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Consideration was given to the effect of electrolysis parameters on the composition and
the properties of electrolytic iron-cobalt film coatings obtained from citrate electrolytes.
The interconnection between the film composition and the film thickness with its internal
stresses and magnetic properties has been studied. It was established that Fe60Co40 alloys
show the lowest level of internal stresses for the saturation induction of 1.8 to 2.1. TI.
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HccnenoBano BIMsSHNE IapPaMeTPOB 9JIEKTPOJIM3a HA COCTAB M CBOMCTBA ILIEHOYHBIX 3JIEKTPO-
JUTUYECKHUX IIOKPBITHUH KeIe30-K00aIbT, IIOJYyYEHHBIX U3 IUTPATHBIX JIEKTPOJUTOB. ¥ CTAHOB-
JIEHA B3AHMMOCBSS3h MEXKIY COCTABOM M TOJIIWHON IIJIEHOK C MX BHYTPEHHUMU HAIPAMKEHUAME K
MATrHUTHBIMU cBoMcrBamMu. OOHAPYIKEHO, UTO HAMMEHBLIIUNA YPOBEHb BHYTPEHHUX HAIPAMKECHUI
(-50 MIIa) mocturaercs B ciaBax Fe60Co40 ¢ manyrknuelr Haceimenus 1.8-2.1 Ta.

Buyrpimui Hanpyru i mar”itHi BiaactuBocti egexktrporxiTuunux Fe-CoO mokpurris.
B.O.IIpocrypina, 1.10.€pmonenko, C.l.3b6anosa, I.I Illunkxosa, B.A.Aepamenxo, 10.1.Cavanosa

Hocaigxeno BOJIUB mapaMeTpPiB eJeKTPOJIi3y Ha CKJAJA i BIACTUBOCTI TJIIBKOBUX €JIEKT-
POJNITUYHUX TOKPHUTTIB 3aJi30-KO0ATBT, OTPUMAHUX 3 ITUTPATHUX €JeKTPoJiTiB. Beranorie-
HO B3a€EMO3B 30K MijK CKJaJOM 1 TOBIIMHOWI TJIiBOK 3 iX BHYTPIMIHIMW HATPY:KeHHAMU i
MATHITHUMU BJACTUBOCTAMU. BusABIeHO, 10 HailMeHITWH piBeHL BHYTpimHix Hampyr (-50
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MIIa) mocaraerncsa y cnnaBax Fe60Co040 3 impykiieo macuuenns 1.8-2.1 Ta.

1. Introduction

Recently, the developers of microelec-
tromechanical systems (MEMS) that are con-
trolled by electric and magnetic signals
focus their attention on electrolytically de-
posited magnetic materials. A key issue re-
lated to the development of data recording
and data keeping devices still remains to be
the production of magnetic materials with a
high saturation induction and a low coer-
cive force [1]. In this connection, the elec-
trochemical methods of deposition are con-
sidered to be a competitive alternative to
the physical methods of production [2] due
to the possibility of flexible process control
and monitoring. This enables the formation
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of coatings of a varying composition and
structure, which is a key factor for produc-
tion of the materials with specified func-
tional properties. In addition, special atten-
tion is paid to the Fe-Co alloys that have a
high magnetic induction and a high Curie
temperature [3]. When selecting appropriate
electrolysis parameters, these charac-
teristics can go well together with oppor-
tune structure-sensitive properties of the
material, in particular a low coercive force
and a high magnetic permeability.

A possibility to inerease the macrohard-
ness, the wear resistance and the corrosion
resistance of coatings when alloying the
electrolytic iron with cobalt will consider-
ably extend the field for the use of such
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materials [4, 5]. Many scientific papers
delve into the magnetic properties of binary
[6-8] and ternary [9-11] iron and cobalt al-
loys. The research data [12] show that an
increase in the cobalt content in the Fe-Co
alloy results in a considerable increase of a
coefficient of the residual magnetization of
coating and the coercive force is actually
not changed. The authors [13] noted that an
increase in the magnetization saturation
and in coercive force values is observed when
the morphology of crystalline Fe-Co deposits
changes from the dendrite form to the irregu-
lar structure form with an increase in the
deposition time from 30 to 90 min.

