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Introduction

Fiber-reinforced polymers (FRPs) are the dominant composite
material used in applications such as aerospace,
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Carbon fiber-reinforced polymers (CFRPs) are of utmost importance in high-performance structural
applications due to their unique combination of light-weight, yet high-strength behaviour. However, their
behaviour and damage mechanisms are not fully understood. Damage propagation models need to take
into account the type, geometry and orientation of a multitude of failure mechanisms and defects. Micro-
Computed Tomography (micro-CT) data could provide the necessary input for these models, but the
poor contrast between the carbon fibers and the polymer matrix does not allow automatic geometry
extraction needed as input. To overcome this issue, hafnium oxide nanocrystals (HfO, NCs) were intro-
duced as CT contrast agents to the polymer matrix to provide the required contrast. To ensure a homo-
geneous and stable dispersion of the NCs in the epoxy resin, a bisphosphonic acid ligand consisting of
ethylene glycol oligomer segments was used. The NCs did not significantly alter important parameters
such as matrix stiffness, viscosity, glass transition temperature and curing time, enabling them to be
implemented without having to alter current composite resin infusion methods. NC-doped CFRPs with 5
and 10 m% of HfO, NCs added showed a drastic improvement in CT contrast, allowing for segmentation
of the carbon fiber tows and visualization of micrometer-scale cracks. The contrast-enhanced NC-doped
composites thereby enable the validation of damage models by accurate micro-CT data.

polymer is reinforced with micrometer-sized fibers, typically
carbon (CFRPs) or glass fibers (GFRPs). The resulting material
is heterogeneous and anisotropic in nature, making its behav-

1,2 iour different from traditional structural materials such as

auto-

motive,** wind energy>® and more.””® Their high corrosion re-
sistance and specific strength and stiffness make them of
interest for weight-critical structural applications. In structural
applications, FRPs typically consist of a thermoset (cross-
linked) polymer matrix because of its improved thermal and
chemical stability, as well as fiber bonding properties, com-
pared with thermoplastic (non-crosslinked) matrices.'®*" The
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steel and convoluting the prediction of damage. The type, geo-
metry and orientation of a multitude of failure mechanisms
and defects (i.e. delamination, matrix cracking, fiber failure,
fiber-matrix debonding, inclusions and voids)'>"* need to be
taken into account. Furthermore, the interactions between
these defects are of interest, as they often lay the basis for final
composite failure.

Micro-Computed Tomography (micro-CT) has become para-
mount in the development of damage and failure prediction
models, as it is the only non-destructive evaluation technique
that gives a high-resolution three-dimensional (3D) representa-
tion of the scanned object with a minimum of sample
preparation.”*"” By sending X-rays through the sample, its
internal structure is revealed with (sub-)micrometer resolution.
Micro-CT analysis is therefore used in composite research for
the analysis and identification of damage and microstruc-
tures.'® It has been applied for crack visualization,'®'® damage
due to loading,**** impact,>*?* fatigue*>*® and to determine
manufacturing defects such as porosity””®® and fiber
misalighment.>®?° With time-lapse 3D imaging even the
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in situ propagation of damage effects during loading can be
visualized.'®*! CT relies on differences in X-ray attenuation to
generate a tomographic image. The aforementioned studies
are thus limited to metal and ceramic matrix composites or
synchrotron sources.” Synchrotron CT scans can obtain better
contrast-to-noise and are therefore often used, but come at the
downside of large and expensive facilities with limited accessi-
bility. Crucial research is therefore slowed down or restricted
because synchrotron sources are time-consuming and can only
scan small samples. For lab-based sources, the current state-
of-the-art to visualize cracks in polymer matrices utilizes
iodine-based dye penetrants. However, this approach can only
visualize the cracks that are exposed to the penetrant, ie.
those that are directly connected to the external surface.'?"*3?
Dye penetrants also affect the growth of cracks and signifi-
cantly stiffen the tows, which makes the mechanical perform-
ance after staining unreliable.>*7*

Simulations of composite behavior and its damage propa-
gation are primarily done via finite element modelling (FEM),
which subdivides a highly complex system into a mesh of
smaller, manageable elements whose behaviour is more
readily understood.*® Significant improvements have been
obtained with models based on micro-CT images,**™*! but the
quality of the final model strongly depends on the input CT
image quality.*” The image-based mesh is constructed from
the micro-CT scan via segmentation, a post-processing tech-
nique which virtually separates different elements based on
their difference in greyscale value (i.e. contrast)."” The segmen-
tation efficiency is mainly dependent on signal-to-noise and
contrast,”® and the latter is largely material-dependent. CT
analysis of GFRPs can readily extract the glass fibers from the
polymer matrix. CFRPs on the other hand have poor contrast
between carbon fibers and the polymer matrix, making auto-
matic segmentation of single fibers or tows from the undoped
matrix a challenging problem. CFRPs thus rely on contrast
enhancement for segmentation of CT images. Besides the
aforementioned dye penetrants to visualize surface-accessible
cracks, contrast enhancement of the boundaries between tows
and resin has been done using nanometer-sized coatings on
the tows, typically gold or copper, or using resin additives.****
The addition of high-density particles which improve the con-
trast of the matrix is the only option allowing visualization of
cracks throughout the complete matrix and making automatic
segmentation possible even to the individual fiber level.
Djukic et al. introduced Al,0O; and BaSO, nano- and micropar-
ticles to epoxy; however, the particles were not uniformly dis-
tributed and did not result in a stable nanocomposite
mixture."® An unstable particle-based contrast agent creates
problematic local artefacts in micro-CT, rather than providing
homogeneous contrast enhancement. Furthermore, agglomer-
ated particles have a large, typically negative, effect on the pro-
perties of the matrix, such as an increase in viscosity of the
resin which complicates the manufacturing process. The
issues with gravitational sinking and/or agglomeration of the
nanoparticles mean that nanoparticle-based contrast agents in
polymer nanocomposites are limited and there are no homo-
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geneous dispersions available for fiber-reinforced polymers.
High-atomic number nanoparticles (NPs) such as Au,**®
Ta0,,*”"*® WO,,*° Bi,S; *"** and HfO, **° have been used in
clinical settings as CT contrast agents. Recently, we used HfO,
nanocrystals (NCs) as CT contrast agents in a polymethyl-
methacrylate polymer resin for the casting of biological speci-
mens.”” In this study, we demonstrate the potential of HfO, NCs
as CT contrast agents for CFRPs. By careful surface chemistry
design, we obtain a homogeneous and stable dispersion in the
epoxy resin using of a bidentate phosphonic acid ligand. The
HfO, NCs remain stable during and after curing, and signifi-
cantly improve the CT contrast of the composites. Because of the
homogeneous distribution, mechanical properties of the NC-
doped matrix, such as matrix stiffness, viscosity, glass transition
temperature and curing time, are not negatively affected. Current
existing resin infusion methods can be used without adaptation.
The NC-doped CFRPs demonstrate significant contrast enhance-
ment, which increases with increasing HfO, NCs added. The CT
contrast allows for straightforward and accurate segmentation of
the carbon fiber tows, opening the door to modeling of carbon
fiber composites with automatic segmentation using lab-based
CT. These damage and behaviour models lead to a better under-
standing of composite behaviour, an important step towards the
elimination of unexpected composite failure.

