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Dispersion analysis of carbon nanotubes, carbon onions, and
nanodiamonds for their application as reinforcement phase in
nickel metal matrix composites

L. Reinert®, M. Zeiger™®, S. Suarez®, V. Presser™®, and F. Miicklich®

Dispersions of multi-wall carbon nanotubes, onion-like carbon, and nanodiamonds in ethylene glycol are produced using a
homogenizer and an ultrasonic bath, altering the treatment time. The dispersed particles are then used as reinforcement
phase for nickel matrix composites. These nanoparticles are chosen to represent different carbon hybridization states {:

vs. sp’) or a different particle geometry (0D vs. 1D). This allows for a systematic investigation of the effect of named
differences on the dispersibility in the solvent and in the composite, as well as the mechanical reinforcement effect. ..
comprehensive suite of complementary analytical methods are employed, including transmission electron microscopy,
Raman spectroscopy, dynamic light scattering, sedimentation analysis, Zeta-potential measurements, scanning electron
microscopy, electron back scatter diffraction, and Vickers microhardness measurements. It can be concluded that the
maximum achievable dispersion grade in the solvent is similar, not altering the structural integrity of the particle..
However, nanodiamonds show the best dispersion stability, followed by onion-like carbon, and finally multi-walled carbor:
nanotubes. The distribution and agglomerate sizes of the particles within the composites are in good agreement with the
dispersion analysis, which is finally correlated with a maximum grain refinement by a factor of 3 and a maximum

mechanical reinforcement effect for nanodiamonds.

1. Introduction

Tailoring of the physical properties of composite materials has
been an extensively studied topic over the last decades. Lately,
carbon nanomaterials have been introduced as very promising
candidates in increase
hardness,*® thermal

thermomechanical stability,9 and reduce
10-12

reinforcement
strength,l_3
conductivtiy,‘c"7'8

composites to
electrical and
friction and wear. Carbon allotropes can be found in a
wide range of morphologies and configurations; they are also

attractive reinforcement phases mainly due to their
outstanding properties and low density compared to other
13-15

reinforcement materials.
For our work, we focus on three types of carbon nanoparticles
(CNPs), namely multi-wall carbon nanotubes (MWCNT),16
nanodiamonds (ND),15 and onion-like carbons (OLC).17 CNTs
can be described as helical hollow cylinders of graphitic carbon
(spz—hybridized) having one or multiple shells and a high aspect
ratio (i.e., quasi one-dimensional) * ND are spherical diamond
nanoparticles with a diamond lattice spacing of 0.21 nm and a
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primary particle diameter of around 5nm (i.e., quasi zero
dimensional).15 Due to the synthesis via detonation reaction,
ND are covered with functional groups and amorphous carbon
layers. ND particles also can form agglomerates with sizes 1
to hundreds of nanometers.”® Thermal annealing in inert
atmosphere or vacuum allows to transform ND to oLc.” The
latter are also known as carbon onions and can be understooc
as multi-shell fullerene nanoparticles (i.e., quasi zero
dimensional) with a typical spacing of 0.34-0.36 nm betweer
the outer shells.®* Depending on the synthesis method and
conditions, the ratio between sp3— and spz—hybridized carbon
can be tuned, as well as the degree of carbon ordering.lg'zz'23
We chose these three particular CNPs as they show either z
different carbon hybridization state or a different particle
geometry. This allows for a systematic investigation of the
effect of those differences on the particle distribution and the
properties in a composite material.

Since a fine and homogeneous distribution of the particles 1s
required to achieve an optimum reinforcing effect,8 the main
drawback of working with CNPs is their notorious tendency t~
agglomerate due to intermolecular forces like dipole-dipole
forces or van-der-Waals forces,M*zs. This behavior is highly
dependent on the synthesis conditions.’#*%?%% ¢y
agglomerates tend to reduce the intrinsic properties of ti =
CNP and also the matrix-reinforcement interface.® Hence,
finding a way to efficiently disaggregate and distribute CN ’s
within a matrix material without significantly altering their
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structure or properties is the key to fully exploit the potential
of CNP composites.

There are two mayor strategies for facile CNP de-
agglomeration: mechanical milling and dispersion in solvents.
Focusing on spz—hybridized CNPs, mechanical milling (e.g., ball
milling) is known to unbundle agglomerates efficiently, but this
process also affects the particle morphology and defect state,
in particular for CNT and oLC.””"° The second possibility can
be sub-classified into two alternatives: (1) The nanoparticles
can be functionalized (covalently or non-covalently), or (2) be
dispersed in a suitable solvent without prior
functionalization.®® The covalent functionalization implies the
dissociation of a C-C bond or the utilization of dangling bonds
to enable surface functionalization (e.g., hydroxyl, carboxyl or
carbonyl groups), rendering the particles dispersible. This
treatment procedure involves the opening of the structure,
generating a weak point where the particle might mechanically
fail. Furthermore, it does not only affect the mechanical
properties of the particle, but many physical properties of the
CNPs are diminished as well ¥

