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This study investigates reactive ball milling synthesis of a single phase metastable Co3C compound from
starting mixtures of cobalt and graphite powders under argon and nitrogen environments. It reports
their phase formations, magnetic, and structural properties. Regardless of the starting powder compo-
sition (25.0 or 33.3 at.% C) and milling atmosphere, reactive ball milling leads to the formation of the
CosC compound with an orthorhombic structure. Coercivities of the starting mixtures first increases with
milling time as the Co3C compound starts to form and subsequently decreases due to structural defects
induced by further milling. Higher graphite containing starting powder mixtures yield higher peak
coercivity values and higher transformation rates. The formed Co3C compound exhibits a Curie tem-
perature of 563 K and a decomposition temperature around 710 K. Compared to argon milled powders,
reactive milling under a nitrogen atmosphere increases the coercivity and decomposition temperature of
the CosC compound.

Metastable phases

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Two technologically important rare earth based permanent
magnetic systems are NdFeB and SmCo. The NdFeB system offers
higher energy products, (BH)max than that of the SmCo system and
dominates commercial markets in both sintered and bonded
magnet forms. SmCo magnets on the other hand, are the material of
choice for many aerospace and military applications because of
their higher operating temperatures. Ever increasing demand for
high energy permanent magnets mainly due to green/renewable
energy technologies coupled with high cost and the somewhat
strategic nature of the rare earth elements has sparked an interest
in developing rare earth free/lean permanent magnet systems. It
seems highly unlikely that a cheaper rare earth free alternative
with energy products comparable to those of the rare earth based
magnets will be developed in the near future. It is easy however to
predict that a substantially cheaper rare earth free alternative, with
moderate energy densities, would capture a large share of the
permanent magnet market and ease the demand on rare earths.

On rare earth lean front, efforts to synthesize exchange spring
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coupled nanocomposite magnets that were first suggested by
Kneller and Hawig [1] still continues mainly on the Sm—Co system
[2—4]. On rare earth free front, a handful of candidate systems all
previously known to the scientific community are being revisited.
Among these are Zry Coqq [5], FeNi [6], AINiCo [7], HfCo7 [8], MnBi
[9] and MnAIC [10]. The Co—C system is one of these alloy groups
that have recently been studied as a rare earth free permanent
magnetic system.

There are no stable compounds of Co—C, however metastable
CosC or CoyC, mostly in a mixed form, can be stabilized by non-
equilibrium synthesis techniques such as ball-milling [11,12],
Kratschmer carbon arc process [13], wet chemical synthesis
[14—17] and pulse laser ablation [18] techniques. Both Co3C and
Co,C form into an orthorhombic structure with space groups Ppnm
and P, respectively [11]. Chemical synthesis yields nanocrystal-
line CosC and Co,C phase mixtures with moderate properties;
Hc = 271 kA/m (3.4 kOe), Tc = 613 K, (BH)max = 20 k] m~3 (2.51
MGOe). Decomposition temperatures of these phase mixtures
range from 700 to 797 K. It is important to note that these prop-
erties were determined for free standing nanopowders, where the
coercivity could have a large component that is due to surface
anisotropy rather than magnetocrystalline anisotropy. Indeed
Zhang et al. [15] reports a strong particle size dependence of
coercivity in chemically synthesized powders; coercivity varies
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from 48 kA/m (0.6 kOe) for 1000 nm size particles to 247 kKA/m
(3.1 kOe) for 20 nm size particles.

Previous ball milling studies of the Co—C system did not report
any magnetic properties [11]. In this study, we have undertaken
reactive ball milling of this system under argon and nitrogen at-
mospheres in order to explore its phase formations, magnetic
properties, and to determine if Co3C can be synthesized in a single
phase form. Nitrogen gas was introduced to study the effect of ni-
trogen on the magnetic properties. Interstitial nitrogen is known to
enhance Curie temperature and saturation magnetization in
various magnetic systems. The ball milling process produces
nanograined powder with a larger particle/agglomerate size, which
should both reduce surface anisotropy effects and provide a pre-
cursor for creating bulk magnets via standard consolidation
practices.

