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Abstract

Stabilization of the FCC phase was obtained after sintering the mechanically
milled Co powder at 1400°C. The Co powder retained its HCP crystal structure
after MM. Phase identification on the milled and sintered Co powders was
performed by the X-ray diffraction analysis, while morphology and
microstructures were performed using both optical and scanning electron
microscopy. Phase transformation traced by the differential scanning

calorimetry.

1. Introduction

Synthesis of metastable phases in transition metals by using several non-
equilibrium processes such as mechanical milling (MM) [1-4], cold pressing
(CP) [5], and water quenching (WQ) [6] have attracted a huge interest in
engineering and materials science. For many years, these non-equilibrium
techniques were employed on metallic alloys, but for the last decade, an
effort to study pure metals has increased. In the current investigation, the
authors decided to focus on a ferromagnetic commercially pure fine cobalt

(Co) metal. Cobalt (Co) is one of the vital transition metals used in electronics



and magnetic recording [7]. It exists in FCC, HCP or HCP/FCC in small, large
and mixture of grains depending on the processing technique of the metal
[8,9]. When subjected to MM, Co transform from HCP to FCC phase [10-13],
similarly around 330 to 417 °C when thermally treated [14]. Apart from the
metastable FCC allotropic phase transformation, there are studies reporting
the metastable BCC crystal structure obtained in Co films [15, 16]. The
stabilization of BCC Co depends on the crystalline size range of 2 to 5 nm
[17]. In cemented carbides, Co is a suitable binder for HCP WC particles
processed via powder metallurgical route. In is the modern trend that
nanocrystalline powders are used to improve the strength of cemented
carbides [18-20]. Therefore, alloyed nanocrystalline carbide powders have
been synthesized using MM technique [21, 22], while in cases where only
particle refinement is needed, Co is added to promote lower sintering
temperatures [23]. When added with other pure metals during MM, Co XRD
intensity peaks disappear in the early stages of milling [23, 24]. In the
previous investigations, MM of Co, W, V and C powders has resulted in the
formation of a new complex, Co-rich carbide structure upon sintering [25].
Furthermore, it is known that excess Co, W and C yields eta phase formation,
that are detrimental to the overall mechanical properties during sintering of
WC-Co cermets [28-30]. Investigations into the thermal behaviour of pure
metals processed via MM might help to clarify many of the complex properties
of metastable phases in alloys and compounds. In the current study, we focus
on characterization of commercially pure Co powder, before milling and after
MM and their thermal stability.

2. Experimental Work

In this work, Co powder of 99.8 % purity was used. This pure Co powder
charge was milled under argon atmosphere at milling speed of 250 rpm for 10
h. Milling was performed in the stainless steel milling medium consisting of 5
mm diameter balls and vial at ball-to-powder ratio of 10:1. Milling vial was

equipped with cooling system to avoid heating during milling. A small powder



sample was used for crystal structure analysis and morphology. Unmilled,
milled and mixture of unmilled and milled powders were cold pressed at a
pressure of 20 MPa to form cylindrical compacts of 17mm in diameter and 2
mm in thickness. These compacts were sintered in a Xeron vacuum furnace at
temperature of 1400°C for 1 hour. The sintered Co compacts were cross-
sectioned for microstructural analysis using Leica DMI 5000M optical and LEO
1525 field-emission scanning electron microscope (FE-SEM coupled with a
Robinson Backscatter Electron Detector (RBSD) and an Oxford Link Pentafet
energy dispersive x-ray spectroscopy (EDX) detector. Phase evolution was
traced with a Phillips PW 1830 X-ray diffraction (XRD) machine fitted with Cu
Ka radiation, and 0.02 step size scanned from 20° to 90° (26). In order to
determine the milled powder crystallite size, the Scherrer formula (Eq. (1))
was used from the full width at half maximum (FWHM) of the most intense
Bragg peak.
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k=0.9, A=0.154056 nm where: 8=diffraction angle, D=crystallite size,

A= X-ray wavelength, B full width at half maximum (FWHM).

The Microtac Bluewave particle analyzer was employed to determine the
particle size of unmilled and milled Co powders. Thermal analysis was carried
out using DSC and TG incorporated in NETZSCH STA. Samples were heated
up to 900 °C with Al,Os as a baseline. A heating rate of 20 °C min~! under
argon gas at 20 ml/L standard flow rate was used. The macro-hardness
measurements were carried out using FV-700 Vickers hardness tester with 2

Kg load



3. Results and Discussions

3.1 Powder characterization
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Figure 1: SEM Micrographs of (a) unmilled, (b) 10 h milled cobalt powders



Figure 1 (a) shows the SEM powder morphology of unmilled Co. The unmilled

Co powder resembles an irregular popcorn shape that seems to be

agglomerates of fine particles. In Figure 1 (b), it is evident that powder

particles become thin and small after milling. The particle size analysis

displayed in Table 1 confirms the reduction. Unmilled particles diameter for
cumulative 10 (D1p), 50 (Dsg) and 90 (Dgo) weight per cent are 19, 32, 52,
and 11, 29, 39 um for 10 h milled respectively. Generally, the D1, Dsg and Do

for the 10 h mechanically milled powder show a decrease in particle sizes.