Results and discussion
Synthesis of HfO, nanocrystals

Hafnium oxide nanocrystals were synthesized via a microwave-
assisted solvothermal synthesis, starting from HfCl,-2THF in
benzyl alcohol as shown in Fig. 1A.°®°° We recently scaled up
this reaction, resulting in multiple grams of HfO, NCs per syn-
thesis,”” and we have shown that the reaction time can be
reduced to 1 hour.®® The bottleneck for large-scale NC pro-
duction is currently the post-synthetic purification, which
requires multiple time-consuming centrifugation steps. We
present a work-up protocol optimized for gram-scale synth-
eses, without the need for centrifugation. After synthesis the
reaction mixture is split up into an aqueous phase containing
the NCs and an organic phase, which can be separated using a
separation funnel. From the observation that particles agglom-
erate to clusters larger than 1 pm when an appropriate non-
solvent is added, further purification of excess chloride and
ligands is possible using por5 fritted filters. The filtrate is
mostly NC-free, while the agglomerated NCs remain on the
filter. The resulting NCs are ellipsoidal, with a major axis of
8.5 + 5.5 nm and a minor axis of 5.2 + 2.5 nm (u + 30) as deter-
mined via transmission electron microscopy (TEM) (Fig. 1B).
Powder X-ray diffraction (PXRD) confirmed their monoclinic
(P24/c) crystal structure (Fig. 1C). After synthesis, the resulting
particles are de-aggregated using a mixture of fatty acid in the
presence of a base to functionalize the surface.>® Typically the
NC surface is functionalized with oleic acid, providing excel-
lent stability in nonpolar solvents. The final NC stability is not
affected by the filter steps, as evidenced by dynamic light scat-

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (A) Synthesis reaction scheme of HfO, NCs starting from HfCls-2THF in benzyl alcohol. (B) TEM image of the synthesized NCs. The size distri-

bution and a zoom of a single NC is shown in the top and bottom left corner, respectively. (C) XRD spectrum (grey) with a monoclinic reference
spectrum (black, COD ID 9013470). (D) Volume size distribution DLS measurement of HfO,/oleate in chloroform.

tering (DLS). In chloroform, the suspension of HfO,/oleate has
a Z-average value of 17 + 6 nm (¢ + 30)(Fig. 1D). The appropri-
ate non-solvent is used to precipitate the NCs and wash them
on the fritted filter. The NCs are washed with the same nonsol-
vent in order to remove all excess (free) ligand. Broadened 'H
nuclear magnetic resonance (NMR) peaks are indicative of
bound ligands and show good purification (Fig. S11).6*7%

Influence of the surface chemistry

High-resolution (micro-) CT can obtain resolutions in the sub-
micrometer range.*®® The HfO, NCs should therefore be
homogeneously dispersed and remain stable in the composite
resin during curing. Micrometer-sized NC agglomerates are
detected in the micro-CT scans, complicating or even eliminat-
ing the possibility of automatic segmentation. The most
common thermoset matrices for FRPs are epoxy, polyester,
vinylester, phenolic and polyurethane.'® Though our approach
can be expanded to different resins by optimizing the surface
chemistry to match the resin of choice, we chose to focus on
epoxy as it is considered the most widely utilized resin for
high-performance structural applications.®® Although it is
more expensive, epoxy outperforms other resins in terms of
mechanical properties (e.g. tensile strength) and durability
(corrosion and moisture resistance).®® We used a commercially
available epoxy (Epikote RIMR135) with a diamine curing
agent (Epikure RIMH137) widely used for composite
synthesis.®”””! The stability of NCs is largely determined by the
ligands capping the NC surface,”>”? especially in challenging
environments such as polymer resins.”*”7® Matrix-compatible
ligands improve the enthalpic compatibility and have been
shown to give great colloidal stability.”””® To assess the influ-

This journal is © The Royal Society of Chemistry 2025

ence of ligand binding groups and tails on the stability in the
resin, three different binding groups with a high binding
affinity for the metal oxide surface were chosen: carboxylic
acids,”®"®! phosphonic acids®*~®° and bisphosphonic acids®”~*°
(Fig. 2A). The colloidal stability of the ligand-functionalized
NCs in the resin was determined by DLS measurements. Lower
solvodynamic diameters indicate well-dispersed NCs. An over-
view of all '"H NMR spectra confirming the successful exchange
and the corresponding volume distributions in the resin
according to DLS is given in Fig. S2.f A selection of those
volume distributions in Fig. 2B highlights two noticeable
trends. First, carboxylic acids perform worse overall than phos-
phonic acids and bisphosphonic acids, indicating that the
binding group strength plays a role in the overall colloidal
stability. Second, the polarity of the ligand tail is the determin-
ing factor for the colloidal stability in the resin. Ligands with
repeating polyethyleneglycol (PEG) units have better stability
than aliphatic chains. The best colloidal stability in the resin,
confirmed by DLS, was obtained with (bis)phosphonic acids
having PEG-units as organic tail. Based on the Z-average value,
which describes the intensity-weighted average particle size
and is most sensitive to agglomeration, bisPA-mPEG[6] (4 + 30
=23 + 6 nm) and PA-mPEG[2] (24 + 3 nm) have superior stabi-
lity to the other ligands. Selected mixed ligand shells, combin-
ing polar and nonpolar tails, that were tested do not outper-
form a fully (bis)phosphonic acid shell (Fig. S27).

Solely based on DLS data one might expect that the bispho-
sphonic acid only slightly outperforms the phosphonic acid in
terms of stability in the resin. After curing, however, clear
visual turbidity in the phosphonic samples could be observed
whereas this was completely absent in the bisphosphonic acid

Nanoscale, 2025, 17, 10219-10238 | 10221
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(A) Overview of the ligand library separated by binding group and polarity. (B) Volume size distribution DLS data of HfO, NCs characterized

with several ligands. (C) TEM slice of 5 m% HfO,/BisPA-mPEGI6] in epoxy shows the homogeneous distribution.

samples, shown in Fig. S3A.1 The turbidity is linked to the
presence of large NC agglomerates, evidenced by TEM images
of the nanocomposite samples (Fig. S3D7). The epoxy resin is
poly(bisphenol-A-co-epichlorhydrin)-based and  crosslinks
upon addition of a combination of diamine curing agents. We
found that the latter reacts with the phosphonic acid on the
NC surface and strips it during curing, leaving the NCs desta-
bilized in the resin. >'P NMR spectra of the phosphonic acid
ligand-functionalized NCs originally showed a broad peak,
indicative of bound ligands. After addition of the curing agent,
a sharp peak of free ligand appeared within minutes, proving
that ligands are actively stripped from the surface (Fig. S3BY).
Bisphosphonic acids on the other hand have a higher binding
affinity to the HfO, surface due to their multidentate binding
mode (evidenced by the lower ligand density, see ESIt) and do
not get stripped from the surface during curing. A control
experiment using an excess of curing agent revealed that
ligand removal for the bisphosphonic acid was only observed
after 48 h, but as the epoxy resin itself will be cured in a few
hours, the particles are set in place before they can agglomer-
ate. TEM slices of cured composites showed that no agglom-
erations larger than 50 nm were present in the nanocomposite
sample of HfO,/bisPA-mPEG (Fig. 2C). In addition, the NCs
were stable in the uncured resin mixture up to a week, demon-
strated using DLS in Fig. S4.7 Bisphosphonic acids will there-
fore be the preferred ligand for other resins which contain
materials that could compete with the surface ligands, e.g.
polyesters or vinylesters.

Ligand synthesis and exchange

In the application of CT contrast-enhanced CFRPs, the NC dis-
persion is required to be both homogeneous and stable to
create homogeneous contrast and have a minimal influence
on the mechanical properties. After evaluating the surface
chemistry, the bisphosphonic acid bisPA-mPEG[6] was shown
to result in such a dispersion. Having thus found the
optimum ligand, we sought to improve its synthesis and post-
synthetic ligand exchange. We based our synthesis of bisPA-
mPEG[6] on the synthetic strategy for alkylbisphosphonic

10222 | Nanoscale, 2025, 17,10219-10238

acids published by Egorov et al°® This one-pot synthesis
started from the corresponding acid (Fig. 3A) and received
higher purity (97% based on *'P NMR) than the commercially
available bisPA-mPEG[6]. The final ligand was fully character-
ized with MS and NMR spectroscopy, see Fig. S5-8.7 The syn-
thesized bisPA-mPEG[6] could be successfully exchanged on
the HfO, NC surface as confirmed in Fig. 3B by the broadened
'H and *'P NMR resonances. The functionalized NCs had a
comparable ligand density (1.26 ligands per nm?) to the com-
mercial equivalent (1.28 ligands per nm?®) as determined via
thermogravimetric analysis (TGA),”” see Fig. 3C. Their stability
in the epoxy resin slightly outperformed the NCs functiona-
lized with the commercial equivalent (Fig. S97), likely due the
higher quality compared with the commercial product. The
synthesis can also be applied starting from more economical
carboxylic acids with shorter PEG-chains and thus allows for
the creation of bisphosphonic acid ligands with a variety of
ligand tail lengths or types better suited for other resins.
Shorter bisphosphonic acids provide also good colloidal stabi-
lity in epoxy (Fig. S21). To demonstrate this, we synthesized
bisPA-mPEG[2], again with higher purity (96% based on *'P
NMR) than the commercially available alternative, and fully
characterized with MS and NMR spectroscopy, shown in
Fig. S10-513.1 The synthesized HfO,/bisPA-mPEG|[2] NC stabi-
lity in the resin was also slightly better than the commercial
ligand, see Fig. S14.1

The NC surface is typically stabilized by oleate ligands after
synthesis (Fig. S1t). Bisphosphonic acids can be exchanged on
the metal oxide surface from oleate in an X-for-X ligand
exchange’ due to their higher binding affinity.*® Following
our previously reported protocol,”” we simplified the post-syn-
thetic surface modification. The bisphosphonic acid was
added directly after synthesis, eliminating the need for the
oleate in-between step. Fig. S151 shows the reaction scheme
for the indirect and direct exchange. The direct exchange was
achieved using triethyl amine as a base to drive the reaction
equilibrium to a full exchange, see Fig. S16.f A photometric
chloride test confirmed the removal of all adsorbed chloride
on the NC surface after the exchange (calculations in ESIY).

