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The Effect of Temperature on Magnetic Properties and
Surface Integrity in Nd,Fe;4B Permanent Magnets, Under
Dry and Wet Grinding for Automotive Applications

Lorenzo Cestone,* Shreyes N. Melkote, Erica Liverani, Samuele Piandoro,

Alessandro Ascari, and Alessandro Fortunato

Electric motors transform the electrochemical energy into mechanical energy
needed for the vehicles’ motion. Given that the transition from internal combustion
engines to electric vehicles is likely to be the main driver of sustainable trans-
portation, high-performing electric motors will be increasingly important for this
transition. Herein, the effect of the grinding process on the surface integrity and
magnetic properties of NdFeB permanent magnets are investigated. NdFeB per-
manent magnets are most commonly used in the fabrication of permanent magnet
electric motors and they are usually ground during their fabrication process chain
in order to create a high-quality cylindrical rotor for subsequent mechanical
assembly. In particular, the effects of wet and dry grinding processes on magnetic
properties and surface integrity are studied and compared. Guided by a thermal
model, the grinding process parameters are varied highlighting their effects on the
underlying thermomechanical phenomena responsible for the changes in surface
integrity and magnetic properties observed. Wet grinding proves to be a viable
process for NdFeB magnets. Additionally, acceptable results are achieved with dry
grinding, which is particularly appealing due to its sustainability. It is noteworthy

to convert the electrical energy from energy
storage systems (battery end fuel cells,
mainly) into mechanical energy’Among
others, permanent magnet (PM) motors
are particularly promising and involve
PMs glued onto a medium-carbon steel
shaft to create the rotor, which is subse-
quently inserted in the stator, containing
the windings, for electromagnetic coupling.

PMs play a crucial role in the perfor-
mance of the motor and therefore have
been deeply investigated in terms of the
materials and their fabrication methods.
Neodymium-iron-boron (Nd,Fe;4B) and
samarium—cobalt (Sm,Co;;) rare earth
magnetic materials are the most often used
materials for PMs with NdFeB material
currently the most used due to its excellent
cost-performance ratio. Sm,Co, are inter-
esting candidates for-high temperature

that the range of process parameters yielding acceptable results is narrower.

1. Introduction

The growing demand for electric motors encompasses a
significant expansion in the automobile manufacturing market
due to the ongoing transition from internal combustion engine
vehicles to electric vehicles (EVs) where electric motors are used
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applications in advanced power systems
owing to their high Curie temperature
and high thermal stability of the magnetic
performance.?! PMs usually have the shape of a parallelepiped
with a square or trapezoidal cross section produced by additive
manufacturing (AM), die casting or sintering, and eventually
finished by grinding.** The AM process offers the advantage
of flexibility in terms of achievable geometries in comparison
to die casting but it should be noted that the resulting
magnet density at the conclusion of the AM process tends to
be lower.™

Sintering has been the subject of several studies demonstrating
that the physical and mechanical properties are influenced by
process conditions such as the sintering temperaturel® and the
dimension of the sintered part. An accepted way to produce neatly
full-density PM (higher than 98%!”! via the sintering process is
based on producing low-thickness (1-2 mm) parts with a square
or trapezoidal cross section joined together with a thin layer of glue
to produce a single PM of length in accordance with the length of
the rotor shaft). In case of NdFeB PM, the latter process accounts
for 50% of the market share.®! Once the single magnets are
obtained, they are glued onto the rotor shaft and, in most cases,
adhesive bonding is sufficient to counterbalance the centrifugal
forces exerted on the magnets during operation. However,
high-performance electric motors, due to their extremely high
rotational speeds and consequently higher centrifugal force
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magnitudes, require a few millimeter-thick external carbon fiber
tube to increase the mechanical resistance of the rotor.