Table 1: Particle size distribution of Co unmilled and MM powders

Powder (|Jm) Dig Dsg Dqgg
Unmilled 19 32 52
10 h milled 11 29 39
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Figure 2: XRD pattern of (a) unmilled and (b) MM Co powders

In Figure 2 (a) and (b), the XRD patterns of unmilled and milled Co powders
are shown. The pattern of the unmilled Co XRD spectrum resembles the
behaviour of amorphous materials [31-33] or amorphous nanoparticles [34].
There are three main peaks of HCP while other remaining peaks illustrate an
amorphous behaviour not in similar appearance than the ones observed on
other reported unmilled Co powders [10, 11]. XRD pattern of unmilled Co
makes a steep curve when compared to that of 10 h MM pattern. It became

evident that the steep behaviour improves after MM probably due to



crystallinity caused by thin flakes of welded fine particles induced during
mechanical deformation, but even after MM the powder remains a mixture of
nanocrystalline and amorphous. The estimated crystalline size calculated
using Sheerrer equation show that 8 and 25 nm were obtained on unmilled
and milled powders, respectively. The increase in crystalline size is
attributable to welding of fine powder particles, hence our current results
agree with the previous studies that showed amorphous to crystalline in
alloys is induced by MM [35,36]. It should also be highlighted in the current
study that, powders are acquired based on the particle size and purity, but
processing of Co powder can yield varying properties. It is shown in the
current study that, although the cobalt powder of micron-particle size was

used, it is actually agglomerates of fines.

TG 1% DSC {mWimg)

+

exo
0.0

Co powder

0.1

Sz

0.3

0.4

0.5

06

o bo7

100 200 300 400 500 600 700 800
Temperature °C

Figure 3: DSC-TG curve of unmilled Co powder



TG 1% DSC (mW/mg)

exo 04

Co MM 6h

95 +
1 p-02

100 200 300 400 500 600 700
Temperature °C

Figure 4: DSC-TG curve of 10 h mechanically milled Co powder

Figure 3 display a broad exothermic peak ending approximately at 500°C
during DSC-TG analysis of unmilled Co powder. This peak shows a stress
relief, which is a confirmation of a highly stressed material. In addition to
that, a small endothermic peak occurred at 249 °C, similar to what was shown
on Xie et al amorphous material [34].To confirm the nature of such
endothermic peak shown in Figure 3, unmilled powder was annealed at 550
°C for 30 minutes. It has emerged that the peaks is because of FCC
transformation confirmed by the XRD analysis shown in Figure 5 (a). HCP
phase was also retained upon annealing. The same endothermic has occurred
on the milled powder in Figure 4. At this instance, the endothermic is broader
and more distinct starting at 314 and ending at 404 °C. This FCC phase
transformation (endothermic) peak is broad, distinct and starts to occur at
314 °C as shown in Figure 4. A well-defined endothermic peak support that
small particles were welded to improve crystallinity. In addition, a sharp
exothermic peak at 597°C attributable to crystallization of the remaining
amorphous phase has emerged. In Figure 3 and 4, the TG curves do not

show any gain in weight. The indication of weight loss as shown by the



corresponding TG curve in Figure 4, rules out the possibility of oxidation.
Weight loss may be due to volume expansion during heating [37]. Any
oxidation or compound formation shows the increase in weight [38]. In order
to validate the development of milled powder structure during thermal
analysis, annealing was done at 650 °C above the crystallization exothermic
peak. The XRD analysis in Figure 5 (b) reveals the presence of a single FCC
phase after annealing. Large particles surface area of the thin flakes induced

by mechanical deformations is attributed to the FCC stabilization.
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Figure 5: XRD patterns of annealed (a) unmilled and (b) mechanically milled

Co powders.
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3.2 Sintering
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Figure 6: XRD patterns of sintered (a) unmilled, (b) 10 h milled and (c)

mixture of milled and unmilled Co powders compacts.
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To investigate the thermal stability, structure and mechanical properties of
both unmilled and milled Co powders, we have sintered compacts at 1400°C.

