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A B S T R A C T

The magnetic behavior of the strontium hexaferrite (SrM) with foam structure was studied when copper (Cu)
coats its surface. Copper was successfully deposited on the walls of the magnetic foam using the electrodeposition
method. Results suggest that copper begins to nucleate on the hexaferrite grains because of a two steps process;
the one based on a driving force of the Cu ions by the effect of the electric field, and secondly, the deposition of
copper atoms on the non-conductive SrM surface. The SrM and Cu show a hard interaction which modifies the
magnetic properties of the SrM foam as copper covers its surface. Hence, the coercive field (H⁠c) and the mag-
netization squareness (M⁠r/M⁠s) have a trend to increase up to a Cu/SrM weight ratio close to 0.5. The dM/dH,
M curves (SFD) indicate the presence of two uncoupled magnetic contributions. The copper fixes the magnetic
moments of iron at the surface increasing the switching field these particles, whereas in the inner particles the
magnetization rotates easily resulting in a widening of the SFD curve.

1. Introduction

Over the past few years, the electrochemical method has been identi-
fied as a good option to produce multifunctional materials. Several pure
metals, binary and ternary alloys, and nanostructured metallic materials
have been reported using electrochemistry techniques [1–5]. The abil-
ity of this method to control the growth conditions, including compo-
sition, crystallographic structure, texture, and grain size, gives the pos-
sibility to study new functional properties, as well as the coupling in-
teractions and other phenomena that are present at the interface be-
tween the different components [6–8]. The electrodeposition method is
based on the reduction of metal ions contained in a solution to form
a metallic film over a generally metallic substrate [9]. Nevertheless,
there exist a series of variations for the method in which it is possi-
ble to induce a film growth on non-conductive substrates with the use
of additives as a catalyst [10]. It has been also reported a successful
metallic film growth in a poorly conductive matrix using an overpoten

tial [11,12]. Even though metals are easiest to obtain, some semicon-
ductor materials and non-metallic elements can be co-deposited by us-
ing electrodeposition [9].

Copper is one of the most thoroughly studied electrodeposited ma-
terials, and it is widely used in electronic applications because of its
conductivity properties. Besides, in the past few years, electrodeposited
soft-magnetic materials based on nickel, iron, and cobalt have also been
intensively studied finding practical application as inductive compo-
nents and magnetic field sensors, while electrodeposition of hard-mag-
netic materials is being developed [9].

The strontium hexaferrite is a hard-magnetic ceramic material
widely used because of its high chemical stability and low manufactur-
ing costs. Usually, the straightforward application of these type of mag-
netic ceramics is as solid pieces. However, the use of porous-reticulated
structures may present some advantages such as high superficial area,
low weight and low thermal conductivity [13,14]. Previous works re-
port the obtention of M-type hexaferrite with porous-reticulated struc-
ture [15]. These first studies have shown the feasibility to fabricate

⁎ Corresponding author.
Email address: azdlobo@gmail.com (A. Lobo Guerrero)

https://doi.org/10.1016/j.jmmm.2019.02.039
Received 17 September 2018; Received in revised form 13 February 2019; Accepted 14 February 2019
Available online xxx
0304-8853/ © 2019.

Research articles



UN
CO

RR
EC

TE
D

PR
OO

F

F.J. Santos-López et al. Journal of Magnetism and Magnetic Materials xxx (2019) xxx-xxx

magnetic porous ceramics in a simple form. Also, they opened up the
possibility to develop advanced magnetic composite materials using
these structures as a skeleton.

The magnetostatic interactions in porous structures play an impor-
tant role in the determination of the magnetic state. These interactions
are closely dependent on the porous characteristics, and they have a
demagnetizing effect [16,17]. One main characteristic in porous-retic-
ulated structures is their large superficial area. Also, it is well known
that the interaction between a magnetic material with a metallic and
non-magnetic film can alter the magnetic behavior [18]. The effect
of copper electrodeposition on the surface of magnetic SrM with
porous-reticulated structure has been for the first time studied in this
work. Also, we detail the methodology to deposited metallic atoms on a
ceramic-non-conductive surface using a modification of the well-known
chemical electrodeposition method. The success in obtaining one mag-
netic ceramic structure covered with one thin metallic layer opens the
possibility to study phenomena occurring at surface level and to develop
multifunctional materials required in modern technologies.

