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bstract

The effects of the addition of phenolic antioxidant on the magnetic stability of �-olefinic hydrocarbon synthetic oil based iron-nitride magnetic
uid were studied. It was found that the magnetic stability of �-olefinic hydrocarbon synthetic oil based iron-nitride magnetic fluid, both at room

emperature and high temperature (80 ◦C), could be improved effectively by the addition of phenolic antioxidant. Only 21% magnetic decrease

as found for the magnetic fluid with 5 wt.% phenolic antioxidant after exposed to atmosphere environment at room temperature for 12 months.
Thus the addition of phenolic antioxidant into �-olefinic hydrocarbon synthetic oil based iron-nitride magnetic fluid is an effective way to

mprove its magnetic stability.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Magnetic fluid (MF) is a colloidal suspension of single
omain ferromagnetic particles dispersed in a liquid carrier and
tabilized by means of a suitable organic surfactant [1]. It has
een widely used for many areas, such as magnetic fluid seals,
tereo speakers, lubricants and bearings [2]. It is well known that
ost magnetic fluids are made of magnetic-iron oxide (Fe3O4 or
-Fe2O3) particles, which have much lower saturation magneti-
ation (<70 emu g−1) in comparison with Fe metal particles. In
rder to improve the magnetic properties of the magnetic fluid,
any efforts have been devoted to making magnetic fluid with

igh magnetization [3–5].
Accord to Nakatani and et al. [3], the iron-nitrogen alloy

ystem exhibits metallic phases of interstitial compounds, �′-
e4N, �-FexN (3 > x > 2) and �-Fe2N phase. The compound
′-Fe4N is ferromagnetic below 761 K with the magnetization
f 186 emu g−1 at room temperature. The phase �-FexN is also
erromagnetic. At the composition of almost x = 3, the Curie

emperature is 567 K, and the room-temperature magnetization
s 160 emu g−1. Such compounds in the Fe-N system are much
ore resistant to oxidation than iron, and have much higher
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agnetizations than that of iron-oxide, Fe3O4. Thus, fine parti-
les of ferromagnetic iron-nitrides have a potential application
o magnetic fluids that need a high magnetization and stability
gainst oxidation.

However, it was reported by Lee et al. [6] that the sat-
ration magnetization of iron-nitride magnetic fluid reduces
ith increasing time and approaches to zero after 1008 h when

xposed to the atmosphere environment. The oxidation form
f iron-nitride at room temperature was considered to be non-
agnetic hematite rather than magnetite and/or maghemite,
hich made the particles lost their magnetic properties. It shows

hat the iron-nitride particles do not exhibit their intrinsic excel-
ent chemical stability. In order to stabilize nanoparticles from
xidation, a stable protective layer such as titanium, silica,
luminium was introduced on the particle surface [5–7]. The
ron-nitride particles covered with titanium had a negligible
ffect on delaying the decrease of its saturation magnetization
6]. The stability of the magnetic fluids containing cobalt parti-
les stabilized with Al(C8H17)3 and suitable surfactants can be
mproved remarkably [7].

In this work, the effect of the addition of phenolic antiox-
dant on the magnetic stability of iron-nitride magnetic fluids

t high temperature and room temperature under atmospheric
onditions was investigated. The results shown that the mag-
etic stability of iron-nitride magnetic fluid could be improved
bviously by the addition of phenolic antioxidant.

mailto:5543837@sina.com
dx.doi.org/10.1016/j.jallcom.2007.05.014
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Fig. 2. Relationships between the relative saturation magnetization and the
heated time of iron-nitride magnetic fluids heated at 80 ◦C (measured at room
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. Experimental procedure

�-Fe3N based magnetic fluid was synthesized according to the method
eported in Ref. [8]. The carrier liquid was composed of �-olefinic hydrocarbon
ynthetic oil (PAO oil with low volatility and low viscosity) and succinicimide
surfactant). Transmission electron micrographs were obtained using a 2000fx
ransmission electron microscope (TEM) operated at 160 keV. Samples were
repared by air-drying drops of diluted solutions of the preparations on carbon
lms supported by copper grids. The magnetic fluid was divided into two parts:
ample A (60 ml) and sample B (15 ml). Then sample A was evenly divided into
our parts of about 15 ml (A1–A4). Different amounts of phenolic antioxidant
2.5%, 5.0%, 7.5% in wt.%) were added into the A2–A4 samples, respectively.
hese samples were ultrasonic agitated about 1 h to ensure the homodisperse
f phenolic antioxidant. LDJ9500 vibrating sample magnetometer (VSM) was
arried out to measure the magnetic properties of magnetic fluid at room tem-
erature. The magnetic field supplied by VSM is 1 T. It can be noticed from
ig. 3 that the magnetization of magnetic fluid has a very little change when the
agnetic field is higher than 0.5 T. So the magnetization measured under 1 T

an be considered as the saturation magnetization (Ms) of magnetic fluid. After
agnetic measurement the samples A1–A4 were lay in 80 ◦C environment to

tudy their magnetic stability at high temperature.
In the mean time, 5 wt.% of phenolic antioxidant was added into sample B

nd was ultrasonic agitated about 1 h. After magnetic measurement the samples
was exposed to ambient environment to study their magnetic stability at room

emperature.
X’Pert PRO (Panalytical) X-ray diffractometer was used to analysis the phase

omposition of magnetic particles initial and after 12 months of sample B. The
iffraction was performed with Co K�1 (λ = 1.7889 Å) and the ray was filtered
y the graphite. The experiment parameters used were: 40 mA, 35 kV, continuous
can, scan speed 2 ◦/min.

