as the printing platform moves alongz. (b) The printing path is deÞned through slicing in
terms of raster angle! referred to the printing reference systemx axis.



4

heat capacity, and conductivity drive the ÞlamentsÕ ßow during extrusion and their sintering

right after deposition [21]. The nozzle, bed, and ambient temperature (coincident with the

chamber temperature for enclosed printers) regulate the Þlaments interface adhesion during

manufacturing, as well as its residual stresses induced warping [17,22,23]. The layer width and

height, the extrusion multiplier, and the inÞll control the ÞlamentsÕ spacing during deposition

and their overlap and must be adjusted based on the targeted resolution and functionality.

The printing speed is selected as a trade-o" between the printing time optimization, the

geometrical resolution maximization, and the layersÕ interfaces sintering e"ectiveness [24].

Figure 2.1b shows the raster angle (! ) deÞned referring to the bed principal direction (x) to

tune the deposition strategy and toolpath.

Therefore, carefully selecting the appropriate printing parameters and feedstock materials is

essential to ensure the targeted mechanical properties, functionalities, and resolution [25].

2.1.2 Feedstock materials

Thermoplastic polymers are common FFF feedstock materials due to their relatively low

processing temperatures [19]. Polylactic acid (PLA ) and acrylonitrile butadiene styrene

(ABS ) are usually selected for their stability, low price, and simple handling [16]. Engineer-

ing thermoplastics, such as polycarbonate (PC ), polyamide (PA ), polyetherimide (PEI ),

or polyetheretherketone (PEEK ), are preferred when the targeted domain requires higher

mechanical properties. PEEK is a semi-crystalline polymer with signiÞcant chemical and

thermal resistance and high strength, thus interesting for high-performance applications in

Þelds such as the aerospace and biomedical industries [26]. However, PEEKÕs high glass

transition temperature (Tg ! 143! C) and melting temperature (Tm ! 343! C) complicate

the Þlaments processing which requires enclosed chamber extruders [27, 28]. Moreover, its

semi-crystalline nature requires the processing temperature and cooling rate Þne tuning to

control the consolidated part degree of crystallinity, shrinkage, and warping [15,29].

The introduction of Þber-reinforced composite feedstock materials aims at enabling the FFF

of structural components for high-performance applications [28]. Embedding short (from

a few mm to hundreds ofµm) or continuous Þbers within polymer matrices delivers higher

speciÞc strength and sti"ness, when compared to the neat resin, at the expenses of additional

issues, such as Þber-matrix debonding or Þbers breakage, and inhomogeneous reinforcement

dispersion [4,30]. One approach involves inserting chopped carbon or glass Þbers within the

polymer matrix through a dedicated extrusion process prior to the FFF printer nozzle feed-

ing [31]. Although the milled or chopped Þber-reinforced Þlament extrusion can cause Þber

fragmentation and results in the reinforcement alignment along the deposition direction, a
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tensile modulus and strength increase up to! 700% and! 115%, respectively, have been

reported for carbon Þber-reinforced ABS, when compared to the bulk polymer [32]. Continu-

ous Þbers reinforced thermoplastics provide higher mechanical properties, when compared to

short Þbers reinforced polymers, but require a more complex extrusion process. The contin-

uous ÞbersÕ embedment in the matrix can occur through simultaneous extrusion with a dual

extruder, direct mixing in the injector, or prior to the extrusion of a pre-impregnated Þla-

ment [33]. Therefore, the process involves challenges such as the e"ective Þbers impregnation

and their breakage during the deposition [34,35].

2.2 Filament adhesion

The Þlament adhesion during deposition is a temperature-driven process consisting in the

Þlament contact, necking via surface tension, and molecular entanglement, as shown in Fig-

ure 2.2a [36]. The entanglement involves the formation of primary and secondary chemical

bonds at the molecular level. The process can be assimilated to the non-isothermal polymer

sintering regulated by the extrusion temperature above the materialTg, and the environmen-

tal temperature, namely the ambient temperature for open printers and chamber temperature

for closed systems [37]. In both scenarios, the sudden material cooling below itsTg triggers

the material consolidation and hinders the molecular di"usion at the layersÕ interface during

stacking [38]. The bonding mechanisms for Þlaments within the same layer and from ad-

jacent layers if analogous, however, the di"erent thermal history and Þlaments coalescence

dynamics after contact can a"ect the bond strength and deliver weaker layer interfaces [3].

The material properties, printing temperature, and printing speed strongly a"ect the Þl-

amentsÕ adhesion e"ectiveness, as they determine the cooling proÞle [39]. Higher nozzle,

bed, and chamber temperatures can favor the interface molecular di"usion by mitigating the

temperature gradients through thermal conduction and convection. Increasing the printing

speed mitigates the temperature di"erence between the deposited and extruded Þlament,

at the expense of the material-nozzle convection heat exchange. The embedment of short

Þbers in a polymer matrix modiÞes the thermal properties, and thus the composite ÞlamentsÕ

thermal history [3]. Figure 2.2b shows the di"erent temperature proÞles observed by in-situ

thermal camera monitoring during the FFF process for a polymer and reinforced Þlament

over a reference extrusion line (A-B). Both materials undergo a severe temperature drop

from the nozzle extrusion temperature (! 235! C) one second after the extrusion, highlight-

ing the narrow entanglement window. As the distance from the extrusion point increases, the

composite Þlament exhibits a higher cooling rate, when compared to the neat Þlament [3].

The Þlaments adhesion is even more complex for semi-crystalline polymers and composites,
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(a) (b)

Figure 2.2 Layer interface bonding mechanism and temperature proÞle for a polymer and
composite Þlament during the extrusion over a reference deposition line (A-B). (a) The
molecular di"usion at the Þlament interface starts right after contact, promoting neck growth
and molecular entanglement, hindered by the sudden material cooling (image modiÞed from
[2]). (b) The temperature of the ABS and carbon Þber-reinforced ABS Þlament, monitored
with a thermal camera, drops by! 100 ! C one second after the extrusion. However, the
composite cooling rate is more severe as the nozzle distance increases [3].

for which the crystals growth requires high temperatures, a su!ciently wide thermal process

window, and adequate printing speed [2, 24, 37]. Integrated heating systems or additional

thermal post-processing treatments, such as thermal annealing, can further enhance the

molecular chainÕs mobility and improve the interface bonding [19, 40Ð42]. Rodze# et al.

developed a custom heating system to raise the chamber temperature up to 230! C and thus

favor the crystallization of carbon Þber-reinforced PEEK [28]. The authors recorded a Þve

times higher interlayer tensile strength during mechanical characterization, when compared

to that of specimens printed at! 80! C room temperature.

Understanding the ÞlamentsÕ bonding mechanism and the inßuence of the process window

and material properties on its e"ectiveness is essential to manufacture reliable structural

parts by FFF.

2.3 Architecture-driven failure of 3D printed polymers and composites

The FFF polymersÕ extrusion and layer-wise deposition involve the multiscale porosity for-

mation and the presence of poorly bonded ÞlamentsÕ interfaces due to the room temperature

molecular di"usion hindering [2]. Moreover, the directional ÞlamentsÕ deposition results in
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the Þnal part anisotropy, partially overcome by tailoring the tool path to obtain alternate

stacking (e.g., ± 45! , 0! # 90! ) [43,44].

For FFF short Þber-reinforced composites, the quantitative mechanical properties improve-

ment related to adding short Þbers depends on their dispersion, alignment with the deposition

direction, and breakage during the extrusion [45]. However, the Þlaments deposition involves

the ÞbersÕ breakage, deteriorating the directional reinforcement, and the presence of Þber-

matrix interfaces likely to delaminate under operating conditions [32]. It has been shown that

longer Þbers deliver higher tensile strength and modulus at the cost of the material ductility

and toughness [30]. Moreover, the ÞbersÕ alignment along the deposition direction enhances

the part anisotropy for a maximized strength and sti"ness in the reinforcement direction [46].

The aforementioned architectural features drive the damage nucleation and propagation for

polymers and composites manufactured by FFF under loading [47,48].

The most severe failure mechanism for FFF components is the interlayer or interÞlament

delamination, deÞned as the decohesion of weakly bonded layersÕ or ÞlamentsÕ interfaces under

loading, as shown in Figure 2.3a [3]. Delamination usually occurs under mode I (opening

mode) load for an applied load perpendicular to the crack propagation plane. However,

mode II and mode III delamination, also known as shearing modes, can occur for a crack

propagating on a plane parallel to the applied load direction, as shown in Figure 2.4 [5,14].

