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Abstract Synthetic fibers are used extensively
as reinforcement in composite materials, but many
of them face environmental concerns such as high
energy consumption during production and compli-
cated decommissioning. Natural fibers have been
considered as an attractive solution for making com-
posites more sustainable. However, they are gener-
ally not as strong as synthetic fibers. It is therefore of
interest to investigate ways to improve the properties
of natural fibers without compromising environmen-
tal issues. Here, we present a study of the moisture
absorption and mechanical properties of flax that
has been exposed to hydrogenated nanodiamonds
through an ultrasonic dispersion treatment. Nanodia-
monds are known to be non-toxic, unlike many other
carbon-based nanomaterials. We show that nanodia-
mond-treated flax fabric has a lower moisture content
(~ —18%), lower moisture absorption rate and better
abrasion resistance (~ +30%). Single yarns, extracted
from the fabric, show higher tensile strength (~
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+24%) compared to untreated flax. Furthermore, we
present a theoretical model for the nanodiamond fiber
interaction, based on the Derjgauin—Landau—Verwey—
Overbeek (DLVO) theory of colloid interactions. The
simulations indicate that the mechanical properties
improve due to an enhancement of the electrolytic
force, dispersion force and hydrogen bonding of nan-
odiamond-treated fibers, which strengthens the cohe-
sion between the fibers. We also apply the model to
nanodiamond-treated cotton. The lower zeta potential
of cotton increases the electrolytic force. Comparing
the results to experimental data of nanodiamond-
treated flax and nanodiamond-treated cotton sug-
gests that the fiber’s zeta potential is critical for the
improvements of their mechanical properties.
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Introduction

Fiber reinforced polymer composites have a wide
range of use because of their unique modularity. For
example, boats and wind turbine blades have been
made from glass fiber composites for decades. High-
end applications that require maximum strength and
minimal weight rely on carbon fibers for reinforce-
ment. However, the production of synthetic fibers
consumes a lot of energy (Huda et al. 2008; Pecas
et al. 2018; Wu et al. 2018). The demand for com-
posite materials is increasing, and the amount of
synthetic fiber waste is predicted to follow this trend
(Khurshid et al. 2020; Naqvi et al. 2018). Natural
fibers as reinforcement can be an environmental and
sustainable alternative, which is superior to glass fib-
ers regarding the specific strength, energy consump-
tion and costs (Huda et al. 2008; Pegas et al. 2018; Pil
et al. 2016; Joshi et al. 2004).

However, natural fibers have drawbacks, such
as non-uniformity, poor thermal stability, and lim-
ited mechanical strength. Another disadvantage for
the application in composites is their relatively high
moisture sorption and the resulting poor compatibil-
ity between the natural fibers (hydrophilic) and the
matrix (hydrophobic). Therefore, different treatments
for natural fibers were studied. Chemical treatments,
like alkaline treatment, showed improved thermal
stability, increasing tensile strength and better inter-
facial bonding in composites (Van de Weyenberg
et al. 2006; Li et al. 2007; Nurazzi et al. 2021). Nano-
particles like carbon nano tube (CNT), graphene
and nanodiamond were also used for treating natu-
ral fiber reinforcements. The treatment with CNTs
showed improved mechanical and fracture proper-
ties of natural fiber composites (Kordkheili et al.
2013; Tzounis et al. 2014; Shen et al. 2014; Li et al.
2015). The application of CNT on single flax threads
could increase the Young’s modulus by 70% without
improving the tensile strength compared to untreated
flax (Li et al. 2015). Graphene-treated natural fibers
showed improved thermal and mechanical properties,
as well as better interfacial bonding in composites
(da Luz et al. 2020; Sarker et al. 2018, 2019; Karim
et al. 2021). Sarker et al. (2018) could improve the
tensile strength on elementary jute fibers by 96%
compared to untreated fibers with a hot water, alkali,
and graphene oxide treatment. A follow-up inves-
tigation by Karim et al. (2021) performed the same
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treatment with reduced graphene oxide instead of gra-
phene oxide and reached improvements of 176% in
tensile strength compared to untreated fibers.

Nanodiamond has attracted considerable attention
because of its excellent chemical and thermal stabil-
ity, mechanical strength, and the ability of modulating
its surface with functional groups (Schmidlin et al.
2012; Mochalin et al. 2012). Hydrogenated nanodia-
monds have a positive zeta potential at neutral pH
(Cicala et al. 2017; Arnault and Girard 2017), making
it useful for seeding of negatively charged substrates
for chemical vapor deposition (CVD) of diamond
(Williams et al. 2010) and treatment of negatively
charged surfaces in general.

Houshyar et al. (2019) treated plain cotton fab-
rics with nanodiamond, improving the thermal and
mechanical properties for textile applications. A
simple dip-coating procedure of the fabric in a water
dispersion with a nanodiamond concentration of just
0.3% led to an increase in tensile strength by 40% and
an increased abrasion resistance by 58% compared to
untreated fabrics (Houshyar et al. 2019). This shows
that only small amounts of nano-particles are needed
for improving the fiber properties significantly. The
non-toxicity is a major advantage of nanodiamond
compared to other carbon-based nanomaterials
(Mochalin et al. 2012).

Natural fibers vary naturally in length and are
commonly spun to obtain continuous staple fiber
yarns that can be processed to textiles and compos-
ite reinforcements. In the following the terms “yarn”
and “thread” are used synonymously. Spinning intro-
duces twist into the yarn which is the primary bind-
ing mechanism in conventional staple fiber yarns.
The twist angle in the yarn can influence many yarn
characteristics including yarn compaction, linear den-
sity and importantly, yarn strength (Shah et al. 2012).
However, the optimal twist differs between textile
and composite applications. For dry yarns, measure-
ments show maximum strength at higher twist levels
(Goutianos and Peijs 2003) and simulations confirm
the critical importance of friction between the fib-
ers for the yarn’s strength (Van Langenhove 1997).
In composites, low twist is preferable because of the
better permeability of the yarns and less obliquity
and misalignment of the fibers. This results in better
mechanical properties and was shown in experiments
(Goutianos and Peijs 2003; Baets et al. 2014) as well
as models (Rao and Farris 2000; Shah et al. 2013).
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Shah et al. (2012) demonstrated that a hydroxyethyl-
cellulose surface treatment of natural fibers can be
used to minimize the twist of yarns for composite
applications. Their treatment of low twist flax yarns
caused intra-yarn binding, which increased the fric-
tion between the fibers and strengthened the yarn by
230%.