All of the CNPs in this study show a strong tendency to
agglomerate in their native (as received) form. In case of CNTs,
their high aspect ratio, high flexibility, and strong attractive
forces lead to a strong tendency to form bundles.”*?** During
unbundling, to avoid a change of the graphitic structure, it is
possible to functionalize the CNT non-covalently by
physisorption of molecules. This implies the use of surfactants,
polymers, or organic molecule wrapping In several
studies, the optimum CNT/solvent ratio for different solvents
has been studied and some solvent systems have been
identified that do not require prior carbon functionalization.*
Detonation nanodiamonds also show a strong tendency to
form agglomerates.26 During the synthesis, the detonation
wave during the synthesis may generate dangling bonds at the
surface of the ND that react and form covalent interparticle
bonds, graphitic shells or surface functional groups which
interact via dipole-dipole or van-der-Waals forces leading to
agglomerates.26 Similar to CNT, one way to disperse NDs is by
covalent functionalization; depending on the target solvent,
one would adapt either hydrophobic or hydrophilic functional
groups on the surface of ND particles.gs'39 This can for example
be achieved by using organic molecules like polymer brushes
of polystyrene and poly(t-butyl methacrylate)40 or by an
esterification reaction of carboxylic acid chlorides on
hydroxylated nanodiamonds.”’ Also a non-covalent
functionalization of ND is possible, using different kinds of
surfactants combined with prior chemical or thermal
oxidation.***>%

OLCs derived by thermal annealing of ND also tend to form
agglomerates; depending on the applied synthesis conditions,
agglomeration is a result of onsetting particle-particle sintering
and strong intermolecular forces.’?%% Covalent
functionalization may strongly improve the solubility of carbon
onions in suitable solvents; for example, Liu et al. successfully
used fluorination to severely improve the solubility in organic
solvents.** It is also possible to use a surfactant like polyacrylic
acid to significantly reduce agglomeration of oLCs.”

2 | RSC Advances, 2015, 00, 1-3

Our work was motivated by the need to find improved ways to
modify metal matrix composites by employing suitable CN*
materials. We exemplify the potentials and limitations of CNT,
OLC, or ND nanoparticles for nickel matrix composites. As &
first step, we employed a homogenizer and ultrasonication "¢
derive dispersions of CNT, OLC, or ND in ethylene glycol. We
excluded chemical post-synthesis treatment since the latter
prohibits a proper analysis of the influence of the hybridization
state of carbon atoms and the particle geometry on the
particles dispersion. Such post-synthesis treatments woula
also add an additional step to the process while our goal was
to explore the facile production of composite materials. To the
best of our knowledge, this is the first systematic comparisor
of the dispersion of CNTs, OLCs, or NDs in a metal matrix.
Dynamic light scattering (DLS) was used to determine the
particle agglomeration sizes in the solvent. Additionally, the
stability of the dispersions was investigated by sedimentatic.
analysis and Zeta-potential The structui
integrity of the particles was analyzed by Raman spectroscopy
as a function of the processing time by the homogenizer or tk~
ultrasonic bath.

After this step, we adapted the CNPs to a sintered nickel
matrix composite. We correlated the results from the
comprehensive particle characterization with the distributic-
of the particles within the nickel matrix, the obtained
microstructure, and the resulting mechanical reinforcement
effect analyzed by scanning electron microscopy (SEM),
electron back scatter diffraction (EBSD), and Vickers
microhardness measurements. Nickel was chosen as matrix
material as it forms only metastable carbides under very
specific conditions, therefore being suited for a reinforcement
based on CNPs with the parasitic emergence of interphases .
Additionally, the distribution of reinforcing particles in a met .
matrix composite as well as their properties strongly
influences the development of the reinforcing effect.*®
Therefore, for their subsequent utilization as precursors ir

measurements.

composite materials manufacturing, it is of utmost importance
to understand the disaggregation and colloidal stability of
different (non-functionalized) CNPs in solvents.

2. Experimental

21 Processing

In this work, dispersions of MWCNT (Baytubes C150P from
Bayer, purity >95 %, individual particle diameter of 5-20 nm),
ND (NaBond Technologies Co., purity >98 %, individual partic..
4-8 nm), nanodiamond-derived OLC" in
ethylene glycol were analyzed. OLC were synthesized from the

diameter and
same ND powder mentioned before by annealing the materia.
in graphite crucibles (30 mm in diameter and 20 mm in height)
in a vacuum furnace with tungsten heaters (Model: 110°-
3580-W1, Thermal Technology Inc.) using a heating aid
cooling rate of 15 °C/min. The chamber pressure is between
10 mPa and 100 mPa. OLC are synthesized at 1750 °C with a
holding time of 3 h.