In figure 6 (a) to (c), the XRD patterns of sintered Co compacts are
presented. Figure 6 (a) shows that HCP and FCC phases were retained after
sintering, similar to the annealed unmilled powder in Figure 5 (a). It was
assumed that the FCC phase is attributable to smaller grains, while HCP is
due to larger grains after sintering [8, 9]. The XRD pattern of the compact
made from 10 h mechanically milled powder in Figure 6 (b), yielded a single
FCC phase after sintering. Despite the calculated crystalline size of 25 nm
after milling as compared to 8 nm for unmilled powder, the stabilization of
FCC phase was obtained after sintering. Our results indicate that FCC phase
in Co is induced not only from crystalline refinement during MM, but milling
also activates its stabilization during thermal treatment because of
deformation stresses induced on HCP Co structure. The FCC phase does not
revert to HCP after sintering at 1400°C. Therefore, deformation stress induced
after MM makes FCC phase favourable upon thermal treatment. It is expected
that only upon melting of powder that HCP phase can be recovered. To
explore further the properties Co powder, we prepared a mixture of equal
weight amounts of milled and umilled powder and subject them to sintering.
The phases of FCC and rhombohedral structures were identified. It seems,
although both individual powder compacts has only FCC and HCP, a
rhombohedral crystal orientation was preferred. The lattice parameters of

phases formed are presented in table 2.

Table 2: XRD properties of Co, MM 10 h, and mixed at 1400°C

Temperature (°C) | Space group & | Phases Lattice Parameter (A)
number a c
Unmilled powder | P63/mmc # 194 HCP 2.51 4.08
Milled Powder P63/mmc # 194 HCP 2.51 4.07
Annealed HCP 2.51 4.08
Unmilled 550 FCC 3.52 -
Annealed MM 650 | Fm-3m#225 FCC 3.54 -
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Sint 1400 | P63/mmc # 194 HCP 2.51 4.09
(Unmilled) Fm-3m #225 FCC 3.54 -
sint 1400 milled Fm-3m #225 FCC 3.54 -
Sint 1400 mixed | Fm-3m #225 FCC 3.52

R-3m#166 RHL 3.82 2.89
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Figure 7: Optical micrographs of Co (a) unmilled, (b) milled and (c) mixed
compacts sintered at 1400°C viewed at 10X Magnification

The optical microstructures of sintered compacts are shown in Figure 7 (a) to
(c) representing the unmilled, 10 h mechanically milled and mixture (unmilled
and 10 h milled), respectively. Figure 7 (a) show evidence of small and large
grain boundaries. The microstructure in Figure 7 (b) illustrates rings
composed of small grain boundaries in a matrix. The high hardness of 300
VHN is attributed to the fine grains that are absent in Figure 7 (a) and (c). In
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Figure 7 (a) and (c) the measured average hardness were 50 HVN and 130
HVN, respectively as shown in figure 9. The fine-grained structure obtained
after sintering the milled powder has promoted high hardness and
stabilization of FCC phase [8]. Karimpoor et al [39] have reported high
strength in nanocrystalline Co, hence our result agrees to their findings.
Figure 7 (c) show some similarities to the microstructure in Figure 7 (b) but
its ring phases are not clear. It becomes apparent that the hardness of the
milled sintered compact was significantly reduced upon addition of unmilled

powder. Figure 9 display the statistical Vickers hardness curve of the sintered

Co compacts.

Grain boundaries

Figure 8: SEM micrographs of Co (a) unmilled, (b) milled and (c) mixed

compacts sintered at 1400°C

In figure 8 (@), the SEM micrograph of unmilled sintered compact is display a

second phase (dark) on the grain boundaries, while in Figure 8 (b) and (c),
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no distinct grain boundaries could be identified. Compositional analysis
performed by using the EDS could not detect any form of contamination on
all the sintered materials. Therefore, the metstable phases obtained in Co
encourage the current authors to assume that the formation FCC Co-
contained phases [20, 25-28], rhombohedral [40], and amorphous structures

[36, 41-43] are due to influence of such metastable phases in pure Co.
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Figure 9: Vickers hardness graph of unmilled, milled and mixed Co

4. Conclusions

Characterization of unmilled powder showed that agglomerates of fine and
amorphous Co particles [34] might exist as micron-sized particles. MM of Co
powders for 10 h has changed the irregular, porpcon-type into HCP thin plate
shapes. Annealing and sintering of these thin flakes and compacts has
induced single FCC phase transformation. The DSC analysis show an

endothermic FCC phase transformation peak that is broad, distinct and starts
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occurring at higher temperature (314 °C) than that in of unmilled Co (249 °C).
Due MM sharp exothermic peak at 597°C due to crystallization of the
amorphous phase follows has emerged. Annealing of the milled powder at
650 °C proves the formation of FCC phase, detected by the XRD analysis. The
FCC phase became stable and did not revert to HCP after sintering at 1400°C.
After sintering of the unmilled powders, HCP and FCC were obtained. The
mixture unmilled and milled yielded FCC and rhombohedral phases,
respectively. The microstructure of mechanically milled and sintered compacts
has the hardness of 300 VHN on average, larger than 50 VHN and 130 VHN
unmilled and mixture, respectively. MM on Co powder activates the

stabilization of metastable FCC during thermal treatment.
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