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Abstract
The study investigates an influence of carbonyl iron (CI) particles’ corrosion on magnetorheological performance of their silicone-oil suspensions. Carbonyl iron particles were oxidized thermally at 500 °C in the air or chemically in 0.05 HCl solution and the as-treated particles were subsequently used as a dispersed phase in magnetorheological suspensions. Corrosive layer on surface of oxidized particles was investigated using X-ray photoelectron spectroscopy (XPS) and X-ray diffraction (XRD). Obtained rheological data was treated with Robertson–Stiff (R-S) model to determine yield stress values and in order to find the yield stress values of prepared magnetorheological (MR) suspensions at saturation level a mathematical model was used. The suspensions based on oxidized particles showed lower values of the yield stress, which was significantly manifested at higher magnetic field intensities due to lower saturation magnetization of the particles.
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Introduction
Carbonyl iron is an iron-based powder material, which is widely used in an everyday life. One of the applications where CI is used due to its favorable magnetic properties are MR suspensions, which are systems whose rheological properties can be reversibly changed by a magnetic field [1-4]. They are generally composed of a non-magnetic liquid phase in which magnetic particles are randomly dispersed. Such suspensions behave as Newtonian or pseudoplastic fluids; however, in the presence of an external magnetic field they start to act as viscoplastic solid due to creation of chain-like structures from magnetic particles along a direction of the applied magnetic field [5-8]. This transition and the stiffness of internal distribution of the particles within MR suspensions enables to control the viscosity of the systems, which is successfully utilized in many industrial applications [9-14].
From the long-term application point of view, the sedimentation [15] and chemical and thermo-oxidative stability of the MR suspensions are very challenging [16]. The CI particles are the main part of the MR devices and in long term period their ability to maintain their properties is of high importance. Carbonyl iron (generally iron) tends to undergo corrosion processes leading to oxidation of Fe to Fe2+ and Fe3+ [17] connected with formation of iron oxides in various forms (FeO, Fe2O3, Fe3O4) on its surface depending on the conditions. For example when iron is exposed to hydrochloric acid it forms ferrous chloride that further reacts to form solid Fe2O3. The oxidation of CI particles generally leads to a loose of their magnetic properties since iron oxides possess significantly lower saturation magnetization, MS, than CI particles [4], and thus, this lowers the mechanical performance of MR devices. The failure of MR suspensions due to undergo oxidation process can be represented by few phenomena: (i) increase in field-off friction and leakage, (ii) decrease in MR effect due to lowering magnetic performance of particle, and (iii) increase in the field-off viscosity [18]. Ulicny et al. [19] investigated the durability of a MR clutch and it has been found that after 540 hours of durability test CI particles used in the MR clutch as a dispersed phase exhibited significant oxidation leading to lowering of torque capacity. An oxide layer was found on the surface of CI particles formed mainly by magnetite. It was further stated that the temperature in the gap area, in which the MR suspension is filled, can reach as high as 250 °C [19]. Moreover, oxidized particles can easily led to undesirable increase of field-off viscosity [20]. When the MR suspensions are exposed to high stresses, the brittle layer of iron oxides can be easily delaminated and thus significantly affect the rheology of MR suspensions [21, 22]. Abe et al. found that the level of oxidation of particles depends on the kind of the dispersive liquid and also found out the formation of a stabilized oxidation film on the surface of the particles. The change of the surface of the particles from the very smooth to very roughed was also observed [23]. Furthermore, a liquid medium in which the magnetic particles are suspended can undergo a decrease in molecular weight in a long-term service [24].
There are efforts to protect CI particles from oxidation using polymeric shell coatings [25-28], silica coating of CI particles increasing their thermal and chemical oxidation stability [29, 30], and recently inorganic films based on rare earth elements were successfully introduced on surface of CI particles providing increased chemical and thermal oxidation [31]. However, the impact of oxidation of CI particles on their MR performance has not been quantitatively evaluated yet. The polymeric or inorganic shell on their surface enhances thermal as well as chemical stability of CI particles, nevertheless, the oxidation is not fully inhibited and the coating process also significantly increases the price of MR devices.
This study deals with an impact of thermal and chemical oxidative processes of CI particles on MR performance of their silicone-oil suspensions. Two batches of oxidized CI particles were prepared, the first one through a thermal treatment at 500 °C in the air and the second one by chemical oxidation of CI particles in 0.05 M HCl solution. The oxidation of the particles was evaluated using XPS, XRD and scanning electron microscopy (SEM). A silicone-oil suspension based on non-oxidized CI particles was used as a reference MR suspension.