Multiscale porosity further lowers the deformation energy required for failure due to the

(a) (b)

Figure 2.3 Multiscale features driving the failure of FFF polymers and composites. (a)
The incomplete Þlament adhesion during manufacturing results in poorly bonded interfaces
leading to interlayer and interÞlament failure under loading [3]. (b) The chopped Þbers em-
bedment introduces weak Þber-matrix interfaces and multiscale porosity within and between
Þlaments, likely to become stress concentration factors under mechanical loadings [4].
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Figure 2.4 Failure modes deÞned according to the crack propagation and loading direction.
Mode I consists of the damage propagation on a plane perpendicular to the applied load
direction, as opposed to the shear modes II and III [5].

stress concentration at the discontinuity under loading. Additional factors driving the failure

of FFF composites are the multiscale porosity, both interÞlament and intraÞlament, and

the Þber-matrix fragmentary wetting, resulting in Þber pull-out when the part is under

mechanical loadings [26]. Figure 2.3b illustrates the FFF compositesÕ defects hierarchy,

including multiscale porosity observed between the lamina and within Þlaments due to the

Þber-matrix interaction and weakly bonded interfaces [4].

Understanding the role of multiscale features (e.g., mesoscale and microscale porosity, in-

terfaces, anisotropy) in the fracture mechanics of FFF polymer and composites allows for

avoiding premature failure when under mechanical loading to manufacture reliable, high-

performance parts.

2.4 3D printed composites elastic and fracture properties characterization

Most of the works in the literature dealing with the fracture of FFF polymers and composites

investigate the inßuence of the printing parameters and toolpath on the elastic and fracture

properties [6, 49Ð51]. The standard ASTM D0638tensile test highlights the FFF parts

in-plane and out-of-plane yield strength and tensile modulus signiÞcant di"erence due to

the material and interfaces thermal history during deposition determining the ÞlamentsÕ

bonding e"ectiveness [38,52,53]. The strength and sti"ness of ASTM D638 standard dogbone

specimens under tensile test provide guidelines for the FFF process optimization to meet or

even exceed the elastic properties of specimens manufactured by injection molding and take

full advantage of the embedment of Þbers in the case of composite Þlaments [32,54].

Fracture toughness measurements in terms of critical energy release rate and the stress in-

tensity factor, within the linear elastic fracture mechanics hypothesis, quantitatively assess

the interlayer and intralayer adhesion under delamination [7,14]. One common approach to

studying the fracture toughness of FFF polymers and composites under mode I delamination
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is the ASTM D5528 standarddouble cantilever beam (DCB) test [3, 55]. Developed for

the estimation of the fracture toughness of brittle matrix composites, the test consists of the

damage propagation at the notched specimen mid-plane under mode I loading [56]. The notch

is usually manufactured by inserting a Polytetraßuoroethylene (PTFE) or Kapton tape or foil

during printing or by mechanically pre-cracking through high cycle fatigue pre-conditioning

to initiate failure under tensile load. Figure 2.5a illustrates the DCB specimen manufactured

by Young et al. to study the mode I interlayer delamination of 3D printed ABS and chopped

carbon Þber-reinforced ABS under mode I loading and a typical force-displacement curve

recorded during testing [3]. The authors investigated the inßuence of the chopped carbon

Þbers embedment on the interlayer fracture toughness and crack growth, highlighting the

unstable crack propagation at the layer interface for reinforced ABS specimens [3]. Spoerk

et al. tested PLA DCB specimens to assess the inßuence of the printing temperature on the

delamination energy, deÞned as the energy from the load-displacement diagram normalized

by the crack propagation length and specimen thickness [57]. The delamination energy is

almost six times higher for a nozzle temperature of 250! , when compared to 200! , due to the

induced plasticity and enhanced thermal-driven inter-layer cohesion. Aliheidari et al. studied

the inßuence of the bed and nozzle temperature and layer height and width on the fracture

toughness of ABS DCB specimens for the parameters optimization [58]. The authors intro-

duced the concept of apparent fracture resistance [J/m2] to consider the e"ective fracture

surface, inspected by optical microscopy and lower than the theoretical one due to mesoscale

porosity [58]. Increasing nozzle temperature led to higher apparent fracture resistance val-

ues, while the characterization approach identiÞed the suitable layer height for a maximized

resistance under opening load. The DCB simple geometry is suitable for characterizing FFF

multi-material interfaces to study the e"ects of heterogeneous material sti"ness under mode

I failure, although the pre-cracking variability, the unstable crack growth, and the load-

ing hinges assembly limit the applicability of this approach to heterogeneous materials with

complex damage mechanics [55].

Alternatively, the characterization of standardsingle edge notch bend (SENB) specimens

under ßexural test delivers the material fracture toughness and strain energy release under

interlayer, intralayer, and cross-layer failure for a damage propagation along layers interfaces

and across Þlaments [50]. Hart et al. investigated the inter-laminar and cross-laminar fracture

toughness of FFF ABS specimens printed vertically and horizontally with di"erent layer

stacking [6]. Figure 2.5b shows the load (N)- displacement (mm) curves measured by the

mechanical testing machine for ABS SENB specimens under interlaminar, cross-laminar, and

mixed-mode failure. The authors emphasized the brittle nature of the interlayer failure, as

opposed to the ductile failure of FFF Þlaments, involving crazing in the plastic zone identiÞed
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(a) (b)

Intra-layerInter-layer

(c)

Figure 2.5 Characterization techniques currently selected to study the failure of polymers
and composites manufactured by fused Þlament fabrication, with a focus on the interfaceÕs
delamination. (a) Neat and composite ABS DCB specimens designed to characterize the
interlayer delamination under opening load and typical force-displacement curve [3]. (b) Dif-
ferent failure behaviors for a crack propagating between FFF layers (inter-laminar), through
Þlaments (cross-laminar), and with a mixed mode (mixed-cross-/inter-laminar) for SENB
specimens [6]. The authors highlighted the brittle nature of layer interfaces, when compared
to the Þlaments breakage [6]. (c) Yavas et al. analogously investigated the di"erent responses
of CT composite specimens with di"erent alternate stacking under mode I inter-layer, intra-
layer, and cross-layer failure [7].
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by monitoring the crack-tip region with cameras [6]. Moreover, the energy involved in the

interlaminar failure is signiÞcantly lower than that required to initiate the failure across

Þlaments, possibly due to the di"erent interface bond strength and fracture mechanisms.

An alternative approach to measuring the material fracture toughness is thecompact ten-

sion (CT) test, consisting of loading under tension a notched specimen for the damage

nucleation and propagation at the sharp notch according to the ASTM D5045 standard [59].

Arbeiter et al. tested PLA CT specimens manufactured by FFF with di"erent layer stacking

under monotonic and fatigue loads to investigate the inßuence of the ÞlamentsÕ orientation

on the anisotropic mechanical properties [50]. The authors recorded a comparable stress in-

tensity factor for a crack propagating at the layersÕ interface and across Þlaments, as opposed

to the 20% fracture toughness degradation at the layersÕ interfaces described in [60]. The

authors attributed the materialÕs near-homogeneity to the printing parameters optimization.

Zhang et al. tested CT specimens printed with di"erent strategies, namely printed ßat on the

bed (XYZ) and vertically (XZY, ZXY) to investigate the various failure mechanisms when

the crack propagates within, between, and across layers [9]. Figure 2.5c shows the force-

displacement curves recorded by the mechanical machine for CT specimens with 0! - 90!

and ± 45! stackings, highlighting the brittleness of layersÕ and ÞlamentsÕ interfaces, when

compared to the cross-layer failure, as well as the relatively low peak load recorded under

interlayer failure due to the incomplete interface adhesion [9].

A few authors proposed non-standardized strategies to characterize the ÞlamentsÕ bond

strength under shear load. Davis et al. proposed an alternative way to assess the ÞlamentsÕ

adhesion, the trouser tear test, involving mode III delamination of individual interfaces to

characterize the bond strength [61]. Zhang et al. investigated the inßuence of the printing

parameters ( e.g., layer thickness, printing speed) and specimens anisotropy on the shear

strength of tensile shear and double notch shear specimens manufactured by FFF [62]. The

authors highlighted that a lower printing speed favors the interfaceÕs molecular entanglement,

enhancing tensile shear strength.

