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a b s t r a c t

We report the structural transformations of carbon via the melt spinning and subsequent annealing of
nickel-carbon alloys. We attained metastable solid solubility of carbon in nickel ribbon by achieving a
rapid solidification rate of up to 1.6 � 106 K/s. Excess carbon atoms were found to be dissolved in the
nickel lattice causing up to 1.4% strain for an alloy spun at 70 m/s tangential wheel speeds. High tem-
perature heat treatments led to precipitation of carbon from the nickel lattice on the ribbon free surfaces
but also led to growth of spherical precipitates within the nickel matrix, an effect consistent with bulk
diffusion-driven Ostwald ripening. Carbon was excavated from the ribbons via chemical dissolution of
the metal and characterized by electron microscopy and Raman spectroscopy. We found that the
microstructure of carbon precipitated from the rapidly quenched ribbon could be tuned by varying the
carbon content from 4 to 12 at. % in the precursor and annealing the ribbon at temperatures that ranged
from 400 to 1200 �C. Via the step-wise variation of these two parameters, we sequentially transformed
amorphous carbon nanospheres with a high BET surface area of 203 m2/g into thick, highly crystalline
flakes of graphite that conformed to the shape of the as-spun ribbon.

© 2021 Published by Elsevier Ltd.
1. Introduction

The morphology of graphite precipitated from metallic melts
has long been of scientific interest [1]. Commercial cast irons, one of
the world's most industrially significant casting materials, contain
~2e4 wt% carbon, and their properties vary depending on the
microstructure of the carbon precipitated within it. When the
precipitated graphite is flake-shaped, cast iron exhibits good
compressive strength but low ductility. “Ductile iron,” with
improved mechanical properties, was discovered in the 1940s
when researchers added small quantities of impurities to the melt
that converted the graphite morphology from flakes to spheroids
[2].

The use of nickel and other metals as catalysts for the growth of
graphitic materials has been under investigation since the 1970s
[3]. In particular, the discovery of isolated graphene in 2004 [4] has
led to a surge in studies investigating the synthesis of the novel
material on metal substrates. Researchers have grown graphene
and graphite nanocrystals by dissolving graphite powder in molten
nickel and other metals at high temperatures, followed by carefully
controlled cooling steps to facilitate the nucleation and growth of
acher).
single or multiple layers of carbon atoms on the liquid surface
[5e8].

Amini and Abbaschian [9] performed a detailed study on the
kinetics of this process. The authors found that graphite growswith
a flake or spherical morphology depending on the supersaturation
of the metallic solution and the solidification rate. They also
determined that the driving force for nucleation and growth is
governed by the supersaturation, that is, the difference in chemical
potential between a carbon atom in a metallic solution and that
atom in a crystal. Also noteworthy is their observation that high
cooling rates favor the formation of graphite with a spherical
morphology due to isotropic growth of both the basal and prismatic
interfaces.

Alternatively, one of the most well-studied methods to grow
graphene is by chemical vapor deposition (CVD), whereby carbon-
containing gaseous precursors are thermally decomposed on metal
foils that catalyze the formation of the single layer of graphite [10].
In both methods, the mechanism of graphene formation is similar,
namely, carbon dissolution into the substrate followed by precipi-
tation on the surface [7].

Yu et al. postulated that graphene formation on Ni foils via CVD
involves the transport of vacancy-carbon complexes to grain
boundaries and surfaces (which act as sinks), a process strongly
dependent on the cooling technique [5]. They, therefore, studied
the effect of different cooling rates on the growth of graphene
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Fig. 1. (a) Photograph showing major components of the melt spinning apparatus. (i) A
typical boron nitride crucible that houses the pre-cast nickel carbon ingot is shown. (ii)
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corresponding to fast (20 K/s), medium (10 K/s) and slow (0.1 K/s)
cooling rates on Ni substrates exposed to precursor hydrocarbon
gas for a short time. At the slowest cooling rate, no graphene was
observed because the carbon atoms had sufficient time to diffuse
into the bulk metal, whereas the medium cooling rate resulted in
the formation of few-layer graphene. The fastest cooling rate
resulted in graphite with a high concentration of defects as the
quenching prevented the atoms from re-arranging into their
equilibrium crystalline form. Huang and colleagues were also able
to synthesize single and few-layer graphene using a rapid CVD
technique and a cooling rate of 3 K/s [11].

In an attempt to develop a faster method than CVD to produce
high quality graphene, Hu et al. examined rapid solidification via
melt-spinning of nickel-carbon melts [12]. Invented by British sci-
entists Strange and Pim in 1908, melt spinning has been used to
manufacture sheets and ribbons of various metals [13]. In this
process, a molten stream of metal impinges onto a spinning metal
wheel and solidifies into a ribbon. Heat from the liquid is extracted
via conduction through the wheel, leading to cooling rates that can
exceed 106 K/s [14]. Compared to conventional solidification
methods, rapid solidification techniques can produce microstruc-
tures with fine grains (even metallic glasses), extended solid solu-
bility and metastable phases [15].

