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ABSTRACT: Cation substitution provides an effective route for tailoring the 

magnetic and rheological properties of spinel ferrite ferrofluids. In this work, 

Zn₀.₄Fe₂.₆O₄ (ZFO), Mn₀.₄Fe₂.₆O₄ (MFO), and Co₀.₄Fe₂.₆O₄ (CFO) 

nanoparticles were synthesized under identical conditions and dispersed in 

kerosene to investigate the influence of divalent-cation chemistry on their 

structural, magnetic, and flow behaviour. X-ray diffraction confirmed the 

formation of the spinel ferrite structure, while FTIR and EDX analyses supported 

the formation of the respective metal–oxygen framework and elemental 

composition. Magnetic measurements revealed distinct saturation magnetization, 

coercivity, and effective anisotropy among the ferrofluids, demonstrating the 

influence of cation substitution on their magnetic characteristics. Rheological 

measurements under an applied magnetic field of 0.18 T over a shear-rate range 

of 1–1000 s⁻¹ revealed pronounced shear-thinning behaviour for all three 

ferrofluids. The experimental viscosity data were satisfactorily described by the 

Power-law, Cross, and Carreau models. CFO exhibited the highest zero-shear 

viscosity and longest characteristic relaxation time, indicating comparatively 

stronger structural stability under low-shear conditions, whereas MFO showed 

the weakest rheological response. The results establish a clear relationship 

between cation chemistry, magnetic properties, field-induced nanoparticle 

organization, and shear-dependent flow behaviour, providing a pathway for 

tailoring spinel-ferrite ferrofluids for magnetically controlled applications. 

 

Highlights 

• Zn-, Mn-, and Co-substituted spinel ferrite ferrofluids were successfully synthesized and systematically compared.  

• Cation substitution strongly modulates the structural and magnetic properties of the ferrofluids.  
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• All ferrofluids exhibit pronounced shear-thinning behaviour under an applied magnetic field of 0.18 T.  

• Power-law, Cross, and Carreau models successfully describe the shear-dependent viscosity and structural relaxation.  

• CFO exhibits the strongest low-shear structural stability, highlighting cation chemistry as an effective route for tailoring 

ferrofluid rheology. 

1. INTRODUCTION  

Ferrofluids are unique nanofluids in which microscopic magnetic interactions at the nanoscale can finely tune macroscopic fluid 

properties, such as viscosity and flow behaviour, under an external magnetic field1–5. The combination of magnetism and 

fluidity, together with their ability to dynamically assemble, reorganize, and restructure magnetic nanoparticle networks in 

response to an applied magnetic field, makes ferrofluids promising functional materials for emerging applications in 

microfluidics, soft robotics, lubrication, heat transfer, damping, and actuation, as well as biomedical applications such as targeted 

drug delivery, magnetic resonance imaging (MRI), biosensing, and magnetic hyperthermia. However, conventional ferrofluids 

often face challenges associated with limited colloidal stability, nanoparticle agglomeration, and inadequate magnetic-field 

responsiveness. These limitations can be addressed through careful control of nanoparticle size and size distribution, surface 

coating, particle stoichiometry, and compatibility between the magnetic nanoparticles and the carrier medium6–12. 

Ferrofluids can be formulated using various types of magnetic nanoparticles; however, spinel ferrites (MFe2O4) provide a 

versatile platform for tailoring magnetic interactions through controlled cation chemistry and distribution. The spinel lattice 

consists of tetrahedral (A) and octahedral (B) cation sites, whose occupancy by divalent and trivalent cations can be modified 

depending on the nature of the substituting ion, synthesis conditions, and degree of cation inversion. Such variations in cation 

distribution strongly influence the magnetic exchange interactions, magnetization, magnetocrystalline anisotropy, and coercivity 

of the ferrite nanoparticles. In particular, Zn²⁺, Mn²⁺, and Co²⁺ ions impart distinctly different magnetic characteristics to the 

spinel lattice. Co²⁺-containing ferrites generally exhibit high magnetocrystalline anisotropy and enhanced coercivity, whereas 