. Results and discussion

Fig. 1 is the TEM images of the iron-nitride particles. It can
e known from Fig. 1 that the magnetic particles had an average
ize of 18 nm and shown very narrow size distributions. It can
e observed from Fig. 1b that all the particles were coated well
y the surfactant with a thickness of 2 nm and shown a typical
ore-shell structure.
Fig. 2 shows the relationships between the saturation mag-
etization and the heated time of iron-nitride magnetic fluids
eated at 80 ◦C. The saturation magnetization of all the samples
A1–A4) decreased with increase heated time. However, higher

w
r

o

ig. 1. The TEM images of 18 nm �-Fe3N particles measured immediately after the
igh magnified image).
emperature). Msi is the initial saturation magnetization. Mst is the saturation
agnetization at time t. The contents of the phenolic antioxidant for the sample
1–A4 are 0, 2.5, 5.0, and 7.5 wt.%, respectively.

aturation magnetization was found for the magnetic fluids with
he addition of phenolic antioxidant and the decrease of satu-
ation magnetization was A1 > A2 > A3 > A4 during the same
eated time. It shown that the magnetic stability of iron-nitride
agnetic fluids can be improved effectively by the addition of

henolic antioxidant. The decrease of saturation magnetization
f magnetic fluid was thought that come from the corrosion of
agnetic particles by the organic acid existed in the �-olefinic

ydrocarbon synthetic oil.
According to Ref. [9], when exposed to atmosphere environ-

ent, the �-olefinic hydrocarbon synthetic oil will react with
xygen of the air according to the equation:

RH → R• + H•

R• + O2 → ROO•

}
light or heat−→ organic acid (1)
here RH represents synthetic oil. R• and ROO• are two free
adicals.

So it is inevitable that some organic acids will exist in �-
lefinic hydrocarbon synthetic oil. It has known that this organic

magnetic fluid prepared without any antioxidant (a: low magnified image; b:
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cid is a kind of strong corrosive [10]. Thus the magnetic parti-
les of magnetic fluid will be corroded by the organic acid.

Increasing temperature will conduce to the formation of
rganic acid and speed up corrosion of magnetic particles. Thus
he saturation magnetization of magnetic fluid decreases more
uickly at 80 ◦C than at room temperature.

When phenolic antioxidant was added into magnetic fluid,
he flowing reaction happened [9]:

AH + R· → RH + A·
AH + ROO· → ROOH + A·

}
(2)

nd

A · +A· → A–A

A · +ROO· → ROOA

}
(3)

here AH represents phenolic antioxidant.
From these reactions it can be known that the formation of

ome organic acid can be inhabited when phenolic antioxidant
as added into the magnetic fluid, and the amount of organic acid
n the magnetic fluid will decrease with increase the content of
henolic antioxidant. Thus the addition of phenolic antioxidant
an decrease the oxidation and corrosion of magnetic particles
nd improve the magnetic stability of magnetic fluid effectively.

ig. 3. (a) Relationships between the saturation magnetization and the time of
ample B, which was exposed to atmosphere environment at room temperature.
b) Magnetization curves of the sample B initial and after 12 months measured
t room temperature.
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ig. 4. X-ray diffraction results of the magnetic particles initial (a) and after 12
onths (b) in sample B.

The relationship between the saturation magnetization and
he time of sample B, which was exposed to atmosphere envi-
onment at room temperature, was shown in Fig. 3. It could be
ound that the magnetic stability of magnetic fluid was much bet-
er at room temperature than that at 80 ◦C for the �-Fe3N based
agnetic fluid with the same phenolic antioxidant (5 wt.%). It
as because that the decomposition speed of �-olefinic hydro-

arbon synthetic oil and the formative speed of organic acid were
lower at room temperature than that at 80 ◦C.

From Fig. 3 it could be known that the saturation magnetiza-
ion of magnetic fluid decreased from 1016 to 801 Gs after 12

onths. However, more quickly decrease of the saturation mag-
etization could be found during first four months. And then the
aturation magnetization showed a very slowly decrease. Thus
t was thought that some organic acid existed still in the mag-
etic fluid even if 5 wt.% phenolic antioxidant was added into
he magnetic fluid. Accompanied with the reactions (2) and (3)
entioned above and the corrosion of organic acid on magnetic

articles, the content of organic acid would decrease progressive.
o the magnetic change as shown in Fig. 3 was observed.

Fig. 4 gives the X-ray diffraction results of the magnetic par-
icles initial and after 12 months in sample B. Both of them are
omposed of single phase �-Fe3N.

. Conclusion

The effects of the addition of phenolic antioxidant on the
agnetic stability of �-olefinic hydrocarbon synthetic oil based

ron-nitride magnetic fluid were investigated. It was found that
he magnetic stability of �-olefinic hydrocarbon synthetic oil
ased iron-nitride magnetic fluid, both at room temperature and
igh temperature (80 ◦C), could be improved effectively by the
ddition of phenolic antioxidant. The reason is that the formation
f some organic acid can be inhabited when phenolic antioxi-
ant was added into the magnetic fluid. Thus the corrosion of
agnetic particles can be decreased.

The experimental results shown that for the magnetic fluid

ith 5 wt.% phenolic antioxidant, its saturation magnetiza-
ion decreased from 1016 to 801 Gs (only 21% decrease) after
xposed to atmosphere environment at room temperature for 12
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onths. Thus the addition of phenolic antioxidant into �-olefinic
ydrocarbon synthetic oil based iron-nitride magnetic fluid is an
ffective way to improve its magnetic stability.
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