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ABSTRACT

Magnetorheological shear thickening polishing (MRSTP) demonstrates significant potential for the precision processing of tita-
nium alloys. However, prior studies have primarily focused on surface roughness, while comprehensive experimental investi-
gations remain limited. Moreover, the underlying mechanisms have yet to be explored. To address these research gaps,
comprehensive MRSTP experiments are conducted on Ti-6Al-4V using a multi-pole coupling magnetic field, considering surface
roughness, polishing force, and material removal rate. The optimal parameters are determined, including a carrier fluid concen-
tration of 20 wt%, an abrasive concentration of 7.5 wt%, an abrasive size of 13 pm, a carbonyl iron particle size of 50 pm, a magnetic
flux density of 140 mT, a feed rate of 6000 mm/min, and a spindle speed of 100 r/min. After 60 min of MRSTP under these con-
ditions, the surface roughness is reduced from approximately 280 to 24 nm, achieving a mirror-like appearance. The normal and
tangential forces are measured to be 4.04 and 1.74 N, respectively, with a corresponding material removal rate of 24.3 mg/h. The
formation of enhanced particle clusters explains the underlying mechanisms for these variations. This study provides valuable
insights into tailoring MRSTP strategies for specific difficult-to-machine materials and into understanding the MRSTP
mechanism.

1 | Introduction The reduction in surface roughness led to a significant improve-
ment in fatigue strength and resulted in a smoother surface pro-
file. However, the industrial implementation of laser polishing
remains limited due to its high cost and operational complexity.
Wang et al. [6] compared shear-thickening polishing, chemical-
enhanced shear-thickening polishing, and electrolytic-enhanced
shear-thickening polishing for Ti-6Al-4V. All three approaches
achieved nanoscale surface quality (~10nm). However, they
inevitably produced a Beilby layer, and its impact on surface
integrity requires further investigation. Zhang et al. [7] investi-

Titanium alloys, particularly Ti-6Al-4V, have attracted signifi-
cant attention in advanced manufacturing and engineering
due to their outstanding corrosion resistance, thermal stability,
and excellent biocompatibility [1, 2]. With the continuous expan-
sion of their applications, the demand for superior surface quality
has steadily increased [3]. These rising performance require-
ments underscore the urgent need for advanced polishing tech-
nologies that can achieve ultra-smooth surfaces.

Extensive research exists on advanced polishing technologies for
Ti-6Al-4V. Li et al. [4] applied laser polishing to Ti-6Al-4V com-
ponents produced by selective laser melting. Optimizing param-
eters for both high- and low-power modes reduced surface
roughness from Sa 6.38 pm to Sa 1.16 pm. Lee et al. [5] applied
laser polishing to an additively manufactured Ti-6Al-4V sample.

© 2026 Wiley-VCH GmbH.

gated the electrolytic polishing of Ti-6Al-4V using a chlorine-
containing ethylene glycol-based electrolyte. An optimal chloride
concentration of 0.4mol L' reduced surface roughness by
75.04%. Deng et al. [8] applied chemical-mechanical polishing
to Ti-6Al-4V and evaluated the effects of pH and oxidant concen-
tration on the material. The optimal conditions (0.05 wt% H,0,
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and pH 4) yielded a surface roughness of Ra 1.3 nm. However,
both electrolytic and chemical-mechanical polishing involve
media that may pose environmental risks.