The work performed by Hu and others shows that melt spinning
is also a viable method to produce graphene. In their study, nickel
alloy ingots containing less than 5 at. % carbon were ejected onto a
copper wheel rotating at tangential surface speeds of 25e50 m/s.
Meters-long ribbon, with thicknesses that varied between 50 and
200 mmwere produced; the free surfaces were found to be encased
in few-layer graphene. Because the solubility of carbon in solid
nickel is approximately 2 at. % at the eutectic temperature, we
surmised that most of the precursor carbon did not segregate to the
surface of the ribbon to form graphene and instead remained
uniformly dissolved in the nickel matrix. Indeed, Nishitani and
Ishihara et al. previously demonstrated that rapid solidification
presented a new route to a metastable nickel-carbon precursor and
that high temperature heat treatments resulted in the decompo-
sition of these non-equilibrium phases into nickel and carbon. In
other words, melt spinning leads to a supersaturated solid solution
of carbon in the Ni phase and depending on the liquid under-
cooling, a metastable Ni3C phase [16,17]. We aim to advance the
work of these researchers by demonstrating that heat treatments
can be used to control the microstructure of freestanding carbon
precipitated from rapidly solidified NieC materials in novel ways.

In this manuscript, we present a detailed study of the
morphological transformation that occurs when carbon is precip-
itated from melt spun nickel-carbon alloys. Overall, we find that
melt spun nickel-carbon is indeed supersaturated with carbon, and
that a variety of carbon morphologies can be produced by heat
treatment and subsequent etching of the metal via chemical
dissolution. The objective of this work is twofold: (i) to elucidate
the precipitation kinetics of carbon from supersaturated melt spun
NieC ribbon and (ii) to examine the morphological changes of
carbon excavated from the rapidly solidified metal ribbon.
Depending on processing conditions, carbon excavated from as-
spun NieC ribbon was found to range from amorphous nano-
spheres to thick graphite sheets. By varying the carbon content in
the precursor and performing heat treatments on the ribbon after
melt spinning, we achieved multiple and step-wise conversions of
the carbon microstructure to acquire highly crystalline, thick flakes
of graphite whose dimensions matched that of the precursor
ribbons.
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2. Experimental methods

2.1. Alloy preparation

Nickel-carbon alloy ingots were prepared by inductivelymelting
the constituents in a water-cooled copper crucible using a 45 kW
Ambrell Ekoheat ES induction system under a flowing Ar atmo-
sphere. The precursor alloys used in the subsequent melt-spinning
experiments were (measured in at. %): Ni96C4, Ni92C8, Ni90C10,
Ni88C12, where the constituent Ni (99.98 wt %) was purchased from
Kurt J. Lesker and graphite (99.995 wt %) from Sigma Aldrich.

2.2. Melt spinning

The components of the melt spinner (Arcast Inc.) are shown in
Fig. 1 and are enclosed in a stainless steel vacuum chamber. The
equipment consists of (i) a boron nitride crucible with a 3/64”
diameter nozzle that was machined in-house (the crucible head
was replaced every three runs or when the nozzle was abraded
beyond repair), (ii) RF induction coils, and (iii) the copper wheel
(300 mm diameter and 50 mm wide) that was water-cooled to
13 �C during experiments, and (iv) a collection tube for ribbon.

In a typical experiment, an approximately 20 g alloy ingot
charge was inserted into the crucible, the chamber was evacuated
and backfilled with purified argon to �10 psig. The charge was
melted via RF induction heating using a 15 kW power supply and
the temperature was monitored using a Dias Pyrospot DS 56 N
pyrometer. The crucible was then lowered to a preset distance
(about 1 mm) above the rotating wheel and the molten alloy was
ejected via pressurized argon. The jet forms a melt pool on the cold
copper surface and solidifies into a ribbon that is typically several
meters in length, ~1e3 mmwide and with a thickness in the range
of 20e50 mm, depending on experimental parameters. The wheel
RF coils surround the base of the crucible and are used to melt the ingot. The melt is
ejected onto the surface of (iii) the water-cooled copper wheel and solidified into
ribbon that is retrieved from (iv) the collection tube. (A colour version of this figure can
be viewed online.)
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rotation rate was varied between 2500 and 5000 rpm, corre-
sponding to a surface tangential speed of 40e80m/s. Above 80 m/s,
excessive sticking of the ribbon to the wheel occurred, a phenom-
enon discussed in detail by Liebermann and others [18,19]. Typi-
cally, the entire 20 g ingot was spun into ribbon within 5 s.

