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a b s t r a c t

Magnetic, mechanical and structural characterisation of CoNi and CoNiP electrodeposits has been per-
formed. Bright fine-grained fcc soft-magnetic layers of CoNi have been obtained at the different current
densities and bath temperatures used. Alloy formation improves the mechanical properties of coating
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respect to the single electrodeposited metals. The incorporation of phosphorous in CoNi deposits favoured
the deposition process, which occurred at less negative potentials. Moderate phosphorous percentages
were obtained but significant modifications in the structure and the magnetic properties were detected.
Fcc or hcp CoNiP layers can be obtained as a function of deposition conditions, showing the hcp CoNiP
the maximum coercivity values. Fcc CoNiP deposits showed the highest hardness values.
icrohardness
agnetic properties

. Introduction

Magnetic materials have received much attention in recent
ears because their extensive technological applications in micro-
lectronics industry. A particular research study was focused on
erromagnetic materials [1–4].

In particular, the use of cobalt–nickel system has been extended
o some magnetic applications, especially in microsystems technol-
gy for manufacture of sensors, actuators or inductors [5–7], and
heir use has been tested as magneto-optic memory material as
ery desirable data storage material [8,9]. Cobalt and nickel form a
olid solution fact that possibilities “to tailor” the alloy composition.
he nickel presence in the alloy although diminishes some cobalt
agnetic capabilities as magnetisation of saturation but improves

he hardness, making the alloy also useful to other different appli-
ations that demand both mechanic and environmental resistance.

Electrodeposition is a versatile low-cost method to obtain alloy
lms, and it is generally compatible with the fabrication of magnetic
omponents in integrated devices. Furthermore, it allows precise
ontrol over films properties and permits deposition of variable
eometries. The electrodeposition of cobalt–nickel alloy belongs
o the anomalous type [10], in which the less noble metal (Co) is

referentially deposited, as the manner that the obtained deposits
ontain much higher percentage of cobalt than in the solution.

The electrodeposition of cobalt–nickel alloy is accompanied by
oevolution of hydrogen that leads local pH rise near the elec-
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trode surface during the alloy deposition process. Sulphamate
electrolytes seem to be more stable to pH changes than sulphate
and chloride electrolytes being sulphamate the preferred bath of
industry [11]. Deposits produced by chloride and sulphate baths
are exhaustively studied in the investigation ambits [12–15]. How-
ever, not much characterisation work exists for deposits obtained
from sulphamate bath.

This work was aimed to investigate at first cobalt–nickel depo-
sition in order to characterise the magnetic properties of deposits
obtained from sulphamate bath in presence of additives such sac-
charine, wetting agent and boric acid. We performed the CoNi
deposition at different current densities and temperatures. The
dependency on crystallinity, surface morphology and microhard-
ness was discussed. Also the incorporation of phosphorous in the
alloy will be analyzed. CoNiP ternary alloy deposits will be pre-
pared at similar conditions of those of CoNi, in order to compare
the effect of phosphorous presence on the deposition process and
to analyze the properties of the obtained deposits. Moreover, the
evaluation of the possibility to extend the results obtained from
lab-three-electrode system to and industrial ambit will be tested.

2. Experimental procedure

A sulphamate electrolytic bath (CoNi solution) was developed for CoNi
deposits preparation (55 g/l nickel sulphamate + 20 g/l cobalt sulphamate + 35 g/l
H3BO3 + 1.5 g/l saccharine + 0.15 g/l SDS) using sodium dodecylsulphate (SDS) as
wetting agent and saccharine as antistressing agent. Ternary CoNiP alloys were

simultaneously prepared in similar conditions adding sodium hypophosphite as a
source of phosphorous. All the solutions were prepared using water treated with a
Millipore Milli Q system. The solution pH was adjusted to 4 using NaOH solution.
Electrodeposits were prepared galvanostatically at different current densities and
temperatures. Plating solution in a 300 ml cell was mechanically stirred (200 rpm)
using a mechanical stirrer. A programmable EG&G galvanostat/potentiostat was

dx.doi.org/10.1016/j.jallcom.2010.05.032
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Table 1
Composition of CoNi electrodeposits as a function of the bath temperature and
current density applied.

mA cm−2 ◦C at.% Ni at.% Co

−10 50 47.0 53.0
−30 50 54.2 45.8

ent temperatures were analyzed, a gradual variation of the values
was observed as a function of the deposition temperature. Fig. 4
shows that when the deposition temperature decreases, both the
micro hardness and Young’s modulus decrease. The maximum
ig. 1. E–t transients of CoNi electrodeposition at different current densities (j in
A cm−2) and temperatures (◦C) (a) j = −10, T = 50, (b) j = −30, T = 50, (c) j = −50,
= 50, (d) j = −10, T = 40, (e) j = −10, T = 30.

sed with Ag/AgCl as reference electrode and a commercial nickel–sulphur anode
s counterelectrode. Deposits 10 �m thick were obtained over inox steel substrate
olished with grit paper prior the electrodeposition. Samples were detached of the
ubstrate for posterior characterisation. For all conditions samples were prepared
n triplicate in order to assure reproductibility.