To accomplish interference assembly of the rotor and the tube,
it is crucial to meet very stringent geometric dimensional toler-
ances of the rotor (shaft + PM) which are achieved by grinding
the previously bonded magnet strip using the cylindrical grind-
ing process. However, conventional machining of PM is partic-
ularly challenging due to their high hardness and brittleness,
stemming from their inherently heterogeneous nature, and
therefore grinding process is crucial for reaching the dimen-
sional tolerances required by the product. In addition, the ther-
momechanical loads generated during grinding, in particular
grinding temperatures on the surface of PM, which is responsi-
ble for reduction in the magnetic field strength® and the alter-
ation of the geometrical and mechanical properties of the PM,
affect its surface integrity. To the best of the authors’ knowledge,
literature is lacking in this field because only two studies address-
ing the topic of the grinding of NdFeB PMs were found. These
include a study on the behavior of NdFeB PM subjected to
diamond scratching!'” and a second study on the grinding of
FE-Cr-Co PMs by Wang et al.'"! The study on Fe-Cr-Co was
focused on the dry grinding process with the analysis of the
effects of the cutting parameters. The cutting speeds analyzed
in this study ranged from 15 to 30 m s~ ! while the feed rates
ranged from 17 to 42 mm min~'. An increase in wheel speed
resulted in a decrease in grinding force. Lower grinding force
was achieved by reducing the feed rate. Additionally, lower aver-
age surface roughness was attained by reducing the feed rate and
increasing the grinding wheel speed.

This study aims to analyze the effects of the feed rate and the
cooling conditions on the magnetic properties and surface integ-
rity of sintered NdFeB PMs during surface grinding for fabrica-
tion of EV motors.'”! The influence of varying the feed rate and
external cooling conditions on the magnetic properties of sin-
tered NdFeB PMs was evaluated by comparing the magnetic field
strength before and after every test. The surface integrity of the
ground samples was evaluated by optical and scanning electron
microscopy (SEM) analysis, confocal microscopy, and nanoin-
dentation. Grinding forces were acquired by means of a multi-
component piezoelectric force dynamometer and analyzed. To
better understand the importance of the temperature in PM
grinding, the tests were carried out under both wet and dry con-
ditions. Finally, a finite-element model of the PM subjected to
different thermal conditions under different grinding conditions
was developed and used to explain the observed results.

2. Experimental Section

2.1. Magnet Properties and Geometry

The NdFeB PMs used for the experimental campaign were com-
mercially available components and were available in different
dimensions and shapes. For the specific application addressed
in this work, parallelepiped with overall dimensions of 48.4 x
9.2 x 13.3 mm (length, width, height) were selected. The struc-
ture of each single magnet was obtained by bonding 24 sintered
PM plates, each with a section of 9.2 x 13.2 mm? and 2 mm in
thickness, using adhesive (Figure 1a), and was finally coated with
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a 25 pm epoxy layer, which provides protection against oxidation
and external agents.

The plates were obtained by sintering NdFeB powders with a
declared chemical composition reported in Table 1.

The NdFeB magnets exhibited a residual induction of 1.34 T, a
minimum coercivity of 1003 Kam ™!, and a maximum energy
product (BHmax) of 334k m™> at room temperature.

Several PM parallelepipeds in Figure la were bonded to the
cylindrical-shaped rotor giving a polygonal-shaped assembly
(rotor + PMs) as presented in Figure 1b. The final grinding pro-
cess, performed in a cylindrical grinding machine, gave the final
external cylindrical surface to the assembled rotor and PMs
(Figure 1c). As shown in Figure 1b, the PM section that consti-
tutes the rotor was characterized by alternating polar magnets
(with the described parallelepiped shape) and transition magnets
(trapezoidal shape). Figure 1d shows the direction of magnetiza-
tion of the PM used for the experimental setup. In this study,
only polar magnets were employed to evaluate the effects of
grinding, but the same conclusion can be drawn due to the iden-
tical properties of the transition magnets.

2.2. Grinding Tests

The experimental campaign was focused on grinding of a
single-magnetic element of the rotor at a time to simplify and
streamline the test plan. The tests were performed using surface
grinding rather than cylindrical grinding to test different grind-
ing conditions using one single magnet rather than a fully assem-
bled rotor. The tool employed was the same as that used in the
industrial process for the production cycle of the rotors as well as
the parameters range and lubrication conditions. All the previous
considerations make the analysis valid both for cylindrical and
surface grinding. The PM parallelepipeds were then selected
for the grinding process and the evaluation of surface integrity,
and the corresponding magnetic degradation was evaluated by
working with individual magnet sticks. A surface grinding
machine (CLAUSING PRECISION CSG3A1020) with a working
area of 254 x 508 mm was used, with both longitudinal and
cross-feed transversal motions.

A CBN grinding wheel from Molemab S.p.a. with the speci-
fications reported in Table 2 was employed for the tests.