Ribbon microstructures, plan view and cross-section, were
investigated using Scanning Electron Microscopy (SEM) and
Transmission Electron Microscopy (TEM). Composition analysis
was performed using Energy Dispersive Spectroscopy (EDS) and
phase analysis was conducted via X-ray Diffraction (XRD). The
wheel was prepared between each run by polishing with silicon
carbide sanding sheets of incrementally decreasing grit size, and
because the literature concludes that the wheel speed is the most
important parameter that affects the cooling rate [20], the ejection
pressure and melt superheat were kept constant and only the
wheel velocity was varied.

A minimum of 3 ribbon samples were made under the same
synthesis conditions. Selected samples were mounted longitudi-
nally in epoxy, polished, and themicrostructure of the ribbon cross-
section was examined via SEM. Plan view SEM micrographs were
obtained by mounting the ribbon horizontally on SEM stubs. Sec-
tions were removed via FIB in preparation for TEM imaging. Ribbon
thicknesses were measured using a digital micrometer, and a
minimum of 4 measurements were taken for each sample and
averaged.
2.3. Dissolution of metal phase to excavate carbon material

Metal-carbon ribbons were immersed in 5 M HCl solution at
room temperature to remove the metal phase and excavate carbon
in the ribbon. The acid was filtered off using a Millipore filter and
the remaining carbon material was washed with deionized water
until neutral. Carbon materials were characterized using SEM, EDS,
and Raman spectroscopy.
2.4. Ribbon annealing

The melt-spun ribbons with varying carbon contents were
annealed in a tube furnace under a flowing Ar atmosphere
(99.999%) at different temperatures: 400 �C, 800 �C, 1000 �C and
1200 �C for 60 min. To observe the effect of annealing time on the
microstructure of the ribbon, Ni92C8 ribbon was annealed at
1000 �C for 1min, 30min and 240min. After annealing, the ribbons
in each of these experiments were cooled slowly at 0.06 K/s from
their respective annealing temperatures to room temperature.
Fig. 2. (a) Micrographs depicting the difference in microstructure of Ni92C8 cast in an
induction furnace and that of melt-spun ribbon of the same composition. In the
conventionally cooled ingot, the microstructure shows that Ni (light grey background)
and C (black precipitates) have phase separated. However, a homogeneous single
phase is observed for the melt-spun ribbon. (b) SEM micrograph of a cross-section of
Ni88C12 ribbon spun at 48 m/s showing a typical melt-spun microstructure. Carbon
precipitates highlight the evolution of the grain structure from the wheel surface
(ribbon surface that was in contact with the wheel) to the ribbon free surface. (A colour
version of this figure can be viewed online.)
2.5. Characterization tools

SEM imaging was performed using a Thermo Scientific Helios
G4 UC Focused Ion Beam/Scanning Electron Microscope (FIBSEM)
instrument (5 kV and 10 kV) equipped with an energy dispersive
spectroscopy (EDS) detector which was used for compositional
analysis (See Table SI in Supplemental Information for EDS data).
The FIBSEM instrument was also used to prepare samples for im-
aging using the Thermo Scientific TF30 Transmission Electron Mi-
croscope (TEM) instrument (300 kV). XRD was performed with a
Bruker D8 Focus diffractometer with a CuKa source. Raman spec-
troscopy was carried out using a Horiba LabRam Evolution Raman
microscopewith a 532 nm laser line and a 100 mm spot size. 3-point
BET surface area measurements were performed commercially
using a Micrometrics TriStar II 3020 instrument.
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3. Results and discussion

3.1. Microstructural evolution of melt-spun ribbon

Conventional solidification typically proceeds at cooling rates
lower than 100 K/s and generally results in phases and micro-
structures predicted by equilibrium thermodynamics [21]. How-
ever, melt spinning is a far-from-equilibrium cooling technique
where solidification rates between 104 e 107 K/s are encountered
[15]. As a result, phases and microstructures that are favored
kinetically instead of thermodynamically may evolve. The equilib-
rium NieC phase diagram is a simple eutectic with a eutectic
composition and temperature of Ni92C8 and 1326 �C, respectively,
and amaximum solubility of carbon in the nickel phase of ~2 at. % at
the eutectic temperature. Fig. 2(a) shows a comparison of the
microstructure of a Ni92C8 ingot conventionally cooled in an in-
duction furnace and the cross-section of melt spun ribbon of the
same composition. The lighter regions are the Ni-rich phase and the
darker regions are carbon particles embedded in the metal. As
expected, the conventionally cooled ingot shows visible carbon
precipitates (by which we mean crystalline e though potentially



Fig. 3. Ribbon thickness (h) vs. tangential wheel velocity (n) for different carbon
fractions: Ni containing 4 at. % C (purple diamonds), 8 at. % C (blue squares), 10 at. % C
(green triangles). Error bars represent a standard deviation. (A colour version of this
figure can be viewed online.)
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highly defected e precipitates consisting of graphitic carbon),
indicating phase separation between Ni and carbon. In contrast, the
melt-spun ribbon shows a featureless, uniform Ni phase with no
visible carbon precipitation, suggesting that melt spinning results
in a metastable solid solution of carbon in the metal.

