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Abstract: This study aimed to enhance the friction performance and controllable range of magnetorhe-
ological devices by investigating the impact of different materials on the tribological properties within
a magnetorheological fluid (MRF) under the influence of a magnetic field. A novel friction-combined
structure was proposed, consisting of a ferromagnetic metal base and a metal surface shell fabri-
cated using 3D printing technology. The design offered several advantages: the ferromagnetic base
significantly improved the magnetic field control range, the 3D-printed surface shell allowed easy
replacement with different materials and textures, and it reduced both development and application
costs. In this experimental study, composite samples consisting of metal 3D-printed surfaces and
substrates made of different materials were used to evaluate the friction and wear characteristics of
the MRF under different magnetic field conditions. Computer numerical control (CNC)-machined
surfaces were also included for comparison. The results showed that the ferromagnetic matrix
affected the magnetic field size and distribution of the energized coil, resulting in an increase in the
friction coefficient, but also an increase in wear. Furthermore, the combination of 3D-printed surfaces
with ferromagnetic substrates had a more pronounced effect on the friction coefficient compared to
CNC-machined surfaces. Based on these findings, this research concluded that 3D-printed surfaces
outperform CNC-machined surfaces in this specific environment. In addition, the proposed design,
which combined ferromagnetic bases with 3D-printed surfaces, shows potential for improving the
friction performance of friction components. The increase rate of friction coefficient from 0.1459 at no
current to 0.2089 at 2.5A was 43.18%. This offers a novel application of 3D printing technology in
magnetorheological devices.

Keywords: ferromagnetic metal; magnetorheological fluid; 3D printing; surface shell; wear

1. Introduction

Ferromagnetic materials are magnetized into magnetic conductors by the action of
an external magnetic field [1]. The magnetic conductors are magnetic and if they have
enough magnetism, they will change the distribution of magnetic field strength under
a magnetic field [2]. Magnetorheological fluids (MRFs) are intelligent materials with
controllable rheological behavior [3] and are widely used in many fields [4]. For example,
magnetorheological fluids are used to control stability [5] and lubricity [6]. The suspended
particles in the MRF are ferromagnetic materials. In the magnetic field, these ferromagnetic
particles are arranged along the lines of magnetic force under the influence of the magnetic
force, thereby affecting the viscosity and shear force of the magnetorheological fluid,
causing the magnetorheological effect [7].

The magnetorheological effect means that the magnetorheological fluid exhibits differ-
ent viscosities and fluidity under different magnetic field strengths [8], and even solid-like
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properties if the magnetic field is strong enough [9]. MRFs to be widely used in various
applications such as dampers [10], clutch systems [11], and sealing systems [12]. The wear
parts in the existing research on friction and wear of magnetorheological fluids are all
integrated structures, which are typically CNC-machined [13,14].

Metal 3D printing employs a unique rapid cooling process that results in the produc-
tion of fine grains. This approach offers significant advantages over traditional manufac-
turing methods, enabling the establishment of a comprehensive control mechanism for
integrated additive manufacturing that encompasses material, process, microstructure,
and performance [15]. However, the inherent defects, residual stresses, and microstruc-
tural properties associated with additive manufacturing can have a significant impact on
structural components, particularly those sensitive to fracture and fatigue properties [16].
Performance characteristics such as fatigue crack growth rate, fracture toughness, and fa-
tigue strength must be considered along with techniques to improve the damage tolerance
of alloys [17,18].

During the 3D printing process, the rapid solidification of the melt induces a mi-
crostructure like that achieved with rapid quenching techniques. This microstructure is
characterized by fine, metastable constituent phases with enhanced solid solubility. The
printed layers are repeatedly heated and cooled, resulting in complex thermal cycles that
predominantly lead to the formation of columnar grains and the presence of residual
stresses [19]. These unique microstructural features, spanning multiple length scales from
nanometers to millimeters, distinguish the mechanical properties of 3D-printed metal
materials from those of conventionally manufactured counterparts [20].