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (A) Reaction scheme of one-pot synthesis of bisPA-mPEGI6] starting from the carboxylic acid. (B) *H NMR spectrum of HfO,/BisPA-mPEGI[6]
NCs in CDCls. The inset shows the 'P NMR. (C) TGA data show the mass loss of the ligands attached to the surface. Measurement was done from

25 °C to 800 °C, followed by a 30-minute isothermal step at 800 °C.

NC-doped epoxy mechanical properties

In order to construct accurate damage propagation models,
the presence of the NCs should not negatively affect the com-
posite’s mechanical properties, which typically takes place
when large agglomerates are present. NPs influence the local
stress state of the surrounding polymer matrix, creating a
radial zone which substantially differs from the properties of
the bulk material.”>°* An uneven dispersion results in hetero-
geneity and structural defects.®""*>°® Furthermore, examples
with carbon nanotubes (CNTs) are known to cause drastic vis-
cosity increases when mixing them in a polymer resin,”” '
thereby limiting their application potential. Using HfO,/bisPA-
mPEG[6], we achieved a homogeneous and stable dispersion
in the resin and could evaluate nanocomposite samples with
0, 5 and 10 m% (ligand weight subtracted) of NCs added. To
ensure that matrix is barely affected by the presence of the
NCs, we measured a set of properties which influence polymer
performance: matrix stiffness, insoluble fraction, water absorp-
tion, degradation temperature, curing time, viscosity and glass
transition temperature.

The Young’s modulus was calculated from the stress-strain
curve measured by a tensile test, shown in Fig. 4A. With
increasing mass percentage of NCs added, the modulus
increased, as has been observed before with several (metal
oxide) nanoparticles.”>*>'°* Minor improvements in ultimate
force and ultimate stress were observed as well (values in
Table S1f). Due to their brittle nature, epoxies have a low
elongation at break.’® The presence of the NCs slightly
improves the total elongation; similar effects have often been
attributed to crack bridging and deflection, though typically
for larger (>200 nm) NPs, or increased flexibility (necking) of
the NCs.'%>'% As the carbon fibers are the main load-bearing
constituents, this minor matrix improvement has a negligible

This journal is © The Royal Society of Chemistry 2025

effect on the overall strength of the structure. Fig. 4B shows the
evolution in insoluble fraction, the fraction of material that has
formed a three-dimensional crosslinked network. The reference
(0 m% NCs) sample was completely cured (u + ¢ = 100 = 0%).
While the insoluble fraction remains high, it decreased with
m% of NCs added (97.3 = 1.8% for 5 m% and 96.1 + 0.4% for
10 m%). We hypothesize this was caused by the ligands on the
NC surface interacting with the diamine curing agent, lowering
the crosslink density, i.e. the insoluble fraction.

Water absorption is an issue in high-performance
materials. Specifically in epoxies, it has a plasticizing effect
(reduced T, and tensile properties) and leads to polymer chain
scission.’®*'%® These drawbacks are also cause for concern in
epoxy/(carbon) fiber composites, even leading to debonding of
the polymer from the fibers.'®'%>'* Addition of nanofillers
(nanoclay, nanotubes, nanoparticles) has been shown to
slightly reduce the water uptake with increasing mass percen-
tage, often accredited to the tortuosity path created by the
nanofillers,'®**'*? though concerns have been raised about
some nanofillers increasing the water absorption."**''* For
our samples, we found a small decrease in water absorption
with increasing mass percentage of HfO, NCs added (Fig. 4C).

The maximum temperature at which a polymer can be used
should not be significantly affected by the NCs. This degra-
dation temperature, defined as the temperature at which
5 m% mass is lost, was determined via TGA measurements
(Fig. 4D). It was largely unaffected by the presence of the NCs
and decreased a few degrees Celsius with increasing mass per-
centage. Similarly, the NC-doped resin should not have an
accelerated curing time. The curing times of the three formu-
lations were determined by the crossover of the storage
modulus G’ and loss modulus G” at 80 °C, see Fig. 4E. For all
samples this crossover occurred around ca. 7 kPa, indicating
similar homogeneities of all the mixed resins (Fig. S17%).

Nanoscale, 2025, 17,10219-10238 | 10223
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absorption after 7 days. (D) TGA data shown as mass loss in function of temperature. The degradation temperatures (defined at 5 m% sample loss)
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time. (F) Viscosity (average of 0.1-100 Hz) and viscosity in function of increasing temperature. (G) DSC data plotted as heat flow in function of temp-

erature; the glass transition temperatures are indicated.

A slightly faster (4 min) or slower (5 min) gelation was
observed for 10 m% and 5 m%, respectively, compared with
the commercial formulation. As the curing process is >24 h,
no significant differences are expected.

A drastic increase in resin viscosity would impede the infu-
sion process of the carbon fiber fabric. However, contrary to the
large viscosity increases observed with CNTs, the HfO, NCs only
showed a minimal viscosity increase which did not affect the
ability for resin infusion. If needed, the viscosity increase can
also be combatted by a small temperature increase (AT ~ 5 °C),
rapidly dropping even below the value for 0 m% at room temp-
erature, as demonstrated in Fig. 4F. Finally, the glass transition
temperature (T,) was determined by DSC measurements, and is
the temperature at which the materials’ physical properties will
start to change. A small, but non-significant decrease in T, was
found, attributed to the plasticizing effect of the NCs (Fig. 4G).
Overall the NCs had a slightly positive to negligible effect on the
final nanocomposite’s mechanical properties. Importantly, the
NCs can no longer migrate or agglomerate after curing. The
minimal impact on the mechanical properties is therefore
maintained even under varying environmental conditions, as
confirmed in Fig. S18.t

10224 | Nanoscale, 2025, 17,10219-10238

Proof-of-concept CT

Contrast enhancement using the HfO, NCs was evaluated first
by doping the epoxy resin, ranging from 0 to 10 m% NCs
added (mass does not include the ligands), and adding a
single carbon fiber bundle to each sample. Small fragments
were cut after curing and analyzed via micro-CT using a peak
tube potential of 90 kV and a 17° pm® voxel size.

A signal-to-noise plot, shown in Fig. S19,f was constructed
by comparing the ratio of the attenuation values of the back-
ground with those of the polymer matrix. The plot shows a
linear increase of CT contrast with m% NCs added.
Nonetheless, limited contrast improvement was observed
between 0, 1 and 2.5 m%, as can be seen in Fig. 5A. This was
attributed to the difference in X-ray attenuation of the carbon
fibers and the polymer matrix. The latter attenuated slightly
less than the carbon fibers when no NCs were added, as can
be seen in Fig. 5B which plots the linear attenuation coeffi-
cients. Upon improving the attenuation of the polymer matrix
by adding the HfO, NCs, the contrast between matrix and
fibers decreased before the attenuation of the matrix overtook
the fibers and the contrast improved. The attenuation coeffi-

This journal is © The Royal Society of Chemistry 2025
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Automatic segmentation possible

Fig. 5 Contrast enhancement of HfO, NC-doped CFRPs with increasing m% of NCs added. (A) Axial view of slices containing one fiber bundle, (B)
linear attenuation coefficient of the fibers and the polymer matrix shows the cross-over in contrast, (C) 3D volume renders of samples with increas-
ing m%. From 5 m% on it was possible to automatically extract the fiber bundle from the polymer matrix.

cient of the fibers appeared to increase as well with increasing
m% NCs; this artefact is due to the partial volume effect aver-
aging the greyscales of the fibers with the polymer within
voxels, i.e. the actual attenuation difference will be higher than
depicted here.