Experimental part
Sample preparation
Pure CI particles (grade ES; BASF, Germany) were used as a precursor and also as a reference material. The CI particles were further thermally or chemically oxidized, thus, two new samples were prepared using extreme conditions in order to evaluate a high level of the oxidation.
Thermal oxidation
Pure CI particles were treated in a furnace at 500 °C in the air. They were put to the furnace in a ceramic mortar at a room temperature and the heating rate was 10 °C/min. After reaching the final temperature, the furnace was switched off and the particles were left to cool down to room temperature. The gain weight of the particles through thermal oxidation process was about 30.6 % due to formation of iron oxides, which fits well with the study presented by Mrlik et al. [16]. These particles are further labelled as CI ES–500.
Chemical oxidation
Pure CI particles were treated in a solution of 0.05 M HCl. This concentration was taken according to the literature, where 0.05 M HCl is often used for the investigation of the chemical stability of modified CI particles with a polymeric shell [25, 26, 32]. Briefly, CI particles were immersed in 0.05 M HCl overnight and the system was gently mixed using an external mixer. The acidic solution was then left to evaporate at 60 °C and the particles were further dried at 70 °C in a vacuum oven for 24 hours. The gain weight of the particles through chemical oxidation was 9.0 %. The particles are further labeled as CI ES-HCl.
Particles characterization: XRD, XPS, SEM, magnetization measurements
The crystalline phase structures of prepared materials were identified using X-ray diffractometer MiniFlex 600 (RIGAKU, Japan) equipped with Co X-ray source. Operation voltage and current being 40 kV and 15 mA, respectively. X-ray photoelectron spectroscopy measurements were performed using a TFA XPS device from Physical Electronics. The base pressure in the XPS analysis chamber was approximately 6×10-8 Pa. The samples were excited by X-rays over a 400 µm2 spot area with monochromatic Al K1,2 radiation at 1486.6 eV. Photoelectrons were detected with a hemispherical analyser positioned at an angle of 45° with respect to the normal to the sample surface. Survey-scan spectra were acquired at a pass energy of 187.85 eV and with 0.4 eV energy step, whereas for Fe 2p, individual high-resolution spectra were taken at a pass energy of 58 eV and with a 0.125 eV energy step. All the spectra were referenced to the main C 1s peak of the carbon atoms, which was assigned a value of 284.8 eV. The spectra were analysed using MultiPak v8.1c software (Ulvac-Phi Inc., Kanagawa, Japan, 2006) from Physical Electronics, which was supplied with the spectrometer. Morphology and size of the particles were investigated using SEM analysis (FEI, NanoSEM450, USA). Magnetization curves of particles were measured by a vibrational sample magnetometer (VSM; Model 7404, Lake Shore, USA) in the magnetic field range of ±760 kA m–1 at a room temperature.
Preparation of MR suspensions
Three MR suspensions were prepared by mixing of the prepared samples with silicone oil (Lukosiol M200, Chemical Works Kolín, Czech Republic, viscosity ηc = 194 mPa s). The concentration of the particles in the prepared MR suspensions was always adapted to contain 40 wt% of pure CI. Thus, in the case of MR suspensions based on CI ES, the concentration of the particles was 40 wt%, in the case of MR suspensions based on CI ES–500 or CI ES-HCl the concentration of the particles was 40 wt% of the pure CI + oxidized mass.
Magnetorheological measurements
Rheological measurements of the prepared MR suspensions were performed at the shear rates 0.01-100 s–1 using a rotational rheometer (MCR 502 Anton Paar, Austria) with an external magnetic cell and a plate-plate geometry with a gap of 300 µm. The MR measurements were carried out in the presence of an external magnetic field of intensity, H, 173–438 kA/m. Before each measurement, the prepared MR suspensions were intensively mixed for about 5 min and in the case of measurement in the presence of an external magnetic field, the magnetic field was applied for 1 min before the measurement in order to provide time enough for the particles to create stable chain-like structures. The measurements were carried out 3 times with a fresh sample for each MR suspension.
Results and discussion
Particle characterization
Tab. 1 shows the surface composition of the samples as deduced from the survey-scan spectra shown in Fig. 1. The surfaces of samples are composed of carbon, oxygen and iron, whereas for sample CI ES–HCl also some chlorine was found on the surface (Tab. 1). The chlorine is clearly residual amount from the oxidation process.

