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Form-irregularity of crater-expression of Debye-ring at X-ray
diffraction measurement for checking gear steel quality

A. Kubo, RIAS (Research Institute for Applied Sciences);
M. Nagae, RIAS Kyoto 606-8202 Japan;
Abstract

The state of form-irregularity of Debye-ring of X-ray diffraction measurement was investigated
with Debye-ring analyzer DRA for quality checking of gear steels, in terms of the degree of
scattering of peak heights of Debye-ring craters, FWHM etc. Strong correlation between
Debye-ring shape disorder and the diameter of prior-austenite grains is confirmed. Other
inspecting method, with using Hardness Map Maker HMM was tested that scans the shape of
a cross-section of Debye-ring at each data sampling point along measuring path with very
high speed. Both the measured results show a strong correlation between the standard

deviation of measured output curve and the grain size of the objective steel.

1. Introduction

When the measuring head for X-ray diffraction is set on an

XY stage, we obtain in-line or map data over the target

plane. Those multi-points measured results have dispelled

such arguments as that residual stress value obtained from

X-ray diffraction is not reliable enough. X-ray diffraction

map or measured curve provides us with many new

insights into the state of steel materials.

Residual stress can be obtained by analyzing the shape of g1 X-ray diffraction and Debye-
the Debye-Scherrer ring (refer to Debye-ring), but its shape ring formation

surely contains more information about the steel characteristics other than residual stress.
From our experience of conducting many X-ray diffraction measurements of steels, good, bad
and those of experienced failure problem, we have a feeling that the Debye-ring of good steel
usually has a symmetric conical smooth crater mountain shape, while problematic steel has
large disorder in the shape.

To develop the evaluating method of steel-quality

and heat treatment quality using X-ray diffraction, it

seems necessary to focus on the rank of form-

irregularity of the Debye-ring. This method can

also contribute to obtain quantitative values that
Fig.2 Typical shape of Debye ring crater of

has strong correlation with the state of the matrix .
normal and problematic steel
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of the steel. This is an attempt to find an alternative method
to etching that is usually used for checking crystal structure

of the steel.

2. Debye-ring

Ferrite in various forms exists in gear steels. For example, if  Fig.3 Schema of lath martensite
we consider the case where the steel microstructure in low carbon steel
undergoes martensitic transformation by

. . . . Table 1 24 variations in K-S orientation relationship
quenching, the prior-austenite grains are Kurdjumov-Sachs’ relation (K-S relation):

made up of a structure filled with a set of (111)fec//(011)bec,  [011]fec//[111]bee
elongated lath-martensite, as shown

schematically in Fig.3. That is, when fcc

austenite transforms to bcc, it appears to

have a very biased orientation in two

directions, i.e. (50-60) deg. and (10-20)

deg., as shown in the rightmost column

of Table 1 for the 24 variants.

When X-ray diffraction is performed with
small irradiation diameter on such a steel
surface like Fig.4, the diffraction does not
reflect in a uniform conical shape, but is
biased stronger in two specific directions.
If the steel is polycrystalline and its
orientation is random, and if diffraction
images are obtained with an X-ray
irradiation diameter that is far larger than
the diameter of the prior-austenite grains,
the diffraction reflection from each crystal
is superimposed and the Debye-ring will
have a crater shape of uniform height.

However, if the prior-austenite grains
coarsen and the number of prior-
austenite grains present within the X-ray
irradiation diameter decreases, the crater
height of the Debye-ring will be partly
high and partly low, because the orienta-
tion of the reflection from a single prior-

austenite grain is limited. In other words,
Fig.4 Lath martensite structure, 0.2%C-steel.

when diffraction images are obtained ] ) i
SEM picture and EBSD orientation
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from a certain diameter of X-ray irradiation, the degree of height scattering of the Debye-ring
crater may be strongly correlated with the size of the prior-austenite grains. Grain size is
very important for the strength of gear steel: As is well known empirically as Hall-Petch’s

law!"l, the strength of material decreases inversely with the square root of grain size.

We use a detailed analyzer of Debye-ring (refer to DRA). DRA is the improved model of
residual stress measuring apparatus to evaluate the deformation of ferrite crystal after
cos(a) method for X-ray diffraction analysis and it is mounted on XY-stage or ¢-stage to
realize full-automatic measurement in line, in peripheral or over plane. The usability of this
apparatus is already reported at the past VDI Int'| Gear Conference 46, The DRA needs

ca.1 min. to measure one point with using a X-ray spot diameter ¢ 2mm.

3. X-ray spot diameter and sensitivity

When the diameter of X-ray irradiation beam decreases, the number of prior-austenite
grains contained therein decreases. As a result, the X-ray diffraction from that spot is
strongly oriented in two definite directions. The height value along the 360-degree peak
path of the crater of Debye-ring (refer to peak height) has a considerable difference between
the maximum and the minimum value, and the amplitude of scattering becomes large.

The blue curves are calculated from the average shape of the Debye-ring. The vertical lines show the variation
of the calculated value along each 360 deg. crater peak path of the Debye-ring.

Fig.5 Difference in measured results as function of irradiating X-ray spot diameter for CCQ SCM822 gear
steel of coarse crystal structure from D company

Fig.5 shows an example of peak height scattering to show the difference in measuring

sensitivity with X-ray irradiating spot diameter 2.0 mm and 0.4 mm for case carburized and

quenched (refer to CCQ) SCM822 gear steel of coarse crystal structure. The results of

measured scattering for the spot diameter 0.4mm shows the state of steel matrix construction

far clearly in comparing the results with the spot diameter 2.0mm.
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Fig.6 Measured Debye-ring crater height scattering for fine crystal structure steel
(ccQ scM822 from E company)

Measurement with small spot diameter of X-ray irradiation costs longer measuring time, but
the increase of the measuring resolution to catch the state of form irregularity of Debye-ring
well compensates the longer time consumption for the measurement.

Fig.6 shows another example for a case of the same CCQ SCM822 gear steel from different
steel maker, but its matrix is of finer crystal structure. The results of measured peak height
variation show far softer scattering. This state of small amplitude of scattering corresponds
to the state of fine and homogeneous steel matrix construction. It is very interesting that the
both steels of Fig.5 and of Fig.6 have the same standardized steel name and delivered with

good MILL certificate sheet.

4. High speed measurement of Debye-ring shape and data scattering

Hardness map maker HMM is a heigh speed Debye-ring form measuring machine. It
measures the intensity of X-ray diffraction with 4 photo sensors. When the 3D form of
objective Debye-ring is not axially symmetric, i.e. when crater mountain height in a definite
cross-section at each data sampling runs up and down, FWHM (Full width at half maximum)
or peak height fluctuates and the measured output curve shows waviness. When the ferrite
percent inside the matrix is not homogeneous along the measuring path, it affects also the
output strength. The measuring speed of HMM is more than 1000 times faster than the
speed of DRA, but its output is voltage corresponding only to FWHM or Debye-ring crater
height in a definite cross-section.
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Fig. 7 Measurement with HMM

Fig. 8 compares hardness distribution estimated from the HMM output for 3 different quality

steels whose matrix outlook, nital-etched figure, are shown in the uppermost raw of the figure.
The scattering of the output signal of HMM and its standard deviation is calculated and shown
in the bottom of the figure. On the other hand, the average grain size is calculated from these

pictures by line-cutting method. It is interesting that the standard deviation corresponds well

to the average grain size of these steels.

Fig. 8 Hardness distribution for 3 different quality steels and the standard deviation of their scattering,
estimated from the HMM measurement

Fig. 9 compares FWHM scattering by DRA with HMM output for the problematic steel of Fig.5
and for the good steel of Fig.6. We can observe the same tendency in the result: it suggests
that the HMM can be incorporated as a substitute of DRA for rough measurement i.e. for the

estimation of coarse prior-austenite grain existence or of the matrix uniformity of gear steel.
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Specimen of Fig.4 Specimen of Fig.5
Fig. 9 Comparison between FWHM by DRA and HMM output

5. Finding the deterioration of steel quality in long production years

A Japanese machine Table-2 Field used carbon steels used for this investigation

conpany uses V-added
carbon steel for machine
construction since 2008.
Recently though, some
trouble has occurred on
the machines using this
steel, cf. Table 2.

Investigation shows, the
actual quality of this steel
deteriolates in some
extent, though it was

delivered with the same standardized steel name and OK Mill certificate sheet as in old time.