Mn²⁺-containing ferrites are typically characterized by relatively low coercivity and soft-magnetic behaviour. Zn²⁺, being a non-

magnetic cation, can significantly modify the cation distribution and magnetic exchange interactions; at moderate Zn 

substitution levels, it can enhance the saturation magnetization by altering the balance between the A- and B-site magnetic 

sublattices, whereas excessive Zn substitution can weaken the A–B superexchange interaction and lead to a pronounced 

reduction in magnetization, eventually approaching paramagnetic behaviour at sufficiently high Zn concentrations13–17. The 

macroscopic flow behaviour of the synthesized ferrofluids strongly depends on the intrinsic microscopic magnetic properties 

of the nanoscale magnetic particles dispersed in the carrier liquid. The magnetic dipoles tend to align with the external magnetic 

field, resulting in the formation of chain-like and cluster-like structures through magnetic dipole–dipole interactions. The 

stability and structure of these field-induced chain networks depend on various properties of the dispersed magnetic 

nanoparticles, such as magnetocrystalline anisotropy, saturation magnetization, particle size, and interparticle interactions. These 

parameters can be effectively modified by maintaining the stoichiometry of the substituted cations within the overall spinel 

ferrite framework. Therefore, ferrofluids based on Zn₀.₄Fe₂.₆O₄ (ZFO), Mn₀.₄Fe₂.₆O₄ (MFO), and Co₀.₄Fe₂.₆O₄ (CFO), 

synthesized at an identical substitution concentration under comparable conditions, provide a useful model system for 

systematically understanding the role of cation chemistry in regulating magnetic-field-induced structural organization and flow 

behaviour. When an external shear is applied, the hydrodynamic forces act against the magnetic dipolar interactions, leading to 

the deformation, disruption, and reorganization of the transient nanoparticle networks. Consequently, the shear-dependent 

viscosity, degree of shear thinning, and structural disruption are determined by the relative strength of the hydrodynamic and 

magnetic interactions18. 

Extensive literature is available on the structural and magnetic properties of spinel-ferrite-based magnetic nanoparticles; 

however, a clear relationship linking cation chemistry, magnetic characteristics, and the rheological response of their ferrofluids 

has not yet been established14,19,28–31,20–27. In particular, a systematic comparison of ferrofluids containing different divalent 

cations at an identical substitution concentration can provide deeper insight into how tailored magnetic properties influence 

the magnetic nanoparticle chain networks and flow behaviour under an applied magnetic field. Thus, the incorporation of 

Zn₀.₄Fe₂.₆O₄, Mn₀.₄Fe₂.₆O₄, and Co₀.₄Fe₂.₆O₄ provides a suitable model system in which the effect of cation chemistry can 

be explored while maintaining the same substitution concentration. This controlled composition enables us to distinguish the 

individual contributions of magnetic parameters, such as magnetocrystalline anisotropy, saturation magnetization, and 

microscopic interparticle interactions, to the field-induced viscosity and shear-dependent response. Furthermore, the formation, 
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restructuring, and relaxation behaviour of the magnetic nanoparticle networks under shear can be quantitatively analysed using 

suitable rheological models13,18,32–36. 

In the present work, spinel ferrite nanoparticles with the nominal composition M₀.₄Fe₂.₆O₄ (M = Co, Mn, and Zn) were 

synthesized via a controlled co-precipitation route and subsequently dispersed in a kerosene medium to formulate stable 

ferrofluids. The influence of cation substitution on the crystal structure, microstructure, elemental composition, magnetic 

properties, and rheological response was systematically investigated using X-ray diffraction (XRD), Fourier-transform infrared 

(FTIR) spectroscopy, energy-dispersive X-ray spectroscopy (EDX), vibrating sample magnetometry (VSM), and steady-shear 

rheological measurements under a constant magnetic field of 0.18 T. Particular emphasis was placed on establishing correlations 

between cation chemistry, magnetic properties, interparticle interactions, and flow behaviour. The experimental rheological 

data were further analysed using Power-law, Cross, and Carreau models to quantify the shear-thinning behaviour, limiting 

viscosities, and characteristic relaxation of the ferrofluids. The findings provide insights into the role of cation substitution in 

modulating the coupled magnetic and rheological properties of spinel-ferrite-based ferrofluids and provide a basis for tailoring 

their flow response for potential technological and biomedical application. 

2. EXPERIMENTAL DETAILS  

2.1 Synthesis 

The non stoichiometric Iron rich MxFe3-xO4 (x = 0.4) MNPs (with M = Co, Mn, Zn)(MFO) are synthesised by facile varying 

chemical co-precipitation method. The high purity (> 99.9%, Sigma Aldrich) FeCl3, CoCl2, MnCl2 and ZnCl2 salts are taken 

into stoichiometric amounts for making solution in DI water independently and thereafter mixed under constant stirring for 

45 minutes at 80°C. To this solution, 5M NH4OH is added dropwise until it reached a pH value of 10. The precipitated mixture 

was maintained at constant temperature of 80°C for 60 minutes under constant stirring to propel homogeneous nucleation and 

growth. The black precipitates were washed several times with distilled water and organic solvents using magnetic decantation. 