The grinding wheel was custom made by the supplier with a
body made with a paramagnetic material (ceramic) to prevent any
interference with the grinding force measurement system. The
grinding wheel was dressed after grinding each magnet to main-
tain the initial tool conditions constant. The tool used for dress-
ing was a single-point diamond dresser, and the rotational speed
of the wheel during the dressing process was the same as that
used during the grinding process (36.1ms™'). The feed rate
along the X-axis (Figure 2) was set at 68 mms™'. As detailed
in Table 3, the cutting speed was fixed and equal to 36.1ms™*
while the feed rate (f') was varied at two levels: a low feed rate
(LOW = 68 mm s~ ') and a high feed rate (HIGH = 304 mm s ™).
Both grinding parameters were used in the presence of a cutting
fluid (TRIM MicroSol 585XT) and in dry conditions.

The total depth of cut amounted to 15 pm, which was obtained
in three passes of 5pm each, and the removal process
occurred in accordance with the surface grinding process
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Figure 1. a) PM geometry and dimension, b) bonding on rotor, c) a longitudinal section of the external surface, prior and after grinding, and d) direction

of magnetization in polar magnets.

Table 1. PMs’ chemical composition [wt%)].

Element Fe Nd B Pr Dy

wt% 65.6 17.2 1 5.3 0.14

Table 2. Grinding wheel specifications.

Diameter 200 [mm]
Thickness 15mm
Hardness Low
Grit Size B107
Grit Type CBN

Grit characteristics Semi cubic irregular shaped

crystal with high friability
Concentration High

Porosity High

kinematics. Three repetitions were conducted for each parameter
combination.

Grinding forces were measured during each grinding
pass using a Kistler 9257B three-component piezoelectric force
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Figure 2. Grinding wheel, PM, and dynamometer position and motion
during the grinding process.

dynamometer, with the workpiece fixed on the dynamometer.
The analog output of the charge amplifier connected to the dyna-
mometer was sampled at 3 kHz sampling frequency to ensure
accurate acquisition of the peak forces (52 force peaks acquired
during each revolution of the grinding wheel). The analog signal
was then digitized through the data acquisition system and
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Table 3. Grinding process parameters.

Test Stock Cutting speed Lubrification Feed rate
[pm] [ms™ condition [mms™
LOW_wet 15 36.1 Wet 68
HIGH_wet 304
LOW_dry - - Dry 68
HIGH_dry - - 304

finally processed by a MATLAB (version R2023a) script. The
grinding setup is schematically represented in Figure 2.

2.3. Finite-Element Analysis of the Temperature Field

A finite-element analysis (FEA) model was adopted to compre-
hend the effects of the thermal stress caused by the grinding pro-
cess on the specimen surface. The thermal transient behavior of
the material was modeled by COMSOL Multiphysics (version
6.1) using the “Heat transfer in Solids” module.

The material’s density (p), thermal conductivity (k), and spe-
cific heat (cp) values were defined according to the literature!*!
and are summarized in Table 4.

Convective heat losses from all surfaces were accounted for
with a heat transfer coefficient of 10 W (m? K) ™", while radiative
losses were considered negligible.

The grinding wheel-magnet contact was modeled as a moving
rectangular boundary heat flux applied to the top surface of the
domain with intensity Q, in Wm ™2, calculated as shown in
Equation (1).

Q =_P=Ft1C 1
AC AC ()

where the power P was calculated by multiplying the average
measured tangential force (Ft) with the cutting speed (vC) and
Ac is the contact area measured at a depth of cut of 5 pm and
equal to 18.5 mm” (red area in Figure 3).

The heat flux into the material and the consequent time-
dependent temperature distribution into the bulk was calculated

Table 4. NdFeB thermal properties used for FEM simulation.

Material thermal properties

plkgm™?] ep [ (kg k)] k [W(mK)™]
7500 502 10
Wheel
N
\
f ! K " !
> FRONT view
Magnet
' A, TOP view

Figure 3. Geometrical model used for the heat flux calculation.
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by simulating the complete grinding process (three grinding
passes) with a total simulation time of 3:20 and 3:50 h, respectively,
for the HIGH and LOW feed rate cases. A temporal discretization
model with an adaptive time stepping scheme was used, allowing
the software to take larger or smaller timesteps as required to sat-
isfy the specified tolerances. After a grid convergence study, a free
tetrahedral mesh with a base size of 0.2mm and a maximum
growth rate of 1.4 was utilized. In addition, a boundary layer with
15 layers and a stretching factor of 1.1 was implemented to better
capture the surface gradient. The first layer was 30 pm in thickness,
while the total boundary depth was set to be 500 pm. The resulting
geometry and mesh are displayed in Figure 4a.