Tab. 1. Surface composition (in atomic %) of the samples as determined from XPS survey spectra (average of two measurements).
	Chemical element
	CI ES
	CI ES–500
	CI ES–HCl

	C
	45.4
	25.2
	28.0

	O
	42.2
	59.0
	56.0

	Fe
	12.4
	15.8
	15.9

	Cl
	–
	–
	3.3

	O/Fe
	3.39
	3.73
	3.48
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Fig. 1. XPS survey spectra of the samples (top spectrum) CI ES-500, (middle spectrum) CI ES-HCl, and (bottom spectrum) CI ES.

[bookmark: OLE_LINK2][bookmark: OLE_LINK1]Fig. 2 depicts comparison of high-resolution Fe2p peaks for all three samples. Fe2p peak consists of doublet peaks Fe2p3/2 and Fe2p1/2. There is also a clearly distinguishable additional satellite peak. It can be observed that the peak position, the shape, and the width of the peaks are similar for all samples. The position of Fe2p3/2 and Fe2p1/2 peaks is approximately 710.9 and 724.5 eV, respectively. This binding energy is typical for Fe3+ ions in Fe2O3 oxides [33, 34]. The satellite peak is positioned at approximately 719.1 eV, which is about 8.2 eV higher than the position of the main Fe2p3/2 peak. As reported in the literature, this binding energy of the satellite peak is characteristic for Fe2O3 oxide [33]. The satellite peak is often used for interpretation of iron oxides, because its position is very sensitive to the oxidation state of iron [33]. For example, it was reported that a satellite peak for FeO (Fe2+ ions) appears at a lower binding energy of approximately 715.5 eV, whereas for Fe3O4 the satellite peak is not observed [33, 34]. Also the main 2p3/2 peak for FeO and Fe3O4 should appear at a lower binding energy than in the case of Fe2O3 [33] which would result in formation of a shoulder on the measured Fe2p3/2 curve on the low-energy side. The 2p3/2 peak for FeO and Fe3O4 should be at approximately 708-709 eV and ~710 eV, respectively [33-36]. In Fig. 2a it can be clearly observed that there is no such shoulder. Because of the lack of the satellite at 715.5 eV and a shoulder at ~708-709 eV, we can explicitly exclude formation of FeO, whereas any presence of Fe3O4 is still doubtful. According to Yamashita, Fe3O4 could be (because of its stoichiometric nature) expressed also as FeO·Fe2O3 with the ratio of Fe2+/Fe3+ ions equal to 1:2 [33]. However, any attempt to make deconvolution of the peaks in Fig. 2a to Fe3+ and Fe2+ states was impossible. Therefore, the Fe3p peak was also measured, because it was reported that this peak can be used for obtaining information on concentrations of Fe2+ and Fe3+ ions [33, 36]. Again, there is now difference between the spectra (Fig. 2b). The spectra are similar to spectrum of Fe2O3 standard published by Yamashita [33] and there is no indication of appearance of a shoulder at lower binding energies which would indicate the presence of Fe2+ ions. Therefore, it can be concluded that the surfaces of all three samples are composed primary of Fe2O3 oxide.
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Fig. 2. Comparison of high-resolution XPS spectra for (left figure) iron Fe2p peaks and for (right figure) Fe3p peaks for all three samples.

It should be noted, that all samples were exposed to air during handling and storage and even if there is any Fe3O4 phase (actually magnetite) present in the sample, the few surface atomic layers will be always fully oxidized to maghemite (Fe2O3) due to air and omnipresent moisture. Moreover, the strong signal of carbon (C1s peak in the spectrum in Fig. 1) testifies for presence of adventitious carbon, which origins most likely from unavoidable contamination of air-exposed samples as well as from eventual organic solvent treatment steps during sample manipulation.