The particles are dried in a vacuum oven and are used for further characterization.    

 

Figure 1 : Schematic illustration of the synthesis procedure for Zn₀.₄Fe₂.₆O₄ (ZFO), Co₀.₄Fe₂.₆O₄ (CFO), and 

Mn₀.₄Fe₂.₆O₄ (MFO) magnetic nanoparticles, followed by the preparation of highly stable kerosene-based ferrofluids 

through oleic acid surface modification. Here, M denotes Zn, Co, or Mn. 

2.2 Characterization 

The phase formation and crystalline quality of synthesized magnetic nanoparticles based ferrofluid are examined with 

multipurpose X-ray diffractometer (MXRD, Rigaku ultima-IV) and the patterns are analyzed with structural retvield refinement 
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in the theta range from 20° to 70° with resolution of 0.02° using FullProf Software. The elemental composition and 

stoichiometry is confirmed with EDAX (Rigaku ZSX primus) technique (presented in supplementary section). The particle size 

distribution is studied with high resolution transmission electron microscope (HRTEM, TECNAI F30 model) and particle 

histogram is calculated through lognormal distribution function. The Fourier transform infrared (FTIR) spectra are recorded 

with NICOLET 5700 in the range 2500-400 cm-1 (presented in supplementary section). The room temperature static 

magnetization is recorded with Vibrating sample magnetometer (VSM, Lakeshore 7304). Rheological measurements were 

conducted using the Anton Paar GmbH MCR 301 parallel plate magneto-rheometer, equipped with the standard MRD-70 

rotation geometry and a PP-20 spindle. A transverse magnetic field of 0.18T was applied between the plates while a thermostatic 

bath was used to maintain a room temperature and measurements were performed from varying shear rate from 1s-1 to 1000s-

1. The gap between the parallel plates was set at 1 mm. Before the experiment, samples were pre-sheared at 20 s-1 for 30 s. 

3. RESULTS AND DISCUSSION 

3.1 Structural Analysis 

The room temperature Powder X-ray diffraction patterns for Zn0.4Fe2.6O4  (ZFO), Co0.4Fe2.6O4 (CFO), and Mn0.4Fe2.6O4  (MFO) 

are shown in Figure 2 (a). The observed diffraction peaks, show well-defined reflections corresponding to the crystallographic 

planes (220), (311), (400), (422), (511) and (440) which are indexed to face-centered cubic structure with the Fd3̅m space group. 

Among these planes, the highest intensity (311) planes confirm the successful formation of spinel single phase with no additional 

impurity in the synthesis. A relative peak shift is observed with cation substitution, due to differences in cationic size and site-

occupancy preferences among Zn2+, Co2+, and Mn2+ ions. The measured cubic unit cell dimensions are 8.39±0.02 Å for 

ZFO, 8.38±0.02 Å for CFO and 8.37±0.02 Å for MFO. The slightly larger dimensions of ZFO can be attributed to the larger 

ionic radii of tetrahedrally preferred Zn2+ ions. To obtain quantitative structural information, the diffraction data were refined 

using the Rietveld method, and the refinement profiles are presented in Figures 2(b–d). The excellent agreement between the 

observed diffraction intensities, calculated profiles, Bragg reflection positions, and difference curves demonstrates the high 

quality of the structural refinement. The refinement converged with low profile agreement factors of Rp = 2.94–3.09%, Rwp 

= 3.65–3.85%, and goodness-of-fit values (χ² = 2.43–2.61), confirming the reliability of the refined structural model. 

Furthermore, the refined oxygen positional parameter (u = 0.252-0.259) remains close to the ideal value expected for cubic 

spinel ferrites, suggesting only a slight distortion of the oxygen framework. The marginally higher oxygen parameter observed 

for CFO indicates a small modification of the metal–oxygen bond geometry resulting from the stronger crystal-field stabilization 

and spin–orbit coupling associated with Co²⁺ ions. 