This journal is © The Royal Society of Chemistry 20xx
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For the dispersion process, we used a homogenizer (WiseTis,
Witeg) and an ultrasonic bath (Sonorex Super RK 514 BH by
Bandelin, 860 W, 35 kHz). In case of ultrasonic treatment, the
strong shear force that can exfoliate the agglomerates comes
from cavitation, which leads to a process of bubble formation,
growth, and collapse. The efficiency of this process can be
correlated to the solvent parameters like viscosity, vapor
pressure and surface tension, as well as the time, sonication
frequency, and intensity.30 Some of the most promising
solvents for stable dispersions, like dimethylformamide (DMF),
are highly toxic, which is complicating cost effective large-scale
applications.30 The solvent ethylene glycol has already been
used successfully in other and is not toxic.”
Furthermore, polyole like ethylene glycol
subsequent functionalization of carbon nanoparticles or the
deposition of metal particles onto the carbon nanoparticles,
establishing the possibility of further research work on this
topic.47 Hence, ethylene glycol is a versatile solvent and was
therefore chosen for the present work. The concentration was
kept constant for all three different CNP materials at
0.006 vol%. This is calculated after having measured the
densities by gas pycnometry with a Micromeritics AccuPyc
1330 gas pycnometer using helium (purity grade: 5.0). Before,
the powders were dried in a furnace at 120 °C for 1h to
remove any amount of adsorbed water. After ten purges, each
sample was analyzed by 20 separate measurements with a fill
pressure of 134 Pa and an equilibration rate of 34 Pa/min. The
measured skeletal densities were 1.92+0.01 g/cm3 for CNT,
1.97+0.03 g/cm?® for OLC, and 3.30+0.01 g/cm® for ND.

The obtained dispersions were used to manufacture nickel
matrix composites with Ni dendritic powder (Alfa Aesar, -
325 mesh) with a particle volume content of 6.5 %. This
volume content is equivalent to 1.48 mass% of CNT,
1.52 mass% of OLC and 2.51 mass% of ND. The importance of
the utilization of the volume fraction lies in the fact that it is
the most direct way to compare the behavior to other
composites (other matrices). In order to allow for a proper

works
allow for a

comparison of different carbon nanoparticles in the same
metal matrix system, the volume amount of particles in the
system must be kept constant instead of the mass fraction. A
maximum reasonable concentration of CNTs in the nickel
matrix was found to be 3 mass%, which is equivalent to about
12.5 vol%.* With this concentration, a density of 98 % could
be reached and a the grain refinement effect was maximized
using nickel matrix composites. Higher concentrations lead to
a decrease of the reinforcement effect due to a more
pronounced re-agglomeration of the CNTs.* Based on this
fact, a medium amount of the reinforcing carbon nanoparticles
was chosen in this study.

After evaporating the solvent of the dispersions in a furnace at
150 °C, the powder was pressed to green pellets (pressure of
990 MPa) which can be sintered in a hot uniaxial press (axial
pressure of 264 MPa) in vacuum (2-10'6 mbar) at 750 °C for
2.5 h. More information on the synthesis process is provided
elsewhere.®®

This journal is © The Royal Society of Chemistry 20xx
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2.2 Characterization

Samples were analyzed as a powder dispersed on lacey carboi
grids using transmission electron microscopy (TEM) (JEOL
2100F) operated at 200 kV.

To characterize the dispersion in ethylene glycol, the
hydrodynamic radius of the particle agglomerates in the
solvent is measured using dynamic light scattering (ALV
Compact Goniometer) with a wavelength of 532 nm as a
function of the time spent in the homogenizer or the
ultrasonic bath. All spectra were recorded directly after the
dispersion process to represent the dispersion state at this
time. These results were then correlated to the sedimentation
characteristics of the particles, measured using a Lumisizel
(LUM GmbH) with 200-4000 rpm and a wavelength of 470 nm,
taking ~ 24 h until all particles had settled. The dispersior
stability was investigated by Zeta-potential measurement<
with a particle charge detector (Mutek PCD-03 pH, BTG). Five
dispersions of each type with the same particle volur
concentration and a treatment of five minutes in the
homogenizer and 20 min in the ultrasonic bath were measurcu
and the resulting data was averaged. A conducting salt
(ammonium acetate, purity >97 %, Alfa Aesar) with ¢
concentration of 10° mol/dm® was added to increase the
conductivity of the solvent ethylene glycol while keeping thc
pH constant at 7.6 thus allowing for the measurement.*
Raman spectra were recorded using an inVia Raman
microscope (Renishaw) with an excitation wavelength of
532 nm (2.33 eV) for the examination of CNT and OLC, as this
wavelength is more sensitive to coupled modes induced by
spz—hybridization of carbon atoms.” The data was recorded
using a grating with 2400 lines/mm, a 50x-objective (numeric
aperture: 0.9), a spectral resolution of 1.2 cm'l, and a laser
power of 0.2 mW. For ND, an UV-Raman spectromet -
(developed by the Institute Jean-Lamour in Nancy, France)
with a 50x-objective (numeric aperture: 0.55), a grating of
1800 lines/mm, a spectral resolution of 1.2 cm'l, an excitatior
wavelength of 325 nm (3.81 eV), and a laser power of 0.2 mW
was used due to the higher sensitivity to sp3—hybridization ol
the carbon atoms.”® The reference spectrum is measured using
the as-received agglomerated carbon nanoparticle powders.
During the dispersion of the different carbon nanoparticles ir
the ultrasonic bath, an aliquot was taken out of the dispersions
with a pipette at the particular times (10, 20, and 120 min) anc
deposited onto a silicon wafer. The solvent was subsequently
evaporated at 150 °C in a furnace. Finally, the agglomerates on
the silicon wafer were measured with Raman spectroscopy to
obtain the provided spectra. All Raman spectra were recordec
three times with an acquisition time of 10s to eliminate
cosmic rays and to improve the signal-to-noise rat’
Additionally, a intensity
normalization were conducted for all spectra. To identify peak
positions and full width at half maximum (FWHM) data, a
Lorentz fit was performed for all data. Spectra of the powde,
after the dispersion treatment were enabled by drying
droplet casted on a silicon wafer in a furnace at 150 °C.

