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The sintered and water quenched compact samples were prepared from unmilled and milled Co powders.
Characterisation was performed by differential scanning calorimetry, scanning electron microscopy and
X-ray diffraction techniques. Several metastable phases were obtained upon sintering and quenching. How-
ever, more metastable phases were induced on quenching the milled–sintered samples due to introduction of
large number of defects in addition to those induced by milling. Micro hardness values for unmilled sintered
samples were the lowest while those of 30 h milled-sintered samples were the highest. The current study re-
veals that the two FCC metastable phases obtained by quenching unmilled powder were similar to those
found in milled–sintered samples.

© 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Rapid cooling of pure or metallic alloys from elevated temperature
is one of the oldest traditional methods to induce phases with novel
mechanical properties. Due to fast cooling, material does not have
enough time to obey its normal thermodynamic transformation
route. This process is therefore said to be non-equilibrium in nature.
The type of rapid cooling methods to be used depends on the end appli-
cation of the product. For example, Ti–Ni atomised powder is produced
by fast cooling from liquid metal under inert gas [1–3]. As a result, the
crystallographic relation between the austenite (B2) and martensitic
(B19′) phases, which resembles shape memory effect, can be induced.
It implies that the high temperature phase (B2) is deformed to yield
the martensite at low temperature due to fast cooling. Furthermore,
magnetron sputtering deposition of Ni–W thin films yielded metastable
phases such as hexagonal-close-packed (HCP) and face-centered-cubic
(FCC) eta (ŋ) [4]. The Co–W alloy produced by deposition results in
good magnetic, corrosion, wear resistance and high hardness [5–7].
However, despite the fact thatwater-quenching (WQ) is one of the oldest
and versatile processes used in the field of metallurgy in order to obtain
good mechanical properties in different alloys, reports on WQ of pure
metals are scarce. Zhao et al. [8] have reported β→α′ martensitic
phase transformation in pure titaniumwhich showed the unique micro-
structure as a result of quenching. It has been shown that FCC nickel could
transform to a mixture of HCP and FCC phases by water quenching [9].
Similarly, water-quenching of body-centered-cubic (BCC) iron revealed
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a mixture of HCP and FCC phases [10]. Cobalt also has been reported to
yield HCP/FCC bi-phasic mixture upon quenching [11,12]. Accordingly,
the existence FCC phase in Co was obtained when grains are fine while
HCP appears on coarse grains [12]. It thus follows that the three ferro-
magnetic elements (Ni, Fe, and Co) tend to favour a bi-phasic FCC/HCP
mixturewhen quenched. Althoughmetastable phases are often obtained
by heat treatment and rapid cooling, their formations are also possible via
low temperaturemechanical deformationprocesses such as coldpressing
(CP) andmechanicalmilling (MM). The FCC→HCPphase transformation
in Co powder induced by CP has been reported previously [13,14]. In ad-
dition, an intermetallic phase formation is considered possible through
repeated cold pressing of Sn and Te elementalmixture [15]. Alternatively,
MM is a versatile powder deformation processing technique that is well
known to induce metastable phases in elemental powders [14,16–23].
This easy and cost-effective process introduces structural defects, stack-
ing faults as well as dislocation in metallic powders. The presence of
metastable phases obtained on milled Co after annealing was recently
published [14,24]. These findings raised further curiosity on the effect of
non-equilibrium processing techniques on elemental Co powder. So far,
there is a lack of information in literature on metastable phases of Co in-
duced by water-quenching the mechanically milled powders. Hence, the
purpose of the current investigation is to compare themetastable phases
of unmilled and milled Co, after sintering and water-quenching.

2. Experimental work

Commercial Co powder of 99.8% was milled under argon atmo-
sphere at milling speed of 650 rpm for 30 h. Milling was performed in
the stainless steel milling medium consisting of 5 mm diameter balls
and vial at ball-to-powder ratio of 20:1. Milling vial was equipped
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Fig. 1. SEM images of (a) unmilled, (b) 30-h milled cobalt powders.
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with cooling system (water jacket) to avoid heating during milling. A
small powder sample was used for crystal structure analysis and mor-
phology. Unmilled and milled powders were cold pressed at a pressure
of 20 MPa to form cylindrical compacts of 17 mmdiameter. These com-
pacts were sintered in a tube furnace at temperature of 1200 °C for
1 hour (h) followed by furnace cooling in some while others were
quenched in water at room temperature. The microstructural analysis
was carried out on mounted and polished cross-sections of the
sintered/quenched samples using LEO 1525 field-emission scanning
electron microscope (FE-SEM) coupled with a Robinson Backscatter
Electron Detector (RBSD) and anOxford Link Pentafet energy dispersive
X-ray spectroscopy (EDX) detector. Phase evolution was traced with a
Phillips PW 1830 X-ray diffraction (XRD)machine fittedwith Cu Kα ra-
diation, and 0.02 step size scanned from 20° to 90° (2θ). Thermal anal-
ysis was carried out using DSC and TG incorporated in NETZSCH STA.
Milled Co powder sample was heated up to 1200 °C with Al2O3 as a
baseline. A heating rate of 20 °C min−1 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.
The densities aswell as the crystallite sizes of sintered sampleswere de-
termined using Archimedes principle and Scherrer equation [18],
respectively.
3. Results and discussion