Currently, magnetic field-assisted polishing technologies demon-
strate significant potential for achieving superior surface quality
in titanium alloys. Parameswari et al. [9] examined the effects
of abrasive particle concentration in magnetorheological fluid
and the initial surface roughness of Ti-6Al-4V on finishing perfor-
mance. Optimization of the fluid composition enabled the achieve-
ment of a surface roughness of 95 nm. Rajput et al. [10] developed a
feature-based hybrid magnetorheological finishing planning sys-
tem to mitigate particle settling and instability in magnetorheolog-
ical fluids. Application of this method resulted in a reduction of the
average surface roughness of Ti-6Al-4V bone plates from 324.12 to
21.56 nm. Furthermore, Rajput et al. [11] investigated magneto-
rheological polishing for biomaterials fabricated by laser cladding.
The process yielded a highly polished surface, decreasing R, from
8.32 to 32.46nm, and significantly reducing the wear rate from
9.86 X 10~ mm>/min to 0.46 x 107> mm>/min. Chen et al. [12]
explored the optimal process parameters for the titanium alloy con-
duit inner using magnetic abrasive finishing. The surface rough-
ness decreased significantly from 0.33 pm to below 0.1 pm. Zhu
et al. [13] used spherical composite magnetic abrasive particles
to polish a titanium alloy fabricated by selective laser melting. A
systematic investigation of the processing parameters resulted in
a significant reduction in surface roughness, decreasing from an
initial range of 4-10 pm to approximately 100 nm. Recent advance-
ments in polishing media development have further enhanced sur-
face finishing performance. Wang et al. [14] investigated the
polishing performance of Fe;O,@SiO, core-shell magnetic abra-
sive on TC4 titanium alloy plate. A significant reduction in surface
roughness was achieved, from 0.248 to 0.023 pm. Sato et al. [15]
developed a high-magnetization magnetorheological finishing
media capable of producing ultra-smooth surfaces on aerospace
components. After finishing, both planar and freeform surfaces
of the Ti-6Al-4V exhibited a mirror-like appearance, indicating
excellent surface quality. Rajput et al. [16] proposed a hybrid
electrochemical-magnetorheological polishing technique designed
to shorten polishing time and enhance the corrosion resistance
of Ti-6Al-4V. Under equivalent polishing durations, the hybrid
electrochemical-magnetorheological polishing process achieved a
96.4% reduction in surface roughness, compared with only 49.6%
for the conventional magnetorheological finishing. The hybrid
method reduced the surface roughness of Ti-6Al-4V from 326 to
21.3 nm, while also forming a thick and stable passivation layer.
Tien et al. [17] introduced an eco-friendly hybrid chemical magne-
torheological fluid, combined with a Halbach array magnetic field,
to polish Ti-6Al-4V. Experimental results showed that the optimal
oxidant concentration and pH value were 1.5% and 4, respectively.
Optimized polishing parameters successfully produced a mirror-
like surface finish.

The studies discussed above have primarily contributed valuable
insights by exploring and improving polishing media to enhance
surface polishing quality. Currently, shear thickening fluids
demonstrate significant application potential in the field of ultra-
precision machining [18-20]. To combine the advantages of
shear thickening fluids and magnetorheological fluids, Tian
et al. [21] proposed the magnetorheological shear thickening pol-
ishing (MRSTP) method by developing a novel polishing media.
This media exhibited dual stimulus responses-shear thickening

and magnetization enhancement-which were distinct from the
shear thinning behavior of traditional magnetorheological finish-
ing media [22, 23]. A series of polishing experiments on titanium
alloy specimens evaluated the technology’s performance. Fan
et al. [24] polished the planar surface of Ti-6Al-4V using a silicon
carbide-based MRSTP media. Surface roughness was reduced sig-
nificantly from 1.17 pm to a final value of 54 nm. Ma et al. [25]
used a cubic boron nitride-enhanced MRSTP media for cylindri-
cal titanium alloy, achieving a reduction in surface roughness
from 337.6 to 79 nm. Tian et al. [26] developed an MRSTP
bowl-shaped polishing tool. Using cubic boron nitride-based
media significantly reduced the surface roughness of the cylin-
drical titanium alloy from 225 to 42 nm.