From 5 m% on, the carbon fiber bundle was both visually
clearly distinguishable and could be automatically extracted,
Fig. 5C. We opted for seeded region-growing based segmenta-
tion for its speed, high accuracy and minimal manual input
needed."'® The segmentation starts from a manually placed
seed and grows automatically to regions of the same contrast,
continuously evaluating neighbouring voxels’s greyscales.
When a user pre-determined contrast difference is encoun-
tered it is indicated as the edge of this region.'®'” In the range
of 5 to 10 m% concentration the obtained segmentation was
more exact and detailed with increasing HfO, NCs. No agglom-
erations were found in any of the samples throughout the
entire 3D volume due to the stability provided by the bisPA-
mPEG[6] ligand. Fig. S207 shows the importance of choosing a
well-suited contrast agent by comparing the X-ray contrast of
HfO, (high Z and high density) and ZrO, NCs (lower Z and
density). To the contrary, the negligible difference in tensile
curves indicates that the material type is of lesser importance
for the mechanical properties.

Contrast-enhanced CT visualization of CFRPs

Having determined the minimum amount of NCs needed for
automatic extraction of the fiber bundles in the previous
section, NC-doped CFRPs were manufactured with 5 and
10 m% of HfO,/BisPA-mPEG[6]. Laminates consisting of six
layers of woven carbon fiber fabric were made using vacuum-
assisted resin infusion (VARI). Note that since the presence of

This journal is © The Royal Society of Chemistry 2025

the NCs does not influence the resin properties, composite
manufacturing techniques can be used without having to
adapt them. This method can thus be expanded to other
(non-)continuous FRPs and processes such as hand lay-up,
resin transfer molding, pultrusion, etc. The infusion is not hin-
dered after addition of the NCs due to the minimal viscosity
increase (Fig. 4F). Gravimetric analysis and radiography of the
cured nanocomposite present in the inlet and outlet tube con-
nected to the infusion setup showed that the amount of NCs
entering and exiting the fiber stack was equal, confirming the
absence of any possible filtering of the NCs caused by the
densely packed carbon fibers (Fig. S21t). For woven fabrics,
mesoscopic finite element modelling (FEM) starts from the
representative unit cell (RUC), a small and repeatable volume
which statistically represents the structure. The whole fabric is
reconstructed by in-plane translations of this RUC.*> Small
samples (3 x 3 mm) were diamond cut from the cured lami-
nate and used as RUC. Fig. 6A shows a schematic of the RUC
which contains fibers traversing in- and out-of-plane. The
small sample size allows for high-resolution CT scans and
samples were scanned using a tube potential of 90 kV and a
voxel size of 3.5° pm®. Fig. 6B shows a cross-section slice of the
NC-doped CFRPs compared with an undoped reference
sample (videos going through the complete sample are sup-
plied in the ESIf). The contrast between fibers and polymer
matrix was significantly higher with the addition of the HfO,
NCs. The contrast-enhanced CFRPs allowed for a clear distinc-
tion between fiber bundles and the direction in- or out-of-
plane. The corresponding greyscale histograms also show an
increasing shift between the larger peak associated with the
fibers and those with the matrix, as well as a shift away from
the background values.

Nanoscale, 2025, 17,10219-10238 | 10225
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(A) Schematic showing the point-of-view of the micro-CT scan slices on the woven fabric. Weft and warp directions are indicated. (B) Cross-

section slices of micro-CT scans demonstrate the CT contrast improvement of the CFRPs with, from left to right, 0, 5 and 10 m% HfO,/BisPA-
mPEG[6] NCs added to the polymer matrix. (C) 3D volume renders of the 5 and 10 m% samples. The segmented matrix is highlighted in blue. (D) The
automatic segmentation on the micro-CT scans is increasingly more accurate with HfO, NCs added. (E) Greyscale histograms with Gaussians fitted
to the fibers and polymer matrix contributions. For the 0 m% sample the matrix cannot be distinguished from the fibers.

Using the same region-growing approach as described
above, we attempted to automatically segment the fiber
bundles from the polymer matrix. In Fig. 6C and D the seg-
mented region is highlighted. For the undoped reference
CFRP, the method failed to segment the tows region. With
5 m% of NCs added, the automatic segmentation could extract
the polymer-rich zones between fiber bundles and differentiate
the polymer from the fibers. Increasing the amount of NCs to
10 m% made the segmentation even more detailed. It could
detect the different fiber bundles both in- and out-of-plane. A
more accurate segmentation was achieved using a deep learn-
ing approach, which is comparatively more resource-intensive
in terms of computational resources and requires manual
annotation. Deep learning models, a subset of machine learn-
ing, are trained by labeled data sets and use neural networks
to understand complex patterns.

We constructed a training set by preprocessing and manu-
ally annotating the 5 m% and 10 m% scans. The training
dataset included information from only 20 slices of each CT
image (10 warp and 10 weft). This is about 1.3% of the total
number of inferred slices. The resulting annotation was con-
verted into the boundary surface mesh of tows, which was

10226 | Nanoscale, 2025,17,10219-10238

then voxelized, i.e. converted into images, as shown in
Fig. S22.1 For woven composites, the multiclass segmentation
needs to distinguish between the different directions of the
fibers (warp or weft, Fig. 6A) and the matrix. This was suc-
cessfully converted to a binary segmentation using the identi-
fication of the tow cross-section regions (is or is not a cross-
section). Once trained, the neural network yielded highly
accurate results in both the warp and weft direction, achiev-
ing voxel-wise accuracies of >96% for all samples (Table 1).

Table 1 Voxel-wise accuracy (in %) obtained with deep learning seg-
mentation of the micro-CT scans of 5 m% and 10 m% HfO, NC-doped
CFRPs. Segmentation was performed both with the original resolution
dataset (top) and a reduced resolution dataset (bottom). The distinction
is made between the ability to recognize tows from matrix and the more
complicated identification of warp and weft directions within the tows

Tows/matrix Warp/weft/matrix

5 m% 10 m% 5 m% 10 m%
Original 97.0 98.4 95.7 96.3
Reduced 97.2 98.4 96.0 96.7

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Deep learning segmentation results on NC-doped fibres with 5 m% (top) and 10 m% (bottom) NCs added. (A) Input images and (B) manual

segmentation compared with the (C) reduced and (D) original resolution datasets.

Fig. 8 Increasingly accurate segmentation of microcracks in NC-doped CFRPs with, from top to bottom, 0, 5 and 10 m% of HfO, NCs added. (A)
3D volume render of the micro-CT scans of the damaged samples. (B) SEM images confirming the presence of microcracks. (C) Cross-section slices
with region growing based segmentation (highlighted in blue). A selection of cracks are measured and indicated.

This journal is © The Royal Society of Chemistry 2025
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The distinction was made between the ability to segment tows
from matrix or the more complicated task of distinguishing the
fiber bundle directions (warp or weft) within the tows as well.
The network was trained both with the original dataset using
high-performance GPUs, as well as with a reduced input
dataset using downscaled images. Despite the use of limited
computational resources, the latter obtained a similar voxel-
wise accuracy with approximately 8 times less training time
needed (Table S37). Fig. S2371 depicts the evolution of both the
original and reduced training processes in terms of the differ-
ence between predicted output and actual value (loss function)
and Fig. 7 shows the final segmentation results.

Detection of micro-cracks

In polymer matrix composites, crack visualization becomes
inherently difficult due to the low contrast difference between
the crack and the resin.'> The smallest detectable crack
opening is believed to be dependent on both the spatial resolu-
tion of the scan (in turn dependent on many factors such as
field of view, X-ray source, pixel size, spot size, magnification,
scintillator properties) and the contrast difference.’* The
higher the contrast, the smaller the crack that can be visual-
ized at a given resolution.’®?" Fatigue studies predicting com-
posite end-of-life rely heavily on the detection of short cracks,
of which the growth is significantly influenced by the
microstructure.'>" %117

After introduction and confirmation of damage to the NC-
doped CFRP samples, they were re-scanned in CT using the
same aforementioned settings (Fig. 8A). The extent of the
damage was of lesser concern, as long as microcracks were
present, which was verified via scanning electron microscopy,
(Fig. 8B). Region growing was applied to segment the cracks
present in the damaged samples. With a voxel size of 3.5° pm?,
microcracks of a few micrometers will be below the resolution
limit. Nonetheless a trend was observed with increasing mas-
spercentage of nanocrystals added. For the reference sample,
most larger cracks were detected. However cracks with sizes ca.
<10 pm that extended into the polymer matrix could not be
distinguished by the segmentation. Fig. 8C shows the segmen-
ted region; cracks that could not be extracted are highlighted.
With 5 m% of HfO, NCs added, the segmentation also encom-
passes cracks with sizes below 10 pm, though from ca. 6 pm
and below some remain undetected (Fig. 8B). Region growing
on the 10 m% damaged sample was able to detect almost all
cracks, even with sizes of 2 to 3 pm which border the resolu-
tion limit (Fig. 8C). Extra micro-CT cross-section slices of seg-
mented micro-cracks are shown in Fig. $24-26.F