2. Experimental

Starting mixtures of cobalt (1.6 pm) and graphite (1.0 pm)
powders with nominal compositions of Co-33.3 at. % C and Co-
25.0 at. % C were ball milled in the presence of nitrogen and argon
gases up to 20 h using a SPEX 8000 high energy ball mill. The same
ball to powder ratio was used throughout the experiments to
maintain constant impact strength. Starting powder to ball weight
ratio was one to four. The milling process was interrupted period-
ically for cooling and sample collection purposes. A positive gas
pressure of 34 kpa (5 psi) was introduced before the vials were
sealed for milling and the same gas pressure was reconstituted
after each sample collection routine. A Lake Shore vibrating sample
magnetometer (VSM) equipped with a high temperature furnace
was used for magnetization measurements. DSC measurements
were carried out using a Perkin Elmer 8500 calorimeter. Room
temperature X-ray diffraction, (XRD) measurements were carried
out using a Rigaku diffractometer with a Cu—Ka source. Reitveld
refinement was employed to estimate crystal lattice parameters
and unit cell volume. Scanning electron microscopy (SEM) was
utilized to determine particle size.

3. Results and discussion
3.1. Phase evolution during ball milling

Fig. 1 shows XRD plots of argon milled Co-33.3 at. % C starting
powder composition for the milling times indicated on the graph.
The starting Co powder was in the hcp structure as it is the stable
form of Cobalt at room temperature; a small amount of fcc-Co was
also detected. In the initial stages of the milling process, the
Co + graphite mixture converts to an fcc-Coq_yx Cy solid solution
before any carbide formation takes place. The 4 h milled samples
exhibits only fcc solid solution. When milling time was extended to
8 h and beyond, all the fcc solid solution transforms to the CosC
with an orthorhombic structure. XRD measurements on nitrogen
milled powders of the same composition as well as nitrogen and
argon milled powders of the Co-25.0 at. % C composition yields very
similar results (Fig. 2). Formation of Co,C was not observed.

Evolution of the phases during ball milling was also monitored
by thermomagnetic M(T) and DSC measurements. Fig. 3 depicts
M(T) curves of the nitrogen milled Co-33.3 at. % C composition with
magnetization values normalized by the moment measured at
room temperature. For the eight, twelve and 17 h milled samples,
the drop in magnetization with increasing temperature is due to
ferromagnetic to paramagnetic transformation of the CosC phase
and the subsequent increase in magnetization is due to decompo-
sition of it. The amount of transformed CosC increases with
increasing milling time as indicated by the magnitude of
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Fig. 1. XRD plots of argon milled Co-33.3 at. % C composition showing the progression
with milling time. Relevant reference patterns are shown.
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Fig. 2. XRD plots of the samples with the longest milling time. The reference pattern
for CosC is also shown.
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Fig. 3. Thermomagnetic M(T) curves of the Co-33.3 at. % C composition prepared in N,
for the given milling times in hours. The measurements were taken at 500 Oe (0.05 T,
39.8 kKA/m).

magnetization drop at its Curie temperature. Prolonged milling
times also causes an increase in decomposition temperature of the
CosC compound. The Curie temperatures decrease as the CosC gets
more refined with further milling up to 12 h, but then increases for
the 17 h sample just as the H¢ goes down. In agreement with the
XRD data, 4-h milled powders did not show presence of any CosC ;
the increase in magnetization around 548 K is most likely due to
dissolution of fcc-Coq_»Cy and re-formation of hcp-Co.

Previous studies [19] show that extensive milling of hcp-Co
leads to an hcp — fcc transformation in which the fcc phase is sta-
bilized mainly by stacking faults introduced during the milling. In
the Co—C system, stabilization of the fcc phase by defects is also
believed to be an effective mechanism. The presence of C on the
other hand can only increase this transformation since graphite
shows solubility only in fcc-Co but not in hcp-Co, according to the
Co—C equilibrium phase diagram [11].

Regardless of the starting powder composition, milling time and
atmosphere, mechanical milling of Co—C mixtures led to the for-
mation of CosC phase only. Lack of Co,C formation in ball milled
samples is puzzling. Various techniques listed in the introduction
section, not including the ball milling synthesis, report formation of
CoyC along with CosC. Unlike ball milling, these synthesis routes are
less invasive in terms of introduced defects. Portnoi et al. [11] re-
ports formation of Co,C when a supersaturated fcc phase is heated
up to 823 K while the very same precursor forms CosC when heated
to only 583 K. Iskhakov et al. [20] also reports formation of Co,C by
a pulsed plasma vaporization technique when the substrate tem-
perature is set to 423 K; a 323 K substrate temperature however
results only in formation of CosC. These observations may suggest a
close correlation between higher defect densities and the lack of
Co,C phase formation in ball milled Co—C. Extended studies are
necessary to determine the nature of the mechanisms preventing
the formation of Co,C in this non-equilibrium system.