The same model was then applied to a smaller domain 5 x 2 x
13.3 mm? in volume extracted from the upper region of the magnet
domain, as shown in Figure 4b. For discretization, a boundary layer
approach comprising 20 layers with a thickness of 1pm was
employed. This second simulation was carried out with the aim
of analyzing the temperature evolution with feed rate variation.

Other important assumptions of the simulations were as fol-
lows. 1) Both simulations did not consider material removal mech-
anisms. 2) the contributions of the chip and wheel in heat
dissipation were considered by multiplying the theoretical total
power generated during the grinding process, calculated as in
Equation (1). According to the literature [13], using CBN super
abrasive wheels, only 52% of the total energy generated during
the process was transferred to the workpiece while the remaining
portion was distributed between the chip and the wheel. For this
reason, the total power was multiplied by afactor of 0.52.
Nevertheless, this proportion can diminish to merely 14% when
employing a CBN wheel with fluid cooling during the grinding
process, making the modeling of the wet condition less relevant.

2.4. Roughness Measurements

2D surface roughness measurements were performed after
grinding on each magnet surface using a Klingelnberg P65 mea-
suring system. In addition, coherence scanning interferometry
was then performed for the acquisition of the surface topography
of the magnet after the grinding process with a 3D Zygo ZeGage
optical profiler with 10x objective. Areal roughness S, was deter-
mined in line with ISO 25178 based on three measurements
performed in three different zones of the worked surface.

2.5. Magnetic Field Measurements

The magnetism was measured before and after the grinding
process to investigate the process-induced effects on magnetic
flux intensity degradation. The analysis was performed with a
gaussmeter (PCE Instruments, PCE-MFM 3000) with the probe
located 0.5 mm from the magnet surface to maintain a consistent
air gap. Five acquisitions were performed and the results were
averaged for calculating the mean variation of the magnetic flux
intensity caused by the grinding process.

2.6. Microstructural Analysis

One magnet for each category was orthogonally sectioned to eval-
uate any microstructural changes resulting from the process due
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(a) (b)

Figure 4. a) Magnet model and mesh. b) Magnet smaller domain.

to the thermomechanical load to assess the impact of the removal
process on the material. A metallographic preparation method
was employed to examine the NdFeB structure. The samples
underwent hot mounting in phenolic resin and subsequent pol-
ishing with SiC abrasive papers ranging in grit numbers from 80
to 2500. The final three polishing stages utilized distinct
diamond suspensions with grit sizes of 6 and 1 pm, followed
by 0.3 pm alumina powder. Ultrasonic washing followed each
polishing stage to prevent contamination with decreasing gran-
ulometry in subsequent steps. For surface etching, Vilella’s
reagent (comprising 5 mL HCI, 1 g picric acid, and 100 mL etha-
nol) was applied for 5-10 s, followed by cleaning with ethanol and
drying with hot air. Observation of the prepared and etched sam-
ples was preliminarily carried out using a Zeiss Axio optical
microscope (OM). After OM, the samples were analyzed
via SEM (Hitachi SU8230 MCF) equipped with energy-dispersive
spectroscopy  (EDS, X-Act/INCA, 10mm? SDD Oxford
Instruments) to identify distribution of different chemical
elements. The EDS analysis was conducted on the section of
samples previously observed with the SEM. With EDS, it was
possible to map different areas of the sample and analyze the
atomic concentration percentages of different chemical elements
present in the respective areas.

Cutting Forces
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3. Results and Discussion

3.1. Force Measurements

The grinding force values in the three principal directions
(Fz, Ex, Fy), as highlighted in Figure 2, were recorded by the
dynamometer. Fx and Fy were subsequently summed vectorially
to obtain the tangential grinding force (Ft), which was used for
evaluation. In Figure 5, an example of the measured grinding
forces is shown for the LOW_wet grinding condition. The three
removal passes correspond to a steep increase in Fz and Ft with
higher peak values and are followed by a noncontact (NC) phase
(Fz, Ft equal to 0) and a low force stage indicated in Figure 5 with
a black asterisk. These low-peak force measurements are
attributed to the grinding of material after the recovery of elastic
deformations of the ground surface.