linear baseline subtraction and
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After the production of the nickel matrix composites, the
samples were grinded and polished (the finest polish was done
using a diamond slurry containing diamond particles of 1 um in
diameter) and the distribution of the particles in the matrix
was analyzed using a dual beam focused ion beam/field
emission scanning electron microscopy (FIB/FE-SEM)
workstation (FEI Helios NanolLab 600). The obtained SEM
pictures were binarized (a4i analysis software) with a
resolution of 62 nm per pixel to allow for a quantitative
distribution analysis of the particle agglomerates. Two pixels
are needed to define an agglomerate. The mean grain size of
the matrix after sintering is measured by EBSD with an EDAX
TSL detector attached to the dual beam microscope. The
scanned area is of 250x250 um’ applying an accelerating
voltage of 20 kV, a current of 22 nA, and a step size of 0.3 um.
For the analysis, a grain is defined as at least two adjacent
points with a maximum misorientation of 5 ° beyond which a
grain boundary is determined. The acquired raw data was
post-processed using confidence index (Cl) normalization,
followed by the removal of points with Cl below 0.1. The grains
intersecting the scan window were excluded from the analysis.
Vickers microhardness measurements were performed with a
Vickers microindenter (Durascan, Struers) with an indenting
force of 0.98 N (HV 0.1) and a holding time of 10 s. For each
sample, 20 measurements at different spots were conducted
and averaged.

3. Results and discussion

3.1 Agglomerate size distribution

The three different CNP materials were first characterized
using TEM (Figure 1). It can be seen that the particles show the
characteristic morphology and atomic structure of MWCNT
(Figure 1a,d), OLC (Figure 1b,e), and ND (Figure 1c,f) as
described in literature.>***®***' OLCs consist of several
spherical shells with a spacing of 0.34-0.36 nm. The primary
particles are connected to each other by local sintering and
graphitic connections and show a diameter between 5 nm and

(a) m

120 min ultrasonic treatment

(b)

60 min treatment

120 min ultrasonic treatment

60 min ultrasonic treatment

RSC Advances

Figure 1: TEM images of MWCNT (a, d), OLC (b, e), and ND (c, f) nanoparticles.

10 nm.”>** ND shows a diamond lattice spacing of 0.21 nm ar-

ND particles are engulfed by amorphous carbon Iayers.18 The
average size of ND particles is comparable to that of OLC. The
ND and OLC particles exhibit local formation of hara
aggregates due to the synthesis process.w’26 This featui-
complicates the dispersion process because of the covalent
bonding and sintering of the particles. For CNTs, the high
aspect ratio can lead to a mechanical interlocking, resulting in
the formation of agglomerates that have to be disentangled.Z‘
TEM is a highly localized method to investigate the particle
structures or agglomeration sizes in vacuum (i.e., not in the
solvent medium). To study the dispersion process of
nanoparticles, methods have to be used which can be applied
to characterize the particles in liquids, like DLS. As a starti~ .
point for the ultrasonic treatment (t = 0), the particle powders
(CNT, OLC, or ND) were dispersed in ethylene glycol using the
homogenizer for 5 min which breaks-up the initially large
agglomerates (up to 1 mm). The results are exemplified in
Figure 2, showing the number fraction of particles as ¢
function of the hydrodynamic radius for different treatment

| N> I

(©)

60 min ultrasonic

-

30 min

30 min it

120 min ultrasonic treatment
k 30 min ul

20 min {\ 20 min ul

i ‘ ~— 20 min ultrasonic treatment .

i

10 min ultrasonic treatment

10 min ultrasonic treatment

10 min ultrasonic treatment

0 min ultrasonic treatment

0 min ultrasonic treatment

T T T T
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hydrodynamic radius in nm

T
50

o

300 0

T
150

hydrodynamic radius in nm
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T T T T
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hydrodynamic radius in nm
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Figure 2: DLS data of a) CNT, b) OLC, and c) ND in ethylene glycol after different times of ultrasonic treatment. The spectrum of at 0 min is equal to a pre-treatment of 5 min in

the homogenizer to break up the largest agglomerates.
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times in the ultrasonic bath.

