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a b s t r a c t

Bulk Co samples having a mean grain size of ∼300 nm were processed by hot isostatic pressing of a high
purity Co nanopowder synthesized by chimie douce. The grain interior exhibited a highly faulted nanoscale
lamellar microstructure comprising an intricate mixture of face-centered cubic, hexagonal close-packed
phases and nanotwins. Room temperature compression tests carried out at a strain rate of ∼2 × 10−4 s−1

revealed a yield stress of ∼1 GPa, a strain to rupture of ∼5%. During straining it was found that the
hexagonal close-packed phase content increased from 55% to 65% suggesting a deformation mechanism
eywords:
owder metallurgy
ol–gel processes
echanical properties

based on stress-assisted face-centered cubic to hexagonal close-packed phase transformation. In addition,
an apparent activation volume of ∼3b3 was computed which indicates that the deformation mechanism
was controlled by dislocation nucleation from the numerous boundaries. Nonetheless, in such an intricate
microstructure, the overall mechanical properties are discussed in term of a complex interplay between

ity, tr
icrostructure
ransmission electron microscopy (TEM)
-ray diffraction

lattice dislocation plastic

. Introduction

The room temperature (RT) properties of metallic materials,
uch as their mechanical or physical properties change with the
icrostructure, especially with the grain size of polycrystalline

ggregates. It is well known that for most metals and alloys, the
ield strength increases with decreasing grain size according to
he Hall-Petch law (HPL), which predicts that the yield strength
ncreases linearly with the inverse square root of the grain size
1,2]. Many studies have shown that the HPL holds true to roughly
0–10 nm [3,4]. Below this grain size scale, the HPL breaks down
nd the flow stress decreases with decreasing grain size [5] due to
he fact that within this regime, intragranular dislocation sources
re unlikely to be active. Indeed, for such a small grain size, grain
oundary-related processes predominate.

Macroscopically, it is observed that the high flow stress exhib-
ted by the majority of nanocrystalline (nc) or ultrafine-grained
ufg) materials is accompanied by a dramatic decrease of the

uctility or strain to rupture [6,7]. At the early stage of plastic defor-
ation, the stress–strain curves exhibit a rapid and brief hardening

or nc and ufg materials contrariwise to the progressive and higher
train-hardening rate (shr) of the coarse-grained counterparts.

∗ Corresponding author. Tel.: +33 1 49403488.
E-mail address: dirras@univ-paris13.fr (G. Dirras).
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ansformation-induced plasticity and possibly twin-induced plasticity.
© 2009 Elsevier B.V. All rights reserved.

Furthermore, during straining, a transition from homogeneous
deformation with pronounced hardening to localized deformation
after the onset of yielding is observed. This behavior appears to be
material-structure and deformation-mode independent [6,8].

It has been recently reported in a number of studies that the
presence of a large volume fraction of nanoscale twins enhances
mechanical characteristics of ultrafine-grained metallic materials
[9–12]. This was ascribed to the particular behavior of the twin
boundaries (TBs) in accommodating the deformation [9,13]. In
the same line, nanoscale lamellar structures in Co–Cu alloys pro-
cessed by electrodeposition were found to enhance mechanical
properties [14], as these boundaries may act the same way as coher-
ent boundaries [15]. The improved mechanical properties of the
microstructures having high concentration of planar faults induce a
great interest in these materials. At the same time, the deformation
mechanisms in the highly faulted materials are not well under-
stood. In the present paper, we study the relationship between the
microstructure and the mechanical properties of a highly faulted
ultrafine-grained bulk Co processed by powder metallurgy. The
underlying deformation mechanisms in compression test at room
temperature are established from the change of microstructure
during plastic deformation.
2. Experimental procedures

Nanostructured Co particles having an average crystallite size of about 10 nm
were synthesized by polyol reduction in 1,2-propanediol [16,17]. The principle is

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:dirras@univ-paris13.fr
dx.doi.org/10.1016/j.jallcom.2009.09.153
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Fig. 1. CTEM micrographs of the microstructure of the as-HIPed samples: (a) a
F. Fellah et al. / Journal of Alloys

ased on reducing a cobalt salt (0.08 mol/L), with the desired amount of NaOH, in
he polyol medium heated up to the boiling point (186 ◦C). To trigger a hetero-
eneous nucleation that yields particles with sub-micrometer size, silver nitrate
0.04 × 10−3 mol/L) was added to the precursor. In the final product, the particles
ere agglomerated into 200 nm sized and high purity Co (>99.99%) clusters con-

aining 85% face-centered cubic (fcc) phase and 15% hexagonal close-packed (hcp)
hase as revealed by X-ray diffraction (XRD) experiments.