Flax has been spun and woven to linen textiles for
centuries (Hiister-Plogmann et al. 1997; Leuzinger
and Rast-Eicher 2011) and is still popular for clothing
because of its good breathing and moisture regulat-
ing properties. Therefore, the textile/clothing indus-
try still has the highest demand for flax fibers (Baley
et al. 2018). Abrasion is a main source for failure in
textiles and has been improved with alkaline treat-
ment, chemical crosslinking (Mccall et al. 2001) and
silica treatment (Alongi and Malucelli 2013). Since
the 1990s, flax is one the most used natural fibers for
reinforcement in composites (Pecas et al. 2018). Its
main application is in the automotive sector, where
non-load bearing parts are replaced to save weight
and costs (Pecas et al. 2018; Carus et al. 2015). Other
possible applications for flax fiber-based composites
are medical applications like implants (Kumar et al.
2020) and wound-dressing, supercapacitors, oil/water
separation and building materials (Li et al. 2022).

In the research field of cellulose, hydrogen bond-
ing is a common explanation for a large variety of
phenomena and properties, such as mechanical
strength of fibrils, fiber-fiber bonding or forming of
paper. However, according to Wohlert et al. (2022)
this explanation can be wrong (high axial modulus
and strength of fibrils) or is often incomplete (fiber-
fiber bonding, forming of paper), while in most
cases the effect of moisture is neglected. Hydro-
gen bonds between nano-particles and natural fib-
ers have also been proposed to explain the observed
improvements in mechanical properties (Li et al.
2015; Houshyar et al. 2019; Hu et al. 2010). How-
ever, a theoretical study by Nishiyama (2018) sug-
gested that it is the dispersion force (Scheel and
Buhmann 2008) (induced dipole-induced dipole
force) that is predominant (50-70%) in the cohe-
sion of cellulose, which translates directly to plant-
based natural fibers that mainly consist of cellulose.
In addition, it has been proposed (Wohlert et al.
2022) that water/moisture plays an important role in
fibril—fibril and fiber—fiber joints. Moisture sorption
occurs primarily in the non-crystalline parts of the

fiber, mainly hemicelluloses and lignins (Lu et al.
2022), that can be seen as a matrix for the unidi-
rectionally oriented cellulose microfibrils (Miissig
and Haag 2015). These non-cellulose materials are
also mostly affected by swelling, which leads to a
stronger expansion in transverse direction of the
fiber and an increase in its diameter (Lu et al. 2022).
In this process, water molecules fill voids in the
three-dimensional shape of matrix/fibers and bridge
hydroxyl groups of the fiber’s components with
hydrogen bonds (Wohlert et al. 2022). Therefore,
the presence of water might contribute substan-
tially to the fiber strength. Simulations by Zhang
et al. (2021) on cellulose nanocrystals confirmed
this hypothesis by showing that hydrogen bonds
between the cellulose nanocrystals are 2.6 times
stronger in wet conditions. Furthermore, experi-
ments on flax showed that untreated flax has up to
23% higher tensile strength at a relative humidity of
66% compared to a relative humidity of 30% (Stam-
boulis et al. 2001).

The Derjgauin—Landau—Verwey—Overbeek
(DLVO) theory of colloid interactions (Derjaguin and
Landau 1941; Verwey and Overbeek 1948) has pre-
viously been applied to the interactions of cellulose
(Fukuzumi et al. 2014) and nanodiamond (Sychev
et al. 2017) materials in aqueous environments,
for instance addressing cellulose interacting with
quartz (Hartmann et al. 2018) and titania (Siffert and
Metzger 1991) minerals. DLVO theory models the
total interaction force as the sum of electrolytic force
arising from electrolyte ions adsorbing to charged sur-
faces, together with macroscopic van der Waals (dis-
persion) force driven by the dielectric polarizability
of particles and medium. This is discussed in detail
by Fiedler et al. (2023). The interaction between
nano-particles and cellulose could be dominated by
electrolytic and dispersion force and water-induced
hydrogen bonds via absorbed moisture. To the best of
our knowledge this has not been studied so far.

In this study, we present an investigation of the
moisture absorption and mechanical properties of
flax fabric treated with hydrogen-terminated nano-
diamonds. Moreover, we present a theoretical expla-
nation of our results by comparing the magnitude of
DLVO forces against the strength of hydrogen bonds.
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Table 1 Properties of technical flax fabric used in this study ends of the flax fabric, see Fig. S1 in the supporting
. information (SI). Before fixing the flax fabric with the

Area density: 150 g m™2 . . . ...
. frame, it was wetted with water. Surface impurities

Weave pattern: 2/2-twill . .
Waro weave density: 25 4 threads em-! were removed from the samples by using ultrasonic
P i v: -+ Hhreads Cni agitation (180 W, 45 kHz), first for 3 min in isopro-
Weft weave densny.. 24 threads cm panol and then for 20 min in deionized water. The
Thread nufnber metric: 36 Nm nanodiamond dispersion was diluted with deionized
Thread twist level: 670 tpm water from a nanodiamond content of 2.5 to 0.3%.
The cleaned flax samples were dip-coated in the dis-
persion for 30 min using ultrasonic agitation (180 W,
Table 2 Properties of hydrogen-terminated nanodiamond 45 kHz). After the treatment, the flax fabrics were
water dispersion used in this study rinsed with deionized water to remove nanodiamond
Nanodiamond content: 2.5% (Myllymiki 2014) agglomerates and residual impurities. Then, the sam-

5 o
Nanodiamond crystal size: 4-6 nm (Myllymiki 2014) ples were dried for at least 6 h on a hotplate at 60 °C

50 mV (Myllymiki 2021) to evaporate water without degrading the flax (Van de
Velde and Baetens 2001). The reference samples were
prepared the same way as the nanodiamond-treated

Zeta potential at pH 7:

Experimental methods samples, except for the nanodiamond treatment. In
total, three nanodiamond-treated samples and three

Materials reference samples were made.