The macroscopic characterization approaches described so far quantitatively describe the

elastic and fracture behavior of polymers and composites manufactured by FFF, resulting

from manufacturing defects, warping, multiscale porosity, and weak interfaces. The charac-

terization outcomes guide the FFF process optimization and the material selection based on

the targeted applications. However, these methods struggle to identify the role of the archi-

tectural features in the fracture mechanics and to localize the multiscale damage nucleation

and propagation.
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2.5 In-situ meso and microscale characterization

2.5.1 Multiscale digital image correlation

Contactless approaches, such asdigital image correlation (DIC), deliver real-time full-

Þeld measurements over the surface of specimens undergoing mechanical testing [63]. DIC

not only provides the understanding of the local phenomena driving the failure of heteroge-

neous materials (e.g., composites, 3D printed materials) but also provides the dataset required

to validate constitutive damage models and estimate unknown material properties [64, 65].

The image acquisition requires pairing a camera system, including one camera for 2D mea-

surements and two for stereoscopic characterization, with the mechanical loading machine

for tensile, compressive, bending, and fatigue tests. The camera-specimen surface distance,

as well as the magniÞcation and resolution, control the region of interest (ROI) dimensions.

DIC can be performed at di"erent scales, according to the mechanical characterization and

image acquisition setups, for in-situ and large-scale testing [66]. The correlation requires

the application of a random speckle pattern on the specimen surface if the material surface

does not exhibit a natural non-periodic pattern. The pattern can be applied with stickers

or rollers for large-scale DIC and using nebulized ink or powders for meso and microscale

DIC. DIC relies on the cross-correlation between a reference and a deformed pattern on the

specimenÕs surface, following the optical ßow equation:

g(x + u) = f (x) + b(x), (2.1)

where f (x), g(x+ u), and b(x) are the reference and the deformed gray level distributions,

and the negligible image acquisition noise, respectively. In other words, these are matrices

containing the grey level value of each pixel [64]. One common approach consists in mini-

mizing the functional %(u), deÞned as the quadratic di"erence between the reference and the

deformed distributions integrated over the inspected region of interest [67]:

%(u) =
!

[f (x) # g(x + u(x))]2 dx (2.2)

equivalent to

%(u) =
!

[f (x) # g(x) # u(x)%g(x)]2 dx. (2.3)

by introducing the Taylor expansion of g(x) at u in the small-scale displacements hypothesis.

The problem is then equivalent to estimating the nodal displacements that minimize%(u).

The displacement can be expressed as the interpolation of degrees of freedom (un (x)) by
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introducing shape functions (&n):

u(x) =
"

un(x)&n(x) (2.4)

A Newton iterative approach is usually selected for the solution of the minimization problem

in the unknown nodal displacements:

d%
du

= [ M ]{ du} # { p} i = { 0} (2.5)

with

M mn =
!

[%f (x)&m(x)][%f (x)&n(x)] dx (2.6)

and

pi
m =

!
[f (x) # g(x + ui (x))][%f (x)&m(x)] dx. (2.7)

The most common approach, namely the local approach, consists of solving the minimization

problem over subsets resulting from partitioning the ROI in square elements whose size

depends on the speckle pattern quality [68].

The subsets superposition is controlled by the step, deÞned as the distance from neighbor

subset center points in pixels. The partitioning allows the subset center point tracking

from the reference to the deformed image to estimate its displacement with a relatively low

number of degrees of freedom. The displacements of the subsetsÕ inner points are computed

through subset shape functions-based mapping to obtain the full-Þeld over the inspected

ROI. Figure 2.6a illustrates the subset-based correlation approach procedure, from the images

acquisition with a stereoscopic system using two cameras to the images processing through the

subsets partitioning based on the speckle image quality and center point tracking [8]. While

the displacements are directly measured through image processing, di"erent approaches have

been developed to estimate the local strains [8]. Figure 2.6b illustrates one subset-based

common technique to estimate the local deformations consisting of meshing the displacement

Þeld using triangular elements and evaluating the strains based on the deformed triangle

using shape functions [8]. Alternatively, the correlation problem is solved over the full ROI,

meshed with shape functions similarly to Þnite elements to ensure the displacement Þeld

continuity [69, 70]. The problem complexity increases as the number of unknowns (degrees

of freedom) is higher when compared to local approaches, but the accuracy increases due to

the measurementsÕ continuity. Moreover, the global correlation eases the comparison with

Þnite element simulations results over analogous meshes [69].

Local correlation approaches are implemented in commercial software such as Vic-2D and
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(a) (b)

Figure 2.6 Local stereoscopic DIC displacement and strain measurement basic principles and
images acquisition framework. (a) The image acquisition setup includes two cameras for
stereoscopic measurements over the ROI on the specimen surface. The camera parameters
(focal length and sensor size) and the specimen-camera distance determine the Þeld of view
(FOV) and the imagesÕ resolution. The displacements are computed for each subset center
point and smoothed over the subset using subset shape functions. (b) The strain calculation
is based on the ROI meshing with triangular elements whose vertices overlap with the subsetsÕ
center and the triangle deformations tracking with element shape functions. The strains are
smoothened over adjacent elements through Þltering to reduce the measurement noise at the
expense of the resolution [8].

Vic-3D, and GOM-Aramis, while Eikosim and Correli are global correlation-based software.

UFrekles and muDIC are open-source codes for global correlation implemented in Matlab

and Python, respectively [71].

Few authors studied the damage nucleation and propagation in 3D printed composites by

DIC and highlighted the potential of imaging-based techniques to identify the local features

driving the damage nucleation and propagation through FFF parts. Gardan et al. evaluated

the di"erent fracture behavior before and after parameters optimization for FFF ABS CT

specimens by comparing the crack growth rate and the strain concentration region size by

DIC [72]. Zhang et al. investigated the di"erent cross-layer, intra-layer, and inter-layer

failure mechanisms by DIC for carbon Þber-reinforced CT specimens manufactured by fused

Þlament fabrication. Figure 2.7 shows the"yy strain contour over a ROI of! 25 " 20 mm2 at

the crack tip of specimens under interlayer failure [9]. The strain concentration Þeld exhibits
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the distinct lobes distribution at the crack tip of specimens under mode I failure, and the

crack propagation is monitored and selected as an estimate of the process zone, wider than

that observed in the vicinity of the crack propagating between layers with0! # 90! stacking.

The authors observed the slight lobes distortion along the 45! direction for CT specimens

under cross-layer failure, highlighting the inßuence of the layer stacking and thus anisotropy

on the crack propagation [9].

Figure 2.7 "yy contour by DIC for a CT specimen with± 45! stacking undergoing mode I
interlayer failure, adapted from [9]. The strain Þeld lobes distribution is kept during prop-
agation for a strain concentration area growth around the crack as the crack tip advances
under loading.

(a) (b)

Figure 2.8 Full strain Þeld measurements by DIC at the notch tip of ABS SENB specimens
under ßexural test (the dimensions are in mm). (a) A region of interest of! 80 " 38 mm2

is identiÞed on the specimen surface, according to the area selected for the Þnite element
simulation. (b) "yy distribution over the ROI of specimens with di"erent layer stacking (A1),
(A2), (A3) by subset-based correlation using ARAMIS̈. The strain Þeld reveals the strain
concentration in the vicinity of the notch and the crack deviation following the ÞlamentsÕ
orientation. Adapted from [10].
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Isaac et al. investigated the inßuence of the layer stacking on the damage nucleation and

growth under tensile and fracture testing of ABS dogbone specimens and SENB specimens,

respectively [10]. The authors developed a framework to extract the failure parameters (e.g.,

J-integral, stress intensity factor) by customizing the Þnite element analysis mesh to match

the subset-based DIC one and integrate the DIC displacement as boundary conditions for

Þnite element analysis. Until crack propagation, the J-integral values estimated by combining

DIC and Þnite element analysis were in agreement with those empirically computed from the

monitored loads and crack length within the hypothesis of linear elastic fracture mechanics.

Figure 2.8 shows the ROI over the SENB specimen surface and the corresponding strain ("yy)

Þelds for specimens with di"erent layer stacking for an applied load of (a) 661 N, (b) 710 N

and (c) 740 N. The strain concentrates over a reduced size area at the notch tip as the crack

propagation follows the ÞlamentsÕ orientation.