2. Experimental

Magnetic ceramics with porous structures were fabricated using
a combination of the ceramic and the replication methods. Iron ox-
ide (Fe⁠2O⁠3 Sigma-Aldrich, 99%) and strontium carbonate (SrCO⁠3
Sigma-Aldrich, 99.9%) were weighed in a stoichiometric ratio, and then
powders were mixed with ethylic alcohol for 2h at 90 rpm using a plan-
etary mill Fritsch Pulverisette 5 to homogenize the mixture. Afterward,
the powders were dried at 60 °C. Once dried, the powders were mixed
in a ratio 1:1 with Arabic gum (Sigma-Aldrich) which acts as binder and
avoids the structure collapses during the heat-treatment. The powder
with the binder was mixed in the agate mortar for 10min. Then, another
part in weight of ethylene glycol (C⁠2HO⁠2 Fluka, 99.5%) was added as
a liquid phase; all the components were newly mixed for 10min to ob-
tain a slurry of hexaferrite precursors. The polyurethane sponges used
as pattern were compressed and immersed in the slurry of precursors.
Then, they decompress inside of the sludge so that the foam absorbs the
mixture of precursors. The sponges impregnated with the slurry were
heat-treated using a Carbolite RHF 15/3 furnace. First, using a slope
of 1 °C/min up to 600 °C, then, temperature increases at 2 °C/min up
to 1380 °C, maintaining this temperature for two hours and hence, the
samples were left to cool down inside of the furnace up to room temper-
ature. A detailed procedure to fabricate ceramic foams can be consulted
in Ref. [17].

The electrodeposition of copper on the surface of foam hexaferrite
was done with a homemade electrochemical system and using a com-
mercial electrolyte bought from CASWELL. A copper plate was used as
an anode, and the ceramic foam was connected through the hexaferrite
pores using a copper wire without varnish which also acts as a cathode.
Finally, a 4.5 DC voltage was fixed between electrodes using a labora-
tory power supply EA-PS 2032-025.

The resulting samples were characterized by using optical mi-
croscopy for several electrodeposition times using a digital microscope.
The crystalline parameters, phase purity and quantitative phase analy-
sis were obtained from X-ray diffraction (DRX) with a Siemens D5000
diffractometer with a cobalt source (λ=1.7890Å) and using the Ri-
etveld method incorporated in the MAUD program [19]. Gravimetric
analysis was done varying the electrodeposition time using an analyti-
cal precision balance enabled to resolve up to 0.1mg. The morphology
and microstructural characteristics were observed using an Inspect F50
scanning electron microscope (SEM) operated at 30kV. The magnetic
properties were analyzed from the hysteresis loops at different Cu con-
tents. The SFD curves were obtained from the direct derivative of the
demagnetizing branch of the hysteresis loops. The magnetic measure

ments were performed at room temperature using an alternating gradi-
ent magnetometer (AGM) of Princeton Micromag 2900.

3. Results and discussion

Fig. 1 shows optical micrographs of the strontium hexaferrite foams
after they were subject to copper electrodeposition at various immersion
times, and a reference sample without electrolytic treatment. Reference
sample shows a characteristic gray hue and empty cavities are abundant
at each wall due to the CO⁠2 flow produced as the polyurethane pattern
burns during heat-treatment. The sample with an immersion time of
3min in the electrolytic bath shows a brilliant film surrounding all the
walls of the porous hexaferrite. Then, when immersion time increases, it
is observed that the thickness of the metallic film growths. The sample
with 20min immersion shows a thick coating covering all hexaferrite
surface.