Previous studies have primarily concentrated on parameter optimi-
zation from the perspective of surface roughness. However, polish-
ing force and material removal rate are also important indicators
for evaluating polishing performance. Sidpara et al. [27] investi-
gated the normal and tangential forces in the magnetorheological
finishing process. The working gap and magnetic particle concen-
tration were the key parameters influencing polishing force, under-
scoring the critical role of magnetic field dynamics in determining
polishing performance. Ganguly et al. [28] separated the polishing
force from other magnetic effects and explored the influence of
processing parameters on the polishing force. They found that
as the magnetic particle size and working gap increased, both nor-
mal and tangential forces decreased, while the feed rate had a rela-
tively minor effect on the tangential force. Kala et al. [29] compared
the polishing force characteristics of single-pole and vertically
aligned dual-pole magnetic excitation configurations using mag-
netic abrasive finishing force signals. The dual-pole setup generated
a superior normal force, outperforming the single-pole configura-
tion. Liang et al. [30] investigated the planar polishing force
characteristics in magnetorheological finishing under a dynamic
magnetic field. The polishing force under dynamic conditions was
superior to that under a static field. Huang et al. [31] studied the
shear force in magnetorheological finishing under a dynamic mag-
netic field with constant load and variable working gap. Higher
constant loads and rotational speeds reduced the working gap
and increased the polishing shear force. Although magnetic flux
density affected the working gap, its influence on shear force could
be neglected.

The material removal rate directly reflects polishing efficiency.
Chen et al. [32] used the volume of material removed per unit time
to characterize the finishing efficiency of magnetic abrasive finish-
ing on Ti-6Al-4V alloy knee prosthesis. A speed of 1200 r/min
resulted in the highest material removal rate. Chen et al. [33] char-
acterized the efficiency of shear-thinning magnetorheological pol-
ishing by the material removal depth per unit time. The results
showed that this efficiency was most significantly affected by
the working gap. Misra et al. [34] evaluated the processing effi-
ciency of ultrasonic-assisted magnetic abrasive finishing based
on the amount of material removed per unit time. They found that
the material removal rate increased with decreasing working gap
and increasing supply voltage. Similarly, Tien et al. [35] applied this
method to evaluate the finishing efficiency of magnetorheological
finishing on Ti-6Al-4V using enhanced Halbach excitation.

Currently, research on MRSTP has primarily focused on improv-
ing the surface quality of Ti-6Al-4V from the perspective of sur-
face roughness. Studies on polishing force and material removal
rate have remained confined to theoretical modeling, and the
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influence of polishing force on material removal rate remains rel-
atively unexplored [36, 37]. These studies mainly examined the
effects of polishing media velocity and magnetic field strength.
Additionally, the analysis assumed that surface roughness, pol-
ishing force, and material removal rate were independent, and it
did not explore the relationships between them. Overall, system-
atic studies on the wider impacts of MRSTP on titanium alloys
are scarce, and the underlying mechanisms responsible for the
experimental observations have not yet been elucidated. To clar-
ify the force-MRR-roughness relationship of MRSTP under dual-
stimulus responses of magnetization enhancement and shear
thickening, and to refine experimental verification and interpre-
tation within the framework of magnetohydrodynamic and par-
ticle cluster interaction mechanisms. This study explores the
effects of MRSTP media composition and process parameters
on surface roughness, polishing force, and material removal rate
under a multi-pole coupling magnetic field. The study also
revealed the fundamental structural evolution of the MRSTP
media composition. This work offers valuable guidance for opti-
mizing the polishing parameters of Ti-6Al-4V and understanding
the MRSTP mechanism.