The average values of Fz and Ft were calculated across the
three passes indicated by 1° P, 2° P, 3° P in Figure 5, each involving
a material removal of 5 pm, to compare the impact of grinding
process conditions and parameters on the generated forces. The
graph in Figure 6 shows the results for all tested magnets, while
in Table 5 the mean values of Fz and Ft for each grinding test are
reported with the corresponding standard deviation. The forces

=it
——Fz

= % 3
= S S

Force [N]

o)

Wi

il

!

X
W

50+

S

i

40 -

512 54 5.6 5.8 6 6.2
Time [s]

Figure 5. Representative grinding forces during cutting steps: a) NC, cutting passes (1°, 2°, 3° P), and low force stage (*) and b) zoomed view of the

second pass of a wet low sample cutting speed 36 ms™'
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and feed rate 68 mms™ .
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Figure 6. Average normal and tangential forces measured for all magnets.

Table 5. Mean values and standard deviation of Fz and Ft obtained for the
four grinding conditions selected.

Grinding condition Fz [N] Std. Dev. Ft [N] Std. Dev.
LOW_wet 24.6 5.7 39.1 9.2
HIGH_wet 82.8 3.6 131.7 5.5
LOW_dry 34.5 3 54.7 4.8
HIGH_dry 71.8 4.6 113.9 6.9

obtained during the grinding of magnets under the same condi-
tions are consistent, as highlighted by the low standard deviation
values, and therefore the lubricant and process parameters’
effects are highly reliable. The Ft component represents the larg-
est proportion of the grinding force, with peak measured values
of Fz around 65% of Ft for all grinding passes. Equally evident is
the effect of the feed rate (LOW vs. HIGH conditions) on the Fz
and Ft values in wet grinding conditions. As shown in Table 5,
lower feed rate results in a decrease in Fz of 70% and 52% in wet
and dry grinding, respectively. Conversely, the effect of the pres-
ence or absence of the cutting fluid is less significant on the cut-
ting forces at HIGH feed rates. However, it is worth noting that
working under dry conditions at low feed rates led to a 30%
increase in the mean Fz and Ft compared to the wet conditions
at LOW feed rates. The trend reverses when high feed rates are
utilized; in this case, a 14% decrease in average forces was mea-
sured in the dry grinding condition compared to wet grinding.

The tests outlined in the preceding sections were then used to
assess the impact of these forces on the structural and surface
integrity of the ground PMs.

3.2. Temperature Simulation

Following the results described in the previous section, the mean
Ft obtained under dry conditions at LOW and HIGH feed
rates, 54.7 N and 113.9 N, respectively, were used for grinding
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Figure 7. Maximum temperature isotherms reached in dry samples:
a) LOW_feed rate and b) HIGH_feed rate.

temperature estimation. The calculated input heat flux for the
two grinding conditions was 5.3 x 107 and 1.16 x 108 Wm™2,
respectively. Starting from this input, the temperature field
was simulated for both conditions, and the trends in the temper-
ature versus depth below the workpiece surface are shown in
Figure 7 that displays the horizontal cross section of the magnet
atits central point. Grinding at a HIGH feed rate involves a larger
heat flux that results in a higher peak temperature on the surface.
However, the interaction time between the wheel and the magnet
is lower, and, consequently, the temperature decreases more
steeply with depth. Looking at Figure 7a,b, the HIGH_dry con-
dition involves higher temperatures than the LOW_dry condition
only in a low-thickness layer, with this difference being due to the
shorter wheel-workpiece contact time at the higher feed rate.

This phenomenon is consistent with the lower cutting forces
observed in cases with low feed rates: the higher temperatures
reached cause thermal softening, which is the primary contribu-
tor to the lower cutting forces.

Moreover, heat accumulation due to the multiple passes is
negligible, as seen in Figure 8. The plot depicts the worst-case
scenario, considering that the “noncutting” time is much shorter
in the HIGH feed rate case compared to the dry low; thus, the
three passes occur much closer to each other. The plot shows the
maximum temperature in the domain during the three consecu-
tive passes.

