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ABSTRACT:
Flower-like Ni-Co coating was deposited on copper substrate by a hydrothermal approach. Detailed
experimental result revealed that, the achieved Ni-Co coating exhibited flower-like morphology. During
sliding wear tests, the volume loss of Ni-Co coating was 20.4 % of copper substrate, obviously increasing the
wear properties of copper substrate. During hydrothermal reactions, convective flows existed. Moreover,
water jets were produced by bubble collapse. Interaction of convective flows and water jets resulted in
vortex flows. Driven by the flowing force of helical vortex, Ni and Co plates were assembled to flower-like NiCo architectures.
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1.INTRODUCTION
Vortex, the fascinating natural phenomenon has
aroused numerous attentions in scientific research.
Vortex generator [1] and vortex diode [2] have
been reported. Moreover, large vortices were
achieved from soap bubbles by Kellay et al [3].
Hermans et al. [4] investigated the chirality-specific
lift forces imported by vortex flows, which exhibited
promising applications in separation technologies.
Vortex is formed by rotated flows. Owing to the
ideal helical shape of vortex, helical flows of vortex
are achieved. These vortex flows exhibit promising
applications to drive the helical assembly of threedimensional structures. However, vortex induced
self-assembly of unique morphological micro/nanoarchitectures has rarely been found, to the best of
our knowledge.
Convection [5] exists during hydrothermal
reactions. Furthermore, bubbles are created in the
boiling hydrothermal solution [6], and water jets are
produced by bubble collapse [7]. Induced by the
water jets, rotation of convective flows may occur in
local regions of autoclave, resulting in vortex flows.
Inspired by this idea, we deposited flower-like Ni-Co
coating on copper substrate by means of
hydrothermal approach, in which the growth
mechanism of flower-like Ni-Co architectures was
investigated. The vortex assembly approach will

provide some new insights for the controllable
growth of micro/nanostructures.
2. EXPERIMENTAL
Specimens with dimensions of 10×5×15 mm3, cut
from pure copper plates (Cu: Cr = 99.9: 0.1), were
used as substrates. Then，the copper samples were
pre-treated by H2SO4, HCl solution and sandblast
treatment. In a typical experiment, citric acid
(C6H8O7·H2O), CoCl2·6H 2 O and NiCl2·6H 2 O were
successively dissolved in 70 mL of deionized water.
Then, NaH2PO2·H2O was added, in which the pH
value of resulting solution was about 5~6. After
stirring for 30 minutes at room temperature, the
resulting solution was loaded in a 100 mL Teflonlined autoclave and hydrothermally treated at 110
℃ for 2 h. Finally, the samples were treated at 973 K
for 1 h under argon atmosphere.
The morphology of reaction products was
observed by scanning electron microscopy (SEM,
JSM-6360LV) and high resolution transmission
electron microscopy (HRTEM, JEOL2010F). The
crystallographic characterization was performed by
an X-ray diffraction (XRD, D/Max-Ultima+, with an
accelerating voltage of 40 kV) with Cu Kα radiation
at a scan speed of 6 °/min.
The surface microhardness of the samples was
measured using FM-700 Vickers microhardness
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instrument at a load of 100 g for a loading time of
15 seconds. Rhombic diamond indenter was used in
our experiment, with three indentations for each
load, and the other parameter were adopted
according to ASTM E384-08.
In reference of previous work [8], unlubricated
sliding wear tests were conducted with pin-on-disk
apparatus (SFT-ZM tester, Materials Tester Company,
Xuanhua, Hebei Province, China) under dry sliding
conditions at room temperature, in which copper
substrate cylinders, Ni-Co coatings coated copper
cylindrical samples of Φ5 mm × 18 mm dimensions
were used as the pins, respectively, with the GCr15
sliding disk of 60 HRC hardness and 30 mm in
diameter used as counter-body. During sliding wear
tests, the applied load was 8 N. A fixed rotating
speed of 200 rpm was used and each test was
performed for 10, 20, 30 and 60 minutes,
respectively. The surface of wear tests samples was
ground and polished with 2000 # grit paper.
According to the ASTM G99-95a standard, the
volume loss was calculated from the pin height
change under wear testing, and more than three
times replicate wear experiments were performed.
3. RESULTS AND DISCUSSION
3.1 Microstructure of the coatings
SEM observation of the as-synthesized coating is
shown
in
Fig.
1.
Abundant
aggregated
microstructures are achieved (Fig. 1(a)). Mostly, they
are flower-like products. Several spherical particles
are found, with micro-pores existing in the spherical
particles (Fig. 1(b) and (c)). In addition, the flowerlike products are assembled by plate-like crystals
(Fig. 1(d) and (e)).