In contrast to the low cooling rate and formation of secondary dendrites in conven-
tional casting processes, the selective laser melting (SLM) process has an extremely high
cooling rate (>106 K/s) [21], which prevents the formation of secondary dendrites and re-
sults in a cellular morphology [22]. As a result, the mechanical properties of the aluminum
alloy (AlSi10Mg) printed by the SLM process show significant improvements compared to
those processed conventionally [23,24]. However, the layer-by-layer deposition of metal
powder and subsequent laser sintering in the SLM process can lead to spheroidization
and the presence of tiny holes in the printed product. Surprisingly, these defects can
be advantageous in certain studies. Spheroidization and tiny holes reduce the frictional
contact area between the component surface and the test ball during friction tests, like the
metal hand-scraping technique [25] that incorporates dimples to reduce the coefficient of
friction [26].

This study represents the first application of metal 3D printing to wear parts exposed
to magnetorheological fluid. However, since 3D-printed materials are not inherently
ferromagnetic, a set of experiments with different material substrates and processing
surfaces was designed to perform friction and wear tests. After bonding the 3D-printed
metal surface sheet to the metal substrate of the two materials, the friction and wear of the
surface sheet was evaluated in the presence of magnetorheological fluid using constant
current excitation of the coil. A control group consisting of a CNC-machined aluminum
alloy surface was evaluated under identical conditions. By comparing the data from
the two sets, the influence of the 3D printing processing method on the experiment was
determined. In addition, the effect of the ferromagnetic metal substrate on the magnitude
and distribution of the magnetic field intensity generated by the coil was simulated using
ANSYS. The relationship between magnetic field, friction, and wear was investigated to
demonstrate the feasibility of the combined design. Ultimately, it was concluded that under
the same electromagnetic coil current conditions, the combined sample of ferromagnetic
metal substrate and 3D-printed surface exhibited a significant improvement in friction
performance while effectively resisting deformation of the worn part.
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2. Preparation
2.1. Magnetorheological Fluid

The MRF required for the experiment had to have the following characteristics: large
dynamic yield strength difference, which ensures that the MRF can influence the friction
effect under different magnetic field conditions; temperature resistance, which prevents the
heat generated by friction and wear from affecting the experimental results; easy redisper-
sion, the ability to flow back quickly after a pin passes through it; and non-corrosive [27,28].
MRF-132DG has properties such as fast response time, dynamic yield strength, temperature
resistance, stiff settling resistance, non-abrasive [29], etc. Thus, MRF-132DG can meet the
requirements of this research. The specific information is shown in Table 1.

Table 1. Data for MRF-132DG.

Item Unit Content

Viscosity Pa-s 0.112 ± 0.02
Density g/cm3 2.95–3.15

Solids Content by Weight % 80.98
Flash Point ◦C >150

Operating Temperature ◦C −40~130

2.2. Sample Preparation

Selective laser melting (SLM), a metal 3D printing technique, was used to fabricate
cylindrical noodles of aluminum alloy material (AlSi10Mg) with a diameter of 30 mm
and a thickness of 2 mm. To evaluate the effect of metal 3D printing on metal friction, an
experiment was conducted using CNC-machined surface plates as a control group under
identical conditions. In the experiment, a cylindrical substrate with a diameter of 30mm
and a thickness of 10mm was created using both steel (ferromagnetic metal) and aluminum
alloy (non-ferromagnetic metal). The surface plate and substrate were then fused into a
single unit. Figure 1 shows the resulting samples: (a) a sample with an aluminum alloy
surface and an aluminum alloy substrate, and (b) a sample with an aluminum alloy surface
and a steel base, (c) and (d) the combination of inspection patterns for the CNC-machined
surface. The metal performance of 3D-printed parts of aluminum alloy was better than that
of traditional casting parts, as shown in Table 2.
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Figure 1. Samples in different combinations. (a) 3D-printed surface + aluminum alloy base; (b) 3D-
printed surface + Steel base; (c) CNC-machined surface + aluminum alloy base; (d) CNC-machined
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Table 2. Comparison of metal properties of 3D-printed parts of aluminum alloy and traditional
casting parts.

Item 3D-Printed Traditional Casting

Tensile Strength (Mpa) 400~460 220~300
Yield Strength (Mpa) 240~300 140~200

Elongation (%) 2~4 1~3
Hardness (HBW) 120~160 70~100

3. Experiment
3.1. Friction and Wear Test

The friction and wear test of the sample combination using magnetorheological fluid
(MRF) as a lubricant in the electromagnetic coil is shown in Figure 2a. To mitigate the
effect of metal parts within the wear test system on the energized coil, Figure 2b shows the
schematic of the actual component assembly. In this setup, all metal parts within the coil
were replaced with high strength Polylactic acid (PLA) 3D-printed parts. The hardness and
young’s modulus of the PLA material were sufficient to withstand the 100N load applied
during the friction and wear test without deformation or breakage.