The refined cation distribution further reveals the influence of cation substitution on the spinel structure. In the ZFO sample, 

Zn²⁺ ions preferentially occupy the tetrahedral (A) sites along with Fe3+ ion, while Fe²⁺ and Fe³⁺ ions mainly reside at the 

octahedral (B) sites, corresponding to a partially inverse spinel configuration, On the other hand, Co²⁺ ions exhibit a strong 

preference for the octahedral sites in CFO, whereas the tetrahedral sites remain predominantly occupied by Fe³⁺ ions, consistent 

with the characteristic inverse spinel structure of cobalt ferrite. For MFO, Mn²⁺ ions are distributed between both tetrahedral 

and octahedral sites, resulting in a partially inverse spinel arrangement37.  

The crystal structures visualized with VESTA software are shown in Figure 3, which provides a three-dimensional 

representation of the cubic spinel unit cell. The spinel crystal structure is based on a face-centered cubic (FCC) arrangement of 

oxygen anions (O²⁻), containing eight formula units per unit cell (Z = 8). The cubic close-packed oxygen lattice creates two 

types of interstitial sites: 64 tetrahedral (A) sites and 32 octahedral (B) sites per unit cell. Of these, only 8 tetrahedral and 16 

octahedral sites are occupied by cations, while the remaining interstitial sites remain vacant. The distribution of cations between 

the A and B sites depends on their ionic size, valence state, crystal-field stabilization energy, and synthesis conditions. In normal 

spinels, Zn²⁺ preferentially occupies the tetrahedral (A) sites, whereas Co²⁺ preferentially occupies the octahedral (B) sites. Mn²⁺ 

can occupy both tetrahedral and octahedral sites, leading to a mixed cation distribution depending on the degree of inversion 

and preparation conditions.  

The crystallite size and lattice strain were further estimated using the Williamson–Hall (W–H) method, and the corresponding 

plots are presented in Figure 2(e). The average crystallite sizes were found to be 12 ± 2 nm for ZFO, 10 ± 2 nm for MFO, 

and 9 ± 2 nm for CFO, whereas the corresponding lattice strains remain low (0.004–0.005), indicating good crystallinity with 

minimal microstructural distortion. The particle sizes determined from TEM (10–16 nm) as shown in Figure 4 are slightly 
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larger than the crystallite sizes obtained from XRD, suggesting that individual nanoparticles consist of one or a few coherently 

diffracting crystallites. The slight reduction in crystallite size following Co and Mn substitution indicates that these cations 

suppress crystal growth during nucleation, resulting in finer nanoparticles. 

The fine structural modifications induced by Zn²⁺, Co²⁺, and Mn²⁺ substitution are expected to alter the A–O–B super exchange 

interactions and is expected to tune the effective magnetic anisotropy, dipolar interaction, and hence found prevailing for 

understanding the magnetic and rheological behavior of the corresponding ferrofluids discussed in the subsequent sections. 

Table 1(a) : Structural parameters of Zn₀.₄Fe₂.₆O₄ (ZFO), Co₀.₄Fe₂.₆O₄ (CFO), and Mn₀.₄Fe₂.₆O₄ (MFO) magnetic 

nanoparticles 

Sample Crystallite size (D) 

(WH method) 

 (nm) 

Particle size 

(TEM) 

(nm) 

Lattice parameter 

(Å) 

Lattice 

strain (𝜖) 

X-ray 

density 

g/cm3 

Volume 

(Å3) 

ZFO 12±2 16±2 8.39±0.02 0.005(1) 5.29 590±3 

MFO 10±2 12±2 8.37±0.02 0.004(1) 5.23 586±3 

CFO 9±2 10±2 8.38±0.02 0.004(1) 5.29 588±3 

 

Table 1(b) : Rietveld refinement parameters of Zn₀.₄Fe₂.₆O₄ (ZFO), Co₀.₄Fe₂.₆O₄ (CFO), and Mn₀.₄Fe₂.₆O₄ (MFO) 

magnetic nanoparticles 

Sample R-factors  

𝜒2 

Oxygen 

position  

(u) 

Tetrahedral  

(A-site) 

(x=y=z=0.125) 

Octahedral 

 (B-site) 

(x=y=z=0.5) 

Rp (%) Rwp 

(%) 

Rexp (%) 

ZFO 2.97 3.73 2.39 2.43 0.252 Zn2+
0.39Fe3+

0.61 Fe2+
0.6Fe3+

1.4 

MFO 3.09 3.85 2.41 2.57 0.254 Mn2+
0.1Fe3+

0.9 Mn2+
0.3Fe2+

0.6Fe3+
1.1 

CFO 2.94 3.65 2.26 2.61 0.259 Fe3+
1.0 Co2+

0.4Fe2+
0.6Fe3+

1.0 

 