Interestingly, the plate-like crystals are helically
arranged in the flower-like products (Fig. 2(a)). In
the core region of flower-like products, the plate-like
crystals are radially distributed (Fig. 2(b)). Highmagnification SEM observation reveals that, the
plate-like crystals are composed of even smaller
plates with 10~20 nm thickness (Fig. 2(c) and (d)).
Helical assembly of plate-like crystals around
spherical particles is also found, and several micropores exist in the spherical particles and plate-like
crystals (Fig. 2(e) and (f)). Moreover, much more
micro-pores are found near the spherical particles
and flower-like products (Fig. 2(g)), in which the
plate-like crystals are helically assembled (Fig. 2(h)).

Fig. 2: High-magnification surface SEM observation of
the as-synthesized coating.
XRD pattern of the as-synthesized coating is shown
in Fig. 3. The strong peak at 44.0 ° is resulted from
Ni(111) (JCPDS card, 65-0380) and Co(002) (JCPDS
card, 89-4308) planes, revealing the as-synthesized
coating is Ni-Co coating. Moreover, the peaks at
47.6 ° and 51.8 ° are corresponded to Co(101) and
Ni(200) planes, respectively, indicating the preferred
growth of Ni and Co plates in Ni-Co coating.
Additionally, NiP (JCPDF Card, 74-1382) and CoP
(JCPDF Card, 89-2747) are also formed in the Ni-Co
coating.
Fig. 4 is HRTEM observation of the Ni-Co
coating. Plate-like structures with 20~30 nm thickness
are found (Fig. 4(a) and (b)). The selected area
diffraction pattern demonstrates that, Ni(111) and
Ni(220) are the preferred growth planes of Ni plates
(inset of Fig. 4(b)). The inter planar spacing’s of
plate-like crystal are about 0.20 nm and 0.13 nm,
respectively (Fig. 4(c), (c 1) and (c2)), corresponding

Fig. 1: Surface SEM morphologies of the as-synthesized
coating on copper substrate.
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to Ni(111) and Ni(220) planes, respectively. This result
confirms the preferred growth of Ni plates.
Moreover, plate-like crystal which exhibits the fringe
of Co(002) plane with an inter planar spacing of
about 0.20 nm is found (Fig. 4(d)), confirming the
preferred growth of Co plates.

Fig. 3: XRD pattern of the as-synthesized coating.

Fig. 4: HRTEM characterization of the as-synthesized NiCo coating.
3.2 Growth Mechanism of Flower-like Ni-Co Coating
In reference of our previous report [9], hydrothermal
growth of Ni-Co coating can be described as
following:
Ni·Cm2+ + 2H2PO2- + 2H2O → 2H2PO32- + 4H+ + Ni + mC

(1)