Contactless techniques such as DIC provide an understanding of the local phenomena (e.g.,

multiple cracking, interface delamination, pores damage) behind the fracture behavior char-

acterized through standard approaches for polymers and composites manufactured by FFF.

Moreover, the possibility to acquire images at di"erent scales by tuning the imaging frame-

work enables the multiscale characterization of the architecture-driven fracture mechanics of

3D printed materials. Ultimately, the availability of full-Þeld measurements promotes the de-

velopment of damage models to reproduce the complex damage nucleation and propagation

in additively manufactured polymers and composites.

2.5.2 Fractography by scanning electron microscopy

After failure, the specimensÕ fracture and cross-section inspection delivers an insight into the

local phenomena driving the damage nucleation and propagation under loading.

Scanning electron microscopy (SEM) provides high-resolution images through the in-

teraction between an incident electron beam and the inspected specimen, revealing its mor-

phology due to the locally di"erent secondary electrons emission [73]. In the literature, the

inspection of compositesÕ morphology by SEM contributes to identifying predominant mech-

anisms in the fracture mechanics of composite materials [74]. For 3D printed polymers and

composites, SEM delivers qualitative Þber dispersion and the 2D presence of manufacturing

defects, inclusions, and weakly bonded interfaces [75]. Yavas et al. investigated the mi-

crostructure over the cross-section of carbon Þber-reinforced nylon specimens printed with

di"erent stackings to identify the interlayer and intralayer voids and Þber dispersion driv-

ing failure [7]. The SEM fracture surface inspection in Figure 2.9 reveals the crazing-driven

failure of FFF CT composite specimens under cross-layer delamination [7]. The authors
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Figure 2.9 SEM inspection of the fracture surface of composite specimens with0! # 90! stack-
ing after cross-layer failure [7]. The observation reveals the pattern of orthogonal layers (a),
characterized by di"erent local roughnesses due to the crazing-driven failure of90! oriented
Þlaments. Higher magniÞcation enables the identiÞcation of the polymer Þbrils stretching
during damage propagation (b) and of the90! oriented short Þber-matrix pull-out (c).

inspected the specimensÕ fracture surfaces after failure with higher magniÞcation to observe

the Þbrils grown during damage propagation. Spoerk et al. studied the ÞbersÕ dispersion

within Þlaments with di"erent reinforcement inÞll by high magniÞcation SEM. The authors

focused on Þber-matrix compatibility and interfaces by observing the Þber pull out over the

cross-section of cryo-fractured Þlaments [44]. Arbeiter et al. qualitatively assessed the crack

growth and plastic deformation of PLA CT specimens with di"erent layer stacking through

SEM inspection of the fracture surface after failure [50]. The authors hypothesized that the

clear areas corresponded to ductile failure, as opposed to the darker surface associated with

brittle failure.

2.5.3 X-ray tomography characterization and digital volume correlation

3D inspection approaches, such as X-ray computed tomography, overcome the limitations of

surface imaging techniques which provide an insight exclusively into the inspected slice meso

and microstructure, neglecting the understanding of the architectural evolution through the

volume [76]. The understanding gained through in-situ testing is essential to investigate

the degradation of architected materials and the damage nucleation and propagation for

composite materials resulting from micro-cracking, delamination, Þber pull-out, etc. [77]. X-

ray computed tomography (XCT) involves the specimen interaction with an incident electron

beam and the detector collection of the deviated secondary electrons, converted into visible

light through a scintillator [78]. The specimenÕs rotation enables the projections collection

over 360! for the 3D reconstruction of the inspected volume, based on the di"erent local

radiation attenuation, for a resolution between 100µm and 50 nm, as shown in Figure 2.10

[11]. Synchrotron sources ensure higher resolution (20µm- 30 nm), independently from
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the source-specimen distance, and are suitable for low contrast materials, such as carbon

Þber reinforced composites [31]. However, the electronsÕ acceleration to nearly the speed of

light involves the design of a complex setup for the radiation generation and collection and

introduces challenges such as scintillator degradation or image distortion [79].

Di"erent algorithms ( e.g., pattern matching, deep learning-based methods) are available

for the images reconstruction to obtain the full volume and to identify the architectural

features (e.g., pores and Þbers) through segmentation by pixel-wise labeling [80, 81]. XCT

has been widely used to study the meso and microstructure of composites, with a focus on

the ÞbersÕ length, orientation, and dispersal [78]. For what concerns 3D printed polymers and

composites, X-ray CT has been conventionally applied to the investigation of the meso and

microstructure of the printed parts or to the post-mortem characterization of the fracture

surface or cross-section of tested specimens.

The combination of XCT with mechanical loading frames enables the 3D damage track-

ing through heterogeneous materials and the in-situ identiÞcation of the 3D local damage

mechanisms, as opposed to post-mortem inspection [12, 82]. In the last decade, various Þx-

tures facilitating the specimen interaction with the X-rays and software for the specimens

controlled loading under di"erent loading conditions (e.g., tensile, compression, bending)

have been developed [83]. The complexity of this in-situ characterization approach lies in

the loading framework grips stopping at speciÞc loading levels to allow specimen scanning.

Moreover, introducing a loading setup inside the X-ray tomography framework limits the

source-specimen-detector distances, regulating the image resolution [84]. Figure 2.11 shows

the damage evolution through a double-edge notched tension specimen by synchrotron in-

Figure 2.10 Schematic illustration of the X-ray CT working principle, including the X-rays
source generation, their interaction with the rotating specimen, and the scintillator radiation
conversion in projection images. The mathematical image reconstruction delivers the 3D
representation of the full volume [11].
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spection at increasing load levels. The in-situ characterization identiÞes the microscale phe-

nomena leading to failure, such as matrix cracking and Þber-matrix debonding [12]. The

investigation outcomes guide the design of advanced composites by tuning the layers stack-

ing or introducing mechanical reinforcements (e.g., weaving, stitching) and the validation of

damage models.

This aspect is even more attractive for 3D printed composites, whose local features (e.g.,

mesoscale porosity, heterogeneous Þber dispersion, weakly bonded interfaces) drive the anisotropic

fracture behavior [85,86]. Moreover, the outcomes of such volume characterization allow the

material damage states 3D mapping to develop and validate robust damage models for het-

erogeneous materials [12,87,88].

In-situ X-ray tomography is usually combined with digital volume correlation (DVC) to en-

rich the analysis with the quantitative evaluation of the spatial deformations [89]. DVC is

based on the 3D deformation measurement from 3D imaging reconstructions during mechan-

!"# !$#

!%#

Figure 2.11 In-situ analysis of the damage evolution through a composite laminate under
tensile load by synchrotron computed tomography. (a) The characterization setup enables the
specimen loading and scanning at reference load levels corresponding to the stress-relaxation
points highlighted in the load-displacement curve for increasing fractions of the ultimate
tensile strength (UTS) (b). (c) Microscale damage evolution through di"erently oriented
plies within the composite specimen obtained through image segmentation with the Avizo
software and reconstruction. The image is modiÞed from [12].
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ical testing [90, 91]. While DIC tracks the displacements pixel-wise, DVC is based on the

voxels tracking in space. Analogously, the correlation problem can be solved over sub-volumes

of the volume of interest (VOI), following the local approach, or over the full volume, for

FE-based DVC, resulting in higher computational cost [77]. DVC enriches the understand-

ing of the fracture mechanics of composites gained through segmentation, quantifying the

microstructure-driven damage development [92]. The outcomes of such in-situ characteriza-

tion drive the development of numerical damage models by directly comparing the predicted

and observed 3D crack path and strain distribution [93].

Yu et al. investigated the damage nucleation, crack propagation, and failure of 3D printed

basalt Þber-reinforced composites with di"erent layer stacking by X-ray CT in-situ charac-

terization [13]. The authors studied the role of the Þbers and interÞlament porosity on the

crack propagation under tensile load using a speciÞc Þxture for 3D in-situ characterization.