 

Figure 2 : (a) Powder X-ray diffraction (PXRD) patterns of Zn₀.₄Fe₂.₆O₄ (ZFO, blue), Co₀.₄Fe₂.₆O₄ (CFO, red), and 

Mn₀.₄Fe₂.₆O₄ (MFO, green) magnetic nanoparticles. The diffraction peaks confirm the formation of a single-phase spinel 

crystal structure without any detectable impurity phases. (b) Rietveld refinement of the PXRD pattern for ZFO. (c) Rietveld 

refinement of the PXRD pattern for MFO. (d) Rietveld refinement of the PXRD pattern for CFO. 
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Figure 3 : Crystal structures generated using VESTA after importing the Crystallographic Information File (CIF) obtained 

from Rietveld refinement with the lowest χ² value. (a) Spinel crystal structure of Zn₀.₄Fe₂.₆O₄ (ZFO), where Zn²⁺ 

preferentially occupies the tetrahedral (A) sites, exhibiting a mixed spinel structure. (b) Spinel crystal structure of 

Mn₀.₄Fe₂.₆O₄ (MFO), where Mn²⁺ preferentially occupies both (10%) tetrahedral (A) and (90%) octahedral (B) sites, 

resulting in  mixed spinel structure. (c) Spinel crystal structure of Co₀.₄Fe₂.₆O₄ (CFO), where Co²⁺ preferentially occupies the 

octahedral (B) sites, forming an inverse spinel structure. 

 

Figure 4 : TEM micrographs of (a) Zn₀.₄Fe₂.₆O₄ (ZFO), (b) Mn₀.₄Fe₂.₆O₄ (MFO), and (c) Co₀.₄Fe₂.₆O₄ (CFO) magnetic 

nanoparticles. The corresponding particle size distribution histograms derived from the TEM images are presented in (d) 

ZFO, (e) MFO, and (f) CFO. 
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3.2 Static magnetization Analysis 

The magnetic characteristics of the synthesized ferrite nanoparticles were investigated using vibrating sample magnetometry 

(VSM) at room temperature under an applied magnetic field ranging from -20 kOe to +20 kOe. The obtained MH loops for 

each sample are shown in Figure 5, which depict a ferrimagnetic nature with relatively low coercivity, indicating a soft magnetic 

nature. Among all the samples, Zn0.4Fe2.6O4 (ZFO) shows the highest saturation magnetization of 59.4 emu/g. This 

enhancement may be attributed to the preferential occupation of nonmagnetic Zn2+ ions at tetrahedral (A) sites, which forces 

Fe3+ ions to migrates towards octahedral (B) sites. Thus, the net magnetic moment between the A and B sublattices increases, 

leading to higher magnetization according to Néel’s two-sublattice model, as shown in Figure 5(b). The Co0.4Fe2.6O4 (CFO) 

sample exhibits the highest coercivity value of 94 G among all investigated samples. This behavior is usually associated with the 

single-ion anisotropy of Co²⁺ ions, resulting in enhanced spin–orbit interaction. The increased anisotropy provides resistance 

to the movement of the domain, which results in an increase in coercivity. The results show lower saturation magnetization for 

Mn0.4Fe2.6O4 (MFO), which may be related to spin canting effects and weaker superexchange interactions between tetrahedral 

and octahedral sites, as discussed in the structural section. Surface disorder and non-collinear spin arrangements in nanoscale 

particles can further reduce the net magnetic moment. The low coercivity values observed for ZFO and MFO indicate soft-

magnetic behavior, which is desirable for applications in transformer cores, magnetic fluids, and high-frequency magnetic 

devices. The experimentally observed magnetic moments are 1.9 μB, 1.5 μB, and 1.2 μB for ZFO, CFO, and MFO, respectively, 

as shown in Table 2, and follow the same trends as saturation and confirm the cation redistribution effect. The effective 

anisotropy constant (Keff) was estimated using the magnetic parameter obtained from the hysteresis loop using the relation (Hc 