Elemental analysis of the deposits was performed with a Fischerscope X-ray XAN
nd confirmed with a scanning electron microscope Zeiss EVO 50 equipped with
icroanalysis. Deposit morphology was observed using Hitachi S 2300 scanning

lectron microscope.
The phase analysis of the deposits was studied by X-ray powder diffractometry

XRD), using a Siemens D-500 diffractometer in conventional Bragg–Brentano con-
guration. The Cu K� radiation (� = 1.5418 Å) was selected using a diffracted beam
urved graphite monochromator. The X-ray powder diffraction diagrams were mea-
ured in the 5–100◦ 2� range with a step range of 0.05◦ and a measuring time of 15 s
er step.

Coatings were characterised in terms of micromechanical properties. Vickers
icrohardness (HV) data were obtained from penetration depth-load curves by
eans of a Fischerscope® H100 microhardness measurement system. Measure-
ents conditions were as follows: 250 mN peak load, 10 s loading/unloading time

nd 5 s holding time at peak load. The reported values are the average of 5 measure-
ents taken on three different samples prepared in the same conditions from the

ame bath.
Magnetic properties were characterised by means of a SQUID magnetometer at

oom temperature. Magnetisation vs magnetic field curves of the different samples
laced parallel to the magnetic field was recorded.

. Results and discussion

.1. Characterisation of CoNi coatings

Films of CoNi were prepared from CoNi solution at different
emperatures and current densities. Galvanostatic curves reveal
he logical dependences of the stabilisation potential as a func-
ion of both current density and temperature (Fig. 1). Stabilisation
otentials were more negative by applying more negative current
ensities. At fixed current density (−10 mA cm−2) an increase in the
emperature advanced the deposition potential.

Anomalous CoNi deposition was observed for all conditions
ested (Table 1) as is usual in the CoNi system from different elec-
rolytic baths used [16,17]. At fixed current density a low decrease
f the cobalt percentage was observed when temperature was
ncreased. On the other hand, an increase of the current density

avoured the decrease of the cobalt percentage. This behaviour
orresponds to a nickel deposition process controlled by activa-
ion whereas cobalt deposition process can be controlled by mass
ransfer as in other media [18].
−50 50 55.3 44.7
−10 40 44.2 55.8
−10 30 40.2 59.8

Few variations in the morphological, structural and mechani-
cal properties of the CoNi deposits were observed for the different
deposition conditions tested. Compact, no fragile and very fine-
grained CoNi deposits were always obtained, which morphology
was hardly detected from SEM observation (Fig. 2).

XRD results agree with those obtained from SEM micrographs,
wide peaks were detected being the calculated grain sizes using
Debye–Scherrer equation around 13 nm. All CoNi deposits prepared
showed diffraction peaks corresponding to an fcc structure (Fig. 3).
No differences were observed in the range of current densities and
temperatures used. The position of the peaks of the fcc phase was
shifted to lower � values than those corresponding to pure nickel as
a consequence of the incorporation of cobalt in the fcc crystalline
lattice. The intermediate position of the peaks between those of
cobalt fcc and nickel fcc reveal the formation of solid solution of
both metals.

Determination of both HV hardness and Young’s modulus was
made acquiring measurements on the surface and on the cross
section of the films detached. The results show that no signifi-
cant variation was observed for the alloy deposits as a function
of the applied current density. The obtained microhardness values
ranged between 533–547 HV with standard deviation SD ≈ 20. In
order to compare the mechanical properties of alloy and pure met-
als, the electrodeposition of both nickel and cobalt was performed
from the sulphamate bath containing the corresponding metal in
the same operating parameters. Microhardness of obtained CoNi
alloy improved: microhardness values were higher than those cor-
responding to electrodeposited nickel (337 HV with SD ≈ 24) and
electrodeposited cobalt (450 HV with SD ≈ 15).