Lubricants 2023, 11, x FOR PEER REVIEW 4 of 21 
 

 

Figure 1. Samples in different combinations. (a) 3D-printed surface + aluminum alloy base; (b) 3D-
printed surface + Steel base; (c) CNC-machined surface + aluminum alloy base; (d) CNC-machined 
surface + Steel base. 

Table 2. Comparison of metal properties of 3D-printed parts of aluminum alloy and traditional cast-
ing parts. 

Item 3D-Printed Traditional Casting 
Tensile Strength (Mpa) 400~460 220~300 
Yield Strength (Mpa) 240~300 140~200 

Elongation (%) 2~4 1~3 
Hardness (HBW) 120~160 70~100 

3. Experiment 
3.1. Friction and Wear Test 

The friction and wear test of the sample combination using magnetorheological fluid 
(MRF) as a lubricant in the electromagnetic coil is shown in Figure 2a. To mitigate the 
effect of metal parts within the wear test system on the energized coil, Figure 2b shows 
the schematic of the actual component assembly. In this setup, all metal parts within the 
coil were replaced with high strength Polylactic acid (PLA) 3D-printed parts. The hardness 
and young’s modulus of the PLA material were sufficient to withstand the 100N load ap-
plied during the friction and wear test without deformation or breakage. 

 
Figure 2. (a) Design drawing of wear test parts; (b) physical objects of wear test part. 

The samples were subjected to a friction and wear test with MRF as a lubricant using 
a wear test system. As shown in Table 3, the abrasion test was carried out for 3600 s at a 
frequency of 50 rpm and a load of 100 N on a contact point with a radius of 11.5 mm, and 
the data on the change in coefficient of friction with time during the abrasion test were 

Figure 2. (a) Design drawing of wear test parts; (b) physical objects of wear test part.

The samples were subjected to a friction and wear test with MRF as a lubricant using
a wear test system. As shown in Table 3, the abrasion test was carried out for 3600 s at a
frequency of 50 rpm and a load of 100 N on a contact point with a radius of 11.5 mm, and
the data on the change in coefficient of friction with time during the abrasion test were
continuously recorded. In addition, the coated specimens shall be ultrasonically cleaned
for 30 min before and after the abrasion test to prevent the presence of surface deposits
from affecting the test results. Three tests were performed for each group combination and
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the coefficient of friction was averaged. The result with the smallest error was then used to
plot a line graph.

Table 3. Test conditions of wear test.

Parameter Unit Content

Speed rpm 50

Test Radius mm 11.5

Lubricant - MRF

Temperature ◦C 15–25

Load N 100

Duration Sec 3600

3.2. Surface Analysis

The scar profile of each combined sample was magnified 200 times, overall and
detailed scar photographs were taken, and the 3D image of the scar was constructed using
image superposition technology. The 3D micrographs can more clearly show the grooves
and plastic deformation of the wear marks. The width of the wear scars were evaluated
using the measuring function in the microscope software.

Use a surface roughness tester to evaluate the wear mark profile at the location shown
in Figure 3. The measuring range of the surface roughness tester was set to 4 mm. For
a more accurate measurement, the part of the line segment on the friction surface that
rotates around the axis of the cylindrical specimen and intersects the wear mark was
selected for measurement. The included angle of the adjacent line segments was 90◦ and
the measurement results were averaged. A line graph of the scar profile was output based
on the data from the measurement points. In addition, the maximum depth of the scar and
the height of the deformed part were output after calibrating the zero value.
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4. Magnetostatic Simulation 

Figure 3. The surface roughness test location of the sample, the dotted line in the figure represents
the axis of symmetry, and the red circle represents the position of the surface roughness test. (a) CNC-
machined surface, (b) 3D-printed surface.