Starting with a hydrodynamic radius of up to 250 nm after the
treatment with the homogenizer (t = 0), the hydrodynamic
radius of all particles decreases over the first 20 min of
ultrasonication. However, longer sonication vyields no
significant further decrease of the radius, even if the particles
are treated for up to 2 h. Therefore, a saturation of the
hydrodynamic radius can be found for all kinds of particles at
around 40-70 nm. Based on this fact, the dispersions used for
the composite manufacturing were all treated for 5 min in the
homogenizer and 20 min in the ultrasonic bath. This
observation is in good agreement with the work of Krueger et

18
al.

who developed a model classifying ND agglomerates in
three different sizes, of which only the first two, namely large
agglomerates 10-15um) and intermediate
agglomerates (radius of 1-1.5um), could be broken up
mechanically in a solvent using an ultrasonic bath. Yet, core
aggregates (radius of 50-100 nm) could only be disaggregated
by functionalizing the ND.™®

The agglomerate sized derived from DLS data are complicated
by the shape of CNPs. Commonly, DLS is used for analysis only
of spherical shaped particles,50 the latter being an acceptable
approximation for ND and OLC. In contrast to that, the high
aspect ratio of a single CNT prohibits the assumption of a
spherical form, whereas a CNT agglomerate can be
approximated to have an overall spherical shape. In principle,
measuring the hydrodynamic radius of CNT agglomerates can
be done by DLS.>* However, even then, we have to consider
that DLS only shows a snap shot of the maximum dispersion
grade of the different particles. Therefore, we need to employ
a complementary technique to analyze the dispersion stability
by means not directly dependent on the shape of the particles.
Thus, the next section is dedicated to dispersion stability
testing by centrifugal sedimentation analysis.

(radius of

3.2 Stability of the dispersions

Figure 3 shows the results for the velocity distributions from
centrifugal sedimentation analysis of the dispersions treated
5 min in the homogenizer and 20 min of sonication. Both plots
present the vol% of particles sedimenting with a specific
velocity. The cumulative plot and the density distribution both
show the same data but differ in the way of illustration. The
density distribution (Figure 3b) demonstrates all details of the
distribution, whereas the
cumulative version (Figure 3a) gives the area under the density
function. This means the cumulative approach sums up all the
volume percentages until a defined velocity. For example for
CNT roughly 40 vol% of the particles sediment with maximum
10 um/s. This kind of distribution function makes it easier to
compare between different datasets because less details are
shown compared to the density distribution. Using this
method, the dispersion stability and re-agglomeration
behavior of the different particles can be analyzed. The data
are strongly dependent on the particle densities. As CNT show
the density (similar to OLC) and the highest
sedimentation velocity (Figure 3a), they seem to re-

for example the mean value,

lowest

This journal is © The Royal Society of Chemistry 20xx
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Figure 3: Sedimentation analysis of CNT, OLC, and ND dispersion in ethylene glyco
showing a) the sedimentation velocity of the particles as cumulative plot (including
particle densities) and b) the fitted data using a log-normal function.

agglomerate most quickly after the dispersion process, thus
forming the largest agglomerates. Although the maximum
sedimentation velocities of ND and OLC are identical, OLC
show a slower sedimentation velocity for up to ~70 % of t. -
distribution than ND (Figure 3a). However, as ND features a 1.7
times higher density than OLC, the OLC particles seemingly
build up larger maximum agglomerates than ND and stil
sediment slower as their density is much smaller.
Consequently, the tendency to re-agglomerate and the
dispersion stability differ. The ND dispersion clearly shows the
sharpest peak in Figure 3b, indicating a more homogeneous
agglomerate diameter distribution.

In summary, the ND dispersion is the most stable dispersion
and most suitable as precursor for a composite manufacturing
whereas the CNT dispersion tends to be the least stable one
with the largest agglomerates. Zeta-potential measurements
confirm this assumption, allowing for a quantitative evaluation
of the dispersion stability. A dispersion showing an absolute

Table 1: Mean values and standard deviations of five Zeta-potential measurement
for each particle type in ethylene glycol with a concentration of 10 mol/dm® of

particle Zeta-potential in mV

ammonium acetate

CNT -21.7+1.4
OoLC -24+19
ND -31.6+24

RSC Advances, 2015, 00, 1-3 | 5
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Figure 4: Raman spectra of CNT (a), OLC (b) and ND (c) on a silicon wafer as a function of the time spent in the ultrasonic bath in the solvent ethylene glycol.

value of the Zeta-potential higher or lower than £ 50 mV is
considered to be stable.”> The closer the Zeta-potential
approaches 0, the more unstable the dispersion becomes. In
Table 1, the results of the Zeta-potential measurements for the
three different particle dispersions types are summarized. The ND
dispersions show a slightly higher Zeta-potential than CNT and OLC
and the Zeta-potential of OLC appears to be similar to the potential
of the CNT dispersions within the scatter of the method. Therefore,
the dispersion of ND presents itself as the most stable one, which is
in good agreement with the results of the sedimentation analysis.
The difference in the sedimentation characteristics between
CNT and OLC cannot be explained only by a different Zeta-
potential. As the Zeta-potential is similar and the main
difference between CNT and OLC is based on their
morphology, the different agglomeration behavior can be a
consequence of the high aspect ratio of CNT as well as their
larger dimension, resulting in a morphologically favored
agglomeration effect.”® In the case of ND, functional groups
may be present on the surface due to the synthesis, resulting
in a chemically more stabilized dispersion.19