2 | MRSTP Principle

The MRSTP method uses a novel polishing media that responds to
both magnetic fields and shear rate. This response forms enhanced
particle clusters, which improve surface quality. The polishing
media is composed of carbonyl iron particles (CIPs), cubic boron
nitride particles (CBNs), fumed silica (SiO,), and polyethylene

Magnetic pole

glycol (PEG 200). Among these components, SiO, and PEG 200
serve as the carrier fluid to provide a shear thickening response,
while CIPs contribute to the magnetization enhancement response.
Ref. [23] details the supplier information for the polishing media
and characterizes its rheological properties under typical operating
conditions. The polishing mechanism is shown in Figure 1.
Initially, CIPs align along the magnetic lines to form particle clus-
ters under the applied magnetic field. The introduction of relative
motion induces the aggregation of SiO, and PEG 200, leading to the
formation of large agglomerates and micro-convex peaks. This pro-
cess allows the CBNs to be tightly encapsulated by the agglomer-
ates, resulting in the formation of the enhanced particle clusters.
These controlled CBNs within these clusters are pressed into the
micro-convex peaks and, assisted by shear action, effectively
remove the micro-convex peaks in the form of microchips.
Multiple reciprocating cycles gradually smooth the micro-convex
peaks to achieve the desired surface quality.

3 | Experimental Details
3.1 | Experimental Setup

The experimental setup was configured on the VKN640 machin-
ing center, as depicted in Figure 2. A multi-pole coupling mag-
netic field polishing tool was attached to the spindle. The
magnetic field characteristics of the polishing tool were described
in reference [36]. The workpiece was secured to the force plate
of the dynamometer using a fixture. The dynamometer was mou-
nted on a vacuum chuck secured to the worktable. The vertical
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movement of the spindle serves as a control mechanism for the
magnetic flux density. Meanwhile, the spindle rotation and feed
motion of the worktable drove the rotation of the polishing tool
and the linear feed of the workpiece, respectively.

3.2 | Experimental Design

Single-factor experiments were performed to systematically eval-
uate the effects of key variables on surface roughness, polishing
force, and material removal rate. Table 1 summarizes the corre-
sponding experimental parameters. A titanium alloy workpiece,
measuring 50 mm in length, 20 mm in width, and 2 mm in thick-
ness, was used. Preliminary experiments showed that the surface
roughness stabilized after approximately 60 min of polishing,
indicating that material removal approached saturation. Thus,
the polishing time was set to 60 min, with surface roughness
recorded every 10 min for each parameter setting. Upon comple-
tion of polishing, data for polishing force and material removal
rate were acquired. Each experiment was repeatedly performed
three times, and the average value was the final result. The exper-
imental error was quantified using the standard deviation of the
three measurements. In cases of significant deviation, the exper-
iment was repeated to ensure the accuracy and reproducibility of
the results. The error bars in Figures 3-9 and 11 represent the
standard deviation based on the three tests.

4 | Results

4.1 | Influence of Carrier Fluid Concentration

Figure 3 depicts the time-dependent variations in surface rough-
ness, polishing force, and material removal rate as functions of car-
rier fluid concentration. The results showed that higher carrier fluid
concentration led to lower surface roughness but higher polishing
force and material removal rate. This phenomenon can be attrib-
uted to the enhanced rheological properties of the MRSTP media at
higher carrier fluid concentrations, leading to increased viscosity
and shear stress [38]. The improved clustering effect within the
media promoted the formation of more stable, robust particle clus-
ters, which in turn strengthened the control over abrasion.

4.2 | Influence of Abrasive Concentration

Figure 4 presents surface roughness, polishing force, and mate-
rial removal rate at different abrasive concentrations. These

TABLE 1 | Experiment parameters.

Factor Level

Carrier fluid concentration (wt%) 10 15 20

Abrasive concentration (wt%) 3.5 5 7.5

Abrasive particle size (pm) 1.2 3.8 13

Carbonyl iron particle size (pm) 6.5 18 50

Magnetic flux density (mT) 70 100 140
Feed rate (mm/min) 2000 4000 6000
Spindle speed (r/min) 50 100 150
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FIGURE 3 | Carrier fluid concentration on various performance

parameters. (a) Surface roughness; (b) polishing force; (c) material
removal rate.