= 2Keff/µ0ms). Among all investigated samples, CFO exhibits the highest anisotropy constant, primarily attributed to the strong 

spin-orbit coupling. The comparatively lower anisotropy constant observed for MFO may be associated with increased surface 

spin disorder and spin-canting effects at the nanoscale. The squareness ratio (𝑀𝑟/𝑀𝑠) was found to be 0.049, 0.085, and 0.048 

for ZFO, CFO, and MFO, respectively. The low squareness ratios indicate soft-magnetic behavior and higher surface spin 

disorder and thermal fluctuations. The highest observed squareness of CFO, is consistent with its enhanced coercivity and 

effective anisotropy arising from the strong spin–orbit coupling of Co²⁺ ions. The experimental observed values are 

considerably lower than the theoretical Stoner–Wohlfarth limit of 0.5, indicating non-ideal magnetic ordering and possible spin 

canting effects in the nanoparticles38. The experimental magnetic moments are observed at lower values compared to the 

theoretical ones, which can be attributed to two reasons: one, a change in the spin structure from collinear to non-collinear, 

and two, the surface spin-canting effect, which predominates at the nanoscale. These results demonstrate that magnetic 

properties can be effectively tailored through selective cation substitution, making the synthesized ferrites promising candidates 

for soft magnetic, ferrofluid, and high-frequency magnetic applications.  

Table 2: Magnetic parameters obtained from VSM measurement 

Sample Coercivity 

(Hc) 

(Oe) 

ms 

(emu/g) 

Magnetic 

moment 

(𝜇𝐵) 

Effective 

anisotropy(Keff) 

(Kerg/cm3) 

Squareness 

ratio 

(mr/ms 

Yafet kittel angle (°) 

ZFO 26±2 59±2 1.9 4.2±0.2 0.05(2) 59(1) 

MFO 23±2 40±2 1.5 2.5±0.2 0.05(2) 49(1) 

CFO 94±3 46±2 1.2 11.9±0.3 0.009(2) 41(1) 
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Figure 5 (a) Magnetization (𝑀) versus applied magnetic field (𝐻) curves of Zn₀.₄Fe₂.₆O₄ (ZFO), Mn₀.₄Fe₂.₆O₄ (MFO), and 

Co₀.₄Fe₂.₆O₄ (CFO) magnetic nanoparticles measured at room temperature. (b–g) Schematic illustrations of the evolution of 

collinear and non-collinear spin configurations induced by cation substitution, highlighting the redistribution of cations 

between tetrahedral (A) and octahedral (B) sites, modification of A–B superexchange interactions, and the emergence of 

Yafet–Kittel-type spin canting. 

3.3 Rheology of Ferrofluids 

Rheological behaviour 

The flow characteristics of the synthesized ZFO, MFO, and CFO ferrofluids was explored under a static magnetic field of 0.5 

T (~2A) using  parallel plate magnetorheometer. The steady state visocosity was measured over a significant shear rate variation 

of (1-1000 s-1) to understand the effect of cation substitution on  shear-induced microstructural transformation and flow 

behaviour at static field. Figure 6(a) represents the experimental observed  rheogram data for all the three different compostions. 

The data were further analysed with well established theoretical models (Power-law, Cross model, and Carreau models) to 

obtain insight about  low shear micorstructure, strctural breakdown at moderate shear rate and further relaxation behaviour of 

ferrofluid.  

The Power-law model8 was first employed to characterize the shear-dependent flow behaviour, which is expressed as 

𝜂 = 𝐾𝛾̇𝑛−1                                                                                                  
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where 𝜂  is the apparent viscosity , (K) is the consistency coefficient, (𝛾̇) is the shear rate, and (n) is the flow behaviour index. 

The index behaviour n determines the fluid behaviour, for n = 1, represents Newtonian whereas n ≠ 1 represents as non-

Newtonian with  (n<1) indicates shear-thinning and (n>1) represents shear-thickening behaviour. Figure 6(b) shows that 

experimental data unviel excellent agreement with the Power-law description, with coefficients of determination in the range 

(R2=0.95-0.99)39. The negative values of the exponent obtained from the viscosity representation confirm pronounced shear-

thinning behaviour for all three ferrofluids. Thus, the apparent viscosity decreases continuously with increasing shear rate. The 

obtained pseudoplastic behaviour is primarily due to field induced alignment of magnetic nanoparticles as presented in Figure 

7. It is observed that at very low shear rates, the apparent viscosity is large (>100mPa s) which is due to dominance of  dipole-

dipole interaction (formations of chain like aggregiagtes  under applied external magnetic field) and brownian motion. As the 

shear rate increases beyond the crtical value, dipolar interactions and brownian effect start weakening and thus result there is 

misalignment or breaking  of chain like structure. The hydrodynamic forces acting on the fluid particles now increases and start 

dominating with increasing shear rate Finally the magnetic particles aligned with the flow at very high shear rate (>100-200 s-1) 

and the viscosity apparently to be very small (2-3mPa s). The rheological response therefore reflects the competition between 

magnetic interactions, Brownian motion, and hydrodynamic forces. 