The materials used are all commercially available. A Characterization

chemically untreated, technical flax fabric for com-
posite making was supplied by Libeco NV, Belgium. Scanning electron microscopy (SEM)
Its properties are listed in Table 1. Hydrogen-termi-

nated nanodiamonds dispersed in water (uDiamond® Untreated and nanodiamond-treated flax were cut in
Hydrogen D) were supplied by Carbodeon Ltd Oy, each case into a circular piece of fabric with a diam-
Finland. Its properties are listed in Table 2. eter of 20 mm. Figure 1 shows the fixed samples that
were imaged with a Zeiss Supra 55 VP SEM with-
Nanodiamond treatment out any sample coating. An Everhart-Thornley (ET)
detector was used at a bias of 200 V with an accelera-
Flax fabric was cut into samples of 80 mm X 80 mm tion voltage of 2.5 kV to come close to the charge bal-
size and mounted on a sample holder consisting of a ance with the uncoated sample (Flatabg et al. 2017).

base metal plate and a top metal frame, clamping the

Fig. 1 Image of untreated
flax (a) and nanodiamond
treated flax (b) fixed for
scanning electron micros-
copy (SEM) imaging;
Nanodiamonds absorb
visible light and cause the
nanodiamond-treated flax
fabric to appear darker in
comparison to untreated
flax

@ Springer
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Quantitative assessment of the nanodiamond uptake

The nanodiamond uptake of the flax fabric after
treatment was measured with an analytical balance
(KERN & SOHN GmbH, ABT 220-4M). Flax fab-
ric was cut into samples of 260 mm X 450 mm size
and prepared as described in Sect. 2.2. After clean-
ing the samples, an additional drying step at 60 °C for
at least 6 h was included. The dry flax was weighed
before and after nanodiamond treatment. The stand-
ard mode of the balance was used. The weighing was
performed immediately after the drying to minimize
moisture uptake from the air. In total, three samples
were made.

Moisture content and absorption rate

The moisture content and absorption rate of untreated
and nanodiamond-treated flax were measured with
an analytical balance (KERN & SOHN GmbH, ABT
220-4M). The nanodiamond treatment is described
in Sect. 2.2. Untreated and nanodiamond-treated flax
fabric of 260 mm X 450 mm size were dried on a hot
plate at 60 °C for removing moisture only (Van de
Velde and Baetens 2001). The drying time was
around 1 h to reach a lower water equilibrium than
at room temperature. The average temperature in the
laboratory was (22 + 1)°C and the average relative
humidity was (24.4 + 0.4)%. The mass of the flax was
measured before the drying and monitored after the
drying to measure the moisture content and the rela-
tive water absorption rate from the surrounding air.
The measurement was performed two times for each
fabric.

Mechanical tests

Martindale abrasion resistance tests were performed
based on BS EN ISO12947-2:2016 by Shirley Tech-
nologies Limited, United Kingdom. The tests were
conducted using a Martindale abrasion machine with
a head loading of (12.0 + 0.3) kPa and the standard
wool worsted crossbred reference abradant fabric.
The number of abrasion cycles was counted until the
observation of the complete breakage of at least two
separate threads in the weave construction.

Tensile strength tests were performed based on
BS EN 1SO13934-1:2013 by Shirley Technologies

Limited, United Kingdom. A constant rate of exten-
sion (CRE) tensile testing machine was used for this
purpose. A length of thread extracted from the fab-
ric is gripped perpendicularly in the clamps of the
machine. Tensile force is applied in the direction of
the length of the thread at a jaw speed of 100 mm
min~!. The initial clamping length was 20 mm. Tests
were carried out on ten separate pieces of thread
extracted from the fabric warp and weft directions.
The maximum breaking force and the elongation at
maximum force were measured. The BS EN ISO139
standard conditions for temperature and relative
humidity were met with (19.3 +0.3)°C and (66 +
2)%, respectively.

All equipment used during the tests is calibrated
externally in accordance with the ISO 17025 qual-
ity management system that is accredited to Shirley
Technologies Limited, United Kingdom.

Results and discussion
Surface properties of flax fibers

Figure 2 shows SEM images of the flax fabric (a),
a single thread (b), the surface of an untreated
elementary fiber (c) and the surface of a nanodia-
mond-treated elementary fiber (d). The difference
in diameters of warp (thin, vertical) and weft (thick,
horizontal) threads of the twill fabric is visible in
Fig. 2a. This difference is due to the weaving pro-
cess, which yields higher loads on warp threads
(Barella 1950; Rukuiziene and Kumpikaite 2013)
and can be seen in the higher warp weave density,
too, having more warp threads within a centimeter
than weft threads.

The surface of nanodiamond-treated flax
(Fig. 2d) appears rougher than the untreated flax
surface (Fig. 2c). We attribute the increased rough-
ness seen in Fig. 2d to the nanodiamond treatment.
However, the SEM resolution is not high enough
to identify with certainty nanodiamonds of a few
nano-meter size. Nanodiamonds tend to aggregate
(Kriiger et al. 2005; Yoshikawa et al. 2015) and the
structure seen may be the aggregation of nanodia-
monds. Alternatively, the rougher surface could be
the result of abrasion with the nanodiamonds during
ultrasonic agitation.