Bulk samples were processed from the Co particles by hot isostatic pressing (HIP)
18]. During the HIP-processing, the capsule containing the powder was subjected
o a pressure of 200 MPa at 500 ◦C for 120 min. This resulted in samples having a
andom crystallographic texture and a mean grain size of 310 ± 20 nm. The particle
ize in the precursor and the grain size of the bulk samples were measured from
ransmission electron microscopy micrographs by counting at least 150 particles or
rains.

After consolidation, prismatic specimens were cut out from the as-processed
ulk samples for uniaxial compression tests as other mechanical investigations
hould be excluded due to the relatively high porosity of the consolidated samples.
pecimens with final dimensions of about 3 mm × 3 mm × 5 mm were prepared and
ompressed at room temperature and at a strain rate of ∼2 × 10−4 s−1.

X-ray diffraction study of the crystalline phase composition was conducted
sing a Philips Xpert powder diffractometer with CuK� radiation. Specimens for
lectron microscopy investigations were first mechanically grinded down to a
hickness of 50 �m and subsequently thinned using a dimple grinder and finished
o perforation using a GatanTM Precision Ion Polishing System (PIPS). Conven-
ional and high-resolution transmission electron microscopy (CTEM and HRTEM)
nvestigations were conducted on JEOL 2011 and Tecnai FEI electron microscopes,
espectively, operating at 200 kV.

. Results and discussion

The CTEM micrograph displayed in Fig. 1a shows a highly faulted
anoscale lamellar microstructure. Indeed, grains were populated
y a high density of plates having thickness in the range of 5–10 nm
r less and stacking faults, consistent with the low stacking fault
nergy of Co. Dislocation contrasts can also be seen, particularly in
hose grains where the lamellar structure is out of contrast (see the
rrows). In addition, voids are also found within the microstruc-
ure, probably as a consequence of incomplete particle bonding
uring sintering. The residual porosity has been estimated from
he following expression:

=
(

1 − �m

�t

)
× 100, (1)

here �m is the measured density (in our case �m was deter-
ined by Archimede’s principle) and �t is the theoritical density of

o. Substituting �m = 8.13 g cm−3 and �t = 8.90 g cm−3, one obtains
∼ 9.5%. The influence of such a relatively high amount of porosity
n the elastic behavior will be discussed.

In Fig. 1b a selected area of a grain having the nanoscale lamel-
ar structure is presented along with the corresponding diffraction
attern with strong streaks. After indexing, it was found that the
icrostructure consists of an intricate {1 1 1} fcc twins coexist-

ng with hcp domains. Therefore, in accordance with Nakano et
l. [15], the boundaries of the lamellar structure are of fcc/fcc TBs
nd fcc/hcp interphases. The lamellar microstructure is most prob-
bly induced by the HIP operation. It was found that the higher
he porosity amount (due to incomplete particle bonding) in the
onsolidated samples, the lower the degree of lamellar structure
ormation. Therefore, the plastic deformation in the particles during
IP at high temperature resulted in the formation of the lamellar

tructure, which probably occurs by means of slipping of partial
islocations on every second close-packed planes.

Fig. 2a shows a low magnification HRTEM view of the lamellar
tructure. The high faulting tendency that results in the observed
amellar structure is clearly evidenced. The letters in Fig. 2b

llustrates the packing sequence of the close-packed planes. The
bserved sequence of planes indicates an intricate microstructure
onsisting of two unfaulted hcp phases (I and III) and one faulted fcc
hase (II). The black lines indicate the stacking faults in the fcc struc-
ure and the arrows indicate the boundaries between the phases. It
general view showing a layered microstructure and some individual dislocation con-
trasts (white arrows) and (b) a selected area diffraction pattern of a grain showing
spots belonging to fcc structure (f), hcp structure (h) and fcc twins (ft).

should be noted that other possible division of this plane sequence
into fcc and hcp phases can be also proposed.

Such nanoscale lamellar structures have been reported in elec-
trodeposited (ED) Co [12] where the lamellar structure has been
considered as twins, but with no further details provided. Recently,
the same kind of nanoscale structures has been developed in elec-
trodeposited Co–Cu alloys [14,15]. Annealing such a microstructure
at 973 K resulted in the increase of the width of the hcp phase,
which was accompanied by a decrease of the stacking disorder
and the fcc/hcp boundaries became coherent [15]. Therefore, these
boundaries should possibly act like coherent TBs in enhancing
mechanical properties. Actually, there are evidences that TBs may
absorb or emit dislocations [19,20] or dislocations can cut them
[13] resulting in enhanced mechanical properties. For example,
in ultrafine-grained Cu (500 nm) a tremendous increase of the
strain rate sensitivity parameter, m of the flow stress has been
measured in samples containing a high density of twins (width
∼20 nm) compared to a twin free sample with the same average
grain size. A sustained ductility was then observed upon tensile
tests [10].