Fig.10 shows some example of Debye-ring shapes for the recent problematic steels No.1 to
No.4, together with reference steel No.5 of good old days and alloy steel No.6. The waving of
peak heights for No.1 to No.4 looks somewhat stronger than that of No.5. The fluctuation of
peak heights for alloy steel No.6 is small.

11
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Fig.10 Debye-ring shapes of the target specimen

Typical outputs of DRA are residual compressive/tensile stress, residual shear stress, FWHM
and peak heights of crater mountain. Fig.11 compares these objective issues to be
evaluated. The point of evaluation is their amplitude of the scattering. Comparing the figure
of the recent steel No.4 with that of reference steel No.5, all objective issues show, that the
amplitude of scattering for No.4 is somewhat larger than that of No.5. That suggests, the
steel quality of No.4 is somewhat worse in crystal structure in comparison with that of No.5.
Among those issues for the evaluation, the scattering of crater peak height shows most
clearly the difference in steel quality.

Fig.11 Objective issues to be evaluated, that is derived from Debye-ring shape analysis,
measured with X-ray spot diameter 0.4mm.
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Fig.12 Peak height fluctuation of the craters of Debye-rings

The states of peak height scattering for the recent problematic steels No.1 to No,4 and
reference good steel No.5 are compared in Fig.12. It is clearly observed, that the amplitude
of the scattering for all the recent steels No.1 to No,4 is far wider than that of the reference
steel No.5. This fact indicate that there is a quality deterioration of the steel since last 15
years, although the steel name was kept as written in the National and/or ISO Standard and
the Mill certificate sheet was attached to the purchased steel. Mill certificate sheet did not

work effectively to keep the steel quality.

Fig.13 Picric acid etched crystal structure and scattering of crater height of Debye-ring

Fig.13 shows, what difference exists in the metallurgical structure between No.4 steel and
No.5 steel. Picric acid etched crystal structure is shown together with the scattering of the
peak heights. The picture shows that the texture of the recent problematic steel is

considerably coarse comparing with that of the steel of good old days. We can find many

13
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vertical black lines in the left figure for No.4 steel. They are surely Mangan sulfide, typical

sign of poor steel quality, and this indicates also that the quality of No.4 steel is of problem.

Measuring Debye-rings with DRA to prepare such data as Fig.12 costs considerably long
working time. If we can get the comparable information from HMM measurement, the
evaluation work becomes easier with considerably less time consumption. Fig.14
comparers the result of HMM output signals between investigated steels like Fig.12. The
measurement was carried out to make hardness map like Fig.8. It is recognized that the
magnitude of measured curves for No.1 to No.4 steels are fluctuated much stronger in
comparison with that of No.5. The standard deviations of these data well express this state

of steel quality difference.

Fig.14 Comparison of HMM output signals between investigated steels

6. Countermeasure products

In response to the user’s claim concerning this steel quality problem, the steel maker
develops countermeasure steels No.7’s of the same standardized steel name. The rough
history is listed on the Table-2. The nital eched metallurgical structure is shown in Fig.15.
Comparing those problematic steel with that of the countermeasure steels, the state of the
grain diameters of the countermeasure steels are well improved to be small, but not fine
enough as the steel of good old days. The vertical lines between layers in the matrix of
countermeasure steels show that the production procedure/condition of recent steels differs
considersbly from that of good old days. Such outlook characteristics is though inevitable:
when we consider the current economical situation where we need to cut back on energy

costs and to consider on CO? problem in the manufacturing of steel, compared to the past.
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Fig.15 Nital etched crystal construction of countermeasure products and of reference steels

Fig.16 compares the scattering of peak heights of Debye-ring for countermeasure steels
No.7-1 to No.7-3 with that of today’s problematic steel No.4 and with that of good old days
No.5. Itis recognized that the magnitude of scattering for the countermeasure steels is
somewhat less than that of the todays steel, but not the level of the reference steel No.5. We
appreciate the steel maker’s effort to improve the steel quality, but it does not reach the level
of the reference steel. Simultaneous understanding of Fig.15 and Fig.16 suggests, the
evaluation of scattering of the peak heights can be an alternative method to the observation

of the etched surface of the steels. The merit is, such X-ray diffraction measurement is

Fig.16 Scattering of crater height of Debye-rings of countermeasure products, compared with
today’s steel and with steel of good old days.

15



AR FE NS RHABEZERT A0 7 4R BERFFE R et 548 33 &

considerably easier compared to the work for etching process.

Observation of etched surface to judge the steel quality needs very high skilled metallurgical
knowledge and the experience where the evaluation is worked out by pattern recognition; it
is difficult to transfer the result to other people. On contrary, the output of such X-ray
diffraction measurement is expressed with digital values, that makes the treatment of the
results far easier. In addition, almost the same results can be obtained no matter who makes
the measurement.

7. Standard deviation of peak height scattering of Debye-ring crater

The scattering amplitude of peak height for all the steels listed in Table 2 is summarized in
Fig.17 left figure. The standard deviation of these data is also shown in Fig.17 right figure.
Both figures show the same result of the evaluation: problematic steel No.1 to No.4 show
considerably higher scattering amplitude and higher value of the standard deviation in
comparison with that of steel No.5 of good old days. Those values for the countermeasure
steel No.7’s exist between the level of the two. This fact appeals that the scattering
amplitude of Debye-ring crater heights or the standard deviation of these data is a good
candidate index for steel quality checking.

Fig.17 Comparison between scattering of Debye-ring crater height for steels of problem,
that of good old days and countermeasure products

Fig.18 compares the standard deviation of HMM
output data fluctuation. This result is very similar
to the result of DRA analysis shown in Fig.17. It
suggests that the HMM measurement can
substitute the DRA analysis: The standard
deviation of the output data fluctuation is good
candidate for the index of steel quality checking,
that can substitute the etching technique for steel
quality evaluation. Fig.18 HMM results between good old steel,

new steels and countermeasure

16
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8. Conclusions

1. The degree of irregularity in the shape of Debye-ring correlates closely to the grain size of
prior-austenite. The amplitude scattering of peak height variation over the 360-deg.path
of Debye-ring crater is the most sensitive output item of this measurement for steel quality
checking. Incorporation of X-ray irradiation of small diameter raises the sensitivity of the

measurement.

2. The standard deviation of the measured scattering of the peak heights of Debye-ring
crater is a good candidate for this steel quality evaluating method. It has a possibility to
substitute the etching method to check the metallugical status of steel. Comparing with
the etching method whose evaluation must be carried out with analog pattern recognition
of skilled specialist, numerical expression of the results of this method is a big merit in

industrial usage.

3. The amplitude or the standard deviation of the waviness of the output signal of high-
speed Debye-ring shape measuring apparatus HMM roughly indicates the situation of

prior-austenite grain size.
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(Sm, Ce)2(Co, Fe, Cu, Zr)17 i OESHIE I L O X #7
W Y A BEAS SR LA ) & B D AL S s

T T (KIRMETEN IS HREESERT)

Demagnetization Processes of (Sm, Ce)2(Co, Fe, Cu, Zr)17 magnets based on magnetic measurement
and soft X-ray magnetic circular dichroism microscopy analysis
Yutaka Matsuura* (Research Institute for Applied Sciences)

Observations of the demagnetization process for (Sm, Ce),(Co, Fe, Cu, Zr);7 magnets using soft X-ray magnetic circular
dichroism confirmed that the demagnetization process begins with magnetization reversal at the grain boundaries and around oxides
existing inside the grains. Subsequently, magnetization reversal progresses from the grain boundaries and oxide peripheries into
the crystalline grains via domain wall movement, eventually reaching coercivity. The reason for the larger slope in the linear portion
of the demagnetization curve for this magnet compared with that of Nd-Fe-B sintered magnets is thought to be the relatively large
grain boundary thickness of several hundred nanometers. After Hy, (i.e., the magnetic field corresponding to 90% of the residual
magnetization), the magnetization reversal area, which had penetrated the grains from the grain boundaries and oxide peripheries,
gradually reaches coercivity owing to pinning and de-pinning in the intragrain microstructure. The slow demagnetization between
Hj and the coercivity is estimated to be attributed to the large crystal grains, ~100 um. By accounting for the demagnetization field
and the magnetic after-effect, the average demagnetization curve of soft X-ray magnetic circular dichroism microscopy can be
reproduced numerically, verifying that the results reflect the magnetization reversal process within the bulk magnet. Furthermore,
when the average demagnetization curve is corrected using the demagnetization factor, the magnetic field at which magnetization
reversal proceeds inside the crystal grains is found to be -0.98 Tesla, a value close to H; (-1.066 Tesla). To date, discussions on the
coercivity mechanism for SmyCo;7 type magnets have mainly considered the angular dependence of coercivity, but the angular
dependence of coercivity of this magnet exhibits a similar behavior to ferrite magnets and Ga-doped Nd-Fe-B sintered magnets.