In melt spinning, a molten alloy jet is ejected on a rotating metal
wheel substrate to form a ribbon or strip. A melt puddle is formed
on the substrate from which quenched ribbon is continually
expelled. The wheel surface acts both as a heat sink and heterog-
enous nucleation site for the growth of solid phases. Typically, so-
lidification begins in the form of fine, equiaxed crystals and extends
laterally until the contact surface is covered. From this initial chill
zone, columnar grains grow in the direction parallel to the thermal
gradient, i.e., normal to the ribbon surface. In Ni alloys, the pref-
erential growth direction of the columnar grains is the [100] di-
rection [22]. With sufficient cooling rates, the early stage of
columnar solidification is partitionless; that is, the solidification
velocity is faster than the diffusion of solutes, which become
trapped in the solid phase. Where cS is the solute concentration in
the solid and cL is the solute concentration in the melt, the equi-
librium partition coefficient k¼ cS/cL is generally less than unity but
can approach k ¼ 1 in rapid solidification processes [23], and the
equilibrium solid solubility can be greatly exceeded. As the solidi-
fication front advances from the contact surface to the free surface,
the latent heat of solidification is released, reducing the thermal
gradient and the interface velocity. When solidification is no longer
partitionless, the microstructure of the ribbon transitions into a
cellular configuration with much larger grains.

As shown in Fig. 2(b), the solidificationmicrostructure of Ni88C12
follows the expected behavior of melt spun metals, transitioning
from fine equiaxed crystals to columnar to larger cellular grains
[22]. As discussed below, most of the carbon is dissolved in the
solidified nickel matrix; however, there is a small amount of carbon
that segregates to grain boundaries, allowing the microstructural
features to be highlighted.

Many experimental parameters affect the cooling rate, including
the melt superheat, the ejection gas pressure, wheel material and
its surface finish, and the wheel velocity. Increasing the wheel ve-
locity increases the cooling rate due to improved thermal contact
between the ribbon and the substrate, but also because it results in
a decrease in ribbon thickness [21]. Thickness has been described as
the most important feature of melt-spun ribbon that determines
the cooling rate, where the average cooling rate increases approx-
imately as the inverse square of ribbon thickness for ideal cooling
[20,22]. The cooling rate is directly proportional to the wheel ve-
locity and inversely proportional to the square of ribbon thickness.

We investigated the relationship between wheel speed and
ribbon thickness to determine the optimal conditions under which
continuous, uniform, thin, rapidly solidified ribbons were pro-
duced. We kept constant the surface finish, melt superheat, and
ejection pressure and varied only the wheel velocity and carbon
content. Fig. 3 shows this observed relationship, where ribbon
thickness (h) decreases with wheel velocity (v) as

h f k / v0.6 (1)

where k is a constant. The experimentally derived exponent re-
ported here is in close agreement with the equation derived by
Gillen and colleagues [24]:

h f Q / v2n (2)

where Q is the volumetric flow rate and n is in the range 0.3e0.4.
Specifically, n was found to be 0.35 for Ni-5wt%Al. Jones et al.
proffered a slightly different variation of Gillen's equation in which
672
h f Qn / vm (3)

where n and m are typically 0.2 and 0.8, respectively [21], which is
still in good agreement with the relationship reported in this work.
Gillen also derived a linear equation relating wheel speed to cooling
rate that is independent of other melt spinning experimental pa-
rameters and the alloy material:

T_¼ a4v (4)

where T_ is the cooling rate and a4 is a constant of proportionality
equal to 1.2 � 104 K/s. Using Eq. (4), we estimate the cooling rates
achieved in the melt spinning of nickel-carbon alloys in this work
were in the range 9.6 � 105e1.9 � 106 K/s.

The effect of thermal annealing on the ribbon microstructure
was also investigated. TEM images comparing as-prepared ribbon
with ribbon annealed at 1000 �C are shown in Fig. 4. The TEM
micrograph of a sample before annealing shows a homogenous
region of micron sized Ni grains with no obvious carbon pre-
cipitates observable within the resolution of the image. In contrast,
after annealing, Ni grains have grown and carbon precipitates are
also evident; the polygonal outline of a graphite precipitate is
shown in the inset.