Co·Cm2+ + 2H2PO2- + 2H2O → 2H2PO32- + 4H+ + Co + mC

(2)
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Where, Ni·Cm2+ and Co·Cm2+ are the complexing
compound obtained from complexing reaction of
Ni2+, Co2+ and complexing agent Cm (such as citric
acid, lactic acid, etc.), in which formation of Ni·C m2+
and Co·Cm2+ prevents the precipitation of Ni(OH)2
and Co(OH)2 sediment.
Usually, nanostructures are grown along some
low index crystal planes such as {111}, {100} and
{110}, to fulfill the smallest surface energy principle
[10]. For this reason, preferred growth of Ni atoms
along Ni(111) plane results in plate-like structures.
Similarly, Co plates are achieved by preferred
growth of Co atoms along Co(002) plane.
Flower-like assembly of Ni-Co architectures is
related to the helical flows of vortex during
hydrothermal reactions. Due to the temperature
difference between bottom and upper regions of
autoclave, natural convection appears [10].
Convective flows are produced in the autoclave, as
demonstrated in Fig. 5(a). Moreover, bubbles are
produced in the boiling water solution of
hydrothermal reactions. With the increasing of inner
pressure of autoclave, bubble collapse occurs, and
water jets are produced (Fig. 5(b)). A resultant force
F of Ni and Co plates in hydrothermal solution is
achieved, by the combination of convective
floating force F1 and water jet force F2. Compared
with the original F1 flow direction, the resultant F flow
direction rotates certain degree (Fig. 5(c)).
Bubbles continuously appear and float from the
bottom to the upper surface of hydrothermal
solution,
and
bubble
collapse
reactions
continuously happen. Rotation of convective flow
direction occurs repeatedly, resulting in helical
vortex flows in autoclave (Fig. 5(d)). Driven by the
helical flowing force of vortex flows, Ni and Co
plates are assembled to radial morphology.
Repeatedly helical assembly of Ni and Co plates
leads to flower-like architectures (Fig. 5(e)). The
existence of large amount of bubbles (Fig. 1 and
Fig. 2) confirms the important role of bubbles
collapse upon flower-like assembly of Ni-Co
architectures.
Fluid flow is the common occurrence during
hydrothermal reactions. Li et al. [11, 12] have
investigated the convective flow in hydrothermal
autoclaves. Numerical simulation of natural
convection in autoclave has been performed by
Yoshio et al [5]. Furthermore, bubbles usually appear
in the boiling solution of hydrothermal reactions,
and the high energy water jets and shock waves
resulted from bubble collapse have been reported
[7, 13, 14]. However, combination of convective
flows and water jets to form vortex flows during
hydrothermal reactions has not been found,
elsewhere.
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From vortex generator to chirality-specific lift forces,
the interesting vortex flows are becoming newly hot
topics in scientific research [1-4]. Compared with
some exterior forces (electric and magnetic types)
[15, 16] and interior forces (Van De Waals) [17], the
vortex flows will give some new ideas to drive the
assembly of micro/nano-structures with desired
dimension and morphology.
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3.2 Wear Properties of Flower-like Ni-Co Coating
Because of the low hardness, copper and its alloy
are prone to plastic deformation under wear tests,
which resulted in adhesive wear [18]. Wear
resistance improvement have been reported by the
deposition of hard coatings on copper. After 973 K
treatment under argon atmosphere, a high
microhardness of 506 HV from Ni-Co coating is
achieved, about 5.5 times of copper substrate (92
HV).
In
addition, flower-like
microstructures
demonstrated good wear properties [19].
As a result, the wear property of copper
substrate is obviously improved by deposition of
flower-like Ni-Co coating. After 60 min wear tests,
the volume loss of Ni-Co coating is 20.4 % of gray
cast iron, as shown in Fig. 6. Compared with copper
substrate, the flower-like Ni-Co coating exhibits
much smoother worn surface, confirming the
improved adhesive wear than copper substrate.
4. CONCLUSION
1) Ni-Co coating with flower-like morphology was
deposited on copper substrate by a hydrothermal
approach.
2) During hydrothermal reactions, interaction of the
convective flows and water jets resulted in vortex
flows. Driven by the helical flowing force of vortex
flows, helical assembly of Ni and Co plates was
performed,
leading
to
flower-like
Ni-Co
architectures.
3) After 973 K treatment under argon atmosphere, a
high micro harness of 506 HV from Ni-Co coating is
achieved, about 5.5 times of copper substrate (92
HV). During sliding wear tests, the volume loss of NiCo coating was 20.4 % of copper substrate,
obviously increasing the wear properties of copper
substrate.

Fig. 5: Schematic assembly illustration of flower-like NiCo architectures. The inset of Fig. 5 is a photograph of
vortex in water.
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Fig. 6: Volume loss against sliding time during wear tests
of copper substrate and Ni-Co coating. The insets of Fig.
6 are SEM worn morphologies of copper substrate and
Ni-Co coating after 60 minutes wear tests.
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