LOW_dry magnets experience higher temperatures at greater
depths leading to increased probability of material degradation
phenomena such as oxidation or Nd-rich boundary melting.!**!

3.3. Magnetic Field Deviation

The magnetic properties of each sample, both before and after
grinding, were obtained by averaging five acquired values. The
deviation of the magnetic field strength (A H) due to the grinding
process was then calculated considering the difference between
the measurements performed in the as-received state (Hi) and
after grinding (Hf).”! Figure 9 and Table 6 show all acquired
and calculated data.
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Figure 8. Three-passes maximum temperature measured on the ground
surface in HIGH_Dry conditions.
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Figure 9. Magnetic field strength loss comparison.

The mean values of AH reported in Table 6 reveal that, for
each parameter combination, the decrease in magnetic field
strength is less than 5%, except for the dry-ground samples that
caused an average loss of magnetism of 37 mT (about 8% of the
initial magnetic field strength). The impact of grinding on the
magnetic field strength under the wet condition can be consid-
ered negligible and largely attributable to the reduction in thick-
ness (15 pm) rather than the grinding temperatures. Looking at
the samples processed under dry conditions, the magnetic field
strength degradation appears to be significant and attributable to
the increased heat at the wheel-PM surface interface. As shown
in Figure 7, the depth of the region subject to thermal alteration
in the case of LOW_dry conditions is greater, resulting in a
higher loss of magnetism. In the case of HIGH_dry conditions,
the interaction time between the grinding wheel and the work-
piece is reduced, resulting in a smaller reduction in magnetism.
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Table 6. Magnetic degradation measured for all selected conditions.

Hi [mT] Hf [mT] AH AH (mean) Std. Dev.
LOW_wet 460.6 447.2 —13.4 —12.5 1.0
457.8 445.0 —12.8
452.8 441.4 —-11.4
HIGH_wet 456.0 437.6 —18.4 -18.7 1.7
461.0 440.4 —20.6
459.2 442.0 —17.2
LOW_dry 464.2 429.6 —34.6 —36.9 2.2
468.0 430.8 —37.2
467.6 428.6 —39.0
HIGH_dry 484.2 458.6 —25.6 —22.1 33
459.6 440.6 -19.0
460.2 438.4 —21.8

3.4. Roughness and Surface Topography

For each sample, three surface roughness measurements were
performed using an optical profilometer, and the mean of all data
was calculated for each grinding condition, as shown in Table 7.
Magnets ground with lubricant exhibited similar roughness val-
ues with a slight increase at the low feed rate conditions. The dry
grinding results depend more significantly on the feed rate, with
the final average value observed to be four times larger (0.64 pm
vs 0.16) at the low feed rate condition compared to the high feed
rate condition.

The areal surface topography maps (Figure 10) highlight that
the samples ground with low feed rate, both in WET (Figure 10a)
and DRY (Figure 10c) conditions, show surface craters with
micrometric dimension in the first case and greater amplitude
and depth in the dry case.

The surface topography maps also explain the higher standard
deviation seen in the LOW_dry roughness measurements. The
increased feed rate results in a slight decrease in roughness in

Table 7. Roughness measurement of magnets after grinding.

m.1 m.2 m.3 Mean [pm] Std. Dev.
LOW_wet 0.37 0.36 0.34 0.33 0.03
0.29 0.31 0.32
0.31 0.33 0.33
HIGH_wet 0.31 0.36 0.29 0.29 0.05
0.25 0.23 0.20
0.31 0.32 0.33
LOW_dry 0.46 0.43 0.91 0.64 0.22
0.50 0.53 0.93
0.45 0.58 0.96
HIGH_dry 0.13 0.12 0.14 0.16 0.03
0.17 0.16 0.17
0.2 0.19 0.15
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Figure 10. Areal surface topography maps for a) LOW_Wet, b) HIGH_wet,

c) LOW_dry, and d) HIGH_dry.
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Figure 11. SEM images of surface defects in the DRY_low case.
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the HIGH_wet condition and a significant improvement in the
HIGH_dry case.