indicators exhibited no significant variation as the abrasive con-
centration increased. This effect was primarily attributed to the
relatively small variation in abrasive concentration, which con-
sequently had a limited impact on the rheological properties of
the MRSTP media. Nevertheless, it caused a moderate increase in
the number of active abrasive particles, which slightly reduced
the surface roughness while increasing the polishing force and
material removal rate.
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parameters. (a) Surface roughness; (b) polishing force; (c) material
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4.3 | Influence of Abrasive Particle Size

Figure 5 illustrates the variation in surface roughness, polishing
force, and material removal rate with different abrasive particle
sizes. As the abrasive particle size increased, these performance
indicators showed no significant changes. This effect mainly
occurs because the viscosity of the polishing media changes
slightly with different abrasive particle sizes. However, the
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FIGURE 5 | Abrasive particle size on various performance par-

ameters. (a) Surface roughness; (b) polishing force; (c) material rem-
oval rate.

formation range of the enhanced particle clusters expanded to
some extent, increasing the content of both dispersed phase
and dispersing media. This expansion slightly intensified the
clustering effect. Consequently, the stability and strength of
the enhanced particle clusters improved moderately, thereby
enhancing their capability to control the abrasive particles more
effectively.
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4.4 | Influence of Carbonyl Iron Particle Size

Figure 6 demonstrates the significant influence of CIP size on
surface roughness, polishing force, and material removal rate,
with 50 pm identified as the optimal particle diameter. As the
CIP size increased, magnetic dipole interactions between CIPs
became stronger, promoting the formation of denser and more
stable bundle-like structures of carbonyl iron particles. The
intensified magnetic enhancement facilitated the generation of
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FIGURE 7 | Magnetic flux density on various performance parame-

ters. (a) Surface roughness; (b) polishing force; (c) material removal rate.

the enhanced particle clusters with greater strength, thereby
improving control over abrasive particles.

4.5 | Influence of Magnetic Flux Density

Figure 7 illustrates the variations in surface roughness, polishing
force, and material removal rate as the magnetic flux density
increases. As the magnetic flux density increased, surface roughness
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decreased, while polishing force and material removal rate
increased. The applied magnetic field imposed a strong directional
constraint on the CIPs, promoting the formation of interconnected
chain- or bundle-like structures with greater density and stability,
thereby significantly reinforcing the enhanced particle clusters.

4.6 | Influence of Feed Rate

Figure 8 presents the time-dependent variations in surface
roughness, polishing force, and material removal rate as a
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FIGURE 9 | Spindle speed on various performance parameters.

(a) Surface roughness; (b) polishing force; (c) material removal rate.

function of feed rate. As the feed rate increased, surface rough-
ness exhibited a decreasing trend, whereas both the polishing
force and material removal rate increased accordingly. The pol-
ishing media experienced a higher shear rate during the MRSTP
process, leading to partial disruption or breakage of the chain
structures formed by CIP. Nevertheless, the clustering effect
between the dispersed phase and the dispersing media was strong
enough to preserve the stability and strength of the reinforced
particle clusters. Additionally, the increased particle clusters pos-
sessed higher kinetic energy. When the encapsulated abrasive
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particles came into contact with microscopic surface asperities,
their kinetic energy was converted into impact force, effectively
removing those asperities. Higher feed rates also intensified the
frequency of mechanical interactions (collisions, extrusion, and
cutting) between abrasives and the workpiece surface. Overall,
both the polishing force and material removal efficiency showed
improvement.