Fig. 3 shows the mechanical behavior of the as-processed

Co sample during compression tests at RT at a strain rate of
∼2 × 10−4 s−1 conducted on two specimens from the same bulk
sample. The two curves perfectly superimposed despite the fact
that one of the specimens failed after a plastic strain of about 2%
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Fig. 2. HRTEM investigations illustrating the highly faulted microstructure: (a) over-
all view at a lower magnification and (b) details of stacking sequence showing the
microstructure consisting of two unfaulted hcp phases (I and III) and one faulted fcc
p
T
t
o

(
w

m
t
p

F
s
d

hase (II). The letters in (b) show the packing sequence of the close-packed planes.
he black lines indicate the stacking faults in the fcc structure and the arrows indicate
he boundaries between the phases. It should be noted that other possible division
f this plane sequence into fcc and hcp phases can be also proposed.

curve (b) in Fig. 3), probably due to microstructure heterogeneity
ithin the compact as reported elsewhere [21].
The elastic part of the curves allowed computing the Young’s
odulus value of about 135 ± 5 GPa (also confirmed by nanoinden-

ation test). Such a low value has to be related to the amount of
orosity determined above. Using a relation given by Meyers et al.

ig. 3. The room temperature mechanical behavior during compression tests at a
train rate of ε̇ = 2 × 10−4 s−1 for two specimens cut from the same consolidated
isk. See the text for more details.
Fig. 4. A CTEM micrograph showing the microstructure after room temperature
deformation at a strain of ∼3.5%. The black arrows show a dislocation boundary
crossing the lamellar structure which induces local shear effect as indicated by the
white arrow.

[22], the Young modulus depends on the porosity p as:

E = E0(1 − f1p + f2p2) (2)

where the constants f1 and f2 are equal to 1.9 and 0.9, respec-
tively, and E0 is the Young’s modulus of the fully dense material,
equal to ∼211 GPa for Co. Substituting these values in Eq. (2),
E = 170 MPa is computed, which is close to the value obtained from
the stress–strain curve (it should be noticed that the strain during
compression test was calculated from the crosshead displacement
corrected by the stiffness of the testing machine).

It was found that after the onset of yielding, the flow stress
increased regularly up to a strain value of about ε = 3.5%, afterwards
the load drops until failure, which occurred at εr ∼ 5% (sample
(a)). The proof stress at ε = 0.2% and the ultimate strength are
�0.2% ∼ 1000 MPa and �u ∼1150 MPa, respectively. The proof stress
value is far higher than that predicted by a simple extrapolation of
HPL. Indeed, both values of �0.2% and εr compare fairly well with
those reported for tensile-tested 12 nm grain-sized hcp Co speci-
mens (�0.2% ∼ 1002 MPa) [12] but the strength values are lower than
those reported for 3 nm sized lamellar domains in Co–Cu alloys
(�0.2% ∼ 1420 MPa and �u ∼ 1875 MPa) [14]. Such a behavior has
been attributed to a strengthening effect of the boundaries in the
lamellar microstructure, which is similar to the effect of general
grain boundaries or coherent TBs, in accordance with [15]. There-
fore, in accordance to these previous studies, it can be concluded
that the strength of these lamellar microstructures is controlled
rather by the lamellae thickness than by the grain size.

In addition, strain rate jump test from ∼2 × 10−4 s−1 to
∼2 × 10−2 s−1 at ε = 1.3% was carried out and allowed to compute
the thermal activation parameters which are the strain rate sen-
sitivity parameter of the flow stress, m ∼ 0.014, and the apparent
activation volume Va ∼ 3b3. This value of the activation volume is in
accordance with that reported in [14], which was related to disloca-
tion emission from boundaries of the nanoscale lamellar structure
due to local stress concentration. Contrariwise, in hcp Co it was
observed that an increase of the strain rate from ∼2 × 10−4 s−1 to
∼2 × 10−3 s−1 during tensile tests resulted in softening, also accom-
panied by a decrease in the total elongation. This behavior was
attributed to a deformation mechanism occurring mostly by twin-
ing [12]. In the present case, even if mechanical twinning cannot be
ruled out [23], the computed activation volume supports the idea of

a deformation mechanism controlled by dislocation emission from
the numerous interfaces and their propagation within the lattice.
Fig. 4 illustrates the microstructure of a specimen deformed up to
about 3.5% plastic strain. Dislocation contrast can hardly be seen but
a (low angle) dislocation boundary is observed (aligned along the
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[8] C.Y. Yu, P.W. Kao, C.P. Chang, Acta Mater. 53 (2005) 4019.
ig. 5. The X-ray diffractograms obtained before (a) and after (b) straining at RT.
ee the text for details.