X-ray diffractograms of CI ES and its forms oxidized at 500 °C or in 0.05 M HCl are shown in Fig 3. Pure CI ES diffraction peaks were indexed to the standard data of the iron (PDF Card No.: 01-080-3816) with the characteristic peak at 52.32° (110). In both oxidized samples a peak at 52.37° (110) reflecting pure iron was also found, even though its intensity in the case of the sample CI ES–500 significantly decreased due to strong oxidation. X-ray diffractograms of CI ES–500 and CI ES–HCl were further compared to the standard data of magnetite (PDF Card No.: 01-087-2334) and maghemite (PDF Card No.: 01-089-5892). Both samples exhibit peaks characteristic for either maghemite (Fe2O3) or magnetite (Fe3O4) while the spectrum of CI ES–500 differs more significantly from that one for pure CI ES indicating stronger oxidation and higher intensity of peaks representing maghemite phase occurs. Presence of both phases fits well with literature when an exhibition of steel at temperatures 400–550 °C in the presence of supercritical water led to formation of both phases [37]. Using XRD it is very challenging to credibly distinguish between these two phases, nevertheless, it can be concluded that the thermal and chemical oxidation of CI particles lead to formation of various iron oxides on its surface which further results in a change of their properties. When compared to the XPS technique, XPS examines only few nanometres (≈ 2 nm) of the surface [38], where only Fe2O3 is presented. Indeed, Fe3O4 converts into Fe2O3 on the air [39] which can elucidate eventual difference in findings from XPS and XRD measurements. Moreover, annealing of magnetite at high temperature (hundreds °C) in air atmosphere leads to the oxidation of all Fe2+ ions causing transition of eventual magnetite phase to maghemite. 
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Fig. 3. XRD patterns of CI ES–500, CI ES–HCl, and CI ES particles.
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Fig. 4. SEM images of (a) CI ES, (b) CI ES–500, and (c) CI ES–HCl.
Pure CI ES consists of few micron-sized particles possessing a spherical shape with a smooth surface and relatively high polydispersity (Fig. 4a). The both corroded particles sustain their spherical shape, however, the oxidation process caused formation of smaller adherent particles or flakes from highly oxidized parts of original CI particles. This phenomenon is evident in the case of the sample CI ES-500 (Fig. 4b). While in the case of CI ES–500 the formation of smaller irregular particles is evident (Fig. 4b), in the case of CI ES–HCl (Fig. 4c) only the roughness of the particles surface clearly increased. The creation of smaller particles in thermally oxidized sample can be elucidated by peeling process of oxide flakes or smaller particles that can take part in the case of iron oxides at 500 °C due to large difference in elemental cell size of iron and iron oxides. Thus, the elevated temperature leads to oxidation of the CIs and the rose up iron oxides can fragment or even create aggregate further sintering together and create microscopic particles standing alone not bound to the original CI particles.
Oxidation process further significantly affects magnetization properties of the particles; their magnetization curves are depicted in Fig. 5. The highest saturation magnetization, MS, was observed first things first for the samples CI ES > CI ES–HCl > CI ES–500 with the values of MS 186.6, 149.9, and 68.8 emu g–1, respectively. While the CI ES particles are composed nearly only from pure iron, with a very thin oxidized layer, the oxidation process at higher temperatures or in an acid source led to formation of maghemite (Fe2O3), with significantly lower MS than the pure CI [4, 40, 41]. Moreover, oxides are formed at the expense of iron which lowers content of the component with high MS. Therefore, the oxidized samples possess significantly lower MS. Let us assume that the composition of oxide layer is approximately Fe2O3 while the core is purely from Fe. On the base of simple chemical balance according to theoretical calculations regarding the change in volume of particles (obtained from tabular densities) connected