Therefore, it may be insufficient to discuss the coercive force mechanism based solely on the angular dependence of coercivity.

F—TJ—F B, SmCo sfi 2, WRLER 3, REESIA D=L 4, BERZN 5, XMCD6,

( magnet, SmCo magnet 2, demagnetization process 3, coercivity mechanism 4, magnetic after effect 5, XMCD 6)
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The magnetization reversal mechanism for Nd-Fe-B sintered and ferrite magnets was investigated using magnetic measurements
and soft X-ray magnetic circular dichroism microscopy. In magnetization reversal, discrete reversals of crystal grains occurred first
in the demagnetized field region, which was lower than the coercivity. In the next step, clusters of reversed grains were formed by
reversals in crystal grains around the discrete reversed grains. For highly aligned magnets, the cluster sizes at the coercivity
increased with decreasing temperature, and also varied with composition. The alignment and angular dependences of the coercivity
varied with cluster size, which depended on the number of discrete magnetization reversal grains that occurred in the demagnetizing
field that was lower than the coercivity. Hence, if the number of discrete reversal grains was large, the cluster size was small;
conversely, if the number of discrete reversal grains was small, the cluster size was significant.

Keywords: Nd-Fe-B magnet, ferrite magnet, demagnetization process, coercivity mechanism, alignment, angular dependence

1. Introduction

More than 40 years have passed since the invention of the Nd-Fe-
B sintered magnet. ¥ Its characteristics have since improved, and
its production has grown significantly. In particular, the application
of Nd-Fe-B magnets to drive electric vehicles (EVs), hybrid electric
vehicles (HEVs), and auxiliary motors for automobiles has been
expanding recently to reduce CO, greenhouse gas. Demand for
energy-saving home appliances, especially compressor motors for
air conditioners, is also increasing. Ferrite magnets are widely used
in automotive auxiliaries because they use abundant oxides raw
materials and straightforward manufacturing processes in contrast
to rare-earth magnets. Demand is expected to grow as crucial
materials support modern society.

Expectations for improving their properties, especially the
coercivity (H.,), are increasing. However, this requires many heavy
rare-earth elements (HREs), such as Tb and Dy, when used in EV
and HEV motors, which causes resource constraints. Therefore,
high A, and high residual flux density (B,) via HRE diffusion into
the magnets after sintering has been performed. @

However, it will be essential to elucidate the magnetization
reversal process and the H. mechanism to improve Nd-Fe-B
magnet properties and save resources by not using HREs.

Two H., theories have been proposed. One is based on the Stoner-
Wohlfarth model in which magnetization reversal occurs when the
entire magnetization of the Nd,Fe 4B grains rotates simultaneously.
This is coherent rotation of magnetization. ® The other theory is
where magnetization reversal of the entire crystal proceeds by the
formation of magnetic domain walls after the magnetization
reversal appears at the grain boundary, and the entire magnetization
of grains reverses by magnetic domain wall motion. ® This debate
continued until the beginning of the 2010s.
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* Research Institute for Applied Sciences
49 Tanaka Ohi-cho, Sakyo-ku, Kyoto, Japan 606-08202

The angular dependence of H.; (ANDC) has been used to examine
these coercivity models. It is still unclear which mechanism is at
work.

We have reported on the magnetization reversal of these magnets
based on the alignment dependence of H.; (ALDC) and have
discussed the ANDC using the results of ALDC. ' We also
reported the minor demagnetization in lower demagnetization field
than H.; using the recoil curve properties ®. Results obtained from
microscopic observations via soft X-ray magnetic circular
dichroism (XMCD) were compared with the demagnetization
process speculated from magnetic measurements. (!9 This paper
aims to synthesize and discuss with the demagnetization process
using the magnetization reversal of Nd-Fe-B sintered and ferrite
magnets using magnetic measurements and XMCD.

2. Experiment

In section 3.2, Ndi4.1Bs.1Coi0Fepa, Ndi21Dy2.1Bs.1Co1.0Fepal,
Ndi0.2Dy4.1B6.1Co1 0Fepar., Sro.76Lao24Fei15019
(Sro_76La0_24O-6Fe203) and Nd12_37B5_76Febal_ are used. In section 3.3,
Ndi3.48Bs5.76Coo.s5Fevar. is used for the temperature dependence of
the alignment dependence of H.; (ALDC), and Nd142Be3Co1.0Febar.
is used for the temperature dependence of the angular dependence
OfHCJ. In section 3.4, Nd14_2B6_2C01_oFeb31_, Nd14_2Dy0_3B6_2C01_0Febal_,
SI‘O'6F€203 and Nd14_79B5_24C01_11Gao_54Febal_ are used for the
measurement of the ALDC, and Ndi42Bs2Co1oFepar,
Nd14_2Dy0_3B6_2C01_oFCbal_, SI‘O'6F6203 aIld
Ndi4.79Bs26Co1.11Gag s4Fepa. are investigated for the ANDC. In
section 3.5, the recoil properties are investigated using
Ndi4.5Bs3Co1.0Febal., Ndi3.4Dyo.97B6.7Fepal. and
Ndi1.5Dy29Bs3Co10Fepa. In section 3.6, the demagnetization
process by XMCD is observed using NdisoBsoCoroFepal,
SI'O'6F€203.

Table 1 shows sample shapes and their dimensions.

For the ALDC, these magnets are cut in 7mm X 7mm x 7mm and
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Table 1. Sample shape and dimension

Alignment Dependence T;n/f;::;l;el)z ;Eiz‘i:zc: Angular Dependence
of H,;(ALDC) of H.r (ANDC) of H,; (ANDC)
Flux Meter, Pulse Field VSM, High-Temperature
Measurement Method Flux Meter Flux Meter Conductivity VSM
7 mmf K 19/\ o
M
7 mm T M 7 mm
Sample Shape and 7 ¢4 mm
Dimension i e /v
7 mm —

Cross Section Area Cross Section Area 4 mm
Perpendicular to M : 49 mm? Perpendicular to M: 49 mm?

measured by the D.C. recording flux-meter (BH tracer) with
maximum field 2 Tesla and the pulse high-field flux meter
(maximum field: 8 Tesla) after fully magnetized by 8 Tesla
magnetic fields for Nd-Fe-B magnets and 2 Tesla magnetic fields
for ferrite magnets.

We measured the ANDC using two different shapes of magnets.
Magnets are cut in parallelepiped with different easy magnetization
angles to measure the temperature dependence of ANDC by the flux
meter 6. In the parallelepiped magnets, the cross-section
perpendicular to the M direction was 49 mm? (7mm X 7mm) for
magnets with various . To measure the ANDC by VSM (maximum
field: 2Tesla) and VSM using the high-temperature
superconducting coil (maximum field: 5 Tesla), cylinder magnets
with Dia. 4 mm, length 4 mm, where easy magnetization direction
is in Dia. 4mm, are used. These magnets used for the ANDC are
fully magnetized by 8 Tesla magnetic fields for Nd-Fe-B sintered
magnets and 2 Tesla for ferrite magnets.

The detail measurement method of XMCD is mentioned in
another paper. 19

3. Results and Discussion

31 Conventional demagnetization theories and derived
angular dependence of H.; (ANDC) The microstructure of
Nd-Fe-B sintered magnets has a Nd-rich phase surrounding the
main Nd,Fe 4B phase grains, a Nd-rich phase, a B-rich phase, and

1.4 Magnetic Domain
‘Wall Motion
1/cos 6 Kronmuller
1.2 L@ N

5 (b) Experimental
( C) Results

B ~ - - *(d)

Coherent Rotation of

H,.;(8)/H.(0)

08 Stoner Wohlfarth Magnetization
1/(sin?3 @ + cos?36p2
0.6 \
0.4
0 10 20 30 40 50 60 70 80 90
Angle (0)

Fig. I. Angular dependence of coercivity derived from
the conventional theories of coherent rotation of
magnetism theories, which are Stoner-Wohlfarth and
Kronmiiller ®, and magnetic domain wall motion. Also
shown are experimental results of (a) Nd;42Bs2Coi oFebal,
(b) Nd14_2Dy0_3B6_2C01_0Feb31_, (C) SI'O'6F6203 and (d)
Ndi4.79Bs.24Co1.11Gao s4Febal.