3.2. Magnetic properties

Table 1 lists the obtained values of Hc and Ms for the studied
compositions at different milling atmospheres as a function of
milling time. After 4 h of milling, the fcc solid solution, whether
formed under argon or nitrogen, exhibits coercivity values of
16—20 kA/m. These values are typical for magnetically soft fine

particles with cubic symmetry. They usually derive their magnetic
hardness from surface anisotropy and being in a single domain
regime. With increasing milling time formation of the CosC takes
place, and coercivity values start to increase as saturation magne-
tization decreases. A peak value in coercivity is obtained after 12 h
of milling for both the argon and nitrogen milled Co-33.3 at.% C
compositions. The peak value in coercivity occurs after 17 h of
milling for the nitrogen milled Co-25.0 at.% C composition clearly
indicating the effect of higher carbon content on transformation
rate. The amount of transformed volume as well as the presence of
nitrogen had a noticeable effect on coercivity values. After the peak
in coercivity, the reduction is believed to be due to a reduction in
crystallinity due to defects induced by the ball milling process.

The primary property of a permanent magnet is its coercivity
which in many cases has its origins in magnetocrystalline anisot-
ropy. At moderately high fields where all possible wall displace-
ment has taken place and a ferromagnet is close to its saturation,
the experimental data can be fit into the law of approach to satu-
ration (LAS) in order to estimate the magnetic anisotropy constant,
K. The LAS is written as [21,22];

b
M:Ms(17m>+on (1)
Where;
4 K2
b=15m2 2

In this expression Ms is the spontaneous magnetization and ¥,
is the high field susceptibility. The specific magnetization values
were estimated using a calculated density value for CosC. By curve-
fitting the above equations to the experimental data, the K values of
the nitrogen milled Co-33.3 at. % C composition were calculated and
given in Fig. 4 as a function of milling time, along with the
anisotropy field, Ha, which is estimated by using Ha=2K/Ms. The
values obtained from this analysis do not necessarily represent the
anisotropy constant and anisotropy field of the CosC (these values
are usually measured on single crystals and are intrinsic in nature).
They are instead used to illustrate the dynamic nature of the ball
milling process. The decreasing trend in K and H, (Fig. 4) with
increasing milling time is a clear evidence of the defect inducing
nature of the ball milling process.

In a dry milling process, powder particles are subjected to
repeated fracture and cold welding due to highly energetic
compressive impacts of the milling media. This process leads to a
diminished crystallinity and associated reduction in anisotropy
constant with increasing milling time and consequently leads to
reduced coercivity values. An extreme example for this effect
would be the magnetically soft nature of permanent magnetic
systems in amorphous form [23]. Despite the reduced anisotropy
constant with increasing milling time, the initial increase trend in
coercivity as a function of milling time is mainly attributed to a
reduction in particle size and defects introduced during milling.
Coercivity of any ferromagnetic system goes through a maximum
as a function of reduced grain or particle diameter. The peak in
coercivity is observed when the grain or particulate size gets closer
towards a value called exchange length (Lex), where it is no longer
energetically favorable for the particles to possess multi-domains.
For larger particulate sizes, where material exhibit a multi-
domain behavior, structural defects introduced during ball milling
cause an increase in coercivity by hindering domain wall motion.
Once the material is milled beyond the single domain limit, the
reduction in coercivity is usually attributed to a thermally activated
switching process [24]. It is these competing mechanisms of size
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Table 1