 The  CFO exhibits strong shear-dependent response whereas MFO observes weakest departure to Newtonian behaviour. The 

distinction is assciated with variation in the cationic substituion  of the differently composed magnetic nanoparticle based 

ferrofluid. The CFO exhibist highest magnetocrystalline anisotropy of supports stronger dipolar interactions and provides 

smooth transient particle network. The CFO ferrofluid display high resistance at low shear rates and more significant 

microstrcutural breaks when applied shear rate is increased. Whereas, the MFO has comparatevly weaker magnetic coupling 

results in a less strongly interconnected transient structure and comparatively weaker shear-dependent viscosity reduction rate. 

To understand further  the  complete description of the viscosity behaviour over the entire range of shear-rate, the experimental 

data is  fitted using the Cross model 40and is presented in Figure 6(c). 

𝜂 =  𝜂∞ +
𝜂0 − 𝜂∞

1 + (𝑘𝛾̇)𝑚
 

where  𝜂∞ is the infinite-shear viscosity, 𝜂0 is the zero-shear viscosity, k is the characteristic time associated with shear induced 

particle network (chain arrangement), and m is the Cross-model shear-thinning index parameter. The fitted parameters are 

summarized in Table 3 . The infinite-shear viscosity remains within a narrow range of 1.31-1.53 mPa s with values of 1.33, 

1.31, and 1.53 mPa·s for ZFO, MFO, and CFO, respectively. The small variation in infinite shear viscosity (𝜂∞) indicates that 

at sufficiently high shear rate, the viscosity is predominatly due to hydrodynamics interaction and carrier medium (kersone) and 

field induced nanoparticle network effect is negligilbe.  

Further, the distiguishable compositional effect is observed in the zero-shear viscosity. The values follow the order 𝜂0 (CFO) 

> 𝜂0 (ZFO) > 𝜂0 (MFO), with 488, 446 and 201mPa s respectively. The ~ 2.4 time higher zero-shear viscosity of CFO is 

comparatevly MFO suggests that there is more stronger flow resistance at applied low shear rate for CFO. Further, we can 

conclude that CFO has strong field induced particle network  at low shear rate. Further, ZFO also shows a considerably higher 

𝜂0  than MFO, suggesting stronger interparticle interaction and MFO reveals to be the weakest strctural repsonse among the 

three candidates. This can be further understand by the  characteristics time parameter (k) which measure the transtion time 

from low shear viscosity (𝜂0) towards high shear viscosity (𝜂∞). The larger value of k signifies the structural breakdown start 

occurs at low shear rate whereas smaller value of k tells that structural transformation happens at large shear rate. Among 

investigated compostions, the CFO posseses larger k value which  suggests that its microstructural transformation happens 

faster due to  large and  comparatevly stronger particle network. On the other side, the small value obtained for MFO indicates 

that its microstructure response is slower due to weak particle network on  small induced shear rate. The Cross-model exponent 

(m) observed to 0.86, 0.96, and 0.91 for ZFO, MFO, and CFO, respectively with coefficient of determination  R2 is 0.99. The 

fitted parameters confirm that the viscosity reduction with shear is composition dependent and is associated with progressive 

disruption of the field-induced nanoparticle structure. 

The rheological obervations were further anlysed through Carreau model41 as shown in Figure 6 (d)  
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𝜂 =  𝜂∞ + (𝜂0 − 𝜂∞)[1 + (𝜆𝛾̇)2]
(𝑛−1)

2  

Where 𝜆 is the characteristic relaxation time and n is the Carreau flow behaviour index. The 𝜆 obtained from Carreau analysis 

gives 0.75s, 0.17s, and 0.84s for ZFO, MFO, and CFO, respectively. The larger relaxation value of CFO is attributed to strong 

magnetic coupling and large magnetocrystalline anisotropy which results require  more time to realign the particle network 

shear force is removed. In contrast MFO observed to smallest relaxation value which suggests its soft magnetic nature and thus 

results faster structural rearrangement and  produces weakly interconnected nanoparticle network. The sample ZFO is showing 

an intermediate relaxation among them. 

The Carreau flow index (n) values are 0.48, 0.52, and 0.46 for ZFO, MFO, and CFO, respectively confirming further 

sheartheaning non-Newtonian behaviour with n < 1. The obtained bahviour is consistent with power law for all three systems. 