Nd oxides at the grain boundary triple point. (- (17 (U3 In the
discussions of the coercivity mechanism between Kronmuller and
Givord, the Nd-rich phase has been regarded as non-magnetic from
the Nd-Fe-B ternary phase diagram 1" the main phase grain has
been considered magnetically isolated by the Nd-rich boundary
phase and magnetically disconnected from surrounding main phase
grains. On the basis of this idea, magnetization reversal has been
discussed in terms of demagnetization in a single main phase grain.
- These discussions have centered on whether the magnetization
of the main phase grain undergoes magnetization reversal by
coherent rotation of magnetization or by magnetic domain wall
motion. In both theories, magnetization reversal begins at grain
boundaries with a weak anisotropy in the main phase grain
boundaries. The coherent rotation of magnetization occurs when a
bud of magnetization reversal nucleates at a weak anisotropic point,
such as a defect in the grain boundary. This has been considered to
have low anisotropy, and the entire magnetization of the grain
rotates simultaneously, similar to the Stoner-Wohlfarth model. ?%

In the magnetic domain wall motion model, magnetic walls are
also generated in a similar area with weak anisotropy. However, the
activation volume that appears in the thermal fluctuation magnetic
after-effect equation grows from some process (passage) into a
magnetization reversal magnetic domain. " The magnetic walls
generated at the grain boundary penetrate the grain and cause
magnetization reversal. ANDC has been used to show which of
these is occurring.

As shown in Figure 1, the angular dependence of the H.; of the
actual magnet lay between magnetic domain wall motion, which is
shown as I/cos@ in Fig. 1, and the coherent rotation of
magnetization. This makes it difficult to determine which model is
correct.

3.2 H_.; mechanism derived from alignment dependence
of H,; (ALDC) Increasing the B, or the saturation
magnetization (J;) of permanent magnets is vital to reducing the
size of devices such as motors. It is therefore essential to synthesize
(i) the composition of Nd-Fe-B sintered magnets as close as
possible to the stoichiometric composition of Nd>Fe 4B, and (ii)
improvement on the alignment («= B, / J;) of the main phase
crystal grains (Nd2Fe4B). The easy magnetization direction for this
crystal structure is the c-axis of Nd>Fe 4B, and the alignment must

9 \
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Fig. 2. Alignment dependence of coercivity change ratio
(fns) of various magnets calculated from Eq. (1) and
calculation results from Eq. (3) and (4)



be close to =1 . In the case of (i), H.svanishes in the region where
the Nd-rich phase disappears. When we used methods (i) and (ii),
we produced the highest energy product with 474 kJ/m? (59.5
MGOe). ®- @2

However, we found that H.; decreased with increasing ¢ from the
isotropic magnet. ©» © We defined the measured H., change ratio
(Bns) as follows:

ﬁms (%) _ HciI_H'c]isotropy x 100 (1)
cJisotropy

H.;is the coercivity of aligned magnets, while Hejisonqpy represents
the coercivity of the isotropic magnets.

The ALDCs of Nd-Fe-B sintered and ferrite magnets are shown in
Figure 2. In the high region (> 0.95), H.; decreased rapidly, and
the extrapolated value to perfect alignment (= 1) was 70% of that
for isotropic magnets. A similar ALDC was experimentally
observed in Nd-Fe-B sintered and ferrite magnets. ©- (12 The
Stoner-Wohlfarth model for the ALDC indicated that the coercive
force increased with the improved ¢ from the isotropic magnet. 7
®. (10 Similar results were obtained using the modified Stoner-
Wohlfarth model of Kronmiiller et al. ® However, if the magnetic
domain wall motion reversed the magnetization, the H.; at perfect

alignment (o= 1) was 1//2 = 0.7 of isotropic magnets, which

agreed well with the ALDC experimental value. !9 Therefore, it
strongly suggested that the H.; was not determined by coherent
rotation of magnetization, but instead by magnetic domain wall
motion.

The wall motion determined the ALDC, but it needed to be
confirmed whether the alignment dependence obtained could be
reproduced if it was assumed that every particle was independently
reversed by the wall motion (1/cos 6).

Calculations were used to determine the coercivity change ratio
(p) at various a via the following equations and compared with

measured [, values. 19

o= Br/js = éfgnp(e) sin20 do ©)

J=3Js ( ffjp(a) sin26df — [ P(6)sin26 d@) =0 (3

1
/cos 45°

1

B(%) = (ﬂ— 1) X100 = (o —1) X100 (@)
P(8) denotes the alignment distribution, which was confirmed to be
almost the same as Gaussian distributions from electron back-
scattered diffraction. ! The magnetization component of the
magnetization direction of a particle tilted & from the easy
magnetization direction (6= 0) can be expressed as J; X cos 8,
where J; is the saturation magnetization of magnets. B, in Eq. (2)
represents the sum of the easy magnetization direction components
of magnetization of the grains in the magnet. There is good
agreement between ¢ obtained from Eq. (2) and the experimental
data. @

In Eq. (3), assuming that the magnetic domain wall motion (1/cos
8) determines H.; and every grain reverses by 1/cos 8 without any
interactions, the H., of grain tilted & from the easy direction of
magnetization is larger by 1/cos 8 than those of grains with 0°.

Therefore, the magnetization reversal starts from grains along with
the easy magnetization direction (0°), and after reversing the grains
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Fig. 3. Comparison of the temperature dependence of
ALDC and ANDC for Nd-Fe-B sintered magnets. (a)
Temperature dependence of ALDC for Nd;3.48B5.76C00.55F €par.
and that calculated from Egs. (3,4). (b) Temperature
dependence of ANDC for Ndi42B¢2Co1 0Fepa. and 1/cos &

with a tilted angle &, the magnetization becomes zero, and H.; is
reached. From equation (3), we see that &;in the isotropic magnet
(P(6) = 1) is 45°. For an aligned magnet with P(9), &, is smaller
than 45° (6, <45°).

In Eq. (3), H.sis defined as the de-magnetization field atJ= 0. The
first term in Eq. (3) shows the magnetization state and the second
term shows the magnetization reversed state by 1/cos 6.

In Eq. (3), J is the magnetization, and H,, is defined as J=0, where
the first term in Eq. (3) denotes the magnetized state and the second
term represents the demagnetized region. 8; is defined as the angle
of the magnetization reversed area, where J = 0.

fis derived from equation (4) using ;.

The broken line in Figure 2 shows calculation results from Egs.
(2-4). In figure 2, the calculated ALDC shows a significant
deviation from measurements. ) This suggested that every particle
in the magnets were not independently reversed by magnetic
domain wall motion, but instead formed a cluster of magnetization-
reversed particles at H.;.

3.3 Temperature dependence of ALDC and ANDC of
Nd-Fe-B and Pr-Fe-B sintered magnets  Discussions of the
coercivity mechanism are used for the ANDC at room temperature.
The ALDC does not use the coercivity mechanism. The temperature
dependence of the ANDC of PrFeB sintered magnets at low
temperatures was reported by Elvas et al. 3 There are no reports
of the ALDC and the ANDC of Nd-Fe-B sintered and ferrite
magnets at the temperature above room temperature. This section

=)
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Fig. 4. Angular dependence of H.; of Pr-Fe-B sintered
magnets at several temperatures by Elvaz et al. ¥, (a)
Pri7FessBs, (b) Pri7Fes3Bso

discusses the temperature dependence of the ALDC and ANDC and
their relations.

The temperature dependences of ALDC and ANDC were
investigated, as shown in Figure 3(a,b) for Nd-Fe-B sintered
magnets. The broken line in Fig. 3(a) shows the ALDC obtained
from Egs. (2-4). D With increasing temperature, the ALDC
approached the dashed line, which was calculated assuming that all
particles had magnetization reversed independently via magnetic
domain wall motion. Similarly, the ANDC approached 1/cosé, as
shown in Fig. 3(b). The changes in the ALDC and ANDC
temperature dependences appeared correlated. This suggested that
the cluster sizes at H.; decreased with increasing temperature. The
ALDC and the ANDC correlation for various temperatures was also
reported for ferrite magnets. ('?