The scientific paper [14] shows that the
saturation magnetization of Fe-Co deposits
is controlled by the relation of iron and
cobalt ions in the solution and in the alloy,
respectively. At the same time, the research
data of binary Co-Mo alloys show the ten-
dency to the development of soft magnetic
properties in the coatings when the crystal
structure gradually acquires a spheroidal
shape [15]. The coatings that contain molyb-
denum in amount of 6 to 10 at.% show
lower values of the coercive force in com-
parison with a pure cobalt at high satura-
tion magnetization values [16]. The authors
[17] showed that an increase in the content
of tungsten in the Co-W coating up to 25
at.% contributes to a decrease in the size of
crystallites. Thereto, an increase in the mi-
crohardness is observed with a simultaneous
decrease in the coercive force.

It should be noted that internal stresses
resulting in the mechanical strain of coat-
ings with the formation of cracks and the
material failure is one of the reasons for a
decrease in the service characteristics of
galvanic alloys. In addition, internal
stresses negatively affect the magnetic
properties of coatings [18].

In spite of a sufficient amount of scien-
tific papers devoted to the effect of the
composition and the structure of iron triad
metals on the magnetic properties of coat-
ings the issues related to the influence of
synthesis conditions on the internal stresses
and magnetic properties of materials re-
quire detailed studies.

The aim of this research was to define
internal stresses in the coatings at different
electrolysis conditions and establish a de-
gree of their influence on the magnetic
characteristics of coatings in the thickness

range up to 10 um.
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2. Experimental

The Fe-Co-W coatings were formed on a
copper substrate M1 from electrolytic bath
of composition, mole/dm3: FeSO,-7H,0O -
0.2; COSO4'7H20 - 0.2; C6H507Na3‘2H20 -
0.4; the pH value was adjusted within the
range 5.0-6.0. The acidity of electrolyte was
controlled by pH-meter pH-150M with the
glass electrode ESL-6307. The electrolyte
solutions were prepared using the certified
reagents of chemically pure grade on the
distilled water. The temperature of the elec-
trolyte was varied within 25-40°C. Pretreat-
ment of samples surface includes mechani-
cal polishing, polishing, degreasing, chemi-
cal etching in a mixture of the 50 % nitric
and 50 % sulfuric acids, thorough washing
with distilled water and drying.

Electrolysis was performed in the two-
electrode glass cell using radially positioned
anodes of stainless steel grade X18HI10T.
The ratio of the cathode to the anode area
was 1:5, volume current density was kept at
the level 2A-dm~3. For deposition of coat-
ings in a galvanostatic regime with the cur-
rent density i 2-9 A-dm~2, stabilized B5-47
power sources were used. The magnetic stir-
rer with heating of MM-5 was used for mix-
ing intensity and heating of the electrolyte
to the required temperature.

The chemical composition of the coatings
was determined by X-ray fluorescence
method using a portable spectrometer
"SPRUT" with a relative standard deviation
of 1073-10"2. The error at determining the
content of the components is +1 wt. %. To
verify the results, the energy-dispersive X-ray
spectroscopy was performed using an elec-
tron probe micro analyzer Oxford INCA En-
ergy 350 integrated into the SEM system.

The morphology of the deposits was inves-
tigated with a scanning electron microscope
ZEISS EVO 40 XVP. The patterns were ob-
tained by the registration of secondary elec-
trons (BSE) with the electron beam scanning,
which allowed us to study the morphology
with a high resolution and contrast.

The current efficiency was determined
gravimetrically assuming that the metals in
the coating deposition are completely reduced
state. The theoretical increase in mass as a
result of electrodeposition was calculated ac-
cording to Faraday’s law taking into account
the electrochemical equivalent of the alloy.