4.7 | Influence of Spindle Speed

Figure 9 illustrates the effect of feed rate on surface roughness, pol-
ishing force, and material removal rate at increasing spindle speeds.
These conditions resulted in a marginal enhancement of surface
quality. The refinement of abrasive trajectories contributed to this
improvement by reducing surface roughness and increasing polish-
ing uniformity. In contrast, the material removal rate and polishing
force steadily declined. The increased spindle speed slightly ele-
vated the movement velocity of the polishing media, resulting
in a moderate rise in its kinetic energy. The resultant higher dilu-
tion of the polishing media weakened its viscous forces. This thin-
ning effect became dominant. Under the combined influence of
these factors, the polishing pressure relatively decreased. The
reduction in both normal and tangential force components lowered
the penetration depth of individual active abrasive particles,
thereby weakening their material removal capability. Although
the higher spindle speed increased the frequency of interactions
between abrasive particles and surface asperities, this was insuffi-
cient to compensate for the negative effects caused by the reduced
normal and tangential forces. As a result, the overall material
removal rate decreased. An optimal spindle speed of 100 r/min
was determined, providing the best balance between surface qual-
ity and processing efficiency. The process yielded a surface rough-
ness of 24 nm, with a normal force of 4.04 N, a tangential force of
1.74 N, and a material removal rate of 24.3 mg/h.

4.8 | Surface Morphology

The MRSTP process, under its optimal parameters, produced a sig-
nificant transformation of the surface morphology, evident in the
comparative analysis presented in Figure 10. The initial surface
exhibited scratches of various sizes, along with numerous dense
and relatively large microscopic peaks. The overall surface quality
was relatively rough and lacked mirror-like reflectivity. The MRSTP
process successfully eliminated the majority of initial scratches and
prominent surface peaks, resulting in a surface with only slight
abrasive marks and minor residual impressions. The surface quality
was significantly enhanced, exhibiting a mirror-like appearance.

4.9 | Surface Residual Stress

Figure 11 shows the surface residual stress of the workpiece
before and after MRSTP. The residual stress changed from an
initial tensile stress of 11.8 MPa to a compressive stress of
—54.1 MPa. During MRSTP, enhanced particle clusters drive this
transition through their action, which includes compression, col-
lision, and impact between the abrasives and the workpiece.
These interactions promote plastic deformation, dislocation mul-
tiplication, and strain hardening, thereby generating a compres-
sive stress layer. The removal of the shallow, machined-induced
tensile stress layer exposes a subsurface region dominated by
compressive stress. As MRSTP is a low-temperature finishing
process and Ti-6Al-4V does not undergo significant martensitic
transformation at room temperature, the observed shift in resid-
ual stress is attributed primarily to mechanical effects rather than
to thermal stresses or phase transformations. The introduction of
compressive residual stress plays a critical role in suppressing
crack initiation and propagation, improving fatigue and wear
resistance, and ultimately extending the service life of the
component.
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FIGURE 10 | Surface morphologies before and after polishing.
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5 | Discussion

The above experiments indicated that base fluid concentration, car-
bonyl iron particle size, magnetic flux density, and feed rate had a
significant influence on surface roughness, polishing force, and
material removal rate. In contrast, abrasive concentration, abrasive
particle size, and spindle speed exhibited a weaker effect on these
performance metrics. The microscopic evolution of the MRSTP
media components was difficult to observe through experiments
[21, 39]. Consequently, the evolutionary characteristics of the
enhanced particle clusters were derived from an analysis of rheo-
logical behavior, experimental data, and magnetohydrodynamic
principles.

During the MRSTP process, the polishing media demonstrated
dual stimulus responsiveness, exhibiting both shear-thickening
and magnetorheological (or magnetic) enhancement behaviors.
The enhanced particle clusters formed due to a combination of

CIp Magnetic llllC CBN gi()')

the magnetic field, which aligned the CIPs into chain-like struc-
tures (Figure 12a), and the clustering interaction between PEG
200 and SiO, (Figure 12b). These effects primarily result from
the dominance of either shear thickening or magnetization
enhancement [23].