Elvas et al. reported the ANDC for Pr-Fe-B sintered magnets at
below room temperature, as shown in Figure 4. 3 The room
temperature results were similar to those of Nd-Fe-B sintered
magnets. At 175 K and 4.3 K, it decreased from 0° and increased at
angles above 50°, consistent with coherent rotation of
magnetization. However, they did not discuss the H.; mechanism.
The ANDC of Pr-Fe-B magnets at low temperatures was studied
because, unlike the Nd-Fe-B magnet, they did not undergo spin re-
orientation. ®» The ALDC and the ANDC temperature dependences
for Nd-Fe-B sintered magnets indicated that the /., was determined
by magnetic domain wall motion, and the cluster sizes at H.s
decreased with increasing temperature.

3.4 Relationship between ALDCs and ANDCs in Nd-Fe-
B sintered and ferrite magnets  The temperature dependences
of ALDC and ANDC for Nd-Fe-B sintered magnets indicated a
correlation and cluster sizes at the H.; decreased with increasing
temperature. !V In this section, ALDC and ANDC for Nd-Fe-B
sintered and ferrite magnets having different compositions were
studied to further investigate the correlation. And the experiment of
ANDC and the calculated ANDC from 8,, which is obtained from
the ALDC with various compositions, are compared.

Figure 5(a,b) showed that the ALDC and the ANDC differed
according to composition, but were clearly correlated. '35 In the
ALDC, the H.; change ratio from isotropic magnets was smaller in
the order of Nd-Fe-Co-B, Nd-Dy-Fe-Co-B, ferrite, and Ga-doped
Nd-Fe-B. The change in the ANDC also was smaller in this order,
especially for ferrite magnets, and the ANDC of Ga-doped Nd-Fe-

B sintered and ferrite magnets decreased from 0° and then increases
from approximately 50°. These ANDCs appeared to exhibit
coherent magnetization rotation. However, in the ALDC, H.s
decreased relative to those for the isotropic magnets. Thus, H.; was
also determined by magnetic domain wall motion. As with the
ALDC and ANDC temperature dependences in Sections 3.3, the
cluster size increased from Nd-Fe-Co-B to Ga-doped Nd-Fe-B. To
use this ALDC to obtain &, aligned magnets, Eq. (4) was
transformed as follows:

1
glms. = m (5)

100

The experimental f,, was input into Eq. (5) to obtain the
magnetization reversed area (&,). A comparison of ;s with §;1in
Eq. (3) is shown in Figure 6.

In Fig. 6, the 8, obtained from the measured £, was larger than
the & value obtained by assuming that all particles were
independently reversed by magnetic domain wall motion (1/cos 6).
The figure shows that 8; and &;,,; were 45° for isotropic magnets,
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Fig. 5. The relation of ALDC and ANDC of various
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Table 2. Composition and &, for Aligned Magnets

Magnetization Reverse Area
(Or O15)
Custer size at H,;becomes
. o el
(Ultimate Magnet) (45 ) larger as 8, increases.
Ndy4.79Ga9.57B524Co0y 11Fepa, 41.7° A
(ot =0.945) . g@
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Fig. 7.
ANDC

Spherical trigonometry using for the calculation of

regardless of composition.

Table 2 shows O, of the aligned magnets and the calculated ;.
The measured ;s of the highly aligned magnets was related to
cluster size, indicating that the size increased with s, as shown in
Table 2. If H.; was also determined by magnetic domain wall
motion, then the ultimate value of &, for highly aligned magnets
would be estimated to be 45°, and the H.; of the aligned magnet
should be the same as isotropy magnets.

Using the low alignment with &; with respect to matching 8
obtained from Fig. 6, the ANDC was calculated from the following
equation using spherical trigonometry shown in Fig. 7: (%

éf; fozn Q(w, 1) sin 2w drdw — éfoml foan(zU, 7) sin2w

13
% 12
T
~ 11
GQ 0,=36° 6=44
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09 4%—01=42°,G:90

0 10 20 40
Angle (6)
Fig. 8. Angular dependence of H.; (ANDC)of various

magnets and the calculated ANDC using Egs. (6,7).
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Fig. 9.  Temperature dependence of ANDC for Pr-Fe-B

sintered magnets. ?3 (a) Pri;Fe75Bs at several temperature, (b)
Pri7Fe;sBs and Pri7Fes3Bsg at 4.2K and the calculated ANDC
with 8;=45° using Egs. (6,7)

dtdw =0 (6)

Q(w, 7)is the alignment distribution, which has the Gaussian

distribution, and w; is the angle of the reversed magnetization area,

which was similar to &, in Eq. (3).

The ANDC was determined using Eq. (7):
Hj(020) _ cos w,(6=0)
Hcj(6=0) cos w,(6020)

0

8is the angle between the magnetic field and the magnetization.

In Figure 8, the ANDC calculated from Eq. (7) was used s of
the ALDC in Fig. 6. In measurements of the ALDC, the magnetic
field and magnetization were parallel. Therefore, it was considered

1
Calculation(8, = 459
08
=)
f 06 Nd4,B62Co0; oFepar-
s AN S10+6Fe,05
= Ndi4.79Ga 57C01.11Bs 24F epal,
< 04 \
0.2
0 T T T T T T T T
0 10 20 30 40 50 60 70 80 90
Angle (¢) (deg.)
Fig. 10.  ANDC of isotropy magnets of Nd-Fe-B sintered

magnets and ferrite magnets with various composition.
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to give correct information on the ANDC in the low angle area
around 0°. o in Fig. 8 represents the standard deviation of the
orientation distribution (Q(t, ®)) in Eq. (6).

The calculated ANDC at low angles reproduced the tendency of
the measured ANDC. In particular, when it was postulated that
ferrite magnets and Ga-doped Nd-Fe-B sintered magnets with large
6, behaved like low-aligned magnets by forming larger clusters, it
was strongly assumed that H.; was determined by magnetic domain
wall motion, even if the ANDC of these magnets decreased from 0°.

It was thus of interest whether the ANDC at low temperatures,
especially 4.2 K, for Pr-Fe-B magnets reported by Elvas et al.,
behaved more like coherent rotation of magnetization ?® than the
angular dependence expected at d; = 45°, which was the upper limit
of magnetic domain wall motion.

Figure 9(a) shows the temperature dependence of the Pri7Fes5Bs
ANDC, and Fig. 9(b) shows the ANDC at 4.2 K for Pri7FessBs and
Pri7Fes3Bsg reported by Elvas et al. @3, These were compared with
that at 8; = 45° calculated from Eq. (7) and with Stoner-Wohlfarth
shown by the blue line. In Fig. 9(a), Pi7Fes5Bs exhibited an ANDC
similar to that of Nd-Fe-B sintered magnets at room temperature.
However, at 175 K and 4.2 K, H,; decreased from 0° and exhibited
a behavior similar to that of coherent rotation of magnetization.
However, the ANDC at 4.2 K varied in line with the calculated
ANDC with 8;=45° up to 40°. Figure 9(b) shows the ANDC for
Pri7Fe;sBs and PrisFes3Bsg at 4.2 K that follow the calculated
ANDC with 8;=45° until 40°. Compared with the ANDC of the
Stoner Wohlfarth model shown in Fig. 9(a, b), the ANDC of Pr-Fe-
B sintered magnets at 4.2 K was close to the ANDC of 8, =45° and
did not go lower than this line. This indicated that even for Pr-Fe-B
sintered magnets with nearly 9T of H.; at 4.2 K, magnetic domain
wall motion still determined the H..

Similarly, for isotropic magnets, 8; = 0;.,s = 45° was expected.
Figure 10 shows the ANDC of isotropic Nd-Fe-B sintered magnets,
ferrite magnets, Ga doped Nd-Fe-B sintered magnets, and the
calculated ANDC with 8;=45°,14.(15.25 The coercive force angle
dependence of isotropic magnets agreed with the calculations up to
around 60°.

These accumulated facts and considerations strongly supported
the presence of clusters of magnetization-reversed grains at the H.;
in highly aligned magnets.