When mechanical properties of the coatings prepared at differ-
Fig. 2. SEM picture of a CoNi deposit obtained at j = −10 mA cm−2, T = 50 ◦C.
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Fig. 3. Two details of the X-ray diffractograms of CoNi deposits obtained at 50 ◦C
and: curve (a) j = −10 mA cm−2, curve (b) j = −50 mA cm−2.

Fig. 4. Dependence of the microhardness (A) and Young’s modulus (B) with the
temperature for CoNi deposits obtained at j = −10 mA cm−2.
Fig. 5. Magnetisation vs magnetic field applied for CoNi samples prepared at:
(A) j = −10 mA cm−2, T = 50 ◦C, (B) j = −50 mA cm−2, T = 50 ◦C, (C) j = −10 mA cm−2,
T = 40 ◦C.

hardness (up to 533 HV) and minimum elasticity (98 GPa) was
observed for CoNi prepared at the higher temperature used.

In order to study the magnetic properties of alloy prepared, the
magnetisation vs applied magnetic field curves were recorded. For
all current densities and temperatures used, soft-magnetic prop-
erties of the films were detected (Fig. 5). All deposits showed very
low coercivity values lower than 10 Oe. The magnetisation of sat-
uration value decreased (from 117 emu g−1 for deposits of 55 at.%
Co to 107 emu g−1 for deposits with 45 at.% Co) as the cobalt con-
tent decreased due to the lower saturation magnetisation of pure
electrodeposited nickel (52 emu g−1) with respect to pure elec-
trodeposited cobalt (150 emu g−1).

3.2. Characterisation of CoNiP coatings

In order to study the effect of phosphor incorporation on the
deposit’s properties (morphology, structure, mechanical and mag-
netic) this work was focused in electrodeposition of CoNiP alloys.
Ternary CoNiP layers were prepared also galvanostatically from the
CoNi solution by adding 2.5 g/l sodium hypophosphite as phosphor

source. Applied current density and temperature values were those
previously used for CoNi preparation.

Galvanostatic curves reveal (Fig. 6) the same gradual depen-
dence of the stabilisation potential as a function of both current
density and temperature than the recorded during CoNi prepara-
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lus, although the tendencies with current density and temperature
were similar to those observed for pure CoNi deposits. At fixed
deposition temperature, the nickel-rich deposits showing fcc struc-
ture presented the highest values of hardness (631 HV with SD ≈ 6).
ig. 6. E–t transients of CoNiP electrodeposition for different current densities (j in
A cm−2) and temperatures (◦C). CoNi solution + 2.5 g/l sodium hypophosphyte. (a)

= −10, T = 50, (b) j = −30, T = 50, (c) j = −50, T = 50, (d) j = −10, T = 40, (e) j = −10, T = 30.

ion. Stabilisation potentials were more negative by applying more
egative current densities. At fixed current density (−10 mA cm−2)
n increase of temperature advanced the deposition potential.
owever, the presence of hypophosphite in the solution led to a

hift of the deposition stabilisation to less negative values respect
o those recorded for CoNi parallel deposit, revealing that the incor-
oration of some phosphorous in the deposit favour the deposition
rocess.

The presence of hypophosphite in the bath induced phospho-
ous incorporation in the deposits. In all cases, ternary CoNiP
eposition took place, although low incorporation of phosphorous

n the deposits was observed (Table 2). In the most conditions,
eposits were richer in cobalt revealing that anomalous codepo-
ition between nickel and cobalt was maintained in the presence
f hypophosphite in the solution and the dependence of cobalt per-
entage with temperature was similar than for the binary CoNi
eposits. However, normal deposition occurs at −10 mA cm−2 and
0 ◦C.

The CoNiP deposits obtained were compact and fine grained
Fig. 7), but a slight increase in the grain size was observed respect
o the corresponding CoNi ones as a consequence of phosphorous
ncorporation.

Structural modifications were observed in the deposits obtained
n the presence of hypophosphite respect to those obtained
rom free-hypophosphite bath, although crystalline deposits were
btained. The films containing highest nickel percentages pre-
ented diffraction peaks assigned to CoNi fcc structure, although
he phase was slightly distorted by the presence of the phospho-

ous and a clear 111 preferred orientation was observed (Fig. 8A).
n increase of the estimated grain size up to 22 nm was observed.
oNiP deposits with higher cobalt percentages showed an hcp
tructure with grain size of around 18 nm. The reflexion peaks

able 2
omposition of CoNiP electrodeposits as a function of the bath temperature and
urrent density applied.

mA cm−2 ◦C at.% Ni at.% Co at.% P

−10 50 67.5 28.7 3.8
−30 50 44.6 53.6 1.8
−50 50 45.1 53.3 1.6
−10 40 41.4 55.5 3.1
−10 30 33.4 64.0 2.6
Fig. 7. SEM picture of a CoNiP deposit obtained at j = −10 mA cm−2, T = 50 ◦C.

slightly shifted to higher � values respect to those corresponding
to pure cobalt, as a consequence of nickel or nickel + phosphorous
incorporation in the crystalline lattice of the cobalt phase (Fig. 8B).
A certain texture was observed with a 0 0 2 preferred orientation.