Conclusion

In order to avoid unexpected composite damage and failure, it
is necessary to understand the material’s behaviour. In situ
visualization using lab-based micro-CT can provide valuable
input, but the poor contrast between carbon fibers and
polymer matrix complicates segmentation. We presented a
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new method to visualize carbon fiber-reinforced polymers,
using contrast-enhanced computed tomography with HfO,
NCs as CT contrast agents. The post-synthetic work-up of the
gram-scale NC syntheses was optimized and the HfO, NCs
were added to the epoxy polymer resin. We have evaluated
common ligand-binding groups with a high binding affinity
and found the stability in the epoxy resin to be dependent
both on the binding group and the organic ligand tail. Using a
PEGylated bisphosphonic acid (bisPA-mPEG[6]) resulted in
excellent colloidal stability in the resin as the NCs remained
stable during and after curing. A new synthetic strategy to the
bisPA-mPEG[6] ligand was introduced, as well as a single-step
post-synthetic ligand exchange on the NC surface. Mechanical
properties such as matrix stiffness, insoluble fraction, water
absorption, degradation temperature, curing time, resin vis-
cosity and glass transition temperature of the HfO,/bisPA-
mPEG[6] NC-doped epoxy were evaluated. Due to their homo-
geneous dispersion, the NCs did not negatively affect the
polymer and have only a minor influence; manufacturing of
CFRPs was also not affected. The proof-of-concept CT analysis
showed that a minimum of 5 m% of HfO, NCs yields drastic
contrast improvement between the carbon fibers and the
polymer matrix, allowing for automatic segmentation tech-
niques. Deep learning segmentation allowed for voxel-wise
accuracies of more than 96% with reduced computational
effort and time. Finally, damaged laminates were found to
have an improved visualization and detection of microcracks
with increasing m% of NCs added. The contrast-enhanced NC-
doped CFRPs allowed for automatic extraction of geometry and
damage features, creating a better understanding of composite
behaviour through more accurate modeling, which can reduce
unexpected failure.

Experimental
Materials

Hafnium(wv) chloride (98%), zirconium(wv) chloride tetrahydro-
furan complex (1:2, 99%), oleic acid (90%), oleylamine (70%),
triethylamine (>99.5%) and chloroform (stabilized with amy-
lenes, >99%) were purchased from Sigma-Aldrich. Benzyl
alcohol was either purchased anhydrous (99.8%) or as
ReagentPlus® (>99%) from Sigma-Aldrich; the latter was then
vacuum distilled (55 °C at 35 mTorr) and stored over sieves in
a glovebox under an inert atmosphere. Tetrahydrofuran
(ExtraDry, 99.5%) was purchased from Acros Organics. 2-[2-(2-
Methoxyethoxy)ethoxylacetic acid (>95.0%) was purchased
from TCI Chemicals. (2-2-[2-(2-2-[2-(2-Methoxyethoxy) ethoxy]
ethoxy ethoxy) ethoxylethoxy ethoxy) carboxylic acid (mPEG6-
CH,COOH) (>95%) was purchased from PurePEG. 6-[(2-2-(2-
Methoxyethoxy) ethoxy] ethoxy hexyl)phosphonic acid (PA-hex-
mPEG) (>96%) and (2-2-[2-methoxyethoxy]-ethoxy-ethyl)phos-
phonic acid (PA-mPEG) (96%) were purchased from Sikémia.
(2-(2-Methoxyethoxy)ethoxy,) bisphosphonic acids (bisPA-
mPEG[x] with x = 2, 3, 6 or 15) were purchased from Surfactis
Technologies or in-house synthesized according to the proto-

This journal is © The Royal Society of Chemistry 2025
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col below. 2-Ethylhexyl phosphonic acid (EHPA) was syn-
thesized according to De Roo et al.®® Oleylphosphonic acid
(OPA) was synthesized according to Dhaene et al.®® Marbocote
227 CEE release agent was purchased from Fatol-Kunststoffen.
Epikote™ resin MGS RIMR135 and Epikure™ curing agent
MGS RIMH137 were purchased from Hexion. Chemlease® 41-
90 EZ was purchased from Chem-Trend. Wrightlon® 7400
nylon vacuum bagging film, Wrightlon® 5200 high-perform-
ance fluoropolymer release film and ultraweave® 606 medium
weight nylon breather/bleeder were purchased from Airtech
Europe SARL. Aerofilm® PP180 economy polyester peel ply
and ST150 vacuum bagging gum sealant tape were purchased
from EasyComposites. Solvents used for synthesis were pur-
chased from Chemlab or Sigma-Aldrich. All deuterated sol-
vents (CDCl; and CD;0D) were purchased from Sigma-Aldrich
or Eurisotop and stored over sieves. All manipulations were
performed in air unless otherwise indicated. All chemicals
were used as received unless otherwise mentioned. When
required, organic solvents were dried according to the pro-
cedure described by Williams et al.''® making use of 20% m/v
freshly activated 3 A sieves for a minimum of 120 h.

Synthesis of bisPA-mPEG[6]

The synthesis was inspired by Egorov et al.’® Tris(trimethyl-
silyl)phosphite (P(OSiMej;);) and catecholborane were stored in
a glovebox under an inert atmosphere; the latter was stored in
a freezer (—18 °C) in a glovebox. mMPEGsCH,COOH was stored
in a freezer (—18 °C) outside of a glovebox. 0.218 g
mPEG,CH,COOH (1 eq., 0.615 mmol) was allowed to reach
room temperature, after which it was weighed and dissolved in
0.5 mL THF. A two-neck flask was equipped with a septum and
vacuum adapter and flushed three times with argon. The car-
boxylic acid was added to the flask under argon flow. In a glo-
vebox under an inert atmosphere, a 1 mol L™" solution of cate-
cholborane (1.1 eq., 0.8 mmol, 0.096 g) in anhydrous THF
(0.8 mL) was made. The solution was taken out of the glovebox
and 0.675 mL was added to the flask, creating a solution with
a yellow hue. The mixture was stirred at room temperature for
3 hours or until there was no evolution of gas. Note that hydro-
gen gas was being formed in this step. 0.770 g P(OSiMe;); (4.2
eq., 2.58 mmol, 0.862 mL) was removed from the glovebox and
added to the mixture, which was left to stir for 16 hours. The
mixture was hydrolyzed by adding 4 mL of dry methanol and
left to stir for 4 hours. Solvents were evaporated under reduced
pressure. The resulting oil was purified by dispersing in a
minimal amount of methanol (ca. 0.5 mL) and precipitating
with an excess of diethyl ether (ca. 10 mL) by centrifugation
(8000 rcf for 4 min). This purification step was repeated five
times to remove all side products. The final product was a
transparent, viscous oil with 49% yield.

"H NMR (400.1 MHz, CDCl,): 6 3.34-3.38 (s, 3H), § 3.52-3.58
(m, 2H), 5 3.60-3.73 (s, 20H), & 3.74-3.82 (s, 2H), & 4.00-4.15 (m,
2H), § 7.40-8.30 (s, 5H). >C APT NMR (100.6 MHz, CDCL,): §
59.18 (pos), 6 70.45 (neg), § 70.53 (neg), 6 72.02 (neg), 5 74.72
(neg). *'P NMR (162.0 MHz, CDCl;): § 17.10 (s). LC-MS calcu-
lated 500.1 for [M], found 499.1 for [M — H]".

This journal is © The Royal Society of Chemistry 2025
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Synthesis of bisPA-mPEG[2]

The synthesis was inspired by Egorov et al.’® Tris(trimethyl-
silyl)phosphite (P(OSiMej;);) and catecholborane were stored in
a glovebox under an inert atmosphere; the latter was stored in
a freezer (—18 °C). MEEAA was stored at room temperature
outside of a glovebox. 0.219 g MEEAA (1 eq., 1.23 mmol) was
allowed to reach room temperature, after which it was weighed
and dissolved in 0.5 mL THF. A two-neck flask was equipped
with a septum and vacuum adapter and flushed three times
with argon. The carboxylic acid was added to the flask under
argon flow. In a glovebox, a 1 mol L™" solution of catecholbor-
ane (1.1 eq., 1.5 mmol, 0.180 g) in anhydrous THF (1.5 mL)
was made. The solution was taken out of the glovebox and
1.35 mL was added to the flask, creating a solution with a
yellow hue. The mixture was stirred at room temperature for
3 hours or until there was no evolution of gas. Note that hydro-
gen gas was being formed in this step. 1.543 g P(OSiMejs); (4.2
eq., 5.17 mmol, 1.728 mL) was removed from the glovebox and
added to the mixture, which was left to stir for 16 hours. The
mixture was hydrolyzed by adding 5 mL of dry methanol and
left to stir for 4 hours. Solvents were evaporated under reduced
pressure. The resulting oil was purified by dispersing in a
minimal amount of methanol (ca. 0.5 mL) and precipitating
with an excess of diethyl ether (ca. 10 mL) by centrifugation
(8000 rcf for 4 min). This purification step was repeated five
times to remove all side products. The final product was a
transparent, viscous oil with 48% yield.