Evolution of coercivity and saturation magnetization as a function of milling time.
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Milling time (hours) Co-333at. % C Co-333at. % C Co-25.0 at. % C
(Argon milled) (Nitrogen milled) (Nitrogen milled)
Hc (kA/m) M; (emu/g) Hc (kA/m) M; (emu/g) Hc (kA/m) M; (emu/g)
4 17.0 121.6 204 108.9 16.4 1228
8 447 89.6 68.2 71.9 459 78.7
12 783 68.7 100.7 59.2 55.9 719
17 65.2 68.1 80.4 59.4 64.1 64.7
20 - - 74.1 62.1 62.6 64.2
0.30 . . . . . Coercivity of the 17 h milled samples also plateaued a lot faster than
the 12 h milled sample as higher defect densities should promote
025 higher diffusion rates.
s Measured coercivity values of our milled materials were lower
g 0.20 than that of polyol processed powders; Harris et al. [14] reported a
< room temperature coercivity value of = 246.7 kA/m (3.1 kOe) for
0.15} E their Co,C + CosC phase mixtures. Zhang et al. [15] also reported
similar values for 20 nm Co,C + CosC mixtures while coercivity
0.10 . . . . . dropped to 135 and 48 kA/m for 200 and 1000 nm nanoparticles
900‘ T T T T T respectively. SEM analysis of our ball milled powders showed
clumps of irregularly shaped 200—350 nm size particles (Fig. 6);
T 800 Scherrer analysis on the other hand indicated an average grain size
2 of ~ 22 nm for 20 h milled powders. The observed coercivity values
< in this study agree well with the results of Zhang et al. Saturation
T 700
6008 1IO 1I2 1I4 1I6 1I8 20

Milling Time (hours)

Fig. 4. Calculated K and H, values as a function of milling time for nitrogen milled Co-
33.3 at.% C composition.

reduction, increased defect density, and reduced crystallinity that
determine the observed trend in coercivity with milling time.

In order to provide further support for the above argument, 12
and 17 h nitrogen milled Co-33.3 at.% C samples were subjected to a
low temperature annealing at 473 K up to 12 h. The annealing
temperature was chosen to be low enough so that no grain growth
could occur but high enough to provide enough driving force for
atomic diffusion to eliminate structural defects. As depicted in
Fig. 5, coercivity increases for both samples with annealing. The
increase in coercivity, AH. being the difference between as milled
and annealed coercivity values, was greater for the 17 h milled
sample which is expected to have higher defect densities.

110 T T T T T
— 1001/\m;
% —e— 17h nitrogen milled
o
I 90 ]
80
0 2 4 6 8 10 12

Annealing Time (hours)

Fig. 5. Effect of 473 K annealing on coercivity for nitrogen milled Co-33.3 at.% C
compositions.

Fig. 6. Overall particle morphology of 17 h milled Co-33.3 at. % C composition.
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magnetizations of ~ 59—68 emu/g exhibited by our powders were
higher than those reported for polyol processed powders. The dif-
ference is an apparent result of single Co3C phase of this study
versus Co,C + CosC phase mixtures obtained by polyol processing.
Huba et al. [ 16] was able to chemically synthesize single phase Co,C
nanoparticles with an Mg value of 16 emu/g which is lower than
that of CosC.

3.3. Effect of nitrogen

Partly inspired by the positive effects of dissolved nitrogen in
ferromagnetic systems, nitrogen gas was introduced as a milling
atmosphere. Nitrogen is known to enhance magnetic properties of
certain rare earth based permanent magnet systems [25,26] and
help stabilize L1p phase in FePt alloys [27] (there is an excellent
review by Coey and Smith [28] on the effect of nitrogen in ferro-
magnetic systems). No attempt was made to quantify the amount of
nitrogen going into the solid solution but it was obvious from
negative pressures forming in nitrogen filled vials during milling
that nitrogen was reacting with the powder mixture. No such
negative pressure formation was observed in argon filled vials. As
shown in Fig. 7a, the presence of nitrogen increases coercivity
compared to the argon milled samples. Another obvious effect of
nitrogen is increased transformation rates. Fig. 7b compares ther-
momagnetic curves of 12 h argon and nitrogen milled powders.
Since the magnitude of the magnetization drop at the T¢ of the Co3C
compound is directly correlated to the amount of it, nitrogen is
highly effective in increasing the transformation rate. The effect of
nitrogen on T¢ of the Co3C however was not so obvious since it
strongly depends on milling time and resulting transformed vol-
ume. DSC measurements (Fig. 8) reveal a decomposition temper-
ature of 687 K for the 12 h nitrogen milled powder while 12 h argon
milled powder of the same composition decomposes at 657 K. The
highest decomposition temperature of 710 K was measured on 20 h
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Fig. 7. Evolution of coercivity with milling time (a) and thermomagnetic plots of 12 h
milled Co-33.3 at. % C composition (b) for the two different milling environments.
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Fig. 8. DSC plots of Co-33.3 at.% C composition for indicated milling time and
environments.

nitrogen milled Co-25.0 at.% C sample.