A correlation between the crystalline structure and mechani-
cal behaviour of CoNiP films was found. Phosphorus incorporation
led to a slight increase of both HV hardness and Young’s modu-
Fig. 8. X-ray diffractograms of CoNiP deposits obtained at 50 ◦C and: (A)
j = −10 mA cm−2, (B) j = −50 mA cm−2.
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Fig. 10. Magnetisation vs magnetic field applied for different CoNiP samples
prepared at fixed temperature (50 ◦C) at: (a) j = −10 mA cm−2, fcc structure, (b)
j = −50 mA cm−2, hcp structure.
ig. 9. Dependence of the microhardness (A) and Young’s modulus (B) with the
emperature for CoNiP deposits obtained at −10 mA cm−2.

y increasing the current density, microhardness decrease and val-
es of around 530 HV were obtained.

When temperature was increased the Young’s modulus
ncreases up to 175 GPa (Fig. 9). An important increase of the
oung’s modulus and microhardness was observed respect to those
easured for the corresponding CoNi deposits.
CoNiP nickel-rich deposits were compact and consistent and no

amage of the films was observed by detaching the layer from the
ubstrate. However, the other CoNiP deposits prepared were frag-
le because they easily break down when were detached from the
ubstrate.

The influence of the phosphorous incorporation in the magnetic
roperties of CoNi deposits was studied by recording magnetisation
s magnetic field curves of coatings prepared at different temper-
ture and current densities. Magnetic curves reflected the change
n the crystalline structure observed from XRD characterisation.
eposits with hexagonal phase showed higher values of both coer-
ivity and magnetic susceptibility (Fig. 10).

The comparison of the magnetic properties of the binary CoNi
nd ternary CoNiP deposits showed that, even maintaining both
he cobalt percentage in the deposits and the structural phase (fcc),
ernary deposits loose the soft-magnetic behaviour and lowered
he susceptibility value observed for CoNi binary deposits prepared
t similar deposition conditions (Fig. 11). It seems that the phos-
horous presence hinders the magnetic domain orientation.

In order to extend the study of industrial application, paral-
el experiments were made using a two-electrode system in a
ank-cell. The results obtained a lab-scale (three-electrode elec-
rochemical system) have been validated. For the baths studied,
he use of the electrochemical system of two-electrodes, led

o the same compositional dependences with both the tem-
erature and the current density than those obtained using
he system of three electrodes. Moreover, CoNi and CoNiP
oatings obtained by electrodeposition was involved in the

Fig. 11. Magnetisation vs magnetic field applied graph for CoNi (curve a) and CoNiP
(curve b) deposits obtained in the same conditions (j = −10 mA cm−2, T = 40 ◦C).
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abrication (industrial scale) of optic shell for space applica-
ions.

. Conclusions

From the sulphamate bath used, CoNi layers of several microns
ere compact and fine grained, showing a clear soft-magnetic

ehaviour with different saturation of magnetisation as a function
f their cobalt percentage. No significant variation in their proper-
ies was observed when they were prepared from different current
ensities or temperatures, which led to prepare soft-magnetic non
ragile films in a wide range of experimental conditions.

Clear modifications in both magnetic and mechanical properties
f CoNi electrodeposits have been observed when hypophosphite
as added to the electrodeposition solutions and phosphorous was

ncorporated in the deposits, although a low phosphorous percent-
ge has been detected in the CoNiP layers. Soft-magnetic behaviour
s lost in the presence of phosphorous, especially when the crys-
alline phase varied from fcc to hcp one and the susceptibility of the
lms could be modulated. Then, the electrodeposition of CoNi from
ulphamate bath but in the presence of sodium hypophosphite
llows modulating the magnetic properties of the CoNi layers.
CoNi coating improve the mechanical properties of pure cobalt
nd pure nickel electrodeposits up to 533 HV. The phosphorous
ncorporation increases the HV values of the films, but fragility of
he coatings was observed. However, fcc CoNiP deposits present
igher compactness than hcp ones.
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