3.3 Influence of the dispersion process on the structural
integrity of the particles

Conventional processing, for example via ball milling, may yield a
good dispersion, but is usually at the expense of structural CNP

Table 2: Normalized Raman data of CNT as a function of time spent in the ultrasonic
bath. A Lorentz fit was performed to identify the peak positions and the FWHM (I).

G h I'Gin I'G~in

D/G | G'/D
(1593 cm™ cm™ / /

cm™)

degradation, leading to a poor reinforcing effect and potential
chemical degradation when used in metal matrix composites.zg’53 e
our study, we therefore chose sonication as a gentler method f -
particle dispersing. To facilitate the de-aggregation, a homogenizer
is previously used to break up larger agglomerates (up to ca. 1 mr '
thus reducing the total time needed to disperse the particles in the
ultrasonic bath and also reducing the total amount of stress on the
particles. However, since the particles are still mechanically highly
stressed, a change or variation of the structural state may still L
possible and needs to be investigated.51

A well-established method to study the defect state of CNPs is
Raman spectroscopy.s"‘55 In Figure 4 (a, b), Raman spectra using
visible light laser excitation of CNT and OLC can be seen after
different ultrasonication treatment times. The first peak at arounc
1350 cm™ corresponds to the D-mode , generated by the presence
of defects in the CNT or OLC structure, for example a disruption o
the aromatic system of m-electrons in the framework.”**® Close to
1600 cm’l, the G-mode is detected which can be attributed to t’
tangential vibrations of carbon atoms with spz-hybridization and
>’ The shoulder at

the G-mode at higher wavenumbers can be assigned to the

can be used to describe their crystalline state.

different resonance types of the inner and outermost of the
MWCNT.>® Finally, the G’-mode is observed at around 2700 cm'l,
corresponding to an overtone of the defect-related D-mode, and its
intensity is proportional to the sample purity level.>®

Table 3: Normalized Raman data of OLC as a function of time spent in the ultrasonic
bath. A Lorentz fit was performed to identify the peak positions and the FWHM ().

D
(1348

G
(1597

P
(2686 | cm™ | cm

I in
-1 -1
cm

D/G G'/D

cm™) cm™) cm™)

1 0.73 0.44 58.4 75.5 91.2 |1.37] 0.44 ref 1 0.81 0.40 66.2 | 64.5 | 1183 | 1.23 | 0.40 ref :
1 0.75 0.49 55.8 73.3 935 1.33 | 0.49 10 1 0.85 0.38 64.4 | 63.1 | 127.2| 1.18 | 0.38 10 |
1 0.72 0.41 59.7 75.2 91.8 |139] 041 20 1 0.86 0.41 61.5 | 60.9 [119.8] 1.16 | 0.41 20 I
1 0.72 0.40 56.0 72.9 90.6 |1.39| 0.40 | 120 1 0.79 0.32 64.7 | 63.0 | 122.5] 1.27 | 0.32 120 J
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Table 4: Normalized Raman data of ND as a function of time spent in the ultrasonic
bath. A Lorentz fit was performed to identify the peak positions and the FWHM (I).

Diamond G Ioiamona in | Te In | piamond/G !
(1320cm™) | (1629 cm™) cm™ cm®
1 0.92 39.8 103.8 1.23 ref
1 0.85 384 96.9 1.18 10
1 0.89 36.5 93.1 1.16 20
1 0.83 38.2 98.5 1.27 120

A quantitative analysis of the Raman spectra can be accomplished
by evaluating the normalized intensity ratios D/G and the G’/D,
which are shown as a function of time in the ultrasonic bath for CNT
(Table 2) and OLC (Table 3). Since the Raman signal is sensitive to
the irradiated volume and in order to obtain a reliable comparison
between spectra, it is generally accepted that the correlation
should be carried out with intensity ratios. Specifically, the D/G
ratio corresponds to the defect density whereas the G’/D ratio can
be correlated with the purity level of graphitic material.> Tuinstra

and KoenigSg observed that the D/G ratio is inversely proportional
to the mean domain size in graphitic structures, whereas the
domain size is defined as the mean distance between two
consecutive defects (e.g., crystal boundary in polycrystalline
graphite). Since then, this ratio has been extensively used as an
indicator of the defect density in sp2 carbons. DiLeo et al. ** showed
that the G’/D ratio is proportional to the purity of a MWCNT
sample. The explanation is based on the fact that the G’ band is
more sensitive than the D band to carbonaceous impurities,
deriving in a very close correlation to average purity values

ARTICLE

obtained by thermogravimetry. The Raman full width at half
maximum (FWHM, T) can be correlated with the degree
structural ordering.60 Ideally, the defect density should be as low as
possible, since defects can act as nucleation centers for failure
propagation, leading to reduced mechanical properties.eﬁ'1 Based ' r
the data, neither CNT nor OLC show a significant variation of the
initial D/G or G’/D ratio as well as the FWHM, even after 2 h of
sonication. This leads to the assumption that both particle types are
not significantly altered from the initial structural state during the
dispersion process.