@ Springer



690

Cellulose (2024) 31:685-701

Fig. 2 SEM pictures of
flax; Flax fabric (a), single
thread (b), the surface of
an untreated elementary
fiber (c) and the surface
of a nanodiamond-treated
elementary fiber (d); See
Sect. 2.3.1 for instrument
settings and sample prepa-
ration

In Fig. 1, a difference in color between untreated
flax, Fig. 1a, and nanodiamond treated flax, Fig. 1b,
is visible. Nanodiamonds have a strong optical
absorption in the visible part of the spectrum, due
to the graphitization of the nanodiamond surface
during its formation. This gives nanodiamonds and
its dispersions a dark-brown color (Vul et al. 2014).
The darker, slightly browner color of the nanodia-
mond treated fabric, Fig. 1b, is therefore a strong
indication that the nanodiamonds are bonded to the
flax fibers through the treatment. Even rinsing the
nanodiamond-treated fabric after the treatment did
not change its darker appearance.

Nanodiamond density

Knowing the nanodiamond density can be helpful to
evaluate the nanodiamond treatment of a material. A
quantification of the nanodiamond density through
the difference in color between the untreated and nan-
odiamond treated flax, Fig. 1, is not feasible. Moreo-
ver, single nanodiamonds could not be resolved by
SEM, Fig. 2, which prevents an accurate quantifica-
tion of their area density. However, the nanodiamond
uptake could be determined by measuring the weight
of a large piece of flax fabric before and after the
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nanodiamond treatment. This information was used
for approximating the area density of nanodiamonds
on the fibers, pyp. A simple model for the number of
nanodiamonds bonded to the flax fabric and the sam-
ple surface area was developed. Here, nanodiamonds,
which are cuboctahedron in shape (Vul et al. 2014)
are approximated as spheres and elementary flax fib-
ers, which generally have a polygonal cross section
(Lukesova and Holst 2021) are approximated as cyl-
inders for simplification. Further details on the model
are described in the SI, Section S3.

The results of the nanodiamond mass measure-
ments and the estimates of the nanodiamond density
are summarized in Table 3. The high mass of nano-
diamonds suggests that not only the surface of the
fabric is fully covered by nanodiamonds, but also
the elementary fibers within the yarns of the fabric.
The maximal possible area density can be estimated
as a function of the nanodiamond radius ry, and is

-1
given by (\/ngD) (Mandal 2021). For

rnp = (2.5 +0.5)nm the density is
(4.6 +£2.8) - 10> cm™2, which is in good agreement
with the results of the model presented in this work.
Assuming the aggregation of nanodiamonds, which
is a well-known effect (Kriiger et al. 2005; Yoshi-
kawa et al. 2015), the size of the bonded
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Table 3 Nanodiamond uptake measurement and area density calculation results

# 1 2 3

Fabric mass before (g) 14.2178 14.4663 14.2680

Fabric mass after (g) 14.2182 14.4976 14.3073
Nanodiamond mass (mg) 0.4+0.2) (31.3+£0.2) (39.3+£0.2)
Nxp (1.8 +1.4)- 10" (1.4+0.9) - 10" (1.7 + 1.0) - 10"
Ay (m?) (0.104 £ 0.001) (0.105 £ 0.001) (0.104 +0.001)
A, (m?) (2.1+0.6) (22+0.6) (2.1+£0.6)

pnp (cm™2) 8+7)-10' (6+4)-10" (8+5)-10"

The precision of the balance is +0.1 mg; Area density of nanodiamonds pyp, = NxpA, ™', with Nyp being the number of bonded
nanodiamonds and A, describing the surface area of all elementary fibers in the thread, which is a multiple of the area of the flax

fabric Af

Table 4 Moisture content of untreated and
nanodiamond(ND)-treated flax after drying at 60 °C for around
1h

Untreated ND-treated

Mass before drying (g)  (15.709 + 0.009)  (14.991 + 0.005)
(15.275 + 0.006)  (14.646 + 0.003)
434 +11) (345 £ 6)
Moisture content 2.8% 2.3%

Mass after drying (g)
Water mass (mg)

The moisture content of nanodiamond-treated flax is about
18% less than of untreated flax. The precision of the balance
is +0.1 mg

nanodiamonds can be a multiple of the size of a sin-
gle nanodiamond. This means that the nanodiamond
density is likely to be lower than the calculated pyp.
Therefore, pyp can be interpreted as a maximal
density.

The nanodiamond densities for sample 2 and 3
agree within one standard deviation. However, sam-
ple 1 deviates from the others by roughly two orders
of magnitude. We assume that the reference sam-
ple contained more water than the nanodiamond-
treated sample, yielding a too low nanodiamond
mass. An unequal drying time before and after
the nanodiamond treatment might have led to this
inconsistency.

Even though a comparison between different mate-
rials is difficult, the estimated densities are consistent
with reported densities of ~ 10'! cm™2, demonstrated
with ultrasonic seeding techniques on silicon wafers
(Mandal 2021; Williams et al. 2007).

+ +  Untreated flax
Nanodiamond treated flax

1.0 4

0.8

0.6

0.4

0.2

Moisture absoprtion rate [s7!

0.0 1

T T
00:00 05:00 10:00 15:00 20:00
Time [min]

Fig. 3 Moisture absorption rate of untreated and nanodia-
mond-treated flax as a function of time after the drying on
a hot plate at 60 °C; The data was fitted with an exponential
function f(f)=a-e ™ +c, the fitting parameters are listed
in Table S1; The moisture absorption rate of nanodiamond-
treated flax is lower than of untreated flax at all times, leading
to lower moisture content; Error bars are too small to be shown
in the diagram

Moisture content and absorption rate

Since high moisture sorption of natural fibers is one
of their biggest drawbacks, it was tested if the nano-
diamond treatment has an effect on the moisture con-
tent and absorption rate of flax. The results of the
moisture content measurements of untreated and nan-
odiamond-treated flax are listed in Table 4. The nano-
diamond treatment of flax reduces the moisture con-
tent of flax by about 18% compared to untreated flax.
Calculation details can be found in the SI, Section S4.
In a previous study the moisture content of untreated
flax was measured to (10 + 1)%, following the ASTM
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D 2654-89 a:1998 standard (Surina and Andrassy
2013). These higher values can be explained by the
higher relative humidity of about 65% in the stand-
ardized test.