The average of the evaluation surface analysis results was taken. The result with the
smallest error was then used to generate a line graph.
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4. Magnetostatic Simulation

We used the magnetostatic module of ANSYS 2022 R1 to construct the model of the
same size combined specimen in the electromagnetic coil. We analyzed the magnetic field
strength on the surface of the aluminum alloy when the material data of mild steel and
aluminum alloy were added to the base of the combined specimen. The magnetic field
strength of the aluminum alloy, surface-aluminium alloy base, and the aluminum alloy
surface-steel base in the electromagnetic coil simulated by ANSYS is shown in Figure 4.
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Figure 4. When the current of the energized coil = 0.8A, ANSYS simulation results of magnetic
field strength on aluminum alloy surface. The blue markers represent the locations with the lowest
magnetic fields. (a) aluminum alloy base (Access Date: 23:15, 18 November 2022), (b) steel base
(Access Date: 23:12, 18 November 2022).
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Comparing the evaluation of the surface magnetic field strength of different combined
specimens simulated by ANSYS, the magnetic field intensity on the surface of the steel base
combined specimen was more significant than that on the surface of the aluminum alloy-
base combined specimen under the same current condition. When the base of the combined
sample was aluminum alloy, the magnetic field intensity was concentrated towards the
center of the wafer. When the base of the combined sample was steel, the magnetic field
intensity distribution concentrated toward the edge of the surface [30]. The reason for this
change in magnetic field distribution is that the sample was inside the electromagnetic
coil. The electromagnetic coil can be regarded as a magnet when it is energized, so it was
equivalent to the sample being in the inner center of the magnet as shown in Figure 4a.
The magnetic field strength followed the direction of the magnetic induction line, which
pointed towards the center of the magnet. When a ferromagnetic metal was placed in an
electromagnetic coil, it was magnetized and became a magnet. At this point, the surface
layer was on the surface of the ferromagnetic metal base, which was equivalent to being
outside the magnetic pole of the magnet. The direction of the magnetic field line was bent
and pointed to the other side. The magnetic field line of a magnetic pole at the center
was inclined to the edge to form the magnetic field distribution shown in Figure 4b. Since
the distance moved at the edge was the largest during the rotation, the utilization rate of
the frictional force was the largest; the distance moved at the center of the circle was the
smallest, and the utilization rate of the frictional force was low. Therefore, this magnetic
field distribution of the steel base sample had a higher utilization rate of the magnetic field.

Figure 5 shows the magnetic flux distribution across the surface of various base
combinations when the current was set to 2.5A. An observation showed that the magnetic
flux distribution on the combined surface of the two bases was very similar to that shown
in Figure 4, where the current was set to 0.8A. A notable difference, however, was that
the magnetic flux was amplified approximately three times and was directly proportional
to the current. Notably, at 2.5A, the maximum magnetic flux observed on the iron base
combination surface was the same as that observed on the aluminum alloy base combination
surface, indicating comparable magnetic effects.



Lubricants 2023, 11, 273 8 of 20Lubricants 2023, 11, x FOR PEER REVIEW 8 of 21 
 

 

 
(a) 

 
(b) 

Figure 5. When the current of the energized coil = 2.5A, ANSYS simulation results of magnetic field 
strength on aluminum alloy surface. The blue markers represent the locations with the lowest mag-
netic fields. (a) aluminum alloy base (Access Date: 23:18, 18 November 2022), (b) steel base (Access 
Date: 23:20, 18 November 2022). 

5. Results and Discussion 

Figure 5. When the current of the energized coil = 2.5A, ANSYS simulation results of magnetic
field strength on aluminum alloy surface. The blue markers represent the locations with the lowest
magnetic fields. (a) aluminum alloy base (Access Date: 23:18, 18 November 2022), (b) steel base
(Access Date: 23:20, 18 November 2022).



Lubricants 2023, 11, 273 9 of 20

5. Results and Discussion

Figure 6 shows the friction test results of four composite specimens for two types of
surfaces and two types of bases when the electromagnetic coil currents were 0 A, 0.8 A and
2.5 A, respectively. Observing the friction test results shown in Figure 5, it can be concluded
that the friction coefficient of the composite sample with steel base was greater than that
of the composite sample with aluminum alloy base under the same current conditions
(excluding current = 0). This effect of 3D-printed surfaces in metal was stronger than
CNC-machined surfaces.
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Figure 7 displays histogram of friction coefficient data for two different surface materi-
als across various experimental groups. The range within the chart indicates the fluctuation
range of the friction coefficient, the bars represent the average value of the friction coef-
ficient, the two standard deviation horizontal lines above and below the average value
indicate the concentration range of the friction coefficient, and outliers means that the value
that only appeared once or twice in the whole experiment process was a pure error and
cannot be included in the calculation.
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Upon observation, increasing the voltage resulted in significantly higher friction perfor-
mance on the 3D-printed surface as compared to the CNC-machined surface. Furthermore,
the steel base group exhibited stronger and more stable friction performance on the same
3D-printed surface when compared to the aluminum base group.