To confirm and validate what was observed with the optical
profilometer, the ground surfaces were characterized in the same
areas and on the same samples using SEM. This latter analysis
demonstrated that in samples processed under the LOW_wet,
HIGH_wet, and HIGH_dry conditions, there are no material
inhomogeneities, and the surface is quite regular and free from
cracks and significant damage. However, examining the samples
processed under dry conditions and low feed rate reveals
significantly different effects on the material. The LOW_dry
sample exhibits cavities and irregularities on the surface, with
noticeable depth variations on the fractured surface and visible
cracks. Figure 11 illustrates the surface, allowing for better
resolution of cavity morphology compared to optical profilome-
try. It is evident from the magnifications outlined in red and
green, conducted adjacent to the affected area, that the material
removal process occurred due to brittle fracture rather than the
usual ductile-mode cutting phenomena typical of the grinding
process.

The temperature simulation model is again the key to
understanding the results of roughness in relation to the feed
rate. Considering the graphs reported in Figure 12, the maxi-
mum surface temperature at the high feed rate condition is
the highest only in the first 10 ym (Figure 12a), after which
the cooling rate is steeper with a resulting decrease in the hold-
ing time at high temperature. Defining a probe at a depth of
25pm (Figure 12b) and a target temperature of 1000 °C, it
can be observed that in the case of high feed rate, this tempera-
ture is maintained for 4 ms, whereas in the case of low feed rate,
the maintenance time is ~4 times greater. The PM can absorb
and dissipate this amount of heat without significant magnetic
property degradation but this heat cycle can cause the surface
embrittlement of the magnet leading to the brittle fracture
evident in the SEM images.

i Probe 25 pm in depth

A —HIGH dry
—LOW dry

1200

—

1000

800 r

600 |

400 ¢

2001

0 20 40 60 80 100 120 140
Time [ms]

Figure 12. Simulated maximum temperatures for the LOW_dry (red line) and HIGH_dry (green line) conditions in the a) depth and b) during the time at

25 um depth.

Adv. Eng. Mater. 2024, 26, 2401200 2401200 (8 of 11)

© 2024 The Author(s). Advanced Engineering Materials published by Wiley-VCH GmbH

85UB01 7 SUOWIWIOD AIIER1D 3|qedldde ay) Ag peusenob aJe sapiie VO ‘SN JO Sa|nl o} ARIgIT8UIUO A1 UO (SUORIPUCO-PUR-SWLRIALI A 1M Ale.q 1l juo//Sdiy) SUOIPUOD pue swie 1 8L aes *[5202/20/.T] Uo Akiqiiauliuo A8|im '90d 7 Media ILeXsIS ealy Aq 002T0YZ0Z Wepe/Z00T OT/I0p/W00 A8 |IMAle.d pul|uo"peoueApe/Sdiy Woij papeojumod ‘€2 ‘v20z ‘8v92.2ST


http://www.advancedsciencenews.com
http://www.aem-journal.com

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

3.5. Microstructural Analysis

A preliminary microstructural analysis using an OM was
performed to compare the microstructure of the PMs after the
grinding process. The bulk core of the magnets appears to be
unchanged as shown in the images presented in Figure 13,
which reveals that the process does not change the grain struc-
ture and the material morphology. This information indicates
that the grinding process has not introduced any modifications
to the core of the samples, suggesting that even in dry process-
ing, the thermal impact remains on the surface. The magnified
views depicted in Figure 13 reveal thermal effects primarily at the
top of the cross section. Samples processed under dry conditions
exhibit a thin, darkened layer (red arrows), ~ 8-15 pm thick, indi-
cating the presence of burn marks and cavities. OM confirms
that thermal overloading of the dry ground material leads to deg-
radation in surface integrity and microstructural alterations. The
types of defects observed are similar when comparing samples
processed under low and HIGH_dry conditions. However, the
main disparity lies in the frequency of these defects. In the
LOW_dry samples, the occurrence of cavities on the surface is
significantly higher compared to the HIGH_dry case. With
the aim of quantifying the depth of the dark layer, eight different
images were analyzed for each type of sample. Six different
measurements of the thickness of the irregular layer were taken
on each section, and the six numerical values were averaged and
then compared, as shown in Table 8.

Figure 13. Optical micrographs for a) LOW_wet, b) HIGH_wet,
c) LOW_dry, and d) HIGH_dry. SEM images of the cross sections of
e) HIGH_dry and f) LOW_dry.
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Table 8. Depth of microstructurally altered layer in the different tests.