In Fig. 3 the moisture absorption rate of untreated
and nanodiamond-treated flax is shown as a func-
tion of time after the drying. The moisture absorption
rate of nanodiamond-treated flax is lower than that
of untreated flax at all times. Thus, the nanodiamond
treatment not only reduces the moisture content of
flax, but also delays the absorption of moisture after
being dried. This might be explained by the hydro-
phobic nature of hydrogenated nanodiamonds that
was shown experimentally (Stehlik et al. 2016; Ver-
vald et al. 2019). The nanodiamond density estimates
from Sect. 3.2 suggest a fully covered flax fiber sur-
face. Similar to rain wear impregnation, the hydro-
phobic nanodiamonds could make the fiber absorb
less moisture.

Mechanical properties

Abrasion resistance tests were performed on two sam-
ples of untreated and nanodiamond-treated flax fab-
ric. It was found that the untreated flax samples could
withstand more than 3000 and 4000 cycles, respec-
tively, whereas both of the nanodiamond-treated flax
samples withstand more than 5000 cycles. Thus, the
nanodiamond treatment increased the abrasion resist-
ance of flax by about 1500 cycles on average, cor-
responding to an improvement of about 30%. The
results show that the treatment with nanodiamonds
makes flax more resistant to mechanical wear. This
is consistent with the work of Houshyar et al. (2019)
on nanodiamond-treated cotton, which reports an
increase in abrasion resistance by 58%. However,
Houshyar et al. (2019) did not define a clear counting
endpoint and based the abrasion cycle number on a
subjective, visual judgment of the fabric, which is dif-
ficult to reproduce. Even though the dispersion con-
centration of 0.3% was the same during the nanodia-
mond treatment (Houshyar et al. 2019), cotton might
see a stronger effect because of the different chemi-
cal composition compared to flax. This might influ-
ence the amount and density of nanodiamonds being
bonded to the fiber and affect the abrasion resist-
ance. However, in comparison to previously reported
treatments for increasing the abrasion resistance,
the nanodiamond treatment of flax shows a lower

@ Springer

Table 5 Mechanical properties of untreated () and nanodia-
mond-treated flax (Fyp); Mean values and standard deviation
are presented for warp and weft threads

Fabric Breaking force (N) Elongation
at break
(%)
Warp F (10+2) 8+2)
Fxp 12+ 4) Tx2)
Weft F 11x3) TxD
Fyp 11+4) 6+2)
Total F (10+3) (7+2)
Fyp 12x4) (T7T+2)
22.5 Nanodiamond treated flax
B Untreated flax
200 7 ’ Warp
Zoy7s5] + Weft
E 15.0 A N ¥ +
21254
3 | = +
c% 10.0 >, 4/ + N
7.5 1 / ¢ ¢
501 _A
i s 6 7 8 9 10 n

Elongation [%]

Fig. 4 Tensile strength as a function of elongation at break;
The data was fitted with linear functions to visualize the gen-
eral findings; Almost all tested nanodiamond-treated flax fibers
are stronger than untreated flax fibers with the same elongation
at break; Relative error in force is about 0.6%; Error bars are
too small to be shown in the diagram

improvement. Mccall et al. (2001) could increase the
abrasion resistance of flax fabric by a factor of three
with a combination of an alkaline and crosslinking
treatment.

Tensile strength tests were performed on sin-
gle threads that were extracted from the fabrics of
untreated and nanodiamond treated flax. In this way
fabric effects like interactions between threads in the
fabric could be excluded, which simplifies the study
of the nanodiamond treatment. The force-strain meas-
urement raw data of untreated and nanodiamond-
treated flax threads is shown in Fig. S2 in the SI. All
tested threads show the typical force-strain curve of a
brittle break during the elastic deformation that was
reported previously for flax fibers (Bos et al. 2002;
Charlet et al. 2009). The breaking force and elonga-
tion at break are summarized in Table 5, showing
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the results for untreated and nanodiamond-treated
flax threads in warp and weft directions. According
to Shirley Technologies, who performed the tests, the
relative error in force is about 0.6%.

Plotting the breaking force at the elongation at
break of each tested single flax thread as shown in
Fig. 4, reveals two interesting results. Firstly, only
the data of untreated flax is split into two regimes,
separated by the breaking force maximum between 7
and 8% elongation. It is striking that regime 2 (above
7-8%) consists almost exclusively of warp yarns.
Secondly, a clear effect of the nanodiamond treatment
is visible with a positive offset of breaking force val-
ues, showing that the treatment strengthens the flax.

On the first point. In regime 1 (below 7-8%) the
breaking force increases with elongation and in
regime 2 it decreases. This indicates that there are two
failure mechanisms for untreated flax, which likely is
related to the twist in the yarn and the clamping con-
ditions during the tensile test. When the clamping
length in tensile tests exceeds the elementary fiber
length, not all elementary fibers in the yarn can be
clamped at both ends. Thus, the yarn strength is more
dependent on the cohesion between the elementary
fibers, which results in less strength and higher elon-
gations compared to tensile tests on single elementary
fibers. This is also known as bundle effect (Bos et al.
2002; Sarker et al. 2018). Elementary flax fibers have
a natural variation in length from 4 mm to 140 mm
(Miissig and Haag 2015) with a mean value around
30 mm (Bos et al. 2002). Twist is the primary bind-
ing mechanism in staple fiber yarns and introduces
friction between the fibers. The resulting inter-fiber
cohesion prevents the fibers from slippage under ten-
sile load. With increasing twist however, the probabil-
ity of fiber breakage raises because of fiber obliquity,
leading to a reduced yarn strength in tensile direction.
Shah et al. (2013) showed that the surface twist angle
of yarns is the important parameter to define twist
and that maximum strength is reached at the twist
angle at which both failure mechanisms, fiber slip-
page and fiber rupture, balance. We conclude, that the
failure mechanism in regime 1 is dominated by fiber
rupture, a simultaneous break of the elementary fib-
ers, causing lower elongation at break. In regime 2,
the failure mechanism is more dominated by slippage
of elementary fibers, which can explain the higher
elongation at break and the decreasing strength with
elongation. The variability in measured strength at a

certain elongation however, is likely due to the ele-
mentary flax fibers that have a coefficient of variation
in the range from 20 to 60% (Aslan et al. 2011).