X-ray diffractograms were obtained in order to investigate the chem-
ical composition of the deposited material on the surface of the hexa-
ferrite foam. Fig. 2(a) shows the X-ray pattern of the hexaferrite foam
obtained at a sintering temperature of 1280 °C. The Rietveld analysis in-
dicates only the presence of the M-type structure (hexagonal P6⁠3/mmc).
The structural parameters are shown in Table 1. Whereas Fig. 2(b)
shows the X-ray pattern of the strontium hexaferrite foam subject to the
electrodeposition treatment for 7min. In this case, the Rietveld analy-
sis indicates the presence of both copper (cubic Fm-3m) observed on
the surface and the strontium hexaferrite at the core. According to the
phase analysis, this sample presents 41.5 %wt of copper and 58.5 %wt
of the SrM. No other phases could be detected by X-ray diffraction.
Although eventual oxidation of the Cu-surface is expected, the inner
deposits would remain unchanged. Low counts and texture effects ob-
served in X-ray patterns result from the diffraction of the reticulated
structures.

The copper mass increment is presented in Fig. 3 as a weight’s
ratio Cu/SrM in function of time. The gravimetric analysis was per-
formed after hexaferrite foams were electrodeposited, then the foams
were washed with ethyl alcohol and dried at room temperature. Un-
der these conditions, it was observed three regions associated with dif-
ferent deposition mechanisms. The first stage corresponds from zero to
3min with Cu presence reaching ∼10% of total weight. In this case, cop-
per was electrodeposited over a non-conductive ceramic following a lin-
ear trend with a slope of 0.033, as the insert of the Fig. 3 shows. The
second stage ranges from 3min up to 20min, that is, above 10 %wt,
and up to ∼150 %wt. Here, the velocity of deposition increases with a
slope of 0.085. The final stage occurs parallel to the 20–60min treat-
ment period and corresponds to a Cu content higher than 150 %wt. In
this case, the deposition rate decays, and the obtained curve slope was
of 0.006. As stated above, the behavior observed in the gravimetric mea-
surements has been related with three different deposition mechanisms.
The early stage involves the copper nucleation over the SrM surface.
If we consider the poor-conductive properties of the hexaferrite com-
pounds, then, an electrostatic process assists the copper nucleation on
the SrM surface. Although transport properties have been little-studied
in hexaferrite compounds, experimental evidence points to surface po-
larization and small polaron hopping as the main conduction mecha-
nisms which hexaferrite compounds can exhibit [20,21]. The first de-
posited Cu atoms create a concentration gradient which accelerates the
copper flux to the cathode, these first atoms cluster in small groups, to
later grow and join to the adjacent clusters, giving place to a uniform
coating. Detailed observations suggest that this nucleation occurs in the
whole surface and not only at regions close to the cathode contact.
Once Cu nucleates over all the SrM surface, new copper starts to grow
over early copper, at this point, the deposition rate increases because of
the copper conductive properties. Finally, the rapid copper-coat growth
slows down drastically. In this sense, each one of the as-mentioned
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Fig. 1. Optical micrographs of the strontium hexaferrite (SrM) at different stages of the copper electrodeposition.

Fig. 2. X-ray diffractograms and the Rietveld fit of (a) SrM pure phase with foam struc-
ture, and (b) SrM foam with the Copper cover.

stages needs to be carefully studied both theoretically and experimen-
tally to completely understand the deposition mechanism.

An irregular foam surface composed of grains with hexagonal
plate-shape and broad size distribution is observed in the SEM mi-
crographs

of Fig. 4. This particle configuration with large grains together small
ones helps to improve the mechanical properties of the foam structure
avoiding their collapse during the heat-treatment or during its subse-
quent handling. Also, the surface presents pores distributed along the
walls and inside of them, indicating that this structure has internal
empty cavities and is not completely filled with hexaferrite particles.

Fig. 5 shows the SEM micrographs of the SrM foam with the copper
cover varying the electrodeposition time from 3 to 20min. Dark-gray
is associated with the SrM phase, while light-gray corresponds to de-
posited copper. When the hexaferrite is immersed in the electrolytic
bath for 3min at a constant potential of 4.5V, it is observed a copper
deposition covering grains and filling the pores located at surface level.
This indicates that Cu nucleates independently of the wire contact po-
sition, which is an exciting result because the hexaferrite is a non-con-
ductive material. Once nucleated, copper organizes in clusters to form
a popcorn morphology. Also, in this micrograph it has been highlighted
internal cavities located in a transverse rupture, which proves that the
internal skeleton of the hexaferrite phase is partially empty because
of the polyurethane pattern disintegration, followed by grains growth
during the heat-treatment. The sample of 5min shows a copper cover
wherein new deposited material exhibits a stalagmite type growth and
formation of bubbles as a consequence of hydrogen (H⁠+) production
during the electrodeposition process. After 7min, the deposited copper
forms particles with droplet morphology resulting from nucleation of
new clusters on the inner copper. At this point, the Cu deposits reach
45µm above of the hexaferrite surface. A frost morphology was formed
in the sample with 20min; this may be related with the inhibition of
the copper grow shown in Fig. 5. Furthermore, the sample size became
a critical parameter which changes the morphology and on the thick-
ness of the copper layer, because on smaller samples copper deposited
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Table 1
Structural parameters and phase analysis obtained from the Rietveld refinement method.