Average [pm] St. deviation
LOW_wet 4.0 0.76
HIGH_wet 4.5 0.93
LOW_dry 12.8 2.38
HIGH_dry 8.4 1.19

For each sample category, multiple rectangular areas
(24 x 8 pm?) were analyzed, some immediately below the worked
surface in the region with the dark layer and morphologically
altered and others at the core of the material. Sections of the
HIGH_dry (Figure 13e) and LOW_dry (Figure 13f) samples
were prepared for SEM examination to examine the impact of
the dry grinding process on samples processed under dry con-
ditions. Samples appear to have been “pulverized,” leading to
densification, within the first 15 pm of depth. The surface rough-
ness value increases when the feed rate is low (Table 5) because
the workpiece receives more heat, which also leads to the sepa-
ration of material parts.

The EDS analysis revealed a constant and invariant distribu-
tion of atomic concentration in all zones in the bulk of the sam-
ples, independent of the processing parameters. Averaging over
all analyzed surfaces yields the following composition: (3% B, 6% O,
80% Fe, 11% Nd). Oxygen showed an interesting behavior con-
cerning correlation with the processing conditions; specifically,
its concentration varied in the subsurface zones.

Figure 14 depicts how in the subsurface zone, dry processing,
which inevitably reached higher temperatures, resulted in signif-
icantly higher oxygen presence. Elevated grinding temperature
will undoubtedly result in a deeper oxidation layer and therefore
more oxygen on the surface.' When the surface of the magnet
exceeds 430 °C, the formation of thin layers of Fe,0j is observed.
This phenomenon, with the cases examined in this work, is
highlighted in the samples processed dry, where a more pro-
nounced depth of dark layer has already been recorded.'”
Figure 15 shows the chemical composition analysis of the area
performed with the EDS probe. The area analysis in Figure 15a is

W
W

Il Surface
Il Bulk

—_ —_ 3 N (9%
(=} W o W (=)

Oxygen atomic concentration [%]
i

(=]
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N R RS CRRNES

\O‘ﬂ \\'\‘?}\

Figure 14. Oxygen distribution on the ground subsurface.
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Figure 15. EDS area acquisitions.

accompanied by a linear analysis that highlights a homogeneous
distribution of iron and neodymium, with a peak of inhomoge-
neity in the subsurface region corresponding to region 1.

4, Conclusions

This study examines how feed rate and lubricant conditions
affect the magnetic properties and surface integrity of sintered
NdFeB PMs during surface grinding. These effects were
observed through magnetic field strength comparisons, surface
integrity analyses, and grinding force measurements. Tests were
conducted under wet and dry conditions to understand temper-
ature’s role. Additionally, a finite-element model was developed
to explain the observed results.

Finite-element simulations in COMSOL indicated that the key
to understanding the observed changes in surface integrity and
magnetic properties during grinding of NdFeB PM material lies
in the effect of feed rate and, consequently, the interaction time
between the grinding wheel and the workpiece. Increasing the
feed rate results in a slightly higher peak temperature, but the
depth of heat penetration into the material is significantly
reduced. The PM can absorb this amount of heat without suffer-
ing significant damage related to both its magnetic and surface
properties. With a low feed rate, the amount of heat transmitted
to the workpiece exceeds the acceptability threshold, causing tan-
gible effects on the surface integrity and the magnetic properties
and in the form of loss of the magnetic field strength.

The increased amount of heat generated at low feed rate
and the absence of grinding fluid leads to a doubling of rough-
ness of the ground surfaces.

The statements in the previous points are confirmed by
images obtained with the SEM. In samples ground with the
grinding fluid, a defect-free and regular surface is observed,

Adv. Eng. Mater. 2024, 26, 2401200 2401200 (10 of 11)
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while in the dry-ground samples, there are surface irregularities
depending on the feed rate. At a feed rate of 304 mms ', the
formation of small cracks is noted due to thermal expansion phe-
nomena not supported by the material, characterized by brittle
fracture. At a feed rate of 68 mm s, in addition to cracks, actual
cavities in the material are observed due to detachment of mate-
rial portions. The formation of these craters occurs when the
forces generated by the process exceed the mechanical resistance
limit of the binder, which is reduced by the higher amount of
heat supplied. The study shows that finishing of rare-earth
PMs through grinding is feasible under wet conditions. The exe-
cution of this process under dry conditions is more complex
because of the effect of heat propagation into the bulk.
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