The structural integrity analysis of the ND dispersions has to be
discussed separately, as the detected bands differ from the ones ot
CNT and OLC. It is noteworthy that Raman analysis of ND materials
required UV-laser radiation in contrast to the use of visible light
laser for spz-hybridized nanocarbons. For all ND spectra, a down:
shifted diamond band at ~1320 cm™ (diamond) can be observed as
well as a band at ~1630 cm™, often simply tagged as G-mode ..
analogy to spz-hybridized (graphitic) carbon (Figure 4 (c)). Howev
at least three separate peaks assigned to O-H bending vibrations
(~1640 cm™), C=0 stretching vibrations (1740 cm™), and finally sy
hybridized carbon band (1590 cm'l) are superimposing to generate
this band.® For the studied ND, we see very little variation of the I’
diamond and the diamond/G ratio (Table 4). In conclusion, just like
for OLC and CNT, we also see no statistically significant variation ~*
the sample’s structural ordering after de-aggregation.

3.4 Microstructural investigation of the reinforced nickel
matrix composites

In Figure 6a-c, SEM pictures (backscattered electrons) of the three
different composites are shown all containing 6.5 vol% of CNPs. The

Figure 6: SEM pictures of a) CNT-, b) OLC-, and c) ND- nickel matrix composites after polishing at the top surface. The uniaxial pressure is applied at the bottom and top surface *

the samples. The pictures are binarized for d) CNT-, e) OLC-, and f) ND- nickel matrix composites to enable a better qualitative comparison. The agglomerate sizes decrea-
significantly and the distribution of the particles becomes more homogenous from a) to c) or rather d) to f).

This journal is © The Royal Society of Chemistry 20xx
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Figure 7: Individual agglomerate area as a function of the total image agglomerate area
(area fraction) in Figure 6d-f with a resolution of 62 nm per pixel.

black areas are particle agglomerates, whereas the different shades
of gray correspond to different grain orientations of the nickel
matrix. Based on the binary pictures in Figure 6d-f we see that the
CNTs yield significantly later aggregates (up to 15 um) in the nickel
matrix composites (Ni CNT) compared to the other composites. The
smallest maximum size of agglomerates can be detected for ND
nickel matrix composites (Ni ND) and is about 3 um. This is in
excellent agreement with the results from sedimentation analysis.
Not only the agglomerate sizes differ, but also the distribution

(-1 1ar SIS
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homogeneity within the matrix as the small agglomerates in the
case of Ni ND are most evenly distributed.The individu-
agglomerate area of the binary SEM pictures of Figure 6d-f as 2
function of the total image area fraction of the agglomerates can be
used for a quantitative analysis (Figure 7). Using the binariz ¢
images, black pixels are assigned to agglomerates and white pixels
to the metal matrix. The individual pixel size is 62 nm, agglomerates
smaller than that cannot be detected, but as the minimum
agglomerate diameter measured by DLS is 80 nm, an even higher
resolution would not be reasonable. As seen, the agglomerate size
distribution is the smallest for Ni ND composites and by far the
largest for Ni CNT composites, aligningwell with the sedimentatior.
analysis. An evenly distribution of small agglomerates is the most
promising reinforcement method for metal matrix composites,
since it can homogeneously act on the grain boundaries during
grain growth, and thus reduce recrystallization processes enhancing
the microstructural  thermal stability.63 Forces can ..
homogeneously transferred by the particles as a larger interfa
between the particles and the matrix is available.>®

Although a large interface area of particles and matrix is requir~~
for optimized properties, the formation of a brittle interphase (e.g.,
carbide formation) at the interface may severely impact the
mechanical properties. A brittle interphase could act as nucleation
center for failure propagation, as it has the tendency to crack ve~
easily.8 To inhibit this, the carbon particles should show a low
defect density and a matrix material should be chosen, which does
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Figure 8: Grain size distribution of a) unreinforced Nickel reference, b) Ni CNT, c) Ni OLC, and d) Ni ND composites. A LogNormal fit is performed to calculate the mean grain siz.

and the fitted curves are plotted as solid lines (red).
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Table 4: Mean grain sizes and mean values of Vickers microhardness measurements of
the unreinforced nickel reference and the samples reinforced with CNT, OLC or ND.

