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a b s t r a c t

The interface of Co-based microwires-epoxy composites was modified by applying silane treatment on
the surface of the wires and their magneto impedance (MI) response was evaluated. The aim of the sur-
face treatment was to modify the residual stresses that coexist at the microwires/polymer matrix inter-
face and hence the magnetic anisotropy. X-ray Photoelectron Spectroscopy confirmed the covalent
attachment of silane molecule onto the wires surface by the presence of Si–O–Si and Fe–O–Si. The MI
curve changed from single peak for untreated samples to double peak behavior for treated samples with
a significant improvement of MI ratio. Additionally, the magnitude of the anisotropy field increased with
the frequency, which may imply a strongly non-uniform stress distribution towards the surface. The MI
variation was explained by the change of the surface magnetic anisotropy owing to the modification of
the microwires/polymer matrix interface.

� 2015 Elsevier B.V. All rights reserved.

1. Introduction

Ferromagnetic microwires have found wide applications in
sensing applications including magnetic guidance systems, bio-
medical sensors and geomagnetism [1]. The functionality of these
microwires has improved when they have been used as fillers of
composites. Since, properties of composites depend primarily on
the properties of their fillers, research efforts aiming to understand
and develop optimal formulation strategies of these fillers hold a
huge importance and potential in developing more efficient ferro-
magnetic devices. One of the important characteristics of these
microwires is the giant magneto impedance (GMI) effect. The
GMI refers to the large change in the ac impedance, Z = R + jwL
(R and L are the resistance and inductance, respectively) of a mag-
netic conductor with an acI = I0exp(�jwt) when subjected to an
applied dc magnetic field (Hdc) [2].

The GMI effect is dependent on different factors, such as alloy
composition, internal stresses, thermal and stress annealing and
geometry of the sample. In all the cases, the impedance change is
defined by the value and distribution of the magnetic anisotropy.

Annealing under mechanical stress or magnetic field has been
shown to induce magnetic anisotropies and the consequent modi-
fication of the domain structure [3,4]. A typical example of the
domain structure modification caused by changes of internal stres-
ses is the case of removal of the glass-cover layer from amorphous
glass-covered wires [5]. Interestingly, such modification of domain
structure, as removal of glass-cover layer, can lead to considerable
variation in the magnetic properties of the wire and hence in GMI
effect. An enhanced GMI performance was also obtained in multi-
wire composites through the collective response of the microwires
in the presence of an external magnetic field [6,7]. However, no
study on the interfacial properties of these composites has been
reported till date. In the composite, in addition to the residual stres-
ses developed in the wire during fabrication, there exist residual
stresses at the interface between the wire and polymer matrix.
The modification of GMI effect in these composites clearly points
to the important coupling between internal and external stresses
that coexist in these materials. Therefore, controlling the stress in
the polymer-wire interface could be a way to modify GMI response.
Equally, the interfacial stress will have important influence on the
magnetoelastic features of the wires according to
Kme ¼ 3=2kðri þ rappÞwhere Kme is the magnetoelastic energy com-
ponent, k is the magnetostriction, ri and rapp are the internal stress
and applied stress on the wire, respectively [8]. In this work, we
modified the interface between Co-based microwires and epoxy
matrix by applying a chemical treatment on the wires using silane.
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Silane coupling agents are silicon-based chemicals that contain two
types of reactivity – inorganic and organic – in the same molecule. A
typical general structure is (RO)3SiCH2CH2CH2–X where RO is a
hydrolysable group, such as methoxy, ethoxy or acetoxy, and X is
an organofunctional group, such as amino, metacryloxy and epoxy.
The organofunctional groups are chosen for reactivity or compati-
bility with the polymer while the hydrolysable groups interact with
inorganic substrates through hydrogen bonding to surface hydroxyl
groups [9]. The surfaces of the untreated and treated wires were
characterized with X-ray Photoelectron Spectroscopy (XPS) and
the GMI properties of the composites were evaluated.

2. Experiment

2.1. Sample preparation

Co63Fe4B22.4Si5.6Nb5 amorphous wires with average diameter of 100 lm were
prepared by arc melting type melt extraction method. They were cleaned and
degreased in ethanol and distilled water before being exposed to a base/acid
sequence to enhance the concentration of surface hydroxides (10 min. sonication
in 1 M NaOH, 5 min. sonication conc. H2SO4). The –OH on the surface may react
with the silane molecule as the process shown in Fig. 1. The cleaned wires were
then immersed for 30 s in a 2% solution of 3-Aminopropyltriethoxysilane (APTS)
in acetone, rinsed free of excess materials with acetone and allowed to dry at room
temperature for at least 2 h before use.

2.2. Surface characterization of untreated and treated wires

XPS spectra were obtained using a Kratos AXIS ULTRADLD instrument with a
monochromic Al Ka X-ray source (hm = 1486.6 eV). Spectral responses were sub-
jected to standard curve fitting procedures in order to determine the chemical state
of the elements. All peak binding energies presented were corrected for charging
against the C 1s binding energy that was taken to be 284.8 eV. The binding energies
associated with the surface species were identified using the NIST XPS database
[10].

2.3. Composites preparation

An epoxy–amine mixture was cast into a metallic mold in which a single Co63-

Fe4B22.4Si5.6Nb5 wire was located in grooves with 0.5 mm in diameter. The compos-
ite was then cured at room temperature. The resultant composite sample was a
cylinder with diameter of 5 mm and about 25 mm in length.

2.4. GMI measurement

The GMI of the wire-composites was measured with a precision impedance
analyzer (HP4294A). The external magnetic fields were applied parallel to the wire
axis by changing the DC current in the range of 0.005–2.5 A through a Helmholtz
coil. This adjustment produced a calibrated field up to the maximum/minimum val-
ues Hmax = ±50 Oe. The percentage change of magneto-impedance (i.e. GMI ratio) is
defined as: DZ/Z(%) = 100% � [Z(Hext) � Z(Hmax)]/Z(Hmax). Where Z(Hext) and Z(Hmax)
are the impedance values of the sample under an external and maximum magnetic
field respectively.

3. Results and discussions

To examine the chemical change before and after silane applica-
tion, curve fitting was performed for N 1s and Si 2p spectra and the
functionalities associated with each element were elucidated.
High-resolution XPS spectra of nitrogen and silicon for wires with-
out any chemical modification (untreated wires) are shown in Fig 2
with the corresponding band assignments and peak areas shown in
Table 1. In the case of N1s (Fig. 2(a)), the spectra did not show any
representative signal confirming that nitrogen was not present on
the surface of the untreated wires. The Si 2p spectrum in Fig. 2 (b)
shows a Si photopeak at 99 eV which corresponds to elemental Si
(Si0).

The high-resolution spectra of nitrogen and silicon for silane
treated wires are shown in Fig. 3 and the corresponding assign-
ments and peak areas are given in Table 2. Compared with
untreated wires, two N 1s signals at 399 eV and 404 eV were
detected due to amine NH2 groups and positively charged ammo-
nium groups (NH+3), respectively [11]. These data are in accor-
dance with the chemical structure of APTS and confirm the

Fig. 1. The procedure of the coating reaction of APTS with Co63Fe4B22.4Si5.6Nb5 amorphous wires.

Fig. 2. XPS spectra of untreated wires (a) N 1s and (b) Si 2p.

Table 1
Peak assignments for the N 1s and Si 2p XPS spectra for untreated wires. FWHM
stands for the full width at half maximum.

XPS spectra (UW) Peak position (eV) Assignment Area (%) FWHM

N 1s – – – –
Si 2p 99 Si0 100 1.53
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