The fact that regime 2 almost exclusively con-
sists of warp yarns is also related to twist and can
be shown by modeling the structure of twisted fiber
yarns (Rao and Farris 2000). Approximating the yarn
as a cylinder, the twist surface angle, «, is depended
on the yarn diameter, d, and is given by tana = zdT .
T is the twist level and defines the number of twist
per meter. The lower diameter of warp yarns
(see Sect. 3.1) results in a lower twist angle. This
decreases the inter-fiber friction and leads to more
fiber slippage, less strength and higher elongations in
the tensile test.

On the second point. The breaking force of nano-
diamond treated flax increases steadily with elonga-
tion and is higher than of untreated flax for almost all
elongation values. The data (Fig. 4) was fitted with
linear functions, interpolating the data points. This
allows a quantified comparison between the break-
ing force of nanodiamond-treated flax and untreated
flax at the same elongation, reflecting the precision
of the measurements. It shows that in regime 1, the
breaking force increased by (1 + 1)N on average for
nanodiamond-treated flax compared to untreated flax,
while in regime 2, it increased by (5 + 4)N, reflect-
ing the strong effect of the nanodiamond treatment at
high elongations. This is a significant enhancement of
the tensile strength, yielding a maximum increase of
about 47% in regime 1 and about 141% in regime 2.
On average, the nanodiamond treatment increased the
breaking force by more than 24% and decreased the
elongation by about 11%.

We propose that the significant improvement in the
flax’s mechanical properties is a result of the nano-
diamonds bonding to the flax fibers (see Sect. 3.1)
and increasing the cohesion between the elementary
fibers. The added friction and resistance to fiber slip-
page increases the tensile strength of nanodiamond
treated flax and explains the absence of regime 2 in
the breakage of nanodiamond treated flax (see Fig. 4).
Fig. 5 shows a schematic of possible interactions
between nanodiamonds, water and the elementary
fibers of a flax thread. We suggest that the increased
cohesion originates from an interplay between elec-
trolytic forces, dispersion forces, direct hydrogen
bonds, and indirect, water-induced hydrogen bonds.
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Fig. 5 Schematic (not to scale) of a thread’s cross-section;
Nanodiamonds bond between elementary fibers, increasing the
cohesion between the elementary fibers and strengthening the

To explain our observations, we developed a
model on the interaction of nanodiamonds and natu-
ral fibers/cellulosic materials. We applied the model
to flax and cotton and compared the results to our
experimental data on flax and previously published
data on cotton (Houshyar et al. 2019).

Briefly, a DLVO model (Derjaguin and Landau
1941; Verwey and Overbeek 1948; Liang et al. 2007)
of particle interactions is employed, calculating elec-
trolytic forces and dispersion forces. The electrolytic
interaction originates from opposite polarities and
accounts for the formation of an ion adsorption layer
at nanodiamond and natural fiber surfaces, i.e. phy-
sisorption of ions from the aqueous medium. The
nanodiamond and flax/cotton surfaces with a con-
stant surface charge density are calibrated against
zeta potential measurements, resulting in their respec-
tive surface charges. More details on the electrolytic
interaction model can be found in the SI in Sec-
tion S6. Untreated, raw flax fibers with zeta potential
—5mV in 1mM KCI (pH 7) (Bismarck et al. 2002)
were modeled as flat surfaces with a constant surface
charge of —4.3-10"*cm™2. Untreated, raw cotton
fibers with zeta potential —15mV in 1mM KCI (pH
7) (Pusi¢ et al. 1999) were modeled as flat surfaces
with a constant surface charge of —13.1-107*cm™2.
Nanodiamonds were modeled with constant surface
charge generating a zeta potential of 40 mV in pure
water (pH 7) (Williams et al. 2010). We tested two
nanodiamond models: as a flat surface with charge
—3.6- 107 cm™ (referred to as low charge), and as a
4 nm diameter sphere with charge 0.02 cm™ (referred
to as high charge) (both generate 40 mV zeta poten-
tials within their respective geometries). The dis-
persion force is calculated as the superposition of
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thread; Additional water is confined by the hydrophobic nano-
diamonds to further increase the cohesion between the elemen-
tary fibers

the Casimir force (Burger et al. 2020; Fiedler et al.
2020a) between the fibers and the medium-assisted
Casimir—Polder force (Fiedler et al. 2017, 2019)
between the fibers and nanodiamonds of 4 nm diam-
eter. Here, we use the dielectric function for carbon
from Bergstrom (1997), for water from Fiedler et al.
(2020b) and for cellulose from Thiyam et al. (2015).
More details on the dispersion interaction model can
be found in the SI in Section S7.

The results of the simulation are shown in Fig. 6.
The electrolytic force and dispersion force between
nanodiamonds and flax fibers are shown in Fig. 6a,
the electrolytic force and dispersion force between
nanodiamond and cotton fibers are shown in Fig. 6b,
both as a function of the fiber-nanodiamond-dis-
tance. Figure 6¢ compares flax to cotton in terms of
the total force, the superposition of the electrolytic
force and the dispersion force, as a function of the
fiber-nanodiamond-distance.