'H NMR (400.1 MHz, CD;OD): § 3.35-3.38 (s, 3H), §
3.55-3.58 (m, 2H), § 3.64-3.74 (m, 6H), 6 3.96-4.05 (t, 2H). *C
APT NMR (100.6 MHz, CD;0D): § 59.12 (pos), § 71.24 (neg), &
72.09 (neg), 6 72.74 (neg), § 75.87 (neg). >'P NMR (162.0 MHz,
CD;0D): 6§ 17.8 (s). LC-MS calculated 324.0 for [M], found
323.0 for [M — H] ™.

HfCl,-2THF synthesis

The procedure was adapted from Manxzer et al'™ and

upscaled more than four times. In a glovebox under an inert
atmosphere, 22 g of HfCl, (1 eq., 0.069 mol) was added to
330 mL anhydrous dichloromethane, only partly dissolving,
thereby rendering a turbid solution. Next, 22 mL (3.95 eq.,
0.271 mol, 19.56 g) of anhydrous tetrahydrofuran (THF) was
added in a dropwise manner and under vigorous stirring. The
HfCl, dissolved completely during addition of the THEF.
220 mL anhydrous pentane was added, carefully pouring along
the sides, and the solution was left in the freezer (—18 °C) for
2 hours to recrystallize. The resulting powder was filtered over
a por 4 filter funnel and washed with pentane. The free-
flowing white powder was dried under vacuum, resulting in a
chemical yield of 89%. The complex was characterized by FTIR
and "H NMR (Fig. S277).

Gram-scale microwave-assisted HfO, nanocrystal synthesis

The microwave synthesis was executed using a CEM Mars 6
operating at a frequency of 2.45 GHz and equipped with
EasyPrep Plus vessels. Precursor preparation was executed in a
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glovebox under an inert atmosphere. 40 mL anhydrous benzyl
alcohol (38 eq., 0.38 mol, 41.6 g) was added to the liner of the
EasyPrep Plus vessel. 4.65 g HfCl,-2THF (1 eq., 0.01 mol) was
carefully and slowly added to the liner under vigorous stirring.
The edges of the liner were rinsed with the solution via a
syringe to remove any powder stuck to the edge. Up to two or
three liners could be added simultaneously to the microwave
before reaching the microwave power limit required to reach
220 °C. The solution was stirred for 5 minutes, resulting in a
transparent solution. The mixtures were subjected to micro-
wave heating for 5 minutes at 80 °C (10 minutes ramp, power =
200 W), followed by 1 hour at 220 °C (20 minutes ramp, power
=800 W).

Microwave-assisted ZrO, nanocrystal synthesis

The microwave procedure was conducted using a CEM
Discover SP with autosampler operating at a frequency of 2.45
GHz. Synthesis preparation was executed in a nitrogen-filled
glovebox. 0.377 g (1 eq., 1 mmol) of ZrCl,-2THF was added to a
10 mL microwave vial with stirring bar. Under vigorous stir-
ring, 4 mL (38 eq. or 48 eq., 38 mmol, 4.16 g) of anhydrous
benzyl alcohol was added to the microwave vial. The microwave
vial was capped, and the solution was then exited from the glo-
vebox and stirred for 5 minutes, resulting in a transparent
solution. The mixture was subjected to microwave heating for
5 minutes at 80 °C (30 W), followed by 4 hours at 220 °C (300
W) at medium stirring and PowerMax off. After synthesis, the
mixture was transferred to a 15 mL plastic centrifuge tube
using a Pasteur pipette. The microwave vial was rinsed with
3 mL of diethyl ether, in order to maximize the yield, after
which this was also added to the centrifuge tube. After mild
centrifugation (720 rcf, 2 min), three phases were observed: a
transparent organic (top) phase, an aqueous, milky (middle)
phase and sometimes a solid (bottom) phase of insolubles.
The transparent (top) phase was removed and the milky phase
was separated from the solid phase using a Pasteur pipette in
a separate plastic centrifuge tube. The solid phase was dis-
carded. Ethanol was added to the milky phase, yielding 2 mL
of translucent suspension. 5 mL of diethyl ether was added
and the particles were precipitated (4500 rcf, 2 min), resulting
in ZrO, nanocrystals capped with HCIL

Optimized work-up protocol

The workup-protocol using centrifugation and the direct
exchange was described in Goossens et al.>” The following pro-
cedure is an optimized workup protocol, described for one
liner. The amount of solvents and ligands was scaled equiva-
lently (double or triple) when two or three liners were used,
respectively.

After synthesis, the liners were opened and 5 mL water was
added together with 200 pL aqueous HCI (37 w/w%) and left to
stir for 15 minutes. The content was transferred to a separating
funnel. Each liner was rinsed with 30 mL diethyl ether, which
was also added to the funnel. The mixture was shaken and
allowed to separate for 15 minutes. The bottom (aqueous)
phase was collected in a flask and 10 mL ethanol was added to
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the solution. 25 mL diethyl ether was added and the precipi-
tated NCs were filtered over a por 5 filter under vacuum with a
grade 1 filter paper added. To stabilize the particles with
oleate, particles were redispersed in 5 mL chloroform. Under
stirring, 750 pL oleic acid was added, followed by 625 pL oleyla-
mine. The mixture was subjected to sonication for 30 minutes.
In some cases the mixture remained turbid after addition of
the ligands, but would become transparent upon redispersion
after the washing step. 25 mL of acetone was added and the
particles were filtered over a por 5 filter with vacuum paper.
Additional acetone was used to wash the particles. Chloroform
can be used to remove all particles from the filter.

Ligand exchange from oleate

Ligand exchange from oleate to the bisphosphonic acids
(bisPA-mPEG[x] with x = 2, 3, 6 or 15) and the phosphonic
acids (PA-mPEG, PA-hex-mPEG, OPA and EHPA) was done as
follows:

The amount of oleate surface ligand was determined via the
digital ERETIC method,"*® based on the alkene resonance
located around 5.3 ppm and the methyl resonance located
around 0.9 ppm in dCDCl; for "H NMR measurements. For
bisphosphonic acids and phosphonic acids, 0.5 and 1.2
equivalents were added to the nanocrystal solution, respect-
ively, using a 100 mmol L™ stock solution in chloroform.
BisPA-mPEG|[2] was added using a 100 mmol L™" stock solu-
tion in methanol. For the bisPA-mPEG[6]/OA mixed shell only
0.25 equivalents of bisPA-mPEG[6] were added. The mixture
was subjected to sonication for 30 minutes. BisPA-mPEGIx],
PA-mPEG and PA-hex-mPEG were precipitated by addition of
hexane (mixture of isomers), typically in a 1:5 volume ratio.
OPA and EHPA were precipitated by addition of acetone, typi-
cally in a 1:5 volume ratio. After centrifugation (4500 rcf,
4 min), the particles were redispersed in a minimal volume of
chloroform (ca. 100 mg mL™"). This purification procedure was
repeated three times.

For the OPA/PA-mPEG mixed shell, 0.5 equivalents of OPA
were added to the nanocrystal solution using a 100 mmol L™*
stock solution in chloroform, followed by sonication for
30 minutes. The nanocrystals were precipitated by addition of
acetone, typically in a 1:5 volume ratio. After centrifugation
(4500 rcf, 4 min), the particles were redispersed in 1 mL of
chloroform. Next, 0.5 equivalents of PA-mPEG were added to
the nanocrystal solution using a 100 mmol L™ stock solution
in chloroform, followed by sonication for 30 minutes. The par-
ticles were purified two more times by addition of acetone,
typically in a 1 : 5 volume ratio, centrifugation (4500 rcf, 4 min)
and redispersion in a minimal volume of chloroform using
sonication.