Fig. 9 shows the results of Rietvield analysis of the XRD patterns
plotted against the milling time. At low milling times the nitrogen
milled samples exhibit smaller unit cell volumes compared to the
argon milled samples (Fig. 9a). This is a clear indication of nitrogen,
with its smaller atomic volume compared to carbon, reacting with
the material and actively participating in the formation of the
orthorhombic structure. By contrast, there should be no reaction to
the inert gas in the argon milled samples. Such difference in atomic
volume coupled with the difference in valences of nitrogen and
carbon may also explain the beneficial effects of nitrogen on
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Fig. 9. Change of (a) unit cell volume, (b) c/a ratio, and (c) the b lattice parameter as a
function of milling time for Co-33.3 at. % C composition in argon and nitrogen.
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transformation rate. With prolonged milling times of 14 h and
beyond, the unit cell volume of nitrogen milled powders becomes
comparable to that of argon milled samples. This is ascribed to
changing a and ¢ parameters with increasing milling time (Fig. 9b);
the b lattice parameter of the argon and nitrogen milled powders
(Fig. 9c) are comparable and increase almost linearly with time for
both milling environments. The improved coercivity values in the
nitrogen milled samples could be due to the corresponding
enhancement of the c/a ratio compared to argon milled powders.
Although it is not universal, lowered crystalline symmetry often
improves the magnetic anisotropy energy and the coercivity
[29—32].

3.4. Iron contamination during milling

A fully formed CosC material is expected to exhibit para-
magnetic behavior between its Curie and decomposition temper-
atures. Despite the milling times up to 20 h however, a residual
magnetization existed at temperatures above the T¢ of CosC indi-
cating the presence of a ferromagnetic phase. At first glance, this
residual magnetization may seem to be the result of some un-
transformed Coq_xCy solid solution but results of the thermomag-
netic measurements taken up to 1273 K convinced us that this non-
vanishing magnetization behavior is most likely due to iron
contamination from steel milling vials and balls employed in this
study. Similar contamination issues were reported for ball milled
Co powders [33,34]. Fig. 10 shows the thermomagnetic curve of Co-
25.0 at.% C composition that was milled in nitrogen atmosphere for
20 h. The presence of Fe is evident from the magnetization drop at a
temperature where T¢ of Fe is expected to occur (T¢ of iron ~
1041 K). The magnitude of the residual magnetization corresponds
well to the magnitude of magnetization drop at the Curie temper-
ature of iron. None of the demagnetization curves showed a two
phase behavior which is usually characterized by a step in de-
magnetizations curves, indicating that free Fe is magnetically
coupled to the Co3C matrix.

4. Summary and conclusions

Reactive ball milling of Co—C has been used to synthesize
metastable CosC as a single phase with an orthorhombic structure.
The transformation follows hcp-Co + C — fcc-Co;_xCx — CosC
route. Co,C does not form under the conditions employed in this
study. Dissolved nitrogen is found to be an effective agent in
increasing transformation rate, coercivity, and decomposition
temperature of CosC. A fully formed CosC exhibits an Ms value of
60—62 emu/g, a Curie temperature of = 563 K and decomposes
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Fig. 10. Thermomagnetic M(T) plot of 20 h nitrogen milled Co-25.0 at.% C composition.
The measurement was taken at 500 Oe (0.05 T, 39.8 kA/m). The Curie temperature of
Fe is given by the vertical dashed line.

around 710 K.

Compared to polyol processed powders that have smaller par-
ticle size and are in freestanding form, ball milled Co3C material
exhibits lower coercivity values of 106 kA/m (1.34 kOe, the
maximum coercivity obtained in 473 K annealed samples). There
are ways such as cryo-milling or surfactant assisted ball milling to
bring the particle size of ball milled powders close to those of polyol
processed powders and increase coercivity. If coercivity values of
over 240 kA/m (3 kOe) can be retained in consolidated materials,
CosC can be a potential candidate as a permanent magnet with
energy products comparable to those of Alnico and magnetically
hard ferrites.
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