with oxidation of pure iron to Fe2O3, the calculated MS values for CI ES, CI ES–HCl, CI ES–500 were 186.6, 146.2, and 72.0 emu g–1, respectively, which fits well the measured values. As reference MS values were used 186.6 emu g–1 for CI ES (experimentally verified value) and 40 emu g–1 for Fe2O3 (40 emu g–1 as the best guess that corresponds to the mean MS value of the mixture of non-magnetic hematite together with maghemite [42]). Weight percentage of components was used as the base for simple linear mixing rule for calculation of MS. It was noticed also, that oxidation process slightly increased remanent magnetization.
[image: ]
Fig. 5. Magnetization curves for CI ES, CI ES-500, and CI ES-HCl particles. The values 1.-4. represent the magnetic field intensities used during MR measurements.
Magnetorheological measurements
The oxidized particles where further used as a dispersed phase in MR suspensions and their behavior was compared with the pure CI ES silicone-oil suspensions. While in the absence of an external magnetic field prepared MR suspensions behave as pseudoplastic fluids, upon an application of magnetic field they start to act as a viscoplastic fluid exhibiting a yield stress, τy (Fig. 6). The highest transition to a viscoplastic fluid is observed for the MR suspension based on bare CI ES particles due to their magnetic properties (Fig. 5), and the MR suspension based on CI ES–HCl particles exhibit higher values of shear stress than MR suspension based on CI ES–500 particles. Further, with increasing magnetic field intensity the difference in rheological parameters between the prepared suspensions increases. This is a consequence of magnetic properties of the particles, where at low magnetic field intensities (≦ 173 kA/m) their magnetizations are similar (Fig. 5). With further increase in magnetic field intensity, however, the high difference between magnetization of the particles occurs leading to the significant differences in MR behavior of their suspensions.
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Fig. 6. The dependence of τ vs. γ̇ for MR suspensions based on (a) CI ES, (b) CI ES–500, and (c) CI ES–HCl particles at various magnetic field intensities.
One of the important parameters of the MR suspensions is the value of the τy, representing the stress that the suspensions can withstand before they start to flow [15, 43]. The Robertson–Stiff (R–S) model (Eq. 1), which has been recently successfully used for modeling of flow curves for MR suspensions [44], was implemented to obtain τy values and thus to quantify the impact of corrosion of the CI particles on MR performance of their silicone-oil suspensions. In R–S model K and n represent consistency and flow behavior index [44], respectively.
		(1)
These values of τy increase with the magnetic field intensity (Tab. 2). The highest values of τy exhibited the MR suspensions based on pure CI ES due to their most favorable magnetic properties. The influence of CI particles oxidation on their MR behavior possess high impact mainly at higher magnetic field intensities (>173 kA/m) due to significant decrease in MS of oxidized particles (Fig. 5). While in the lower magnetic fields τy depends mainly on magnetic field intensity and scales as τy~H2 at the higher magnetic fields MS value starts to be important and τy further scales as τy~ MS1/2 H3/2 [45, 46]. Since the difference in magnetization of the particles increases with increasing magnetic field intensity, the higher magnetic field intensity the higher difference in τy of the prepared MR suspensions. Magnetorheological suspensions based on the thermally-treated particles show the lowest τy values. The abrupt increase of parameter K can be explained as an increase of inherent viscosity of the systems after application of magnetic field, and on the other side, the decrease of parameter n can be attributed to change in flow behavior in the presence of magnetic field.
Tab. 2. Values of τy (in Pa), parameters K (Pa sn) and n (-)  obtained with applying of R–S model on the flow curves of prepared MR suspensions at various magnetic field intensities.
	MR suspension
	Magnetic field intensity (kA/m)
	Parameter