lack arrows) interacting with the lamellar structure and resulting
n local shear effect (indicated by the white arrow). Such a bound-
ry crossing a lamellar structure has been profusely observed by
u et al. [24] after surface mechanical attrition of Co.
Nevertheless, a striking feature of the present study is the

ncreasing amount of the hcp phase at the expense of fcc phase
uring straining. The phase composition was quantitatively mea-
ured by XRD experiments before and after compression test, as
t is shown in Fig. 5a and b, respectively. In these investigations,
he volume ratio of the different phases was computed by calcu-
ating the ratio of the integrated intensities (the area under the
eak) of the strongest peaks of the X-ray patterns. For the hcp Co
hase, this peak is located at 2� = 47.5◦. At the same time, the peak
aving the highest intensity for fcc Co strongly overlaps with the
cp Co peak at about 2� = 44.5◦ and the only peak for fcc Co which
s free from overlapping is at 2� = 51.6◦ with a relative intensity
f 40% compared with the strongest peak of fcc Co. Therefore, the
ntegrated intensity at the strongest peak for the fcc Co phase was
stimated from the peak at 2� = 51.6◦ multiplied by 2.5. The vol-
me ratio of fcc and hcp phases was obtained as the ratio of the

ntegrated intensity values of the 100% intensity peaks of the two
hases. It was observed that in the undeformed state (Fig. 5a) the
ractions of fcc and hcp phases were 55% and 39%, respectively, and
6% CoO oxide phase with a fcc structure was also observed. After

ompression (Fig. 5b), the fraction of the hcp phase increased to
65% (29% fcc, and 6% CoO). Therefore, the hcp/fcc amount ratio

ncreased from 1.4 to 2.2. It is thus suggested that the underlying
eformation mechanism is mainly based on Shockley partials emis-
ion and gliding, that induces the fcc to hcp phase transformation
25]. Indeed, the gliding process of a Shockley partial dislocation on

close-packed plane was discussed by Jiang et al., in their molec-
lar dynamics study of a martensitic transformation in Co [26]. It
as been observed that the atoms swept across by the dislocation

ine contribute to a displacement close to the Burgers vector of a

[

[
[
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Shockley dislocation, leading to the production of a new stacking
sequence and an hcp lamella grows in the fcc structure. A similar
gliding process has been observed in the case where an intrinsic
stacking fault is preexisting in the fcc structure. Most probably the
same processes likely occurred here.

Recently, Lu et al. [27] have investigated the maximum strength
of nanotwinned copper samples with different twin thicknesses.
The authors have found that the strongest samples have a twin
thickness of 15 nm, and that below this size, softening occurs
accompanied by enhanced strain hardening and ductility. In the
light of the discussion conducted in [27], we hypothesize that, in
our study, the increase of amount of the hcp phase during straining
is accompanied by a transformation-induced plasticity and also the
formation of additional coherent fcc/hcp interfaces as suggested in
[15]. This may lead to a higher flow stress and hardening capabil-
ity, coupled with a sustainable ductility. Finally, in the deformation
mode considered here, the influence of the porosity on the plastic
behavior appears to be very remote compared to the effect induced
by the lamellar microstructure.

4. Conclusions

Bulk ufg Co samples have been processed by HIP from nanopow-
ders synthesized by chimie douce. The as-processed material has
an intricate fcc/hcp lamellar microstructure, having enhanced
mechanical characteristics during compression test at RT, despite
the high porosity level compared with near fully dense materials
processed by other methods.

The most important features of the mechanical behavior of this
material are:

(i) One of the underlying deformation mechanisms is the lamellar
boundary-induced plasticity controlled by dislocations nucle-
ated at these boundaries.

(ii) The hcp/fcc phase ratio increased during compression test most
probably due to the glide of Shockley partials on {1 1 1} planes
which also contributes to plastic deformation.

iii) The mechanical properties also affected by the slip transfer
properties at the fcc/hcp interphase boundaries within the
lamellar structure.

(iv) The residual porosity has a significant negative impact on the
elastic properties, but not on the overall plastic behavior during
compression.
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