3.5 Recoil Curve Properties Until now, the
conventional theory considered that the magnetization of Nd,Fe 4B

T T
(@) Ndyy5Bg3CoyoFepy, N
1.4
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J— T
(b) Ndy3,4D¥0.97B6.7C01 gFepar. 1
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=
Magnetic Properties ~
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(6) Nd13.4Dy097By 01 Fers, 1326 1413
() Ny sDy2 4B 3Coy oFer, 1229 03 | oo
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1600 -1400 -1200 -1000 -800  -600  -400  -200 0
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Fig. 11.  Demagnetization curves of Nd-(Dy)-Fe-B sintered
magnets measured with recoil properties

grains in sintered magnets was simultaneously reversed by coherent
rotation of magnetization, or magnetic domain wall motion, when
the nucleation near H.; generated magnetization reversal. The
reversal in the demagnetizing field region lower than H.; had not
been considered. @ - @3 This image of the demagnetization
process comes from the excellent rectangularity of demagnetization
curves in Nd-Fe-B sintered and ferrite magnets. Therefore, the
following questions are generated. If H. was determined by
magnetic domain wall motion, where are the magnetic domain
walls? Where in the demagnetization field does the magnetic wall
or magnetization reversal occur? Does demagnetization not occur
until the vicinity of H.,? The magnetic domain wall may not exist
in magnets until the vicinity of H.j according to the precise
rectangularity of the demagnetization curve in Nd-Fe-B sintered
and ferrite magnets. It is essential to investigate whether there is
demagnetization in magnetic fields lower than the coercive force to
study the demagnetization process of Nd-Fe-B sintered magnets,
which can be quickly confirmed by examining the recoil properties
as a method.

Figure 11 shows the demagnetization curves of Nd-(Dy)-Fe-B
sintered magnets with different H.; measured with the D. C.
recording flux-meter (BH Tracer). ® They exhibit excellent
rectangularity despite bending in the demagnetization curves
caused by the mirror-image effect at demagnetization fields above
1200 kA/m.

Figure 12 indicated that the recoil curves of various Nd-(Dy)-Fe-B
sintered magnets in the magnetic field region were lower than H..
Slight  demagnetization continuously occurred in the
demagnetization field region lower than H.; for all the magnets
having different grades of H.;. This demagnetization in the recoil
curves was different from that occurring on the magnet surface.

Magnetization at zero
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Fig. 12.  Recoil curve and magnetization at zero magnetic
fields after various demagnetization fields added to (a)
Ndi45B63Co10Fepa. (b) Ndiz4Dyo97Bs7CoroFera. and (c)
Ndi1.5Dy29Co1.0Fepal.



H=-0.70T

() Nd;sBgCoyoFep,,

H=-0.20T

(b) SrOe6Fe,0,

Fig. 13.  X-ray magnetic circular dichroism image of (a)
Ndi5Bs.0Coi.0Feba. sintered magnet and (b) SrO * 6Fe,Os in
various magnetic fields. Enlarged images are -0.7T for the Nd-
Fe-B sintered magnet and -0.2T for the ferrite magnet.

This was from degradation by surface tooling, cutting, or grinding,
and was expected to occur throughout the entire magnet. ©

Observations of demagnetization of Nd-Fe-B sintered magnets via
XMCD revealed that it occurred initially in discrete grains in the
weak demagnetization field region, which may have corresponded
to demagnetization seen in the recoil curves. 19

3.6 Observation of demagnetization of Nd-Fe-B sintered
magnets and Ferrite magnets with XMCD The
demagnetization of Nd-Fe-B sintered magnets and ferrite magnets
have been investigated with magnetic measurements. Small
demagnetizations occurred continuously in magnetic fields lower
than H,,. It was possible that clusters were formed at H., and that
their sizes varied with composition and measurement temperature.

It was crucial to visually verify the results obtained from magnetic
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Fig. 14. Demagnetization curves of a Nd-Fe-B sintered
magnet and a ferrite magnet. The maximum magnetic field
grains was that after

observed in discrete reverse

demagnetization field correction. %

measurements. It was then possible to create a consistent picture of
the demagnetization process by examining them together with

visual data.
XMCD was used to observe demagnetization of Nd-Fe-B sintered

Table 3.  Summary of demagnetization process of Nd-Fe-B sintered and ferrite magnets.
Temperature Low | > High
o (Pri7FessBy)
Composmon (Pr7Fes;Bsg) | Ndig79Gag.siBsp4CornFepa, SrO+6Fe;03 Ndy42Dy03Bs2Co01.0Fepa, Nd42Bs2Coy 0Fepa,
at4.2K atR.T. atR.T. atR.T. atR.T.
Magnetization Reverse (~ 459) 4170 40.60 360 300
Area (glms)
Large ¢ : Small
Cluster size of reversed
grains at H,, @}
Number of discretely ) 0 0 U 0
. — | 0
reverse grains before | Discretely reversed U}
cluster formation) Few @ grains ] U V
Many @
Alignment(ct) Alignment(ct) Alignment (o)
Alignment dependence ) < 2
(B of H,, < SIS < <
S S S
Angular dependence = = &
of H, s / s s
(Hey (6) 1 Hy(0)) = < ‘ =
Angle (9 Angle () Angle (6)
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and ferrite magnets. !9 Figure 13(a, b) shows demagnetization of
Nd NdisCoi0BsoFena. and SrO6Fe,O; observed via XMCD.
Discrete magnetization reversals of the crystal grains initially
occurred in the demagnetization field region lower than H.; in Nd-
Fe-B sintered and ferrite magnets. 19 Subsequently, magnetization
reversal of the crystals around discrete grains occurred at -0.7 T for
Nd-Fe-B sintered magnets and at -0.20 T for ferrite magnets,
indicating that clusters were generated. As the demagnetization
field increased, the clusters grew and reached H..,.

When the average demagnetization curve of the XMCD was
compared with that of the magnetic measurement, the squareness of
the curve and H.; of XMCD were lower than that of the magnetic
measurement. The reduced squareness of the demagnetization
curve was caused by the self-demagnetization field at the surface
and the low H.; derived from the magnetic after-effect during the
XMCD measurement. (19

The magnetic after-effect was proportional to the irreversible
magnetic-susceptibility (i) in the demagnetization curve obtained
from magnetic measurements. ?® When the various magnetic after-
effects were corrected, after the maximum irreversible magnetic-
susceptibility ((¥ir)max) and the demagnetization factors (N) were
put into the demagnetization curve, the curve was consistent with
the average demagnetization curve of the XMCD. (9 Using the
demagnetization field coefficients obtained from this result,
reversed particles demagnetized and formed clusters, and the
magnetic field was close to the H of the demagnetization curve.

Figure 14(a, b) shows the demagnetization curve for Nd-Fe-B
sintered and ferrite magnets. The magnetic field area observed in
the discrete reversed grains, as well as cluster formation and growth,
are shown.

When these factors were corrected, the average demagnetization
curve agreed with that of the magnetic measurement corrected for
the demagnetization field. Thus, the XMCD measurement was
expected to reflect information within the magnet.

4. Conclusion

The ALDC and ANDC results of Nd-Fe-B sintered and ferrite
magnets, magnetic measurements of recoil curve properties, and
XMCD observations are summarized in Table 3. Magnetization
reversal in highly aligned Nd-Fe-B sintered and ferrite magnets
with approximately o = 0.93~0.96 was characterized by discrete
magnetization reversals of crystal grains in the demagnetization
field region below H,,. This was followed by clustering of reversed
particles near Hj, at which B, reached 0.9B.. The clusters grew as
the demagnetization field increased and approached H.. The
clusters sizes at H.; varied with temperature, increasing at lower
temperatures. The size at room temperature also varied with
composition, increasing in the order of Nd-Fe-B, (Nd, Dy)-Fe-B,
SrO * 6Fe;0;, and Ga-doped Nd-Fe-B. That for Pr-Fe-B was
measured at 4.2K. As shown in Table 3, the ALDC and the ANDC
varied with cluster size. The size was likely determined by the
number per unit volume of discretely reversed particles created in
the demagnetization field region below H..,.