Increasing carbonyl iron particle size and magnetic flux density
predominantly strengthened the enhanced particle clusters thro-
ugh magnetization enhancement. To facilitate a clearer under-
standing, we introduce the formula for the magnetic moment of
a uniformly magnetized sphere. Based on Equation (1) [40], the
magnetic dipole moment of CIPs was directly proportional to
the magnetic flux density and the cube of its radius. With increas-
ing CIPs size and magnetic flux density, these chain-like structures
tended to aggregate, resulting in thicker and more stable forma-
tions [41]. This structural evolution increased the hindrance to
SiO, aggregation, thereby weakening the shear thickening behav-
ior [42]. The strengthened enhanced particle clusters shown in
Figure 12c,d exhibit a greater ability to regulate abrasive particles
compared to those in Figure 12b. This improvement facilitated
more effective removal of microscopic surface asperities.

m= _—nr; y 1)

where m is magnetic dipole, B is the strengthen of magnetic flux
density, po is vacuum permeability, ryis radius of CIP and y is the
magnetic permeability of CIP.

The shear thickening effect further contributed to the strength of the
enhanced particle clusters. The effect reflected the degree of integra-
tion between SiO, and PEG 200. According to the rheological analy-
sis, the structural composition of the MRSTP media under a magnetic
field conformed to a body-centered cubic arrangement [23, 43]. As

PEG 200
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FIGURE 12 |

Structural evolution characteristics of the enhanced particle clusters under various parameters. (a) Apply a magnetic field; (b) shear

rate; (c) increased carbonyl iron particles size; (d) increased magnetic flux density; (e) increased carrier fluid concentration; (f) increased feed rate;
(g) increased spindle speed; (h) increased abrasive particle size; (i) increased abrasive concentration.
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the carrier fluid concentration increased, the likelihood of interaction
between SiO, and PEG 200 rose, thereby amplifying the clustering
effect within the MRSTP media, as shown in Figure 12e [38].
With an increase in feed rate, short-range hydrodynamic lubrication
force facilitated the secondary aggregation of SiO, clusters, result-
ing in the formation of a more stable enhanced particle cluster
(Figure 12f). During this phase, the magnetohydrodynamic pressure
acting on the directionally enhanced particle clusters intensified. In
contrast, although a higher spindle speed slightly elevated the move-
ment velocity of the polishing media, the reduction in viscous force
became the dominant factor. Consequently, the corresponding
enhanced particle clusters weakened (Figure 12g). Nevertheless,
the increased spindle speed contributed to the refinement of abrasive
motion trajectories, which improved surface quality to a certain
extent. An increase in abrasive particle size enlarged the particle
dimensions, creating more residual space within the enhanced parti-
cle clusters. This confined space accommodated more SiO, and PEG
200, but not enough to significantly affect the rheological properties
[23]. Therefore, this behavior slightly enhanced the clustering effect,
as shown in Figure 12h. Increasing the abrasive concentration caused
a slight reduction in the relative proportion of the carrier fluid.
However, due to the limited range of this increase, its impact on
the clustering effect remained negligible. The number of active abra-
sive particles involved in the enhanced particle cluster increased, as
shown in Figure 12i.

6 | Conclusions

The work conducted comprehensive MRSTP experiments on
Ti-6Al-4V using a multi-pole coupling magnetic field, focusing
on the surface roughness, polishing force, and material removal
rate. The analysis was extended to characterize the structural
evolution of the polishing media under various parameters.
The main conclusions were as follows:

(1) Single-factor experiments revealed that base fluid concen-
tration, CIP size, magnetic flux density, and feed rate had a
significant influence on surface roughness, polishing force,
and material removal rate. Additionally, a moderate
increase in spindle speed was beneficial for achieving a
high-quality surface.

(2) The optimal surface roughness was significantly reduced
from approximately 280 to 24 nm, effectively eliminating
the original surface scratches. The corresponding normal
and tangential forces were 4.04 N and 1.74 N, respectively,
and the material removal rate reached 24.3 mg/h.

(3) The improvement in surface quality was attributed to the
influence of polishing media components and processing
parameters on shear thickening and magnetization
enhancement, thereby altering the degree of formation
of the enhanced particle clusters.
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