Fig. 1(a) and (b) shows the SEM pictures of unmilled and 30 hme-
chanically milled Co powders, respectively. From these images, it is
clear that the irregular particles of unmilled Co particles got refined
with smooth surfaces as in Fig. 1(b). Furthermore, these fine particles
seem to have agglomerated. To validate the size reduction, the mea-
sured particle sizes of unmilled and milled powders are presented
in Table 1. Unmilled particle diameter for cumulative 10 (D10), 50
(D50) and 90 (D90) wt.% are 19, 32 and 52 μm respectively, while for
milled are 2, 7 and 19 μm, respectively.

The phase transformation induced byMMof Co powderwas recently
discussed in detail by the same authors [14]. XRD patterns of unmilled,
sintered and water quenched samples are shown in Fig. 2(a), (b) and
(c), respectively. The as-received powder is composed of only HCP
Table 1
Particle size distribution of unmilled and MM Co powders.

Powder (μm) D10 D50 D90

Unmilled 19 32 52
30 h milled 2 7 19

Fig. 2. XRD patterns of Co (a) unmilled, (b) sintered at 1200 °C and (c) WQ from 1200 °C.



Table 2
XRD data for Co powder treated under various conditions.

Condition Phases Lattice parameter (Å)

a b c

Unmilled powder HCP 2.51 – 4.08
30 h milled powder FCC 3.80 [14] – –

Unmilled–sintered at 1200 °C HCP 2.51 – 4.07
FCC1 3.52 – –

Unmilled–sintered and WQ at
1200 °C

FCC1 3.54 – –

FCC2 4.25 – –

HCP 2.50 4.06
30 h milled–sintered at 1200 °C FCC1 3.55 – –

FCC2 4.21 – –

30 h milled–sintered and WQ at
1200 °C

MCL 5.74 5.03 (β=114°) 5.40
CUB 8.06 – –

RHL 4.96 – 13.59
FCC2 4.16 – –
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phase with weak signals of FCC phase. However, due to incomplete re-
verse martensitic transformation, the presence of the high temperature
FCC phase (denoted here as FCC1) is evident upon sintering. Further-
more, when the sintered compacts were water-quenched, two types of
FCC phases (FCC1 and FCC2) and small trace of HCP phase were detected
by the XRD.

The corresponding lattice parameters of HCP and FCC phases are
presented in Table 2. The lattice parameters of these FCC phases are
3.54 and 4.25 Å for FCC1 and FCC2, respectively. The FCC2 phase is as-
sociated with B1-type CoO phase. These results showing co-existence
of two different types of FCC phases are similar to those obtained pre-
viously for water-quenched nickel [9].
Fig. 3. DSC curve of (a) unmilled and (b) 30 h milled Co powders.
Fig. 3(a) and (b) shows thermal analysis by DSC for temperature up
to 800 °C and 1200 °C for unmilled and 30 hmilled Co powder. TheDSC
curve of unmilled powder was discussed in detail in Ref. [24] and it is
only included here for comparison purposes. From the DSC curve of
30 h milled powder, endothermic and exothermic peaks are observed
at 295 and 708 °C, respectively. The former is commonly associated
with lattice recovery or strain relief in milled powders while the latter
is attributed to lattice reordering to usual FCC phasewith lattice param-
eter of 3.54 Å. Furthermore, there is a sharp endothermic peak at 779 °C
followed by three exothermic peaks at 786, 832, 859 and 1151 °C,
respectively. These multiple peaks are an indication of inhomogeneity
in milled particles, thus transforming and/or oxidizing at different tem-
peratures. To average the phase representation of these multiple peaks,
the 30 hmilled Co powder was sinteredwell above these temperatures
and water quenched from 1200 °C.