Recently, it was reported that the grain boundary phase exists in
ferrite magnets. @” The main phase grains of ferrite magnets are
magnetically separated by the grain boundary phase, similar to the
Nd-Fe-B sintered magnets. A similar discussion as the

demagnetization process in Nd-Fe-B sintered magnets seems valid
in ferrite magnets.
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K Osamura and S Machiya, “BENDING STRAIN DEPENDENCE of CRITICAL
CURRENT in BSCCO and REBCO TAPES”, IEEE Transactions on Applied
Superconductivity vol 35 (2025) pages:1-11

Abstract

Applying BSCCO and REBCO tapes to various engineering purposes, three modes of
tensile and edgewise- and flatwise- bending are essential to deform the tape in pancake
and spiral windings as well as twisting. Both kinds of tape consist of brittle
superconducting (SC) oxide and several metallic components. Fine SC filaments are
embedded in Ag matrix in BSCCO tape while single SC layer is put on the well oriented
metallic sheet in REBCO one. These texture difference influences clearly on the bending
dependence of critical current (Ic). The Ic of BSCCO tape decreased up to 95% of /co//coo
when the tape is bent to ~ 53 mm diameter by flatwise bending and 1325 ~ 1682 mm by
edgewise one. The equivalent flatwise bending strain was 0.29~0.39% when the critical
current degradation starts, while the critical edgewise strain was 0.29 ~ 0.31%. In the
case of REBCO tape, the /. did not decrease up to 10 mm flatwise bending while it
decreased by 405 mm edgewise bending. The degradation was observed to start from
1.04% edgewise bending strain while the flatwise bending did not give degradation up to
0.92%. The fracture behavior induced in BSCCO and REBCO tapes was discussed. The
degradation starts from fracture of BSCCO filaments, while it originates to a delamination
between the oxide and the metal interface in REBCO tape.
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S Shin, M A Diaz, K Osamura, Y Zhao, Y Zhang, | Falorio, N Bagrets and X Zhang,
“International round-robin test for electromechanical properties of HTS wires under
uniaxial tension at liquid nitrogen temperature”, Supercond. Sci. Technol. 38 (2025)
065001

Abstract
As superconducting wires have become more prevalent, it has become increasingly
important to establish reliable and standardized methods for evaluating their
electromechanical properties (EMPSs) at cryogenic temperatures. An international round-
robin test (RRT) was conducted to assess the EMPs of four commercially available
high-temperature superconducting (HTS) tapes as an activity to establish a standard for
the EMP test method. Six laboratories participated in the RRT, adhering to the
guidelines. During tensile testing of the HTS wires at 77 K, critical current (Ic)
measurements were performed using a stress-based test method. This method
streamlined the testing procedure by changing stress intervals from broad to narrow as
the applied stress approached the Ic degradation point while eliminating the need for
dedicated extensometers. The EMPs of the reversible stress limit (Rrev) and retention
stress limit (Rret) for Ic degradation were defined based on specific criteria for 99% Ic0
recovery and 95% IcO retention. Once the RRT participants reported their test results,
statistical analysis tools such as ANOVA were employed to identify sources of variation
and assess their magnitude in the results. The primary source of the relative standard
uncertainty was the effect of inter-laboratory scattering. The RRT results are utilized to
develop an international standard for evaluating EMPs of HTS wires through Ic
measurements under uniaxial tension at liquid nitrogen temperature. These RRT
analysis results offer valuable insights into potential sources and magnitudes of
measurement uncertainties, ultimately contributing to standardized test procedures for
accurate and reliable EMP characterization of HTS wires.
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Abstract—The application of silicon carbide (SiC) power
devices in switched reluctance motor (SRM) drives enhances
their operation speed and power density at the cost of in-
creased electromagnetic interference (EMI) and device stress.
This work implements a digitally controlled active gate driver
(AGD) to mitigate these undesired byproducts while maintaining
the benefits of SiC devices. An internally developed AGD is
integrated into a hysteresis-controlled asymmetric H-bridge drive
for SRM. The experimental results confirm the effectiveness of
AGD in suppressing high-frequency ringings caused by switching
operations by precisely controlling the switching transients of the
power devices. Furthermore, the measurement of the conducted
emission confirms the reduction of conducted noise spectra at 10-
50 MHz frequency band, validating the applicability of AGD as a
promising approach to mitigate EMI for high-density SiC-based
SRM drives.

Index Terms—Switched reluctance motor, active gate drive,
electromagnetic interference, SiC MOSFET, conducted emission

I. INTRODUCTION

Switched reluctance motors (SRMs) have gained increased
attention for multiple industrial and commercial applications
in recent years. Their simple, efficient, and rare-earth-free
configurations offer practical advantages compared to the
conventional induction and synchronous motors [1]-[3]. The
recent development of silicon carbide (SiC) power devices
further enhances its advantage by increasing operation fre-
quency and power density, which are particularly favorable for
demanding applications such as electric vehicles (EVs) [4].

Despite the above benefits, adopting SiC devices poses
several challenges for the motor drive system [4]. One of the
significant issues is the electromagnetic interference (EMI),
which is primarily caused by the switching operation in
the power converter for motor drives. To protect control,
communication, and other peripheral circuitry from malfunc-
tion, several standards provide limits on allowable conducted
emissions, such as those defined in CISPR 25 [5]. In particular,
emissions in the 2-30 MHz frequency band play a major role
in common-mode noise, affecting the reliability of the system
[6]. The increased switching speed of SiC devices, combined
with their reduced output capacitance, contributes to large
overshoots and ringing at elevated frequencies, making it even
more challenging to meet EMI regulations. The increased

(C)20261EEJ

number of integrated sensors in EV systems makes EMI issues
an even more critical concern.

The EMI issue can be addressed by two circuital ap-
proaches: applying noise filters and/or reducing the noise
source itself [4]. EMI filters are regarded as crucial com-
ponents in the EV traction system. However, the attenuation
performance can be severely degraded at a frequency range
of 10 MHz or higher due to the resonance of circuit parasitics
and filtering components, making it challenging to meet the
EMI regulations [7]. The use of additional filters may reduce
emissions, but it suffers from the increased size and loss of
the overall system. Therefore, removing or reducing the noise
source is a preferable approach to leveraging the potential of
SiC devices to achieve high power density [6].

The use of large gate resistors is a common practice for
reducing the switching speed of power devices and the result-
ing ringings, thus attenuating the noise emission. However,
this approach severely degrades the excellent characteristics
of SiC devices. Recently, the technique called active gate
driver (AGD) has attracted considerable attention as a measure
to improve the switching characteristics of power devices,
particularly for fast-switching SiC devices [8], [9]. AGDs
dynamically control the switching transient of power devices
by precisely adjusting the gate-voltage waveform, resulting
in reduced ringing without sacrificing their fast-switching
performance. Adaptive or programmable AGDs have also
been proposed to achieve optimal operation under varying
operating conditions, which is particularly beneficial for motor
drive applications [10]-[12]. By reducing the EMI source
flexibly, AGD could ease the requirement for bulky and lossy
filtering components of motors, thereby contributing to the
miniaturization of the system [13].

This work investigates the applicability of AGD in SiC-
based SRM drives. To the best of the authors’ knowledge,
no report has applied AGD to SRM drives. The square-wave
excitation current of the SRM drive is found to be suitable
for implementing load-adaptive control of AGD. An internally
developed digital AGD is incorporated into a three-phase SRM
drive circuit, where the effectiveness of AGD in suppressing
EMI is experimentally analyzed in both time-domain and
frequency-domain.
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(a) Schematic diagram of three-phase AHB drive for SRM. XH and XL
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Fig. 1. System overview of AHB SRM drive.

II. DRIVE CIRCUIT FOR SRM

A driver for a three-phase 6/4 SRM [3] is developed,
integrating control algorithms and AGD hardware. Brief de-
scriptions of the driver circuit and control algorithm are given
in this section.

A. Asymmetric H-bridge Circuit

SRMs require a constant current throughout each phase
for the excitation of their stator coils. This work adopts the
asymmetric H-bridge (AHB) topology, which is one of the
simplest and fundamental configurations of SRM drives [1],
[2]. Fig. 1(a) shows the schematic of the three-phase AHB
circuit, where each phase deploys two SiC MOSFETs and
two SiC SBDs. Switching of these MOSFETs generates three
patterns of the output current (/,,), namely the magnetization,
demagnetization, and freewheeling. The three-phase excitation
currents are supplied to the SRM as shown in Fig. 1(b), which
energize the stator coils sequentially to generate a rotating
magnetic field that pulls the rotor.

B. Hysteresis Control

The three-phase output current of the AHB drive is con-
trolled by hysteresis control [2]. The representative current
waveforms and corresponding switching patterns of MOSFETs
are shown in Fig. 1(c), where the reference current and the
hysteresis band are denoted by I and Iy,,q, respectively.
At the beginning of a phase, both the high-side and low-side
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MOSFETs are turned on, injecting output current I, from
the DC power supply into the windings. Once I, reaches
Lot + Iband/2, the high-side MOSFET is switched off and
I, freewheels through the low-side SBD and the low-side
MOSFET. The high-side MOSFET is turned on again when
Tout reaches Iper — Ipand/2. With this hysteresis control, Iy
is maintained at the reference current value within the range
of Ihand. At the end of the phase, both high- and low-side
MOSFETs are turned off. The same sequence is repeated
for the other two phases, generating a three-phase excitation
current.