Figure 2.12 shows the reference volume, inspected after failure, where the matrix, Þbers,

and pores are highlighted through segmentation around the specimen mid-plane crack. The

in-situ inspection during failure allowed the identiÞcation of various micro-damage mecha-

!"#

!$#!%#

Figure 2.12 Damage nucleation in-situ observation by X-ray CT for a 3D printed composite
specimen with 90! stacking under tensile load. (a) Fibers and matrix 3D distribution after
tensile test. (b) The presented reconstructions correspond to the stress-strain values identiÞed
in the curve (0-iv). (c) The local fracture mechanisms, namely the ÞlamentsÕ micro-cracking,
the porosity damage growth, and the Þbers pull-out are highlighted for selected regions (A,
B, C). The image is modiÞed from [13].
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nisms, namely the Þlament deformation and cracking and the Þber pull-out, for the load

levels (i to iv) selected for specimen scanning. The characterization highlighted the inßuence

of the layer stacking on the fracture behavior of 3D printed composites and their anisotropic

mechanical properties [13]. The authors emphasized the necessity of such 3D characteriza-

tion approaches to correlate 3D printed compositesÕ macroscopic properties with multiscale

matrix and reinforcement features to identify the suitable applications for such structural

components and guide the design of reliable, high-performance structures.

Volumic inspection techniques such as X-ray computed tomography enlighten the 3D features

dispersion and their evolution under loading, clarifying their role in the failure of heteroge-

neous materials.

In conclusion, as shown in Table 2.1, the critical process parameters inßuencing the mechan-

ical performance of polymers and composites manufactured by FFF were described, focusing

on the temperature-driven Þlaments adhesion. I synthesized the characterization approaches

selected in the literature to study the architecture-driven failure of FFF parts and highlighted

the potential of contactless and volumic characterization techniques to identify the impact

of local features on damage propagation.

Table 2.1 Summary of the topics covered in the literature review, namely the FFF process,
materials, and challenges such as the Þlament adhesion, the architecture-driven failure of
polymers and composites manufactured by FFF, and the characterization approaches devel-
oped to study their fracture behavior.
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CHAPTER 3 OBJECTIVES AND SCIENTIFIC CONTRIBUTIONS

3.1 Literature review critical analysis

The literature review suggested a few criticalities and guidelines in understanding the fracture

behavior of composites manufactured by fused Þlament fabrication and designing reliable

structural parts, namely:

¥ The need for a robust approach to study the anisotropic mechanical properties of

polymers and composites manufactured by fused Þlament fabrication and enable high-

performance applications.

¥ The necessity to identify the role of multiscale features, such as layer stacking, mesoscale

porosity, Þlament and layer interfaces, in the fracture mechanics of 3D-printed parts to

avoid premature failure under loading.

¥ The suitability of contactless characterization techniques to identify the local phenom-

ena behind the damage nucleation within 3D-printed parts, such as crazing, interface

delamination, and pores expansion, and to track the crack propagation under loading.

¥ The possibility to quantify the volumetric evolution of local heterogeneities and manu-

facturing defects under loading by 3D inspection approaches such as X-ray tomography.

¥ The lack of robust constitutive damage models to reproduce the failure of parts man-

ufactured by fused Þlament fabrication due to the interplay of di"erent failure mecha-

nisms and the scarcity of coherent data for the model validation (e.g., fracture proper-

ties, full-Þeld measurements).

3.2 Objectives

The main objective of this thesis is to characterize the multiscale fracture behavior of 3D

printed composites, focusing on the role of local features (e.g., mesoscale porosity, interfaces,

Þbers dispersion) on the damage nucleation and propagation. The main objective was broken

down into the following sub-objectives:

SO1: Develop a characterization approach to study the interface delamination of

polymers and composites manufactured by fused Þlament fabrication.
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Contactless characterization approaches are required to study the interface delamination,

one of the most severe failure mechanisms for polymers and composites manufactured by

FFF under mode I load. I developed a microstereoscopic DIC-based technique to investigate

the interface crack propagation mechanisms of specimens manufactured with di"erent print-

ing strategies and layer stacking. The approach provided full-Þeld measurements enabling

the identiÞcation of the local phenomena driving the crack propagation and promoting the

development of damage models to reproduce the interface failure.

SO2: Investigate the multiscale fracture mechanics of short Þber-reinforced com-

posites manufactured by fused Þlament fabrication.

I combined standard tensile and fracture tests, microstereoscopic digital image correlation,

and X-ray tomography to investigate the complex fracture mechanics of short carbon Þber-

reinforced composites manufactured by FFF. The multiscale approach delivers an under-

standing of the inßuence of the Þbers and pores dispersal, the layer stacking, and the interface

strength on the damage nucleation and propagation mechanisms under loading.

SO3: Characterize the volumic damage nucleation and propagation within short

Þber-reinforced composites manufactured by fused Þlament fabrication.

3D characterization approaches thoroughly describe the fracture behavior of heterogeneous

materials, such as composites manufactured by FFF. In-situ X-ray tomography and 2D DIC

delivered an insight into the volumic fracture behavior of composites manufactured by FFF

by . I measured the mesoscale porosity growth at the ÞlamentsÕ interface under mode I load

through image segmentation. The slice imagesÕ greyscale pattern correlation allowed to track

the damage nucleation at the specimen mid-plane and the volumic stress concentration.

3.3 ScientiÞc contributions

Article 1: In-situ full-Þeld measurements for 3D printed polymers during mode

I interface failure

The article presents a microstereoscopic digital image correlation-based characterization ap-

proach to investigate the interlayer and interÞlament delamination of polymers and com-

posites manufactured by FFF. I provided full strain and displacement Þeld measurements

near the propagating crack for PLA compact tension specimens under mode I failure. The

recorded peak load and fracture energy together with the ÞeldsÕ heterogeneities and the crack

propagation mechanisms observed in the raw DIC images allowed to understand the local

crack propagation dynamics. In addition, SEM and X-ray tomography delivered further in-

sight into the architecture-driven damage propagation and the role of manufacturing defects
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and incomplete layers adhesion in the damage nucleation.

The article was published in theEngineering Fracture Mechanicsissue of June 15, 2022

(DOI: 10.1016/j.engfracmech.2022.108483). The Þrst author wrote the full article under the

scientiÞc supervision of Professors Martin LŽvesque and Daniel Therriault. Dr. Nicola Pic-

cirelli, one of the industrial partner representatives involved in the project, provided technical

oversight.

Article 2: Multiscale characterization of the fracture mechanics of additively

manufactured short Þber-reinforced composites

I analyzed the multiscale fracture behavior of short-Þber reinforced polyetheretherketone

specimens with di"erent alternate layer stackings (0! - 90! and ± 45! ) manufactured by FFF.

The longitudinal and transverse elastic properties and the fracture toughness were extracted

through standard tensile and bending tests. In addition, I investigated the inter and intralayer

delamination mechanisms and tracked the mesoscale crack propagation by microstereoscopic

DIC. The full-Þeld measurements conÞdence and heterogeneities highlighted local phenomena

such as the crack transfer to the neighbor layer interface or theV-shaped crack branching

along± 45! oriented Þlaments interfaces. X-ray tomography and image segmentation enabled

the validation of the observations drawn from the full-Þeld measurements analysis concerning

the role of porosity and Þbers dispersal in the damage propagation.

The article was submitted for consideration to theEngineering Fracture Mechanicsjournal

on January 30, 2023. The Þrst author wrote the full article under the scientiÞc supervision

of Professors Martin LŽvesque and Daniel Therriault. Facundo Sosa-Rey performed the

specimensÕ X-ray tomography inspection and developed the open-source software for image

segmentation. Dr. SŽbastien Pautard, one of the industrial partner representatives involved

in the project, provided technical and scientiÞc oversight.

Article 3: X-ray tomography-based characterization of the fracture behavior of

composites manufactured by fused Þlament fabrication

I studied the mesoscale porosity evolution at Þlament interfaces under opening load by in-situ

X-ray tomography testing and image segmentation with the open-source code OpenFiberSeg.

Additionally, the slice imagesÕ greyscale correlation over orthogonal planes in space delivered

2D displacement and strain contours. The full-Þeld measurements highlighted the hetero-

geneous specimen response and localized the strain concentration at the crack notch under

loading, where damage nucleates.