Ligand exchange from oleate to the carboxylic acid MEEAA
was done by determining the amount of oleate surface ligand
as described above. 2 equivalents of carboxylic acid were
added to the nanocrystal solution, followed by 30 minutes of
sonication. The nanocrystals were precipitated once with
hexane (mixture of isomers), typically in a 1:5 volume ratio.
After centrifugation (4500 rcf, 4 min), the particles were redis-
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persed in a minimal volume of chloroform and another 2
equivalents of carboxylic were added. This procedure was
repeated three times. For the last step, the purification pro-
cedure was repeated three times.

Ligand exchange from chloride to bisPA-mPEG[6]

Direct exchange after synthesis to bisPA-mPEG[6] was done as
follows:

HfO, NCs were synthesized via a small-scale microwave-
assisted synthesis, starting from 0.6 mmol HfCl,-2THF in
4 mL benzyl alcohol. After synthesis, the particles were precipi-
tated with 3 diethyl ether (720 rcf, 2 min) and redispersed in
2 mL of ethanol. 100 pmol of bisPA-mPEG[6] was added via a
500 mmol L™ stock solution in ethanol (200 L), followed by
90 mmol of triethylamine using a 1 mol L™" stock solution in
ethanol (90 pL). The mixture was subjected to sonication for
30 minutes, after which the mixture was transparent. The
nanocrystals were precipitated by addition of diethyl ether and
hexane, typically in a 1:0.5:5 volume ratio. After centrifu-
gation (4500 rcf, 4 min), the particles were redispersed in a
minimal volume of chloroform. This purification procedure
was repeated two more times, but by redispersing the particles
in ethanol using sonication.

Nanocrystal-doped resin formation

The appropriate amount of HfO,/bisPA-mPEG[6] was weighed,
taking into account a ligand weight of 12 m%, and dispersed
in acetone to yield a solution of 100 mg mL ™" (ligand weight
subtracted). The nanocrystal solution was mixed manually
with the epoxy resin and all acetone was evaporated using a
rotary evaporator, yielding a translucent nanocomposite resin.
The mixture was subjected to sonication for 30 minutes at
40 °C to fully disperse all particles.

Nanocrystal-doped carbon fiber-reinforced polymer formation

Laminates were made using vacuum-assisted resin infusion
(VARI). The laminate set-up is illustrated in Fig. S28.f On a
clean 15 x 25 cm glass plate, a section of 6.5 x 13.5 cm was
taped off and three layers of release agent (Chemlease®) were
applied with a 10-minute wait time between each layer, after
which the tape marking was removed. Six layers of 5 X 8 cm
carbon fiber woven fabric were cut and stacked on the section
coated with release agent. A peel ply fabric (5 x 10 cm) and
semi-perforated release film (5 x 10 cm) was placed on top and
the stacking was taped down. An inlet (ca. 30 cm) and outlet
(ca. 90 cm) tube was added with plastic T-sections wrapped in
bleeder fabric. A vacuum bag of 20 x 30 cm with vacuum tape
along the edges was added over the stacking, not on the
release agent section. Small folds above and below the inlet
and outlet tubes were used. The inlet tube was clamped and
the outlet tube applied to vacuum. The outlet tube was
clamped as well. If this held for 24 hours without losing
vacuum, the set-up was infused. The nanocrystal-doped resin
was prepared as described above. For 5 m% and 10 m%, 2 and
4 grams of HfO,/bisPA-mPEG[6] (ligand weight subtracted),
respectively, were mixed with 29.3 g of Epikote™ resin. 8.7 g of
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Epikure™ curing agent was thoroughly mixed with the resin
and heated to 35 °C to counteract any viscosity increase. Next,
the mixture was degassed. The outlet tube was connected to
the vacuum through a resin trap and the inlet tube added to
the nanocrystal-resin mixture. The set-up was infused under
vacuum. After clamping the inlet and outlet tubes, the lami-
nate was cured for 24 h at room temperature, followed by 15 h
at 80 °C in a Naberthem P330 oven. After curing, the vacuum
bag, tubes, peel ply and release film were removed and the
laminated was released from the glass plate.

Tensile testing

Stress-strain measurements were performed according to the
ASTM D638 standard. A custom metal dogbone mould was
made using the following dimensions (Fig. S29t): width of
narrow section (W) = 6 mm, length of narrow section (L) =
57 mm, width overall (WO) = 19 mm, length overall (LO) =
195 mm, gauge length (G) = 50 mm, distance between grips (D
= 135 mm, radius of fillet (R) = 76 mm and thickness (T) =
3 mm. The mould was coated using a release agent before
adding the resin. Resins were made as described above and
added to the mould using a syringe and avoiding introducing
air, together with a small grip to facilitate removal of the
sample after curing. Samples were cured for 24 hours at room
temperature and 15 hours at 80 °C.

Stress-strain measurements were performed using a Tinius
Olsen H10KT equipped with a 5 kN load cell and processed
using Horizon software. The thickness was set as 3 mm, width
as 5.85 mm and gage length as 65 mm. The tensile measure-
ments were performed using a preload of 0.05 N and a pulling
speed of 10 mm min~" until sample failure. Tests were per-
formed minimum in duplicate.

Water absorption

Water absorption was determined according to the ASTM D570
standard. Nanocomposite samples of approximately 50 mg
(three different ones per mass%) were dried under vacuum at
100 °C for 24 hours. Afterwards they were placed in a dessica-
tor to cool and weighed immediately upon cooling. The
material was then immersed in water at room temperature for
7 days. They were removed from the water, patted dry with a
lint-free cloth and weighed. The water absorption was deter-
mined according to eqn (1) where Mg, is the mass after
drying and me.pq is the mass after submersion in water:

Mend

w% =

x 100% (1)
Mpegin

Insoluble fraction

To determine the appropriate solvent, samples were first sub-
merged in different solvents and weighed before and after.
The swelling degree was calculated according to eqn (1).
Values are given in Table S2.f The nanocomposite samples
swelled well in dichloromethane, moderately in tetrahydro-
furan and barely in ethyl acetate. Therefore the first was the
solvent of choice to determine the insoluble fractions.
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Insoluble fractions were determined by submerging the
samples in dichloromethane for 24 hours. During this
24 hours the solvent was refreshed multiple times. Afterwards
the samples were removed from the solvent and dried over-
night in a vacuum oven at room temperature, followed by
3 hours at 150 °C. The samples were weighed again and the in-
soluble fraction was determined using eqn (1), where Mypegin is
the mass before submerging the sample and m.pq is the mass
after drying.

DSC

Differential scanning calorimetry was performed using ca.
10 mg of nanocomposite for each measurement on a Mettler
Toledo 1/700 instrument. Measurements were performed
under a nitrogen atmosphere from —50 °C to 180 °C with a
cooling rate of 40 °C min~" and a heating rate of 10 °C min™"
and a 15 min stabilization step at —100 °C before measuring.
The first heating run was performed to remove the thermal
history of the polymer; DSC curves shown correspond to the
second heating curve.

Rheology

Viscosity measurements were performed on an Anton Paar rhe-
ometer equipped with a convection oven (CTD600). Samples
were brought between 25 mm diameter parallel plates and the
viscosity was measured from 0-100 s™'. The curing time,
defined as the crossover between the storage (G') and loss (G")
moduli, was determined by measuring G’ and G" over time at
80 °C for 90 min on an Anton Paar MCR302 Rheometer
equipped with a convection oven (CTD450). Samples are typi-
cally cured for 24 h at room temperature before heating to 80 °C
for 15 h. Here the samples were heated immediately to 80 °C to
save instrument measurement time. The samples were brought
between 25 mm diameter parallel plates, with an initial gap of
1 mm and the instrument set to maintain an axial force of 0 +
0.1 N. The samples were trimmed and a strain of 0.05% was

applied onto all samples at a frequency of 10 rad s~

TGA analysis

Thermogravimetric analysis (TGA) was done with a Netzch STA
449F3 Jupiter instrument. Powder samples were heated from
25 °C to 1200 °C at 10 °C min~" under air flow with an isother-
mal step at the end of 30 min at 1200 °C. Nanocomposite
samples were heated from 25 °C to 800 °C at 5 °C min™" under
airflow with an isothermal step at the end of 30 min at 800 °C.
Measurements were performed in triplicate. Correction files
were recorded using the same conditions as the corresponding
measurement. TGA data processing was performed using the
Netzch Proteus Analysis software. The lack of filtering was
determined by TGA on a TA instruments TGA5500 by heating
from 25 °C to 800 °C at 5 °C min~" with an isothermal step at
the end of 15 min at 800 °C.