Internal stresses that occur in electro-
lytic Fe-Co deposits were defined using the
method of flexible cathode along the deflec-
tion arrow and the curvature radius that ap-
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Fig. 1. Hysteresis loops of Fe-Co films measured in fields applied in the plane of the layer (a) and

normal to the plane of the layer (b).

pear during the deposition of coating onto
the cathode. The cathode deviation was re-
corded using the device with an inductive
Sensor.

Magnetic characteristics were measured
using the vibration magnetometer for the
fields up to 1600 kA-m~2. The coercive force
H,_ and the saturation field H, were defined
by hysteresis loops measured in the fields
applied to the coating plane (Fig. 1). The
saturation magnetization I; and the satura-
tion induction B, were estimated by hyster-
esis loops obtained for the magnetization of
specimens by the film plane normal.

3. Results and discussion

Earlier, the authors developed a stable
electrolyte for the deposition of Fe-Co [19]
coatings that allows for the formation of
uniform sediments with a high current out-
put. The research done showed that an in-
crease in the current density results in an
increase of the content of iron in the Fe-Co
alloy. In the case when the ratio of a sum of
the concentrations of complexing agents (Fe
and Co) to ligand concentration (Cit37) is
1:1 it is quite possible to produce more iron
than in the case of an increase in the con-
centration of Cit3~ up to the ratio of 1:2 at
other equal conditions (Fig.2).

In addition, with an increase in the cathode
current density the current efficiency for Fe-
Co alloy coatings is increased to a maximum
value of 97% at i, =5 A-dm~2 and afterwards
it is decreased (Fig.2). This is explained by
the fact that the current potential of a work-
ing electrode is shifted to the negative do-
main with an increase in the current density,
therefore the deposition process of a more
active component and the hydrogen evolution
are intensified (Table 1).
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Table 1. Deposition parameters of Fe-Co alloy

Electrolyte Current Current | Cathode
composition, density |efficiency | potential
moledm™® | i, Adm 2| Ce, % E.,B
FeSO, — 0.2 5 97 -1.8
CoSQO, — 0.2 7 91 -1.5
Na,Cit — 0.4 10 70 -1.9
H,BO; — 0.2 3 80 -1.1

The current density affects the surface
morphology and a character of the deposits.
At low values of i, = 2 A-dm~2 the changes
in concentration near the cathode have no
considerable influence on the process of
electrocrystallization and it is evident that
the nucleus formation rate yields to that of
the crystal growth, therefore the deposits
consist of individual large crystallites.

With an increase in the current density
up to i,.=5 A-dm~2 concentration changes
near the cathode become so noticeable that
it results in an abrupt change in the pattern
of electrolysis: the concentration of alloy
forming components near the cathode sur-
face is decreased and this, in its turn, re-
sults in a greater shift of the cathode poten-
tial to the negative side (domain). Thereby,
the conditions are created when a rate of
the formation of crystallization centers is
increased and as a result the sediments with
a fine-crystalline structure are formed. A
further increase in the current density re-
sults in a considerable growth of internal
stresses and as a consequence of it in the
cracking of coatings. At i, = 9 A-dm~2 po-
rous Fe-Co coatings are deposited with a
low current output due to the prevailing
hydrogen emission reaction and the alkali-
zation of near-electrode layer.
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Fig. 2. Effect of current density on the iron
content in the Fe-Co alloy ( (Fe), wt. %) at a
concentration ratio of complexing agents: li-
gand: 1 -1:1:1; 2-1:1: 2; pH 5.5; T = 25°C.

Compression stresses prevail independently
of the relation of components and electrolysis
modes in the Fe-Co alloy. A level of internal
stresses (0) is in the range of 50 to 90 MPa
and it is kept in a wide range of cobalt com-
positions up to 60 wt. % (Fig.3a). Possibly,
this is related to a difference in the crystal
lattices of alloy forming metals, in particular
when the iron content in the alloy exceeds 50
wt.% the volume-centered cubic lattice domi-
nates. It has a lower volume in comparison
with the hexagonal cobalt lattice.