In Fig. 4, the XRD patterns of milled–sintered and milled–sintered–
water-quenched samples are shown togetherwith that of unmilled pow-
der for comparison. The two FCC phases similar to those observed on
Fig. 4. XRD patterns of (a) unmilled, (b) 30 h milled–sintered and (c) 30 h milled–
sintered–WQ at 1200 °C.
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Table 3
Calculated densities and crystallite sizes estimated using Scherrer equation of the
as-sintered Co samples.

Sample Density
(g/cm3)

% Theoretical
density

D (nm)

Unmilled–sintered 7.3 81 224 (FCC1)
216 (HCP)

Unmilled–sintered and quenched 7.4 83 168 (FCC1)
95 (FCC2)
85 (HCP)

30 h milled and sintered 8.2 92 84 (FCC1)
95 (FCC2)

30 h milled–sintered and quenched 7.8 88 129 (MCL)
129 (CUB)
108 (RHL)
55 (FCC2)
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quenching the unmilled Co were evident upon sintering the milled sam-
ples at 1200 °C, as shown in Fig. 4(b). The corresponding lattice parame-
ters for these phases are 3.55 and 4.21 Å, with the lattice parameter of
latter being attributed to oxygen deficient CoO1−x phase. These results
seem to imply that the stresses induced byWQ unmilled Co have similar
effect to those caused by sinteringmilled powder. However, themechan-
ical propertiesmay vary due to difference in crystallite sizes and densities
of thematerials, aswill be shown in Fig. 6 and Table 3. Fig. 4(c) shows the
XRD pattern for samples milled–sintered and quenched at 1200 °C. An
erratic type of pattern has emerged, probably due to high disordering
induced by the combination effect of milling and quenching. However,
the complex nature for the resulting XRD pattern posed a challenge to
accurately identify present phases. Nevertheless, about four slightly
overlapping major phases were identified as monoclinic (MCL), cubic
(CUB), rhombohedral (RHL) and FCC2 with closest space groups shown
in parentheses. The corresponding approximated lattice parameters are
Fig. 5. SEM micrographs of Co (a) unmilled–sintered, (b) unmilled–sintered–water-qu
also listed in Table 2. So far, the presence of these phases is ascribed to
abrupt forced transformation due to additional structural defects intro-
duced byWQ on addition to MM induced disorder, which occurs mainly
due to the presence of oxygen deficient compound such as CoO1−x. Al-
though the scientific reasons behind the formation of these phases are
uncertain at this point, a similar correlation between RHL and FCC cubic
phases could exist, as was observed previously on sintering ball milling
induced FCC titanium powder [18]. As indicated by equal crystallite
size, the MCL phase could either be the intermediate phase between
RHL and CUB phases or martensitic metastable phase.

The SEM images of sintered and quenched samples are presented in
Fig. 5(a)–(d). Generally, the microstructures of quenched samples (b
andd) appear differentwhen compared to those of only sintered samples
(a and c). Furthermore, Fig. 5(c) and (d) evidently shows the existence of
multiple phase microstructures, which validates the XRD results.

The corresponding densities, crystallite sizes of present phases and
average Vickers hardness values of sintered and water-quenched sam-
ples are presented in Table 3 and Fig. 6. It is evident that the increased
hardness upon water-quenching the unmilled–sintered samples is due
to grain refinement as indicated by smaller crystallite size in Table 3.
However, water-quenching the 30 h milled–sintered samples yielded
larger crystallite size, and consequently lower hardness than the
as-sintered samples. This behaviour further indicates the significant role
of grain size in the mechanical properties of heat treated unmilled and
milled powders.

4. Conclusions

Metastable phases were obtained upon sintering and quenching the
unmilled and milled Co samples. However, more metastable phases
were induced on quenching the milled–sintered samples due to intro-
duction of large number of defects. The createddislocation and vacancies
provided the nucleation sites for metastable phases. The current study
enched, (c) 30 h milled–sintered and (d) 30 h milled–sintered–water-quenched.
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Fig. 6. Vickers hardness of sintered and water-quenched samples.
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reveals that similar FCCmetastable phaseswere obtained fromunmilled–
water-quenched samples as well as milled–sintered samples. Water-
quenching the 30 h milled–sintered samples yielded larger crystallite
size, and consequently lower hardness than the as-sintered counterparts.
This behaviour further indicates the significant role of grain size in the
mechanical properties of heat treated unmilled and milled powders.
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