sample ‘ mean grain size in um HV 0.1
Ni reference 129+0.5 1096
Ni CNT 57+0.2 119+£8
Ni OLC 42+0.1 125+4
Ni ND 40+0.1 135+4

not act as carbide creator.® As it is shown elsewhere, nickel is a
reasonable candidate for a comparison of different carbon particles
as it only forms metastable carbides; yet, no carbide phases are
observed in the case of CNTs for the used conditions in our
work.”®" The observed differences in agglomerate sizes and
distribution patterns can be well correlated with the results from
dispersion analysis. The sedimentation analysis and Zeta-potential
measurement demonstrated that ND present the most stable
dispersion in ethylene glycol. The production of the nickel matrix
composites starts with the evaporation of the solvent in a furnace
at 150 °C for 5 h. During this time, the different CNP dispersions re-

agglomerate in different ways, which can be explained by the
different hybridization states of the carbon atoms and the different
particle morphologies. Attractive forces occur between the particles
due to the m-bonding of the spz-hybridization of carbon atoms in
OLC and CNT particles. The large aspect ratio of CNT further leads to
possible mechanical interlocking, enabling the emergence of even
larger agglomerates than in the case of OLC. Despite the fact that
ND show a similar morphology compared to OLC, their sp3-
hybridized carbon atoms are subjected to smaller attractive forces
between each other as well as a stabilizing effect of the attached
functional groups from the synthesis process. This translates into
superior dispersion grade and stability than that of both, CNT or
OLC dispersions.

The possible grain refinement effect of the different particle types
and distributions can be investigated by performing EBSD
measurements on an unreinforced nickel reference and on the
samples already investigated by SEM (Figure 8). The mean grain size
of the nickel matrix is significantly reduced by the addition of
6.5 vol% of CNPs up to a factor of 3 for ND and OLC. Furthermore,
the Ni CNT composites show larger grains than Ni OLC or Ni ND
composites. This can be explained by the agglomerate distribution,
as seen from SEM. As the distribution of ND and OLC particles is
much more homogenous than the CNT particle distribution, they
can homogeneously act as obstacle for the grain boundaries during
grain growth through sintering, and thus leading to a finer grain size
distribution.*>®? Although Figure 7 shows significant differences in
the agglomerate size distribution of the Ni ND and Ni OLC
composites, their similar grain size distribution is reasonable. This
can be explained as the grain refinement effect is known to be
more dependent on the agglomerate distribution within the matrix
material rather than on the actual agglomerate size.®?

Grain refinement directly influences the mechanical properties of
the material (e.g., hardness or strength).45 We performed Vickers
microhardness measurements on the composite samples to analyze
this effect. The results can be correlated with the mean grain size,
as seen in Table 4, and the microhardness has been increased when

This journal is © The Royal Society of Chemistry 20xx
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comparing the nickel reference with the CNP reinforced samples. In
good correlation to the grain refinement, the Ni CNT sample shov -
the lowest hardness of the reinforced samples. This can be
explained with the larger grain sizes in comparison to Ni OLC and N¢
ND, due to the Hall-Petch effect.®* Although the grain sizes of I
OLC and Ni ND composites do not differ much, the microhardness
of Ni ND is higher than for Ni OLC. This could be due to the smaller
ND agglomerate size in Ni ND that allow for a larger interface
between ND and the nickel matrix, being able to efficiently transfer
the external forces to a higher amount than the Ni OLC
composites.2 Rather small agglomerates are known to enable the
Orowan mechanism, thus leading to a reinforcing effect of the
composite.63 The difference in hardness of the composites coulc
also be attributed to differences in the mechanical properties of the
OLC and ND particles themselves.

In addition to that, if the particles are distributed unevenly, such as
for the Ni CNT composites, depletion zones can exist, that are n.-
reinforced at all. These areas lead to an abnormal grain grow''.
during sintering, ending up with inhomogeneous composite
properties. This induces weak spots in the composite materi-'
reducing the mechanical reinforcement effect and generating
anisotropy in the properties as can be seen at the higher standard
deviation for the hardness of the Ni CNT composites 286,
Summarizing, a low aspect ratio and the sp3—hybridization seems *-
benefit a small agglomerate size and homogenous distribution of
CNPs within a metal matrix composite, thus leading to a strong
grain refinement and beneficial mechanical reinforcement effect.

Conclusions

The dispersion process of non-functionalized MWCNT, OLC, and NC
in ethylene glycol using a homogenizer and an ultrasonic bath was
studied. The dispersions were used as precursor for the producti

of nickel
spectroscopy we found that no damage was inflicted upon the CNPs

matrix composites. In particular, using Raman
due to the dispersion process. Yet, although the maximun
dispersion grade in the solvent is similar, ND show the best
dispersion stability, followed by OLC, and finally MWCNT. This
observation is in good agreement with the distribution and
agglomerate sizes of the particles in the composite as ND show the
smallest and MWCNT the largest agglomerate sizes. In addition, &
low aspect ratio and the sp3 hybridization is found to be beneficia’
for both, a small agglomerate size in the dispersions as well as ¢
homogeneous distribution of small agglomerates within the
composite. Finally, a maximum grain refinement by a factor of 3
and a maximum mechanical reinforcement effect of around 25 %
(Vickers microhardness) are observed for Ni ND composites. This
observation aligns perfectly with the results of the dispersion

analysis.
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