At the current density of 5 A-dm 2 the
stresses achieve a minimum value of
53 MPa, and then these rise to 80 MPa at
the current density of 9 A-dm 2 (Fig. 3 b).
Such a behavior of the relationship can be
explained by an increase in the current out-
put of hydrogen at high current densities,
which results in the hydrogenation of coat-
ings. The adsorbed hydrogen releases to a
great extent the surface tension, which fa-
cilitates the exposure of dislocations on the
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grain surface and results in an increase of
internal stresses.

According to the data of scanning elec-
tronic microscopy an increase in internal
stresses results in the cracking of Fe-Co
sediments (Fig.4). At low current densities
of 3 Adm 2 globular large-crystal sedi-
ments were formed ((Fig. 4, a). A surface
coated with Fe-Co alloy that was deposited
at i, = 5 A-dm™2 is uniform and fine-crys-
talline (Fig. 4, b). As the current density is
increased to i, = 9 Adm™2 a dense net of
the cracks appears (Fig. 4, c) due to an
increase in internal stresses. It should be
noted that vertical cracks prevail (Fig. 4, c)
in the coatings and in addition, these reflect
the ways of hydrogen emission.

Magnetic characteristics of the coatings
of 3 um thick obtained by the analysis of
hysteresis loops for the remagnetization of
specimens by the field applied to the layer
plane are given in Table 2. It has been es-
tablished that an increase in the cathode
current density at T = 25°C contributes to
an increase in the values of coercive force
of the films from 4,4 kA-dm™! to 6 kA-dm™!.
It is rather difficult to establish unambigu-
ously the reason for the growth of such
structure-sensitive characteristics as the co-
ercive force, because with an increase in i,
the coating morphology and the structure
are changed alongside with internal stresses
in the system. However, we can assume that
the main reason for that is a decrease in the
grain size of Fe-Co coatings.

Magnetic properties of Fe-Co coatings
deposited at a higher temperature of 40°C
actually not differ from those of the films
obtained at 25°C, because the factors that
predetermine the iron-to-cobalt ratio are the
electrolyte composition and the cathode cur-
rent density. In addition, it should be taken
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Fig. 3. The influence of the current density (a) and composition of the alloy (b) on the internal
stresses of the Fe-Co coating of thickness 2 um; pH 5.5; T = 25°C.
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Fig. 4. Topology of the surface of Fe-Co coatings at the current density, A-dm™2: 3 (a), 5 (b), 9 (c);

pH 5.5; T =25C.

into consideration that a rise in the tem-
perature results in intensification of the
oxidation of Fe2* to Fe3*, and the interme-
diate compounds formed in the near-elec-
trode layer can be included into the sedi-
ment and assumingly this can negatively af-
fect the magnetic properties of coating.
Therefore, in increase in the temperature
above 40°C is undesirable for the deposition
of Fe-Co alloy from the citrate electrolyte.

Deposition of coatings with the low val-
ues of internal stresses is of great impor-
tance at the initial phase of electrolysis,
because these conditions provide a qualita-
tive cohesion of the coating and the sub-
strate. In this connection we studied the
relationship of internal stresses as a func-
tion of the thickness of a deposited layer.
The stresses of Fe-Co coatings are slightly
decreased (within 10% only) for all ana-
lyzed alloy compositions with an increase in
the thickness to 10um. Evidently internal
stresses are mainly conditioned by the for-
mation of a new phase on the foreign sub-
strate and are developed in thin films. Later
on, the deposition occurs on the newly
formed layer of the coating of a similar
nature, therefore there is no considerable
increase in the stresses.

Magnetic characteristics were measured
for the films of a different thickness of the
Fe60Co040 alloy, because this composition is
deposited at high current output values and
has low internal stresses. In addition to the
measurements in the field applied to the
layer plane, hysteresis loops were measured
in strong fields applied to the layer normal.
The measurement data are shown in Table 3.