The lower (n) value for CFO (n=0.46) exhibits the strongest shear-thinning response according to the Carreau model, closely 

followed by ZFO (n=0.48), whereas MFO (n=0.52) display the weakest shear-thinning behaviour. The difference in the index 

paramters between Power-law and Carreau fits is because of the difference in the fitiing pattern of the experiemntal data. 

Generally, the power laws  the primarily means for power law region (generally good for small shear rate), whereas the Carreau 

model pictures  transitional phase  between the low and high viscosity shear ranges. These results establish that the magnetic 

properties of the ferrite phase, particularly the magnetic anisotropy and associated dipolar interactions, play a crucial role in 

determining the macroscopic flow behaviour and structural dynamics of the ferrofluids. Therefore, controlled cation 

substitution provides an effective strategy for tailoring the viscosity, shear response, and structural relaxation characteristics of 

spinel-ferrite-based ferrofluids for applications requiring externally controllable flow properties. 

 

Figure 6 (a) Shear viscosity as a function of shear rate for ZFO, MFO, and CFO ferrofluids (linear scale X-axis with inset log 

scale with zoom view). Comparison of experimental data with fitted (log scale X-axis) curves using the (b) Power-law, (c) 

Cross, and (d) Carreau rheological models. 
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Figure 7 :  Schematic illustration of the evolution of magnetic nanoparticle microstructure under an applied magnetic field 

with increasing shear rate, showing the transition from chain-like aggregates at low shear rates to well-dispersed nanoparticles 

at very high shear rates due to the dominance of hydrodynamic forces over dipolar interactions. 

Table 3 : Fitted parameters obtained from steady state flow curve 

 

Sample 

Power law Cross model fit paramters Carreau model fit paramters 

n-1 𝜼∞ (mPa s) 𝜼𝟎 (mPa s) k (s) (m) λ(s) n 

ZFO -0.75 1.33 446 ± 10 1.44 0.86 0.75 0.48 

MFO -0.66 1.31 201± 8 0.33 0.96 0.17 0.52 

CFO -0.89 1.53 488± 10 2.00 0.91 0.84 0.46 

 

CONCLUSION  

In conclusion, Zn₀.₄Fe₂.₆O₄ (ZFO), Mn₀.₄Fe₂.₆O₄ (MFO), and Co₀.₄Fe₂.₆O₄ (CFO) spinel ferrite nanoparticles were 

successfully synthesized at an identical substitution concentration and formulated into stable kerosene-based ferrofluids. The 

structural and magnetic characterizations confirmed the formation of spinel ferrite phases, while the observed differences in 

saturation magnetization, coercivity, and magnetocrystalline anisotropy demonstrated the strong influence of the substituted 

divalent cation on the magnetic characteristics of the nanoparticles. Among the investigated compositions, ZFO exhibited the 

highest saturation magnetization, whereas CFO showed the highest coercivity and effective magnetic anisotropy, reflecting 

stronger magnetic interactions and a comparatively robust nanoparticle microstructure. 

The rheological measurements performed under an applied magnetic field of 0.18 T revealed pronounced non-Newtonian and 

shear-thinning behaviour for all three ferrofluids. The viscosity decreased progressively with increasing shear rate as the 

hydrodynamic forces progressively disrupted and reorganized the field-induced nanoparticle networks. The experimental flow 

curves were successfully described by the Power-law, Cross, and Carreau models, with all models providing satisfactory 

agreement with the experimental data. The Power-law and Carreau flow indices remained below unity, independently 

demonstrating the pseudoplastic nature of the ferrofluids. The Cross and Carreau analyses further revealed significant 

differences in the zero-shear viscosity and characteristic relaxation times among the compositions, with CFO exhibiting the 

highest zero-shear viscosity and longest characteristic relaxation time, indicating greater low-shear structural stability. 
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The comparative rheological response demonstrates that cation substitution at a fixed concentration provides an effective 

means of tailoring the flow characteristics of spinel-ferrite-based ferrofluids. The observed differences arise from the interplay 

between magnetic anisotropy, saturation magnetization, dipole–dipole interactions, Brownian motion, and hydrodynamic 

forces, which collectively determine the formation and shear-induced restructuring of transient nanoparticle networks. Thus, 

controlling the identity of the divalent cation provides a practical route for tuning the magnetic and rheological response of 

ferrofluids, with potential relevance to magnetically controlled damping, actuation, heat-transfer, microfluidic, and biomedical 

applications. 
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