The electrolytic force is long-ranged (100s
of nm) and causes attraction between the nano-
diamonds and the fiber (negative force), as well as
repulsion (positive force) at short distances. For
flax, the equilibrium point of zero force is at about
10 nm for the high charge and at about 300 nm for
the low charge estimate. The high charge estimate
has a stronger attraction and a stronger repulsion
than the low charge estimate. The dispersion force
is short-ranged (nm) and shows strong attraction at
distances of less than 10 nm.

The total force, Fig. 6¢, yields attraction between
nanodiamonds and flax fibers at distances below 1
and 4.5 nm for the high and low charge estimates,
respectively. The repulsion barrier with its maxi-
mum at about 2.5 nm might be overcome by the
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Fig. 6 Simulations of the electrolytic force (F,)) and disper-
sion force (Fj) between nanodiamonds (ND) and natural fib-
ers as a function of fiber-nanodiamond-distance; (a) Nanodia-
mond-treated flax and (b) Nanodiamond-treated cotton; NDs
are modeled as sphere with charge 0.02cm™2 (high) and as a
flat surface with charge 3.6 - 107> cm™2 (low); (c) Superposi-
tion of electrolytic force and dispersion force as a function of

ultra sonic agitation during the nanodiamond treat-
ment, bringing the nanodiamonds close enough for
bonding to the flax. This shows that nanodiamond
induced electrolytic and dispersion forces contrib-
ute to increased cohesion between the flax fibers
in nanodiamond treated yarns, which leads to the
increase in tensile strength shown in Fig. 4.

Houshyar et al. (2019) reported an increase of
40% in tensile strength for nanodiamond-treated
cotton fabric. This is a 67% greater improvement
than the here reported 24% increase in tensile
strength for nanodiamond-treated flax.

Our simulations, Fig. 6, show that the lower zeta
potential of cotton leads to a stronger attractive

fiber-nanodiamond-distance; The attraction at low distances
might be a reason for the improved mechanical properties
of nanodiamond-treated natural fibers; The total interaction
between nanodiamond and cotton is stronger than between
nanodiamond and flax, due to the lower zeta potential of cot-
ton; For a more detailed explanation, see the main text and the
calculations in the SI

electrolytic force for the high charge estimate, such
that the repulsion is lower than for flax, the minimum
of the attractive force well is deeper and the equi-
librium point of zero force is at a lower distance, at
about 2 nm. For the low charge estimate the repulsion
of cotton is higher than for flax and the equilibrium
point of zero force is at a longer distance. A direct
comparison can be found in the SI, Fig. S3. Com-
paring the total force, the low charge estimate hardly
shows any difference between cotton and flax. In the
high charge estimate however, the total force of cotton
is about — 0.5e—11 N shifted compared to flax, show-
ing no repulsion barrier for cotton and just attractive
interaction with the nanodiamonds. This results in a
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54% greater attraction between cotton fibers and nan-
odiamonds compared to flax fibers and nanodiamonds
at the minimum distance calculated of 0.2 nm.

These results suggest that the difference in
zeta potential causes the different tensile strength
improvements of nanodiamond treated cotton and flax
. Even though it is in general not given that effects
on a nano-scale, like the nanodiamond-fiber interac-
tion, translate one to one to a macroscopic measure
like the tensile strength, it is interesting to see that the
relative difference in the simulated interaction of cot-
ton and flax (54%) is in the same order of magnitude
as the relative difference in measured tensile strength
improvement (67%).

Furthermore, this relation draws two interesting
implications, on the model itself and on the objective
for improving the performance of natural fibers. On
the one hand, it shows that the high charge estimate
is the more relevant estimate for our model, since it
reflects the difference between cotton and flax. On the
other hand, the relation implies, that tuning the zeta
potential of natural fibers might lead to huge improve-
ments on the effect of nanodiamond treatments and
further improve the fibers’ mechanical properties.

Nevertheless, there are other possible contribu-
tions to the increase in tensile strength and the differ-
ences between flax and cotton, as well as limitations
to our model. Starting with the experimental set-up,
Houshyar et al. (2019) performed tensile tests accord-
ing to the Australian Standard AS 2001.2.3.1-2001
on textile fabrics using the strip method. Due to the
mechanical differences between fabric strips and
fiber threads, these results are difficult to compare
to the single thread tests presented in this work. For
instance, the reported elongation at break of cotton
strips (Houshyar et al. 2019) is more than three times
higher than the elongation at break of single flax
threads (see Table 5). This is likely originating from
yarn interaction in the fabric strips.

Flax and cotton fibers are very different in many
ways. Flax fibers, derived from the plant’s stem, are
round and straight, while cotton fibers are seed fibers
that are flat, kinked and twisted (Ansell and Mwai-
kambo 2009). This different morphology could affect
the nanodiamond interaction. Furthermore, the differ-
ent chemical composition of flax and cotton can also
have an influence on the nanodiamond treatment and
the results. For instance the amount of cellulose in
cotton is about 20% higher than in flax (Ansell and
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Mwaikambo 2009). This difference affects the mois-
ture sorption and swelling of fibers and their zeta
potentials (Bismarck et al. 2002). Even though this
is considered in the electrolytic force model with the
zeta potential dependency, the chemical composition
is not implemented in the dispersion force model.
Adding this information could further refine the
results.

As indicated in Fig. 5, water is likely contributing
to the increase in tensile strength of nanodiamond-
treated fibers. Hydrogen-terminated nanodiamonds
confine water (4.4% of the nanodiamond mass) (Ste-
hlik et al. 2016), which can bridge small voids via
hydrogen bonds between adjacent elementary fibers,
strengthening the yarn. The importance of water as a
mediator for bonds in cellulose and cellulose-based
materials is discussed by Wohlert et al. (2022). For
comparison, the strength of hydrogen bonds between
cellulose crystals is reported to be —1.3 - 107'°N in
dry conditions —4.7 - 107'°N in wet conditions with
cellulose—water—cellulose hydrogen bonds (Zhang
et al. 2021). It might be the dispersion forces that
bring the nanodiamonds/fibers close enough for
hydrogen bonding, which is reported to occur at
distances of less than 0.35 nm (Cintréon et al. 2017).
Since the direct and indirect hydrogen bonds are
one order of magnitude stronger than the dispersion
forces, it might be a combination of both of them that
compensate for the electrolytic repulsion and improve
the cohesion between the elementary fibers.