The evolution of the nickel-carbon XRD patterns in response to
annealing follows. The data labeled (i) in Fig. 5 shows the diffraction
pattern of melt spun pure Ni ribbon. The XRD pattern of as-spun
Ni92C8 ribbon is also shown, labeled (ii). Compared to pure Ni, the
(111) peak in this sample splits, where the higher intensity peak is
shifted to smaller 2q due to a 1.2% lattice expansion, consistent with
supersaturation of carbon in the interstitial sites of the nickel lattice
due to the high cooling rates. The peak shoulder at the larger 2q
value represents unstrained Ni, indicating that phase separation
between Ni and supersaturated Ni has occurred. The XRD pattern of
Ni92C8 ribbon annealed at 1000 �C for 1 h is shown as (iii) and in-
dicates the Ni lattice peak has returned to the unstrained position.
Therefore, the Ni lattice strain is relieved during carbon precipita-
tion. This observation is confirmed by the appearance of the
precipitated graphite (002) peak. The appearance of the metastable
Ni3C phase is not shown in Fig. 5 but evidence of its formation is
discussed in the supplemental section. Details of annealing the
nickel-carbon ribbon will be further discussed in Section 3.2.
3.2. The effect of annealing temperature and time on carbon
precipitation

To re-iterate, as-spun ribbons generally accommodated a large



Fig. 4. Bright field TEM micrographs of Ni92C8 ribbon spun at 48 m/s. (a) Image taken
before annealing shows micron-sized grains and no evidence of carbon precipitation.
(b) Image of ribbon annealed at 1000 �C for 1 h shows grain growth and (inset) the
presence of large graphite particle (light contrast) embedded in the Ni matrix. (A
colour version of this figure can be viewed online.)

Fig. 5. XRD patterns showing the effect of annealing on the Ni peak positions in melt-
spun ribbon prepared under the same conditions. All samples were melt spun at 48 m/
s. (i) Shows unstrained Ni (111) peak. (ii) Shows phase separation between a strained
Ni (111) peak (shifted to a smaller 2q indicating lattice expansion) and an unstrained Ni
(111) peak that appears as a shoulder. (iii) Shows that annealing relieves the lattice
strain as the Ni (111) peak returns to the unstrained position. Additionally, the graphite
(002) peak appears. (A colour version of this figure can be viewed online.)

Fig. 6. (a) SEM micrographs (cross-section) showing growth of carbon precipitates in
Ni92C8 ribbon spun at 48 m/s and annealed at 1000 �C for increasing times. (b) Log-Log
plot of mean particle size as a function of time. The dashed line shows a power law fit
with n ¼ 1/3. (A colour version of this figure can be viewed online.)
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quantity of carbon within the grains, either supersaturated in the
nickel matrix or as metastable Ni3C, where the ribbon appeared as
uniform and featureless within the resolution of the scanning
electron microscope, such as shown in Fig. 2(a). However, as
Fig. 2(b) shows, we also commonly observed some carbon precip-
itation at Ni grain boundaries in some ribbons. This occurrence was
more likely to be observed in material containing higher amounts
of carbon, and to a lesser extent, in select regions of ribbons con-
taining lower carbon fractions. Because ribbon thickness can vary
point to point within the sample, the cooling rate can be attenu-
ated, leading to C segregation in the Ni grain boundaries even in
ribbons with low carbon fractions. After annealing, however, C
precipitates were uniformly dispersed throughout the matrix, no
longer distinctly outlining Ni grains.

We now turn to the question of the morphological evolution of
carbon precipitated from the ribbons which coarsen as a result of a
thermal anneal. It seems reasonable to consider that growth of
precipitates is controlled by an evaporation/condensation mecha-
nism wherein carbon atoms dissolve (“evaporate”) from
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precipitates, diffuse down chemical potential gradients through the
bulk of the nickel matrix, and re-attach to other precipitates. To
date, we know of no study that suggests whether the rate limiting
step in the nickel-carbon system is bulk diffusion or attachment/
detachment at precipitates, and the situation is made more com-
plex here by the presence of grain boundaries and surfaces that
may act as short-circuit diffusion pathways. We emphasize that a
study of precipitates embedded in a nickel matrix is fundamentally
different than a study of graphitization of particles excavated from
carbon, as graphitization does not generally involve long-range
transport of carbon atoms.

The temporal evolution of carbon coarsening in Ni92C8 ribbon
was first examined by performing 1000 �C isothermal heat treat-
ments at varying times: 1 min, 30 min, 60 min and 240 min. This
step was followed by cooling and cross-sectioning for microscopy;
the cooling rate was kept constant for all experiments. Examples of
Fig. 7. (a) Microstructural variation of melt-spun NieC ribbon (cross-section) spun at 48 m
5 mm. (b) Plot of average carbon particle size in ribbon vs. annealing temperature for NieC r
(green triangles) and 12 at.% C (light blue diamonds). The activation energy of 1.43 eV is cons
online.)
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SEM micrographs used to measure particles sizes are shown in
Fig. 6(a). For each annealing time, a minimum of two micrographs
of the same magnification were analyzed by performing thresh-
olding followed by measuring particles sizes with circularity from
0 to 1 using the image processing software ImageJ. The collection of
particle sizes from these images were averaged to report a mean
particle size.