The article was submitted for consideration to theComposites Part A: Applied Science and

Manufacturing journal on March 20, 2023. The Þrst author wrote the full article under the
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scientiÞc supervision of Professors Martin LŽvesque and Daniel Therriault. Facundo Sosa-Rey

developed the open-source software for image segmentation and provided technical support

for image processing. Dr. Nicola Piccirelli, one of the industrial partner representatives

involved in the project, provided administrative oversight.
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CHAPTER 4 ARTICLE 1: IN-SITU FULL-FIELD MEASUREMENTS FOR

3D PRINTED POLYMERS DURING MODE I INTERFACE FAILURE

Alessandra Lingua1, Nicola Piccirelli2, Daniel Therriault 1, and Martin LŽvesque1

1 Laboratory for Multiscale Mechanics, Department of Mechanical Engineering, Polytech-

nique Montreal, 2900 boul. Edouard-Montpetit, Montreal, QC, Canada

2 Safran Composites, Safran Group, 33 Avenue de la Gare, Itteville 91760, France

Published in Engineering Fracture Mechanics on June 15, 2022.

4.1 Abstract

The fracture behavior of parts manufactured by fused Þlament fabrication (FFF) is highly

driven by their mesoscale architecture characterized by the presence of weak interfaces be-

tween layers and Þlaments, likely to fail under loading. We propose an in-situ characteriza-

tion approach to study the local phenomena driving the mode I interlayer and interÞlament

failure of FFF polymer specimens and support the development of a constitutive model

for the interface damage. We provide full-Þeld displacement and strain measurements by

microstereoscopic digital image correlation (DIC) over a region of interest of around 4" 3

mm2 in the proximity of the propagating crack for di"erently oriented interfaces. The high-

resolution cameras framework promotes the crack propagation monitoring and the crack

length tracking until the specimenÕs brittle failure. The local strain distribution reveals the

distinctive mesoscale failure and damage mechanisms of0! # 0! and 0! # 90! polylactic acid

interlayer and interÞlament interfaces. Overall, the0! # 90! stacking ensures higher frac-

ture properties when compared to the0! # 0! counterpart, in agreement with the specimens

force-displacement response recorded by the electromechanical testing device. Additionally,

we propose a correlation between the strain contour plot heterogeneities observed for0! # 90!

interlayer interfaces and0! # 0! interÞlament interfaces and the specimens architecture in-

spected by scanning electron microscopy or X-ray computed tomography. Ultimately, the

full-Þeld measurements promote the development and validation of a constitutive model ex-

plicitly capturing the mechanical behavior of the interface.
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4.2 Introduction

The most widespread additive manufacturing technique for neat and reinforced polymers

is the fused Þlament fabrication (FFF), also known as fused deposition modeling [6]. Its

success is mainly attributable to the processÕ simplicity, relatively low cost, and design ßexi-

bility [17,19,30,94]. The process consists in the selective deposition of a molten thermoplastic

polymer through a high-temperature nozzle on a heated bed, following the geometry previ-

ously speciÞed in a computer-aided design Þle [18]. The Þlament extrusion, deposition, and

stacking lead to the presence of interÞlament porosity and multiscale inclusions, likely to

become crack initiation sites under service conditions [21,42]. Moreover, the directional Þla-

ments deposition results in the Þnal part anisotropy [43,95,96]. From a fracture standpoint,

the most critical aspect for FFF structures is the presence of weak interfaces between Þlaments

and between deposited layers, causing the part premature failure under loading, when com-

pared to the counterpart manufactured by injection molding [3]. The sudden material cooling

below the glass transition temperature right after the extrusion hinders the polymer chains

entanglement at the interface, leading to the partial Þlament and layers bonding [36,38,53].

Therefore, the adhesion between subsequent layers is weaker than between Þlaments within

each layer due to the higher time required for the deposition of a full ply [6]. The printing

strategy plays a crucial role in the Þlaments bonding mechanism since it determines the time

required for deposition as well as the material contact surface for the molecular di"usion [57].

Due to the complex mesostructure and the mechanical properties dependence on the de-

position pattern, few works focus exclusively on the empirical and numerical study of the

fracture mechanics of FFF parts [47,97]. Recently, some authors proposed macroscopic char-

acterization approaches to capture the interface properties based on standard elastic and

fracture tests, with the aim of increasing the strength and sti"ness of the printed parts. The

monotonic and cyclic fracture behavior of FFF polymer specimens is studied by means of

standard tensile, compact tension, double cantilever beam, and single edge notch bend tests

under various loading conditions, according to the selected standard [49, 50, 55, 58]. The

estimated elastic properties and fracture toughness can be related to the printing parame-

ters and deposition path maximizing the Þlaments strength and the specimensÕ performance

in the Þbers alignment direction under loading [57]. However, a macroscale experimental

framework cannot faithfully describe the FFF interfaces damage mechanism, appreciable at

the Þlament scale, namely the mesoscale [2]. The presence of localized interÞlament porosity

and defects driving the crack nucleation and propagation, as well as the parts anisotropy,

can be detected at the mesoscale [53]. On the numerical side, the few authors presenting

computational studies on the mechanical behavior of FFF parts agree on the need of cap-
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turing the local phenomena and defects for the development of a reliable predictive model,

independently from the selected modeling approach [65].

Some authors underlined the suitability of optical techniques, such as digital image correla-

tion (DIC), to observe the local phenomena driving the failure of FFF parts [7,9,10,72,98].

DIC is a contactless approach delivering full-Þeld measurements on the surface of speci-

mens undergoing mechanical testing [99]. The local displacements are estimated by solving

the correlation problem between a reference and a deformed speckle pattern image, based

on the greyscale conservation equation [100]. The most common approach, known as lo-

cal DIC, relies on the image partitioning in subsets to ease the pixels identiÞcation during

deformation [101]. Smoothing techniques based on interpolation regularize the estimated dis-

placement and strain Þeld over the whole specimen surface to obtain continuous Þelds [67].

In the context of the mechanical characterization of FFF parts, DIC o"ers the possibility

to understand the inßuence of the local architecture heterogeneities and of the deposition

pattern on the crack propagation [9,102]. Marae Djouda et al. [102] presented a DIC based

approach to track the crack tip displacement and qualitatively assess the inßuence of the

printing architecture on the failure behavior of FFF parts. However, the images acquisition

framework resolution does not enable the mesoscale observation of the strain distribution at

the crack tip, independently from the local heterogeneities related to the deposition pattern.

Zhang et al. [9] studied the inßuence of the build orientation on the fracture behavior and

on the macroscopic strain distribution of FFF composites by DIC. Despite enriching the

understanding gained through standard testing, the measurements were performed over a

region of interest of dozens of mm, not allowing to appreciate the local phenomena driving

failure. Isaac et al. [10] highlighted the possibility to transfer the macroscopic DIC data ac-

quired during the failure of FFF specimens to a Þnite element framework for the derivation

of the specimensÕ energy release rate under three point bending. The described recent works

support the choice of DIC to study the failure of FFF parts, underlining the presence of a

gap between the characterization and modeling spheres at the meso and microscale in the

context of FFF. High-resolution mesoscale full-Þeld measurements are necessary to develop

and validate constitutive models explicitly reproducing the local damage [103]. To the best

of our knowledge, no such measurements are available in the publicly accessible literature.

In this work, we propose a stereo DIC based in-situ approach to characterize the fracture

behavior of FFF specimens, with the aim of providing the understanding and the dataset

required for the development of a constitutive model. We focus on the mode I (opening

mode) interlayer and interÞlament delamination, deÞned as the failure localized at the inter-

face between deposited layers and between Þlaments within the same layer, respectively. We
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describe in detail the framework designed to perform microscale DIC measurements over a

region of interest of around3" 4 mm2 on the surface of polylactic acid (PLA) miniature com-

pact tension (CT) specimens. The choice of PLA as the feedstock material for the approach

validation derives from the relatively low material cost and well known printing parame-

ters [60]. We manufactured specimens with di"erent stackings, namely0! # 0! and 0! # 90! ,

to evaluate the fracture mechanics of FFF structures with di"erent degrees of anisotropy.

The presented full-Þeld displacement and strain measurements provide an understanding of

the mesoscale damage evolution in the vicinity of the interface, such as crazing or adhesive

failure, for di"erent stacking sequences. Moreover, we tuned the correlation analysis param-

eters to enhance the measurementsÕ resolution achievable with the stereomicroscopic system

to promote the development and validation of a constitutive model explicitly reproducing

the interface failure. The specimens microstructure investigation by scanning electron mi-

croscopy (SEM) and X-ray computed tomography (XCT), as well as fractography, enriched

the damage mechanism understanding.