The specific influence of the steel base on the coefficient of friction can be seen in
Figure 8 and Table 4. Observing the dotted line of the change in the coefficient of friction
of different combinations in Figure 8, the metal 3D-printed steel base sample combination
had the most obvious change in the coefficient of friction with increasing current. When
the coil current was increased to 2.5 A, the friction coefficient of the metal 3D-printed
surface-steel matrix composite sample increased by 43.18%, while the friction coefficient
of the CNC-machined surface-steel matrix composite sample increased by 23.31%. The
magnetizability of the base under the energized coil current had a greater effect on the
coefficient of friction of the metal 3D-printed surfaces than that of the CNC-machined
surfaces. This could be due to the complex texture of the 3D-printed metal surface, which
contained voids. The magnetorheological effect of MRF had a more pronounced effect on
the coefficient of friction of surfaces with more complex textures.
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the metal hand-scraping technique to reduce the coefficient of friction. This explains why 
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Figure 8. The line chart of the change of friction coefficient of different combination samples with the
change of current.

Table 4. Summary of friction test evaluation results.

Surface Base Current (A)
Friction Coefficient

Growth Rate (%)
Avg. Sta. Dev

Metal 3D printing - 0 0.1459 0.0011 -
Metal 3D printing Aluminum alloy 0.8 0.1509 0.0016 3.43
Metal 3D printing Steel 0.8 0.1726 0.0018 18.30
Metal 3D printing Aluminum alloy 2.5 0.1595 0.0012 9.32
Metal 3D printing Steel 2.5 0.2089 0.0013 43.18
CNC machining - 0 0.1493 0.0009 -
CNC machining Aluminum alloy 0.8 0.1525 0.0012 2.14
CNC machining Steel 0.8 0.1717 0.0019 15.00
CNC machining Aluminum alloy 2.5 0.1671 0.0018 11.92
CNC machining Steel 2.5 0.1841 0.0016 23.31

Figure 3 shows the worn section of the sample, and it was important to select the
micrograph and worn section with the score closest to the average for a meaningful compar-
ison. Figure 9 shows photomicrographs showing wear marks on both the 3D-printed metal
surface and the CNC-machined surface without stress. When comparing these surfaces,
it was apparent that the wear marks on the 3D-printed metal surface appeared rougher
but narrower than the CNC-machined surface. However, closer inspection revealed that
the rough grooves on the worn part of the metal 3D-printed surface were not a result of
additional wear, but rather a characteristic of the 3D printing process. These distinctive
dimples played a role in reducing the frictional contact area between the component sur-
face and the test ball during friction testing, like the application of dimples in the metal
hand-scraping technique to reduce the coefficient of friction. This explains why the metal
3D-printed surface had a lower coefficient of friction than the CNC-machined surface in
the absence of current.
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Figure 9. Surface wear marks of each control group sample under current = 0 A. (a) 3D-printed
surface; (b) CNC-machined surface.

Figure 10 shows compelling micrographs that meticulously capture the wear marks
etched on the surfaces of both the 3D-printed metal and CNC-machined samples in this
scenario. When comparing the two, the wear marks on the 3D-printed metal surface
exhibited a rougher texture characterized by distinct and pronounced ridges. These rough
ridges were primarily due to the inherent voids created during the 3D printing process itself.
However, a fascinating phenomenon occurred when the magnetorheological fluid (MRF)
within these grooves underwent magnetization effects. The strong shear force exerted by
the MRF within these grooves served to accelerate the increase in the test value of the
coefficient of friction.
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= 2.5A, 3D-printed surface-steel base; (h) Current = 2.5A, CNC-machined surface-steel base. 
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Figure 10. Surface wear marks of each control group sample under the optical microscope.
(a) Current = 0A, 3D-printed surface; (b) Current = 0A, CNC-machined surface; (a) Current = 0.8A,
3D-printed surface—Al base; (b) Current = 0.8A, CNC-machined surface—Al base; (c) Current = 0.8A,
3D-printed surface-steel base; (d) Current = 0.8A, CNC-machined surface-steel base; (e) Current = 2.5A,
3D-printed surface—Al base; (f) Current = 2.5A, CNC-machined surface—Al base; (g) Current = 2.5A,
3D-printed surface-steel base; (h) Current = 2.5A, CNC-machined surface-steel base.