It is clear from Fig. 6 that the average particle size has grown
from initially submicron particles to particle sizes as large as 5 mm
after the 4 h anneal. In particular, in the 240 min micrograph, there
are larger precipitates near the geometric surface. Surrounding
each is a region missing carbon particles - a denuded zone often
seen in coarsening studies. Generally, precipitate coarsening is
governed by the power law d f tn, where d is the average precip-
itate size, t is the annealing time and n is an exponent that varies
depending on the coarsening mechanism. The Lifshitz-Slyozof-
/s with varying carbon content and annealed at different temperatures. Scale bars are
ibbon of varying carbon fractions: Ni containing 8 at. % C (dark blue squares), 10 at. % C
istent with bulk diffusion of carbon in Ni. (A colour version of this figure can be viewed
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Wagner (LSW) theory of Ostwald ripening [25,26] models the ki-
netics of precipitate growth from supersaturated solid solutions
and has been extended to describe coarsening in rapidly solidified
materials [27e29]. LSW theory predicts that n ¼ 1/3 for diffusion-
limited coarsening [30,31]. The driving force for this process is a
reduction in surface area where large particles grow at the expense
of smaller ones. A plot of mean particle size vs. annealing time is
shown in Fig. 6(b), with an n ¼ 1/3 power law relationship shown
by a dashed line, showing good agreement between the data and
model.

To further elucidate the mechanism of precipitate coarsening,
ribbons were examined after a fixed annealing time but at multiple
annealing temperatures and carbon content. Micrographs of
representative samples are shown in Fig. 7(a). An increase in the
annealing temperature led to an increase in the size of the carbon
precipitates and a reduction in the number density of precipitates.
Regardless of the mechanism dominating coarsening, the average
particle size should be proportional to a kinetic factor exhibiting
Arrhenius kinetics, either diffusion coefficient D in diffusion-
limited kinetics or an attachment/detachment rate kd, and the
particle size data for the annealing temperature range of
800e1200 �C plotted in Fig. 7(b) does indeed exhibit Arrhenius
type behavior. The activation barrier, 1.43 eV, is consistent with
other measurements of carbon diffusion in Ni above 600 �C, which
was found to be in the range 1.42e1.52 eV [32].

Because the observations about particle coarsening are consis-
tent with Ostwald ripening and the measurement of the activation
barrier is consistent with the bulk diffusion of carbon in nickel, it is
reasonable to conclude that the mechanism of carbon precipitation
and morphological evolution during coarsening is dominated by
bulk diffusion of carbon in the background nickel lattice, and not
limited by dissolution of carbon from the precipitates.
Fig. 8. SEM micrographs showing the microstructural variation of carbon excavated from
content in the precursor ribbon. Scale bars are 4 mm. As spun ribbon with a low carbon frac
ribbon annealing temperature or the initial carbon content in the ribbon leads to the conver
by annealing a ribbon with a high initial carbon content at a high temperature, we achieve
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3.3. The microstructural evolution of freestanding carbon

Here we focus on the structure of the carbon materials exca-
vated from nickel-carbon alloys by chemical dissolution of the
metal in hydrochloric acid. Fig. 8 summarizes the evolution of the
carbon microstructure as a function of annealing temperature and
the carbon content in the precursor ribbon. Carbon obtained from
as-spun NieC ribbon with a low carbon content exists as amor-
phous spheres; that is, the carbon exhibited no long range order in
the arrangement of carbon atoms. By increasing the ribbon
annealing temperature, shown on the horizontal axis, the
morphology of the freestanding carbon transformed into high
aspect ratio carbon flakes. Fig. 8 also shows that increasing the
carbon content in the precursor ribbon, shown on the vertical axis,
is correlated with a conversion of the morphology from nano-
spheres to flakes. By increasing both these parameters simulta-
neously, that is, by annealing a ribbon with a high initial carbon
content at a high temperature, we achieved the conversion of the
amorphous nanospheres to large area highly crystalline graphite
flakes (Crystallography Open Database COD ID 1011060). By the
step-wise variation of these two parameters, we can incrementally
transform the microstructure of carbon synthesized by melt spin-
ning NieC alloys. The mechanisms of these transformations are
discussed in further detail in the subsequent sections.
3.3.1. Microstructure of precursor carbon material
The structure of the commercially acquired graphite used in the