Sample ID Detected Phases wt (%) Symmetry Spatial group Cell parameters (Å) Crystallite size (nm) X-ray density (g/cm ⁠3)

SrM SrM 100 Hexagonal P6⁠3/mmc a=5.8685 (2)
c=23.0059 (7)

83 (1) 5.138

SrM-Cu_7min SrM 58.5 Hexagonal P6⁠3/mmc a=5.8685 (2)
c=23.0059 (7)

83 (1) 5.138

Cu 41.5 Cubic Fm-3m a=3.6089 (3) 14 (1) 8.979

Fig. 3. Rate of copper deposition from zero to 60min. The inset shows the deposition rate
from zero to 3min.

faster than in the bigger ones. Then, the following results are presented
normalized with respect to the SrM mass for each sample. A significant
result is that copper can be deposited over all the SrM surface, which is
a non-conductive ceramic, and without the use of any additive or cat-
alyst, this opens the possibility to create conductive patterns fixed in a
magnetic ceramic.

Fig. 6 shows the hysteresis loops of the SrM with copper at differ-
ent electrodeposition times, and as a reference, we included the mag-
netization curve of the SrM measured as powder and as foam without
copper. The powder presents a coercive field (H⁠c) of 2.5kOe with a re-
manence squareness (M⁠r/M⁠s) of 0.5 and magnetization saturation (M⁠s)
of 73emu/g, which are typical values for this compound when it is pre-
pared using the ceramic route. Therefore, when strontium hexaferrite is
obtained with the porous structure, the magnetization parameters de-
crease as result of an increase of the magnetostatic interactions [17].
In the case of the SrM as foam, it has H⁠c =1.0kOe, M⁠r/M⁠s =0.4 and
M⁠s =70emu/g. However, when copper is deposited on the SrM foam,
it is observed a variation of the magnetization parameters which are
dependent on the electrodeposited copper. Fig. 7 shows the variation
of the coercive field and the remanence squareness as a function of
the Cu/SrM (mg/mg) ratio. There is obtained up to 35% increment in
H⁠c and 52.5% more of the M⁠r/M⁠s in the samples with a weight ratio
Cu/SrM below of 1/2 (∼7min), taking as reference the uncoated SrM

foam. At higher Cu content, the H⁠c and the M⁠r/M⁠s stop to increase and
start to decrease. Thus, when the weight ratio of Cu/SrM is around 2/1,
the H⁠c is just 1% above of the one obtained for the SrM foam, whereas
the M⁠r/M⁠s is 7.5% below. In Table 2 are presented the magnetization
parameters of the SrM with electrodeposited Cu, as well as the reference
samples. If we take in mind that hexaferrite skeletons are equivalents
because they are fabricated using the same template, then the magne-
tostatic interactions do not have a determinant role in the variation of
the magnetization. Accordingly, the initial increase of the magnetization
parameters can be attributable to an exchange coupling between copper
and iron atoms located near to the hexaferrite surface.