There was also an interesting relationship between the width of the wear marks and
the applied stress. On the metal 3D-printed surface, the width of the wear marks showed a
decreasing trend as the stress increased. Conversely, the width of the wear marks on the
CNC-machined surface showed an increasing trend with increasing stress. In addition,
when the wear marks of the aluminum alloy base combination were considered, their
width decreased with increasing current. Conversely, the width of the wear traces for the
combined samples showed an increasing trend with increasing current.

These compelling findings shed light on the intricate interplay between voltage/current
variations and the resulting wear trace widths for different surface combinations. The
observations provide valuable insights into the effects of 3D printing, magnetorheologi-
cal fluid behavior, and voltage/current manipulation on the frictional properties of the
materials studied.

Figure 11 is a contour line drawing of the wear traces of the metal 3D-printed surface
and the CNC-machined surface under different conditions. The wear scar profile of the
metal 3D-printed surface was rougher, but the wear scar profile on the CNC-machined
surface was deeper and more deformed due to the presence of small pores on the 3D-printed
metal surface that form a honeycomb structure, increasing resistance to deformation.

The wear test results of each experimental group are presented in Table 5, and the
results are depicted as histograms in Figure 12. When tested under identical conditions, the
CNC-machined surface exhibited significantly greater wear width and depth than the 3D-
printed surface. However, the test results for the 3D-printed surface had a wider fluctuation
range than the CNC-machined surface, and the range increased with voltage. In addition,
at the same voltage, the steel base group showed larger test results and fluctuations than
the aluminum alloy base group.
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Figure 11. Wear scar profile plot of each control group. (a) Current = 0A; (b) Current = 0.8A, Al base;
(c) Current = 0.8A, Steel base; (d) Current = 2.5A, Al base; (e) Current = 2.5A, Steel base.
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Table 5. Summary of evaluation results for wear scar profiles.

Surface Base Current (A)
Wear Dept (µm) Wear Width (µm)

Avg. Sta. Dev Avg. Sta. Dev

Metal 3D printing - 0 17.83 0.10 1292.84 8.43
Metal 3D printing Aluminum alloy 0.8 18.32 0.13 1305.36 9.71
Metal 3D printing Steel 0.8 19.18 0.18 1345.26 13.92

Metal 3D printing Aluminum alloy 2.5 19.09 0.12 1328.19 12.31
Metal 3D printing Steel 2.5 20.93 0.21 1390.26 14.84
CNC machining - 0 21.06 0.08 1427.15 6.71
CNC machining Aluminum alloy 0.8 21.76 0.09 1494.67 7.67
CNC machining Steel 0.8 23.14 0.08 1614.64 8.98
CNC machining Aluminum alloy 2.5 22.81 0.09 1556.49 9.04
CNC machining Steel 2.5 24.13 0.14 1678.12 10.20
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The wear volume of the pure iron samples of each test group can be obtained through 
the above calculation formula. The calculated results were surprising. Although the wear 

Figure 12. Histogram of wear data for different experimental groups. (a) Histogram of wear depth
for different experimental groups, (b) histogram of wear width for different experimental groups.

Figure 13 illustrates the changes in wear width and depth of each combined sam-
ple under different currents. The increase in the friction coefficient between the ferro-
magnetic substrate and the metal 3D-printed surface sheet was greater than that of the
CNC-machined surface sheet under the same current coil, and the wear marks on the
metal 3D-printed surface were flatter and narrower than those on the CNC-machined
surface. Therefore, metal 3D-printed surface sheets are more suitable as wear surfaces
for magnetorheological devices. The evaluation results for 3D-printed surface panels had
a greater error compared to CNC-machined surface panels, which may be attributed to
greater variability in 3D-printed samples.
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Figure 13. (a) Variation diagram of wear scar width; (b) variation diagram of wear scar depth.

The test point interval of 0.5 microns, calculate the product of the depth of each test
point and the interval to determine the cross-sectional area of the wear area. Multiplying
this sum by the friction test path gives the volume lost due to wear.