There is a strong analogy between the structure of
twisted fibers in yarns and cellulose microfibrils in
the secondary layer of elementary flax fibers. Both
define the strength of the structure and the angle of
their orientation with respect to the main yarn/fiber
axis is very important (Miissig and Haag 2015).
Because of their small size of a just few nanometers,
it is conceivable that nanodiamonds could be trans-
ported into the elementary fibers by water sorption
and swelling of the flax fibers during treatment. Flax
fibers have a hierarchical structure, where cellulose
microfibrils form macrofibrils and macrofibrils form
layers around the lumen. On each level, the fibrils are
embedded in a matrix of hemicellulose and lignin,
which are prone to water sorption and swelling (Lu
et al. 2022). On each of these levels, the interaction
of nanodiamonds with fibrils could be similar to the
depicted interaction with fibers in Fig. 5 and increase
the fiber strength. Considering the similar scale of
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nanodiamonds and fibrils, it is likely that interaction
happens at the fibril level. The central issue is how
permeable the flax fibers and their layers are for nano-
diamonds. Tensile tests on single elementary fibers
could provide new insides.

Comparing the nanodiamond treatment of flax
presented in this work with a previously reported
nano-particle treatment shows different improvements
in the mechanical properties. Karim et al. (2021)
reported that the treatment of elementary jute fibers
with reduced graphene oxide can improve the tensile
strength by about 176% compared to the untreated
fibers. Jute fibers are naturally weaker than flax fib-
ers due to a higher presence of noncellulosic materi-
als such as hemicellulose, pectin, and lignin (Sarker
et al. 2018). A hot water and alkali treatment removed
these noncellulosic materials and decreased, together
with the reduced graphene oxide treatment, the
fiber diameter by about 34.5% (Karim et al. 2021).
When expressed as force per cross-section area, this
decrease in diameter alone leads to an increase in ten-
sile strength in the order of the overall improvement,
due to the quadratic dependency of the cross-section
area on the diameter. Moreover, Karim et al. (2021)
tested elementary fibers individually, in contrast to
the here presented test of a flax thread/fiber-bundle.
Elementary fibers alone are up to 50% stronger than
in a bundle due to the bundle effect (Bos et al. 2002;
Sarker et al. 2018), which might explain the lower
increase in tensile strength for nanodiamond-treated
flax presented in this work. However, just the fact that
different plant fibers were tested can make a huge dif-
ference as discussed in the case of cotton and flax. A
direct comparison of the same plant fiber with dif-
ferent treatments or the same treatment on different
plant fibers is highly desirable and as important as
equal testing conditions to draw final conclusions.

Nanodiamond treated flax shows potential for a
series of applications. The increased abrasion resist-
ance of flax fabric and increased tensile strength of
flax yarn, can be directly applied to improve the dura-
bility of textiles, especially, since nanodiamonds are
non-toxic. Furthermore, the presented nanodiamond
treatment might help to close the performance gap
between flax and glass fiber reinforced composites,
which would open up new opportunities for lighter
and stronger sustainable composites. Similar to the
hydroxyethylcellulose treatment presented by Shah
et al. (2012), the increased cohesion between fibers

through the nanodiamond treatment can reduce the
twist angle of flax yarn used in composite applica-
tions. As shown by Goutianos and Peijs (2003), min-
imal twist in flax fiber yarns results in the strongest
composites. In addition, the presented positive effect
on the moisture content suggests improvements in
interfacial adhesion between nanodiamond treated
flax and matrix materials, similar to natural fibers
treated with graphene (da Luz et al. 2020; Sarker
et al. 2018, 2019; Karim et al. 2021). This could be
tested by single fiber fragmentation tests and single
fiber pullout test (Brodowsky and Hennig 2021).
Impregnating fiber bundles and performing standard
tests (e.g. ASTM D3039 for tensile properties) is fur-
ther needed to evaluate the performance of the nano-
diamond treatment in the composite application.

Conclusions

In this work, we show that the treatment of flax fabric
with nanodiamonds improves the abrasion resistance
(~ +30%) and lowers the moisture content (~ —18%)
and moisture absorption rate. Tensile tests on single
yarns, extracted from nanodiamond treated fabric,
show improved ultimate strength (~ +24%) compared
to untreated flax. Furthermore, we present simula-
tions indicating that the nanodiamonds enhance the
cohesion between the elementary fibers of the flax
threads, which improves the mechanical properties
of flax. Our simulations suggest that the adhesion
between the nanodiamonds and flax is a combina-
tion of electrolytic forces, dispersion forces, direct
hydrogen bonds, and indirect, water-induced hydro-
gen bonds. Moreover, applying our model to nano-
diamond-treated cotton and comparing the results to
experimental data suggests that the fiber’s zeta poten-
tial is critical for improvements of their mechanical
properties. However, further experiments on natural
fibers or other cellulosic materials with tuned zeta
potentials are needed to test this hypothesis. In addi-
tion, further modeling is preferable to quantify all
contributions to the adhesion between nanodiamonds
and natural fibers. For instance, atomistic simulations
of the friction force between nanodiamonds and cel-
Iulose based on the work of Zhang et al. (2021) could
provide new insights on hydrogen bonds. The pre-
sented non-toxic nanodiamond treatment of flax can
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be directly applied to make textiles more durable. It
also shows great potential for improving flax as com-
posite reinforcement. This needs to be verified in
additional experiments.
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