precursor alloy was thick multi-layer flakes. This material was
converted into spheroids and flakes when excavated from a nickel-
carbon ingot prepared by induction melting and conventional
cooling - structures that are typical of graphite precipitated from
metallic melts [6,33]. The transformation is shown in Fig. 9.
melt-spun ribbon spun at 48 m/s as a function of annealing temperature and carbon
tion (8 at. %) exhibits the structure of carbon nanospheres (bottom left). Increasing the
sion of nanospheres into flakes. By increasing both parameters simultaneously, that is,
d the conversion of the amorphous nanospheres to large area graphite flakes.
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3.3.2. Microstructure of carbon excavated from as-spun ribbon
Fig. 10 shows the SEM micrographs of carbon obtained by the

chemical etching of the Ni phase from as-prepared Ni92C8 melt-
spun ribbon, i.e., without annealing. The elemental composition
of the material was analyzed via EDS and is summarized in Table S1
in the Supplementary Section. Fig. 10 (a) and (b) show that thin
flakes, electron transparent to 10 kV, were present in small quan-
tities. Since no plate-like structures were present within the cross-
section of melt-spun ribbon, we postulate that the observed carbon
sheets precipitated at the ribbon surface, a finding that corrobo-
rates the results found by Hu et al. that graphene grows on the
surfaces of melt spun ribbon [3]. Themost prevalent microstructure
observed were sub-micron sized nodules that either existed as
separate nanoparticles or a more complex morphology consisting
of clusters of particles, shown in Fig.10 (c) and (d). The particle sizes
are on the same order of magnitude as the precipitates found
embedded in the nickel grain boundaries, so it is likely that is one
location from which they originated. However, because the grain
boundary precipitates cannot account for the quantity of carbon
excavated in this case, it is reasonable to assume that another origin
of the nanospheres was carbon distributed in the Ni bulk.

Raman spectroscopy was utilized to analyze the crystallinity of
the fabricated material. The ratio of intensity of the D band to the G
band, ID/IG, provides information on the defect concentration and
crystallize size in disordered graphite and on the size of aromatic
Fig. 9. (Top) (a) and (b) Commercially prepared graphite used to prepare precursor NieC in
chemical dissolution of Ni from conventionally cooled NieC ingots prepared by induction m
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clusters in amorphous carbon [34e37]. The carbon from as-spun
ribbon exhibited characteristic features of amorphous carbon:
broad G and D peaks and a low 2D band intensity. The high ID/IG
ratio of 0.9 is indicative of large aromatic clusters. The BET surface
area for carbon obtained from as-spun (before annealing) rapidly
solidified Ni92C8 ribbon was measured to be 203 m2/g.

Increasing the carbon content in the ribbon resulted in an
increased thickness of the graphite flakes; the growth front of
graphene layers can clearly be identified on the surface as shown in
Fig. 11. This observation indicates that controlling the carbon con-
tent of the precursor alloy may allow us in the future to tune the
number of layers of graphene produced, consistent with Hu's ob-
servations [12].

3.3.3. Microstructure of carbon excavated from annealed ribbon
The resultant microstructure of carbon embedded in the Ni

matrix after ribbon annealing was shown in Fig. 4; the TEM
micrograph highlighted the polygonal outline of the graphite
crystals, signaling the crystallization of carbon within the grains
due to thermal treatment at 1000 �C. Additionally, annealing
nickel-carbon ribbon promoted the precipitation of graphite on
the ribbon free surfaces, as depicted in Fig. 12, where the plan
view of Ni88C12 ribbon before and after annealing at 1000 �C is
shown. This observation is consistent with a reduction in the
density of carbon precipitates that speckle the interior of the
gots for melt-spinning; (Bottom) (c) and (d) Carbon flakes and spheroids collected by
elting.
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ribbon, as well as the reduced quantity of nanospheres fabricated
by excavating carbon from the ribbon. Instead, increasing the
annealing temperature of the ribbon resulted in an increase in the
prevalence of the high aspect ratio graphite flakes retrieved after
etching the Ni matrix. Increasing the initial carbon content in the
ribbon also led to the same observation: the samples that con-
tained the highest atomic fraction of carbon (Ni88C12) and were
annealed at 1000 �C for 1 h produced carbon materials consisting
of large graphite flakes, hundreds of microns wide (equal to the
width of the ribbon) and about 1 mm thick, and almost devoid of
spherical nodules.