Vloss = 2πr·d ∑ n1 + n2 + · · · (1)

The wear volume of the pure iron samples of each test group can be obtained through
the above calculation formula. The calculated results were surprising. Although the wear
depth and width of the CNC-machined surface after the wear test was much greater
than that of the 3D-machined surface, the difference in wear volume between the two
surfaces was small, as shown in Table 6 and Figure 14. The amount of surface wear of CNC
machining was more stable.

Table 6. Wear volume calculation results for all experimental groups.

Surface Base Current(A)
Wear Volume (mm3)

Avg. Sta. Dev

Metal 3D printing - 0 1.7593 0.0172
Metal 3D printing Aluminum alloy 0.8 1.8523 0.0184
Metal 3D printing Steel 0.8 2.0694 0.0246
Metal 3D printing Aluminum alloy 2.5 1.9746 0.0228
Metal 3D printing Steel 2.5 2.6078 0.0348
CNC machining - 0 1.7969 0.0054
CNC machining Aluminum alloy 0.8 1.8699 0.0095
CNC machining Steel 0.8 2.0376 0.0106
CNC machining Aluminum alloy 2.5 1.9879 0.0086
CNC machining Steel 2.5 2.4618 0.0118
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6. Conclusions
6.1. Ferromagnetic Base vs. Non-Ferromagnetic Base

The ANSYS magnetic flux analysis showed that the ferromagnetic base not only in-
creased the magnetic field strength, but also changed its distribution in the energized coil,
resulting in a concentrated magnetic field at the edge. This property was beneficial for
improving the efficiency of magnetorheological devices, such as brake discs in magnetorhe-
ological brakes. The utilization rate of the magnetic field at the edge exceeded that at the
center, highlighting the potential of ferromagnetic bases in improving the performance of
electromagnetic coils. This finding had significant implications for research and applica-
tions in electromagnetic coil utilization. The maximum control improvement rate of the
combined friction coefficient of the non-ferromagnetic base was 11.92%, while the maxi-
mum control improvement rate of the combined friction coefficient of the ferromagnetic
base was 43.18%. According to the sensitivity of magnetorheological control of aluminum
alloy base and steel base materials in magnetorheological fluid, different application ranges
were adapted.

6.2. Metal 3D-Printed Surfaces vs. CNC-Machined Surfaces

Under identical conditions, the friction and wear test showed that the ferromag-
netic base had higher combined friction coefficients and wear amounts compared to the
non-ferromagnetic base. This discrepancy was due to variations in the distribution and
magnitude of the magnetic field. The increase in friction coefficient was proportional to
the increase in wear for both base combinations. However, the unique structure of the
3D-printed surface resulted in a lower initial coefficient of friction (no current) compared
to the CNC-machined surface, indicating that the 3D-printed surface design reduces the
frictional contact area and, consequently, the coefficient of friction. As the excitation current
increased, the metal 3D-printed surface showed a superior improvement in the coefficient
of friction compared to the CNC-machined surface. This was mainly due to the enhanced
effect of magnetorheological adaptation resulting from the increased interaction of the
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magnetorheological fluid (MRF) in the voids of the metal 3D-printed surface. The maxi-
mum control improvement rate of the combined friction coefficient of the CNC machining
surface was 23.31%, and the maximum control improvement rate of the combined friction
coefficient of the 3D-printed surface was 43.18%.

In addition, the wear test showed that under the same conditions, the depth and width
of the wear marks on the metal 3D-printed surface were smaller than those on the CNC-
machined surface. The CNC-machined surface was more prone to significant deformation.
Although the calculated wear volume between the two surfaces showed minimal difference,
the metal 3D-printed surface with its numerous voids showed less cumulative wear over
time. This supports the feasibility of replacing CNC-machined surfaces with 3D-printed
surfaces for magnetorheological devices and other applications using magnetorheological
fluids. The maximum combined wear depth of the CNC-machined surface was 24.13 µm,
and the maximum width was 1678.12 µm; the maximum combined wear depth of the
3D-printed surface was 20.93 µm, and the maximum width was 1390.26 µm.

In conclusion, the optimal combination was to use a 3D-printed metal surface in
conjunction with a ferromagnetic metal substrate. The increase rate of friction coefficient
from 0.1459 at no current to 0.2089 at 2.5 A was 43.18%. This combination provided the
most effective friction coefficient adjustment capability and comprehensive wear resistance.
Its application provides an important benchmark for the optimization and advancement of
magnetorheological devices.
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