Fig. 8 shows the dM/dH vs. H curves, also called switching field dis-
tribution (SFD), which were obtained to study the rotation of the mag-
netization when Cu is deposited on the hexaferrite surface. The SFD
curve is an indicative showing the behavior of the coercive fields when
magnetization of the particles rotates as the field is swept from posi-
tive saturation to negative saturation, and the wide of the curve is sen-
sitive to the magnetostatic interactions strength [22]. In the reference,
SrM powder it is observed one single peak centered at 2.58kOe with a
full-width half-maximum (FWHM) of 2.23kOe. Now, when SrM is fab-
ricated with a porous structure, the maximum of this curve relocates
to a lower field, centered it at 0.96kOe and the FWHM enlarges up to
2.72kOe. This behavior is attributable to an increase of the magneto-
static interactions occurred in the porous structure [23,24]. Notwith-
standing, when Cu atoms interact with the SrM, the behavior of a sin-
gle curve is lost and there appear two contributions in the SFD curves.
In Fig. 8 the continuous color lines are the fitted contributions to the
SFD profiles and the dashed green line is the sum of that contributions.
There is one contribution located around 2.0kOe, labeled as C1 (red
line), and other-centered around 0.5kOe, labeled as C2 (blue line). The
C1 is related with the SrM outer layers wherein copper help to fix the
magnetization moments of iron and results in a switching field located
at bigger fields, with a trend to shift to above fields as Cu goes cover-
ing the SrM surface. The contribution C2 is near to zero fields and re-
sults from the inner domains away from the surface layers. This con-
tribution prefers to move to a lower field when Cu content increases,
maybe because this region could be subject to a big demagnetizing
field. The final shape of the SFD curve is controlled by these two un

Fig. 4. SEM micrographs of the strontium hexaferrite with a porous structure.
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Fig. 5. SEM micrographs at two different magnifications of the SrM, as a porous structure with electrodeposited copper at various immersion times.

coupled contributions, acting independently each of the other, in the
same way, the coercive field is determined by the way in which these
two contributions balanced. Then, the interaction between Fe-Cu oc-
curs at surface level and in this case, both contributions (surface and in-
ner) are comparable because of the large surface area having the porous
hexaferrite.

The results discussed above show, firstly that the deposition of a
metallic layer over hexaferrite ceramic surface is possible. Although ad-
ditional studies are required to gain more understanding of the elec-
trodeposition mechanism on the hexaferrite surface, this feature opens
the possibility to developed hexaferrite based composites using other
metallic shells, such as nickel or cobalt, allowing to study the coupling
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Fig. 6. Normalized hysteresis loops of the SrM as powder, foam, and foams covered with
Cu at various electrodeposition times.

Fig. 7. Magnetic behavior of the SrM with foam structure at various Cu/SrM weight ra-
tios.

between soft and hard magnetic materials. Secondly, resulting from the
physical interaction strongly linked to the copper thickness, there is
workable to take advantage of effects originated at the interface. One
possibility is designing copper patterns on the hexaferrite surface, and
overlapping an induced field with the hexaferrite magnetization. This
could be an outcome in a tunable net magnetization. Another promis-
ing application would be in electromagnetic interference shielding be-
cause of its light weight, resistance to corrosion and the combined elec

Table 2
Magnetization properties of SrM foams with copper and the reference samples.

Sample
Cu/SrM (mg/
mg)

H⁠c
(kOe) Mr/Ms

SFD⁠C
(kOe)

SFD⁠FWHM
(kOe)

SrM-
Powder

– 2.50 0.50 2.66 2.23

SrM-Foam – 1.00 0.40 1.00 2.72
SrM-

Cu_3m
0.0909 1.09 0.49 1.31 3.24

SrM-
Cu_5m

0.2687 1.35 0.55 1.41 3.09

SrM-
Cu_7m

0.4268 1.35 0.61 1.44 2.87

SrM-
Cu_20m

1.5415 1.01 0.37 1.25 3.72

Fig. 8. Normalized dM/dH, M curves of the SrM as powder, foam, and the foams with Cu,
showing two uncoupled magnetic contributions for the samples with copper.

trical properties of copper and the microwave absorbing ability of the
hexaferrite.

4. Conclusion

The copper deposition on the surface of the strontium hexaferrite
with foam structure shown a change on the SrM magnetic properties.
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This variation is attributable to a strong interaction occurred between
copper atoms and the iron of the SrM, which fixes their magnetic mo-
ments making difficult their alignment with respect to an external field.
However, there is a competition between the surface effects with the
highly demagnetizing property of the deeper SrM grains, wherein at
high Cu contents, the surface magnetizing effects are obscured.
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