Micro-CT scans

Micro-computed tomography was done at the Ghent University
Centre for X-ray Tomography (UGCT) using the HECTOR®*
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scanner. Samples were scanned in cone-beam mode.
OCTOPUS reconstruction software version 8.9 was used to
obtain a stack of reconstructed TIFF images. The proof-of-
concept concentration series was scanned at a voxel size of 17°
pum?, the composite laminates at a voxel size of 3.5°> pm?>. All
were scanned at 90 kV tube potential and a power of 10 W. No
hardware filter was applied. 2400 projections were taken using
1000 ms exposure time per projection.

CT scan postprocessing and region growing segmentation

Datasets were processed using the VGStudio Max software. CT
scans were imported as an image stack. The fibers were seg-
mented from the surrounding matrix by creating a selection
using the automatic region growing (flooding) algorithm. A
seed point was manually placed in any of the 2D views after
which the algorithm grew the selection, continuously expand-
ing as long as the neighbouring voxels were within the user-
specified tolerance relative to the seed. The region growing
algorithm was used in static mode, i.e. voxels were added to
the selection if they were connected to the region and if their
greyvalues did not deviate by more than the chosen tolerance
from the greyvalue of the seed point. No other constraints
(such as max. radius) were applied to algorithm. The tolerance
value and seed point were changed until an optimal selection
was obtained. For some data, the Opening/Closing mode was
applied, which eliminated gaps in the selection that was
grown by expanding the selection with the user-specified
number of voxels and then immediately contracting. Finally,
the selection was extracted from the volume as a separate
region-of-interest (ROI). The 3D volume render was exported as
an image as isosurface render, displaying the surface of the
selected ROI as defined by the manually set iso-level.

Deep learning segmentation

The micro-CT images were preprocessed through rotation and
cropping operations. The 5 m% sample had a cropped size of
672 x 768 x 768 voxels, the 10 m% sample had a cropped size
of 704 x 672 x 800 voxels. Both had a voxel size of 3.5° um?
and a greyscale depth of 16 bit. The images were annotated for
the formation of the training dataset and subsequent result
evaluation. Sets of tow cross-sections were manually segmen-
ted using Image]/Fiji."*' There were 21 tows for 5 m% and 15
tows for 10 m%. In total, cross-sections on 36 slices were
manually annotated, resulting in an average of about 9 cross-
sections per tow. The tow boundary mesh was generated using
the interpolation technique described by Sinchuk et al.*>® The
meshes were converted into images (voxelized) with sizes iden-
tical to their input. Neural network training was simplified by
converting the problem to binary segmentation, focusing only
on identifying the tow cross-section regions. Slices transverse
to the tow direction were used for training. For each image, 10
slices in the warp direction and 10 slices in the weft direction
were selected for neural network training. 8 out of these 10
slices were used to form the training dataset, while the remain-
ing 2 were used for the validation dataset. The sizes of the
training and validation datasets were 32 and 8 samples,
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respectively. Prior to training, the source images were normal-
ized to have a mean greyscale value of zero and a unit standard
deviation. A deep learning approach based on convolutional
neural networks with a 2D U-net architecture®* was employed
as the segmentation method. The training process was
stopped after 30 epochs ‘patience’ without a decrease in vali-
dation loss. The reduced dataset was achieved by downscaling
the input images and their annotations four times in-plane
and two times through the thickness, resulting in a size of
336 x 192 x 192 voxels for the 5 m% sample and 352 x 168 x
200 voxels for the 10 m% sample. The reduced training was con-
ducted on a laptop with only 4GB of GPU memory. Table S37
summarizes the training performances for both datasets. The
neural network, trained only once, was used to predict the
5 m% and 10 m% images in both the warp and weft directions
(four inferences in total). The inference results were prob-
ability images with voxel values ranging from 0 to 1. A voxel
was assigned to the matrix class if the sum of its warp and
weft probabilities was <0.5, otherwise it was classified as a tow
voxel. The warp/weft classification of the tow voxels was deter-
mined by selecting the class with the higher probability. As a
postprocessing step, small isolated regions were removed fol-
lowed by median filter smoothing. The volume thresholds for
the small regions were set at 15k and 500 voxels for the orig-
inal and reduced resolution images, respectively. The median
filter kernels used were 5 x 9 x 9 for the original and 3 x 5 x 5
for the reduced resolution images. The resulting deep learning
segmentations were evaluated against manual segmentations,
Fig. S22.1

TEM analysis

High-resolution transmission electron microscopy (HRTEM)
was performed on a JEOL JEM-2200FS TEM with Cs corrector
operating at 200 kV. Nanocrystals in solvents were made by
drop-cast suspension on the grids. The NC-doped epoxy
samples were made by microtome cutting using a Leica EM
UC7 Microtome. The TEM grids used were Holey-Carbon - Cu
(C200-CU) with 50 micron hole size (200 mesh). NC sizes were
determined by measuring 200 particles using the polygon
selection tool of Image], with measurements set to fit ellipse.

SEM analysis

Scanning electron microscopy (SEM) was performed using a
JEOL FEG SEM ]JSM-7600F at an accelerating voltage of 10 kv
in secondary electron mode. The samples were gold sputtered
before imaging using a Bal-Tec SCD 005 Cool Sputter Coater
with a sputter current of 25 mA for 40 seconds.

PXRD analysis

Powder X-ray diffraction (PXRD) was performed on a Bruker
D8 Advance with motorized anti-scatter screen and
Autochanger and Bragg-Brentano 6-26 geometry (goniometer
radius 280 mm). The instrument uses the Cu Ka radiation (4 =
1.54184 A) with no KB filter. The detector was a LynxEye XE-T
Silicon strip Line detector with 192 channels. Samples were
made by drop-cast suspension on a glass plate. The measure-
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ment was performed in the 6-26 15-60° range at a step size of

0.02° and a scan rate of 0.5° min™*.

DLS analysis

Dynamic Light Scattering (DLS) measurements were recorded
on a Malvern Zetasizer ZS instrument in backscattering mode
(173°) at a temperature of 20 °C using a 60-second equili-
bration time. Nanocrystals in solvents as dispersant were
measured in glass cuvettes, and nanocrystals in the epoxy
Epikote RIMR135 resin as dispersant were measured in dispo-
sable plastic cuvettes. For the Epikote RIMR135 resin as dis-
persant, the dispersant refractive index was set as 1.550 and
the viscosity as 1500 mPa s. Measurements were repeated 6
times. DLS data processing was performed using the Malvern
ZS Explorer software using the general purpose analysis
model.

NMR analysis

Nuclear magnetic resonance (NMR) spectra were recorded at
298.15 K on a Bruker 300 instrument at 400 MHz, a Bruker
Avance III spectrometer operating at a 'H frequency of
500.08 MHz and featuring a BBI probe and a Bruker
UltraShield 500 spectrometer operating at a 'H frequency of
500.13 MHz. Chemical shifts (§) are given in parts per million
(ppm) and the residual solvent peak was used as an internal
standard (CDCl;: 6H = 7.24 ppm, 6C = 77.16, CD3OD: §H =
3.31 ppm, 6C = 49.00). The signal multiplicity is denoted as
follows: s (singlet), d (doublet), t (triplet), quad (quadruplet),
quin (quintet) and m (multiplet). All resonances were back-
ground corrected. Coupling constants are reported in Hertz
(Hz). 'H, *C and *'P spectra were acquired using the standard
pulse sequences from the Bruker library: zg30, jmod (APT =
attached proton test) and zgpg30 (proton decoupled), respect-
ively. In the APT, the carbon resonances resulting from a
-CH,~ and quaternary -C,- are in-phase (orientated up,
denoted as pos), whereas the carbon resonances resulting
from a -CH;- or -CH- are out-of-phase (orientated down,
denoted as neg). Chemical shifts for *P NMR spectra were
referenced indirectly to the "H NMR frequency of the sample
with the xirefmacro in Bruker. *'P NMR spectra of NCs were
processed with a line broadening to reduce noise. For the
quantitative 1D 'H measurements, 64k data points were
sampled with the spectral width set to 16 ppm and a relaxation
delay of 30 s. Quantification was done using the Digital
ERETIC method."?’

UV-Vis analysis

UV-Vis spectra were recorded on a PerkinElmer Lambda
365 measuring the absorbance (4) from 400 to 500 nm with a

slit width of 1 nm and scan speed of 240 nm min™".

FTIR analysis

Fourier-Transform Infrared Spectroscopy (FTIR) was performed
on a PerkinElmer spectrum 2 ATR-FTIR with a diamond crystal
measuring 8 scans from 450 to 4000 cm~' and using back-
ground subtraction.
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