4.3 Materials and methods

4.3.1 Specimens manufacturing and preparation

We designed ad-hoc miniature compact tension (CT) specimens for thein-situ characteriza-

tion of interlayer and interÞlament interfaces. The ASTM E1820-20 standard CT specimen

design [104] was tuned to speed up the specimens manufacturing process, as well as to re-

duce the material waste. Figure 4.1a illustrates the miniature CT specimen Þnal geometry,

in agreement with the size of the region of interest required to perform microscale mea-

surements (! 5 " 5 mm2). The close-up view shows the narrow notch as thick as a single

deposited layer designed to guide the pre-cracking at the mid-plane interface. The slicing

and the GCode generation were performed with the software Simplify3D. All the specimens

were manufactured with the RAISE3D Pro2 dual extruder using polylactic acid (PLA). We

used commercially available PLA Þlaments supplied by RAISE3DTM with a diameter of 1.75

mm. A nozzle temperature of210! C and bed temperature of60! C promoted the smooth

polymer extrusion through the 0.4 mm nozzle and the steady part adhesion to the platform.

The inÞll and the layer thickness were set at 100% and 200µm, respectively, to characterize

the interfaces between Þlaments and fully-dense layers. We manually removed the support

at the pin holes and at the mid-plane notch of specimens manufactured for the interlayer

delamination characterization.

The specimens were then polished with the Buehler Metaserv 2000 grinder-polisher using
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Figure 4.1 Miniature CT specimen design and pre-cracking strategy. (a) Specimen geometry
determined to guarantee the successful damage tracking and the controlled crack propaga-
tion at the notched mid-plane (in the close-up view). All the dimensions are in mm. (b)
Mechanical pre-cracking framework, including a hammer (1) for the impact force transfer to
the specimen held by a grips system (2) to ensure its steady placement and stability. The
razor blade (3), carefully inserted in correspondence with the CT specimen notch (4), yields
a sharp pre-cracking at the specimen midplane.

CarbiMetTM silicon carbide abrasive paper with decreasing roughness (grit sizes of 240, 320

and 600). We polished the specimens exclusively on one side, to avoid critically decreasing

their nominal thickness. Once polished, the specimens were mechanically pre-cracked using a

Stanley single edge razor blade for a sharp indentation. Figure 4.1b illustrates the approach

selected to initiate the failure in correspondence of the weakest interface in the proximity of

the designed notch. The metallic sample holder (2) ensured the steady blade (3)-specimen

(4) notch alignment to initiate the failure at the mid-plane by transferring the hammer (1)

impact force.

Figure 4.2 illustrates the two printing strategies to manufacture specimens undergoing inter-

layer (A) and interÞlament (B) failure, together with the resulting specimensÕ cross-section

observed by SEM for0! # 90! specimens. We manufactured four specimens for each stacking

(0! # 0! and 0! # 90! ) and printing strategy (A and B), for a total of 16 mechanically tested

specimens. The0! and 90! directions are deÞned as well in Fig. 2a, as corresponding to the

positive øx and øy directions in the global reference system (as opposed to thex, y, z specimen

reference system), respectively. During manufacturing, the Þlaments were squeezed to an el-

liptical cross-section due to the layers stacking, as revealed the0! # 90! interlayer specimens

inspection by SEM (Þg. 4.2b).

Each printing job comprised of the sequential manufacturing of two miniature CT specimens

with the same stacking sequence and layers orientation at a printing speed of 55 mm/s, for a
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Figure 4.2 Miniature CT specimens printing strategy (a) and Þlament stacking architecture
observed by SEM (b). (a) Two GCodes were prepared to manufacture specimens for the
characterization of interlayer (A) and interÞlament (B) failures. The0! and 90! directions
coincide with the øx and øy axes in the global reference system, respectively. The Þlament
deposition layer-by-layer is schematized for both the0! # 0! and the 0! # 90! stacking.
(b) 0! # 90! specimensÕ cross-section inspection by SEM. The Þlaments are squeezed to an
elliptical cross-section, due to the stacking during manufacturing. InterÞlament porosity
originates in the regular0! # 90! layers piling up, as highlighted in the SEM image.

total time of approximately 3.5 hours (average of the printing times required by the di"erent

stacking and strategy). For the purpose of consistency, each set of four specimens per stacking

sequence and deposition strategy was 3D printed the same day to control the inßuence of the

environmental conditions (mainly temperature and air humidity) on the material properties.

Around 65.5 g (from a 1 kg spool) of PLA were required to print a full set of specimens.

The specimens were then prepared to perform DIC. Two thin layers of Rust-Oleum 2X

ultra cover mat white paint were homogeneously applied on the specimensÕ surface using a

commercial mat spray paint. Black acrylic ink was vaporized with an Abest airbrush on the

dry white paint until a Þne non-periodic speckle pattern for correlation was obtained. The

nebulisation time was monitored up to a maximum of 5 s per specimen to achieve a consistent

greyscale pattern intensity for all the specimens of the set. This homogeneity granted the

preservation of the same lighting for the images acquisition during mechanical testing.
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4.3.2 In-situ characterization by stereo digital image correlation

Images acquisition and mechanical testing setup

The Vic-3D stereo microscope system and the Vic-Snap software from Correlated Solutions

enabled the timed DIC images acquisition, during the specimensÕ loading using the MTS

Insight electromechanical testing device. Figure 4.3a illustrates the imaging framework held

by the precision 3-axis stage designed for thex, y and z microscope alignment with the

region of interest, as well as the vibrations damping. Two high-resolution Grasshopper3

GS3-U3-50S5M cameras, supplied by Correlated Solutions, were installed on the Olympus

SDF PLAPO 1.6XPF stereomicroscope, to track the crack advancement on the patterned

specimen surface.

We manually aligned the beamsplitter mirrors to keep the lenses parfocal and calibrated the

imaging setup for distortion, in-plane, and out-of-plane displacements, using the glass mi-

croscope calibration targets supplied by Correlated Solutions. The microscope magniÞcation

of 1 and the camerasÕ acquisition rate of 5 fps enabled the crack tracking over a region of

interest of around4" 5 mm2 on the specimen surface, as shown in the close-up in Figure 4.3b.

Despite the small specimensÕ out-of-plane displacements, the out-of-plane calibration ensured
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Figure 4.3 DIC images acquisition framework (a) and region of interest for correlation on the
specimen surface (b). The schematic view in (a) shows the stereomicroscope module for the
images acquisition, including the high-resolution camera system (1), the beamsplitter (2), the
microscope head (3), and the precision support setup (4, 5), controlling the stereomicroscope
alignment. (b) The real-time monitoring of the crack propagation under opening load (P)
was performed over a region of around4 " 5 mm2 on the CT specimen surface. A region of
interest of approximately 3 " 4 mm2 in the vicinity of the interface undergoing damage was
identiÞed for the DIC measurements.
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a higher in-plane measurements accuracy since they were una"ected by thez rigid body mo-

tion.

The MTS Insight¨ electromechanical testing machine, with conventional compact tension

grips installed, was used to load the miniature specimens. A preliminary mechanical testing

phase was carried out to identify the suitable load range and crosshead speed to track the

interface delamination of PLA miniature CT specimens by DIC. The totality of the tests was

thus conducted with a load cell of 1 kN installed on the testing device, under displacement

control at a crosshead speed of 1 mm/min (aequlivalent to 0.017 mm/s).

Images analysis for correlation

The image analysis was carried out with the subset-based correlation software Vic-3D v7.

The region of interest dimensions were selected to track the displacement and strain ÞeldsÕ

evolution over time. The software automatically generated the mesh according to the input

subset size and step, namely the dimensions and mutual distance (referred to the subset

center point) between each mesh element. The default meshing implemented in Vic-3D

is based on squared elements. The suitable subset size was iteratively identiÞed for each

experiment based on the speckle pattern quality, as well as on the deformationsÕ order of

magnitude. We selected a subset size of! 90 to 95 pixels to reduce the edge e"ect and thus

the correlation loss and increase the overall measurementsÕ resolution. The gaussian weights

analysis setting for a center-weighted matching during correlation allowed to increase the

spatial resolution [105]. The optimized 8 tap interpolation approach implemented in Vic-3D

was activated to smooth the measurements at the sub-pixel scale and provide continuous

Þelds. We selected the zero normalized squared di"erence criterion to solve the correlation

optimization problem. The low-pass Þlter function implemented in the software removed

the matching outliers where the speckle pattern was Þne. Finally, the exhaustive search

approach allowed to iterate the matching problem solution until successful subset matching

was attained. The consistency thresholds, the stereo and conÞdence margins were set to 0.05

pixels. The matchability threshold for the low-contrast subsets removal was set at 0.12 pixels.