The data given in Table 8 show that the
most essential changes in the coercive force
H_, are observed at a thickness of <lum.
With an increase in the thickness up to 8 um
the values of H, are kept at the level of 6.5
- 7.0 kA-dm™1, and the saturation field H,
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Table 2. The effect of temperature and
current density on the current efficiency
and the coercive force H, of the Fe-Co
alloy of thickness 8 pm

Tempera-| Current Current Coercive
ture T,’C| density, i, | efficiency force
A-dm~2 Ce, % H_kAm!
25 3 80 4.4
25 5 97 4.8
25 7 91 6.0
40 5 95 5.2
is increased to 159 kA.-dm~l. The fourth

column (Table 8) includes the data that
were used for the estimation of magnetiza-
tion of the Fe40C060 alloy. It is known [20]
that for magnetization of the films to the
layer normal it is necessary to overcome the
anisotropy field that usually includes the
term related to the shape anisotropy (for a
flat thin film H,- = N-I,, N = 1) and the
additional term HEk, conditioned by the
specific features of the structure or by the
availability of stresses in the films. The for-
mula for the calculation of H,- in the case
of additional strain-magnetostriction anisot-
ropy is expressed as:

Hp = NI, + 30 1)

“OIs

where A is the magnetostriction constant
and p, is the magnetic constant.

According to the reference data for the
alloys containing 40 to 70 wt. % of cobalt,
the magnetostriction constant is positive
and it is in the range of 60-1076 to 90-10°6
[3]- In this case, the second term in the
formula is a negative value and this must
result in a decrease of the field HhL in
comparison with the case when this field is

Functional materials, 24, 3, 2017



V.O.Proskurina et al. / Internal stresses and magnetic...

Table 3. Influence of coating thickness on magnetic characteristics of Fe60C040 alloy

Thickness of film | Coercive force H, Saturation field The anisotropy Induction of
8, um kA-m™! H, kAm™ field for saturation Bg, T
magnetization
along the normal
to the coating Hki,
kA-m~!
0.1 18.0 — — —
0.2 12.8 — — —
0.5 10.4 — — —
1.5 7.0 135 1410 1.77
2.0 7.2 132 1590 2.00
3.0 7.0 149 1690 2.12
4.5 7.0 155 1640 2.06
8.0 6.4 — 1690 2.12

only defined by the demagnetization factor
N and the film saturation magnetization Ig.

However, the preliminary computations
done using the obtained magnetization data
3\o

showed that the value of at the stresses

MOIS
of 0 ~ 50 MPa is approximately 300 times
lower than that of the first term in the
formula (1). Therefore, the saturation mag-
netization can be derived from the formula
HL

I = N
column (Table 3) (the demagnetization factor
N =1). For relatively thick films, saturation
induction values are within 1.8-2.1 TI that are
comparable with metallurgy alloys of the same
composition equal to 2.2-2.4 Tl. A lower value
of the given parameter for the electrolytic
alloy is possibly related to the inclusion of
oxide compounds into the coating.

These data are given in the fifth

4. Conclusions

It has been established that with an in-
crease in the current density Fe-Co alloy
coatings are enriched with iron and the
grain size is decreased thereat.

It has been shown that for the current
density of 5 A/dm? and the complexing
agents-to-ligand concentration ratio of 1:1
the sediments of a Fe60C040 composition
with low internal compression stresses are
formed.

It has been established that coatings with
an iron content of 60 wt. % are charac-
terized by a high saturation magnetization
of 1.8-2.1 T1. The coercive force is reduced
from 18 kA-dm! go 10 kA-dm! with an
increase in the coating thickness from 0.1
to 0.5 pm and in the range of thicknesses of
1.5 to 8.0 it remains actually unchanged
and is equal to 7.2-6.5 A-dm~1.

Functional materials, 24, 3, 2017

4. It has been shown that the surface
morphology and grain sizes have a key in-
fluence on the magnetic characteristics of
coatings and the internal stresses are not
the deciding factor due to their low level.
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