Raman characterization of the freestanding carbon micro-
structure as a function of ribbon annealing temperature is shown
in Fig. 13. Table 1 also outlines the effect of annealing on the
Raman spectra of carbon obtained from melt-spun ribbon.
Annealing at 400 �C has little effect on increasing the crystallinity
of the carbon material compared to the sample that was not
annealed, consistent with other reports that 400 �C is too low of a
temperature to initiate significant graphitization [38]. However,
corresponding to the increase in annealing temperature, the ID/IG
ratio decreased from 0.9 for carbon annealed at 400 �C to 0.3 for
carbon annealed at 1000 �C, indicating that the thermal treat-
ments resulted in a reduction in defect density, increase in crys-
tallite size, and ultimately, enhanced graphitization of the
Fig. 10. Carbon etched from Ni92C8 melt-spun ribbon before annealing shows two types of
particles. (b) The structure shown in (a) is magnified. (c) A large carbon “slab” that is 10 m
comprised of clusters of submicron sized particles.
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material. The I2D/IG ratio also increased from 0.31 to 0.65, signaling
a resultant increase in the number of graphene layers present in
the material. Similar transformations of carbon from amorphous
to crystalline by increasing the annealing temperature have been
well documented in the literature [39e41].

We postulate that supersaturation of the Ni lattice leads to
carbon atoms being dispersed throughout the metal's interstitial
sites. The carbon from the as-spun ribbon lacks crystallinity and
evolves as sub-micron sized nodules e approximately the same
shape and size as they were in the ribbon. Annealing, however,
allows for carbon diffusion, which led to the growth and graphiti-
zation of flakes on the free surfaces of the ribbon.

It is interesting to consider the utility of the carbon materials
fabricated here in the context of carbon fiber manufacture. Carbon
fiber usually consists of graphitic crystal threads a few microns in
diameter, with a microstructure in which the graphene planes are
aligned parallel to the axis of each thread so that the strong di-
rection is along the axis of the thread. Nominally, the micro-
structure of carbons produced here is similar e microns-wide
graphite sheets oriented with the strong axis in the plane of the
ribbon. Although the length of the flakes produced here is much
shorter than those in carbon fiber, it is easy to imagine that
directional precipitation and crystal growth can be induced if the
ribbons were to be pulled through a hot zone rather than
morphologies (a) Thin carbon flakes comprised of clusters of nanometer sized carbon
m thick and over 100 mm long. (d) At higher magnification, the slab is observed to be



Fig. 11. Carbon from Ni88C12 melt spun ribbon before annealing showing growth front
of graphene layers.

Fig. 13. Raman spectra showing increasing graphitization of carbon with increasing
annealing temperatures. (A colour version of this figure can be viewed online.)
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homogeneously annealed, and this should lead to very long
graphite crystals. Assuming these may be spun into fiber with a
suitable binder (we have not produced enough material to
perform this test), this approach may be a more benign method to
produce carbon fiber precursors from a life-cycle approach, as it is
well-known that carbon fiber produced from polymeric pre-
cursors is an energy and resource intensive process, leading to
significant emissions during the oxidation and graphitization cy-
cles at high temperature [43].
4. Conclusions

We report the ability to melt spin nickel-carbon alloys with a
carbon fraction up to 12 at. % using a water-cooled copper roller
rotating at speeds between 40 and 80 m/s. Extended solubility of
carbon in the Ni was confirmed bymeasuring Ni lattice strain using
X-ray diffraction. High temperature heat treatments led to precip-
itation of carbon from the nickel lattice on the ribbon free surfaces
but also led to the subsequent growth of the precipitates within the
nickel matrix via bulk diffusion-driven Ostwald ripening. From the
rapidly solidified ribbon, carbon was excavated via chemical
dissolution of the metal to reveal freestanding carbon materials.
We evaluated changes in carbon microstructure as a function of
precursor carbon content and annealing the NieC ribbon. We
Fig. 12. (a) Plan view of as-spun Ni88C12 ribbon and (b) Ni88C12 ribbon annealed at 1000 �C fo
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observed that the morphology of the carbon materials could be
adjusted sequentially by varying these two experimental parame-
ters. As-spun ribbon (undergoing no heat treatment) with a low
carbon content will lead to the formation of high surface area
amorphous carbon nanospheres and few-layer graphene. By
increasing the carbon content and/or the annealing temperature,
the number of nanospheres was decreased and replaced by
graphite flakes. The thickness and crystallinity of these flakes can
also be controlled by these experimental variables. After a high
temperature heat treatment at 1000 �C, Ni88C12 ribbon produced
thick graphite flakes from carbon material precipitated on the
surfaces of the ribbon.
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Table 1
Summary of Raman spectrum properties of freestanding carbon etched from melt spun Ni92C8 ribbon annealed at different temperatures.

Before Anneal 400 �C Anneal 800 �C Anneal 1000 �C Anneal

G peak position (cm¡1) 1569 1577 1571 1578
ID/IG 0.88 0.92 0.57 0.34
I2D/IG 0.31 0.31 0.39 0.65
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