The Lagrangian strain Þlter was iteratively identiÞed in the range of 7-15 pixels to Þnd the

trade-o" between an increased spatial resolution and a controlled measurements noise. The

rigid body motion was removed once the analysis was completed, using the default average

transformation implemented in the software to isolate the local e"ects. We extracted the

displacements and strains data provided by Vic-3D and plotted with a Python code created

ad-hoc for a more ßexible post-processing.
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4.3.3 Specimens post-mortem analysis

SEM and X-ray computed tomography (XCT) delivered a bidimensional or tridimensional

understanding of the specimens architecture after failure. We inspected the specimens frac-

ture surface post-mortem by optical microscopy at adequate magniÞcation and resolution.

Microstructural analysis by scanning electron microscopy and computed tomog-

raphy

First, the specimens were cut to the size constraints for the SEM observation (5 " 5 mm2

maximum) as well as to observe the cross-section surface during inspection. A notch was

carved along the ideal cutting line with the Buehler ISOMET low-speed saw, using a dia-

mond wafering blade. The specimens were then immersed in liquid nitrogen to ease their

mechanical fragmentation along the carved notch. No polishing was performed to avoid the

material inclusion to preserve the specimen microstructure. Coating the polymer samples

with a 20 nm chromium layer was necessary to enable the interaction with the electron source

for imaging. The scanning was performed with a Hitachi-TM3030Plus tabletop microscope

at an accelerating voltage of 15 kV.

XCT was carried out in parallel with the Zeiss XradiaTM 520 Versa X-ray computed tomog-

raphy system for the specimens non-destructive tridimensional inspection, with the source

voltage and power at 50 kV and 4 W, respectively, with a 4X objective and an LE1 Þlter,

for an exposure time of 2 s. The fragments were cut from di"erent CT specimens for the

inspection and glued to the support to ensure a Þrm placement between the source and

the detector. The scans were analyzed with the visualization and reconstruction software

DragonFLy Pro 2020.1.

Fractography

The specimens fracture surface was inspected with the Olympus SZX-12 microscope, without

any surface treatment. A relatively low magniÞcation (7X) was required to observe the

fracture as well as the pre-cracked surface in the same image and thus study the damage

nucleation.
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4.4 Results and discussion

4.4.1 Full-Þeld measurements

We tested two sets of specimens per stacking and printing strategy. We successfully analyzed

the images that revealed a Þne speckle pattern on the specimen surface and the damage

propagation restricted at the mid-plane interface during testing. We present the displacement

and Lagrangian strain contour plots for one representative specimen per stacking and failure

mechanism, for which the correlation was successful during testing. The displayed ROI

measures3 " 4 mm2, guaranteeing the tracking of the process zone at the crack tip during

delamination. We studied they component of the displacement (V), since aligned with the

loading direction, and thex and the y strain (") components, for a thorough analysis from a

modelling perspective.

Full-Þeld measurements for specimens with 0! # 0! oriented interfaces undergoing

interlayer failure

Figure 4.4 shows the V and" contour plots found for specimens with0! # 0! oriented in-

terfaces undergoing interlayer delamination. Three time steps were considered (t1, t2, t3),

each corresponding to the increasing applied load displayed, to appreciate the Þeld evolution

during time until the specimen brittle failure.

First, we observe that the parameters selected for the images analysis ensured a successful

correlation over the full ROI, with a reduced loss of information in the vicinity of the prop-

agating discontinuity. The crack length growth from 1.67 mm to 2.62 mm can be directly

determined on the mesoscale DIC images, for an applied loadP of 367, 395, and 438 N.

We selected a subset size of 91 pixels, a 13 pixels step as well as a 15 pixels Þlter size for

the strain calculation to preserve a smooth strain distribution and reduce the measurementsÕ

noise, resulting in a displacement and strain spatial resolution of 189µm and 567µm, respec-

tively [66,100]. The nearly symmetricV Þeld shown in Figure 4.4 revealed that the applied

load was properly transferred from the pins to the specimen mid-plane interface undergoing

damage. Moreover, the localized crack propagation at the specimens mid-plane from (a) to

(c) conÞrmed the e"ectiveness of the pre-cracking approach. For modeling purposes, the

crack length can be measured in the contour plots for di"erent time steps as well, more accu-

rately than by visual inspection. As expected, the localV intensity is increasing with time,

following the specimen macroscopic displacement trend until failure, with a distribution in

agreement with the testing boundary conditions. The localx and y strain intensity is in-

creasing from (a) to (b), following the macroscopic specimen response, until the brittle failure
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Figure 4.4 Displacement and strain contour plots by DIC for specimens with0! # 0! oriented
interfaces undergoing interlayer failure. The measurements were performed over the3 " 4
mm2 ROI in the vicinity of the delamination front. Little information is lost around the
propagating crack. Three time steps prior to the specimen brittle failure are considered,
for an increasing applied loadP, to study the ÞeldsÕ evolution over time. The DIC images
show that the crack propagates at the pre-cracked specimen mid-plane interface for! 1 mm,
without any crack path alteration due to the presence of defects. TheV displacement contour
plot is nearly symmetric, conÞrming the e"ective load transfer to the specimen mid-plane.
The crack path reveals the doubling of the crack length from (a) to (c). The"xx and "yy Þelds
show an increasing process zone size and local strain intensity during failure, in agreement
with the applied opening load. The"yy plot is characterized by the lobesÕ shape at the crack
tip (in red), compliant with the distribution expected for specimens undergoing opening mode
failure [14], even more appreciable in the rescaled"yy contour plot. The contour plots scale
bar corresponds to 500µm.
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for an applied load P of 465 N. The"yy distribution is compliant with the ÕbutterßyÕ lobes

shape that characterizes the crack tip of fracture specimens undergoing mode I failure [14],

with a peak value localized at the crack tip. The"yy ÕbutterßyÕ lobes distribution is kept

during delamination from (a) to (c), as a consequence of the crack propagation at the speci-

men mid-plane interface, without any deviation due to the presence of defects promoting the

local damage. Additionally, we propose the same"yy contour with a narrower scale to better

appreciate the strain distribution around the delamination front and its evolution prior to

failure. The choice of a narrower scale emphasizes the size of the area strictly involved by

the failure process and the"yy strain distribution over it.

Full-Þeld measurements for specimens with 0! # 90! oriented interfaces undergoing

interlayer failure

Figure 4.5 shows theV and strain contour plots extracted for specimens with0! # 90! stacking

undergoing interlayer failure, with a spatial resolution of 189µm. The DIC images show the

nucleation (a), growth (b), and breakage (c) of the polymerÞbrils, stretching across the

interface during mode I failure, while the crack grows from 0.9 to 2.3 mm.

The V contour plot symmetry was kept during propagation, further validating the e"ective

interface loading. The crack length quantitative growth during propagation can be estimated

from the contour plot, as the convolute failure mechanism complicates the crack tip identiÞ-

cation directly from the DIC images. The selected subset size (91 pixels) and step (5 pixels)

ensured a minimum loss of information in the close vicinity of the discontinuity. A lower

Þlter of 9 pixels for the strain computation allowed to reach a strain spatial resolution of 272

µm that highlighted the " heterogeneities, though introducing additional noise in the contour

plots. As a consequence of the90! oriented Þlaments strengthening, the local"xx and "yy

peak values were approximately twice those recorded for0! # 0! interfaces. In contrast to the

smooth"yy strain distribution described in Section 4.4.1 at the crack tip of CT samples with

0! # 0! oriented interfaces, strain concentration areas, highlighted in red in the"yy contour

for P=438 N, were periodically rising along the crack path. The"yy colormap scale is tuned

to further appreciate the opening strain lobes distribution (in red) at the crack tip and the

strain concentration areas arrangement along the delamination front. We studied the full set

of specimens with0! # 90! stacking undergoing interlayer delamination to obtain a further

insight into the origin of the observed opening strain distribution. All the"yy contour plots

presented the same periodic strain concentration distribution along the crack propagation di-

rection. We inspected the specimens by XCT to identify the mesostructure-based phenomena

driving failure, at the origin of the local strain heterogeneities.
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