	
	
	τy (Pa)
	K (Pa sn)
	n (-)

	CI ES
	0
	0.38 ± 0.04
	0.21 ± 0.00
	0.97 ± 0.01

	
	173
	432 ± 8
	401 ± 4
	0.23 ± 0.01

	
	262
	906 ± 19
	435 ± 17
	0.31 ± 0.01

	
	351
	1320 ± 20
	432 ± 21 
	0.37 ± 0.02

	
	438
	1630 ± 80
	449 ± 24
	0.39 ± 0.01 

	CI ES–HCl
	0
	0.59 ± 0.17
	0.26 ± 0.05
	0.97 ± 0.02

	
	173
	390 ± 10
	528 ± 9
	0.11 ± 0.01 

	
	262
	623 ± 8
	773 ± 28
	0.14 ± 0.01

	
	351
	950 ± 18
	818 ± 47
	0.21 ± 0.02

	
	438
	1210 ± 40
	948 ± 51
	0.22 ± 0.01

	CI ES–500
	0
	0.52 ± 0.12
	0.47 ± 0.01
	0.93 ± 0.01

	
	173
	285 ± 4
	406 ± 16
	0.11 ± 0.01

	
	262
	440 ± 30
	500 ± 17
	0.13 ± 0.00

	
	351
	576 ± 14
	572 ± 32
	0.13 ± 0.01

	
	438
	645 ± 18
	616 ± 26
	0.14 ± 0.01



It was found that the level of oxidation significantly affects the saturation characteristic of the oxidized CI particles and thus also the τy values. Due to the utilized technical device, performed MR measurements were conducted below MS of the particles and in order to find τy of prepared MR suspensions at saturation level of the particles a mathematical model was used. It is well known that at high magnetic fields close saturation magnetization of the particles τy scales as τy~MS2 [47] and Varela-Jiménez et al. [48] have further proposed a constitutive model for the prediction of the τy values as a function of an applied magnetic field (Eq. 2).
	(2)
In Eq. 2 BMRF is a constant for each specific system [48], µ0 represents magnetic constant (vacuum permeability), φ is a particle volume fraction, Hc is the characteristic magnetic field at which 50 % of the state transition occurs, and ε(3) is equal to 1.202 [46]. The left term in this equation represents a sigmoidal curve describing the shape of the dependence of τy on the applied magnetic field intensity while term on the right side is actually a constant representing the maximum value of τy reached at the magnetic field intensity sufficient to achieve complete magnetic saturation of all particles. With the use of the right term, it was calculated that τy values at MS of investigated particles are 25.5 kPa, 15.3 kPa, and 4.0 kPa for CI ES, CI ES–HCl, and CI ES–500, respectively. Then, the dependencies described by Eq. 2 were fitted into experimental data. The result of this procedure is plotted in the graph in Fig. 7.
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Fig. 7. The dependence of τY on the H for the prepared MR suspensions based on CI ES, CI ES–500, and CI ES–HCl particles at various magnetic field intensities. The solid lines represent fits according to constitutive model presented in Ref. [48] (eq. 2).
From the application point of view the behavior under dynamic loading is of high interest. The cyclic loading of the materials represent the possibility to repeatedly load the systems under they would undergo a failure. Fig. 8 represents storage modulus, G´, and loss modulus, G´´, dependence on the frequency, f, in a linear viscoelastic region of the systems. The significantly higher values of G´ over G´´ reflects the rigidity of the system in a presence of a magnetic field confirming transition from liquid-like system to a viscoplastic solid. It can be further seen that the MR suspensions based on non-oxidized particles exhibit the highest MR performance proving the importance of preventing the particles from the oxidation when used in MR suspensions.
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Fig. 8. The dependence of elastic, G´, and loss modulus, G´´, on the frequency, f, for prepared MR suspensions in the presence of an external magnetic field of intensity 438 kA/m.
Conclusions
The effect of oxidation of carbonyl iron particles on magnetorheological behavior of their silicone-oil suspension was investigated. Carbonyl iron particles were oxidized at two levels: (i) by a fierce thermal oxidation at 500 °C in the air and (ii) by a mild chemical oxidation in 0.05 M HCl. Pure non-oxidized carbonyl iron particles were used as a reference. X-ray photoelectron spectroscopy and X-ray diffraction were used to investigate the changes of the particles arisen from the oxidative processes. In both cases the presence of various forms of iron oxides was confirmed leading to significant decrease in the magnetization saturation of the particles. The oxidized particles were further used as a dispersed phase in magnetorheological suspensions. Both magnetorheological suspensions exhibited lower rheological parameters than the system based on original carbonyl iron particles due to lower magnetic saturation of the oxidized ones, whereas the thermally-oxidized particles possessed the lowest yield stress more than two times lower than the suspension based on the original particles, which was quantitatively evaluated using Robertson–Stiff model. It was predicted that at saturation level the yield stress of the oxidized particles decreases about 5 times when compared to non-oxidized particles. 
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