III. ACTIVE GATE DRIVER

An AGD is introduced to mitigate unwanted overshoot and
ringing during the switching transients of SiC MOSFETs.
By employing a digitally controlled multi-level topology, this
AGD enables precise shaping of the gate-voltage profile along-
side online programmability, which is beneficial for motor
drive applications.

A. Schematic Configuration and Operation

Fig. 2 details the developed three-voltage-level (3-L) AGD
[14]. It employs the modular multi-level topology [15]-[17],
which primarily consists of a series connection of three
submodules with bootstrap power supplies. With this configu-
ration, the gate-source voltage Vg is generated as the sum of
the outputs of submodules as formulated in (1).

Ves(t) = b1(t) - Vo + ba(t) - Vamz + bs(t) - Vams (1)

Here, b; € {0,1} denotes the i-th bit gate signal required for
its operation. By having delays among the three gate signals,
the AGD generates a step-wise Vs waveform as illustrated in
Fig. 2(b). It is noted that if we toggle all three gate signals
simultaneously, we obtain a standard two-level gate-driving
waveform (without AGD).

A single isolated DC-DC converter is employed to power
the AGD board. Each of the three submodule voltages Vg,
is supplied by the DC-DC converter through a low-dropout
(LDO) regulator. A digital potentiometer (digipot) is adopted
as the variable resistor in the feedback voltage divider of the
LDO, enabling digital adjustment of Vgyy;.

The operation of this 3-L AGD is determined by the three
voltage levels (Vaa, Vint1, Vint2) and the signal delay at each
switching transition (tin¢1, ting2). These parameters are easily
accessible using standard DSPs or FPGA-based controllers by
interacting with digipot ICs through serial communication and
adjusting the delays among the three gate signals, providing
online programmability of the AGD.

The photograph of the fabricated 3-L. AGD board is shown
in Fig. 3. Utilized components are listed in Table I. Com-
mercial isolated gate driver ICs are utilized as submodules to
achieve their floating operation. The minimum value of Vgyy;
is imposed by the under-voltage lockout threshold of the IC,
which is around 4 V. A digital signal isolator IC is used to
transfer serial communication signals to the IC. The external
gate resistor I, is set at 1 ().
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Fig. 2. Configuration and operation of 3-L. AGD.
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Fig. 3. Photograph of 3-L AGD fabricated on PCB.

TABLE I
Li1ST OF PRIMARY COMPONENTS USED IN AGD.

Component Part number Manufacturer
Isolated gate driver 1EDB7275FXUMA1 Infineon
Isolated DC-DC converter MGI2D051802SC Murata
LDO regulator LP2951DR Texas Instruments

AD5292BRUZ-50
Si8660BC-B-IS1

Digital potentiometer
Digital signal isolator

Analog Devices
Skyworks

B. AGD Strategy in AHB SRM Drive

One of the practical challenges of AGD is load-adaptive
operation, as the effective AGD patterns strongly depend on
the load current [10], [11]. Inverter applications, for example,
require a sinusoidal current waveform. To obtain maximum
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performance from AGD, one needs to always feed back the
instantaneous current value and select the appropriate AGD
pattern from the lookup table at each switching event. This
increases system complexity and the cost of sensing circuitry
especially at high rotation speed, undermining the benefits of
AGDs.

In this regard, conveniently, typical SRM drive circuits
require a constant excitation current for each phase, which
implies that the MOSFET is always turned on or off at a
known, fixed current. Therefore, the AGD pattern does not
need to be modified across the phase and only needs to be
updated if I, is changed. The update can be performed when
the other phases are excited, which is long enough (in the
order of 10 ms) for the digipots to be programmed and for the
submodule voltages to settle to a new value. This characteristic
of the SRM drive circuit makes it easy to implement AGD as
a countermeasure to the increased EMI caused by the fast
switching of SiC MOSFETs.

IV. EXPERIMENTAL VERIFICATION

We developed an experimental setup to verify the applica-
bility of AGD for the SRM drives. Particularly, its effect on
the reduction of conducted emission is analyzed based on the
time-domain switching waveforms and the frequency-domain
noise measurement.

A. Experimental Setup

Fig. 4 shows the experimental setup. An internally devel-
oped SRM is placed at the bottom, with its shaft intercon-
necting to an induction motor (IM) that controls the load
torque of the SRM. The three-phase AHB drive circuits are
placed above the SRM. SiC MOSFETs (SCT2160KE, ROHM)
and SiC Schottky barrier diodes (SBDs) (SCS220AE, ROHM)
are selected as the power devices in the AHB circuit, in
which each MOSFET is driven by an AGD. The hysteresis
control is implemented in a DSP-FPGA integrated controller
(B-BOX-RCP3.0, Imperix), which samples the output currents
through current sensor ICs (T430-HSWF20DR, Allegro Mi-
croSystems) and generates pulse-width modulation (PWM)
signals, each of which contains three-bit gate signals for
AGD operation. The controller also sets Vg, of AGDs via
serial peripheral interface (SPI) communication. The SRM
is operated in a single condition. The target rotation speed
is 200rpm, while the load torque is set at 0.89 Nm and
Vius = 200V is supplied, resulting in o = 5 A.

B. Measurement Setup

The effectiveness of AGD is evaluated based on the time-
domain switching waveforms and the frequency-domain spec-
tra of conducted emissions. Since the three-phase legs operate
symmetrically, it is satisfactory to focus on a single-phase
operation for detailed measurement of the switching waveform
and analysis. Fig. 5 shows the measurement points of voltages
and currents in the phase-C drive circuit, where the subscripts
H and L denote high- and low-side. The utilized oscilloscope
and probes are listed in Table II. Gate voltages are measured
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(b) AHB driver board (single phase).
Fig. 4. Photograph of experimental setup.

with optical isolation probes, while the other voltages are
measured with high-voltage differential probes. The source
currents of the two MOSFETs and the output current are
measured using Hall-effect current probes.

For the frequency-domain analysis, we evaluate the con-
ducted emission at the input terminals of the AHB circuit.
Fig. 6 shows the measurement setup. The utilized instruments
are also listed in Table II. The line impedance stabilization
network (LISN) is placed between the power supply and the
equipment under test (EUT), which is composed of the AHB
circuit and SRM. The positive and negative nodes of the input
terminals are referred to as Line A and Line B, respectively.
The conducted emission signals from the two LISNs are
routed through a measurement-mode switch before entering
the spectrum analyzer. This configuration allows independent
measurement of the raw signal on Line A and Line B, as well
as the separated common-mode (CM) and differential-mode
(DM) spectra.

C. Operation of AHB Drive Circuit Without AGD

Firstly, the AHB drive circuit is operated without AGD to
verify its operation and to identify the EMlI-related issues.
Fig. 7 shows the measured waveforms of gate-source voltages
(Vgst, Ves1), drain-source voltages (Vgsm, Vas), and source
currents (Igpy, I51,) of high- and low-side MOSFETS, as well as
Loyt and Vi, during the excitation of phase C. It is confirmed
Loyt 1s successfully maintained near I,of by the hysteresis
control. On the other hand, the waveform of V},,5 exhibits large
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Fig. 5. Measurement points in phase-C AHB drive circuit.
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Fig. 6. Schematic diagram of conducted emission measurement.

TABLE 11
LIST OF MEASUREMENT INSTRUMENTS UTILIZED IN EXPERIMENT.

Instrument Part number Manufacturer
Oscilloscope MSO68B Tektronix
Isolated voltage probe TIVP1 Tektronix
Differential voltage probe THDP0200 Tektronix
Current probe TCPO030A Tektronix
Spectrum analyzer E4420B Agilent

LISN 9117-5-PJ-50-N  Solar Electronics

Measurement mode switch ~CMDM 8700 B Schwarzbeck

overshoots and ringings at every switching event of the high-
side MOSFET, which would lead to an elevated conducted
noise.

D. Switching Waveforms under AGD

We applied several AGD patterns to mitigate the ringings.
We performed preliminary tests to apply multiple AGD pat-
terns to select two patterns, namely AGD mid. and AGD max.,
based on the noise-suppression capability.

Fig. 8(a) shows the enlarged switching waveforms of Vi,
Vast, Isu, Iout, and Viys at turn-on of the high-side arm,
where three different gate driving conditions of without AGD,
AGD mid., and AGD max. are utilized. Table III compares the
switching performance of each gate driving condition using the
peaks of the voltage/current overshoots and the turn-on switch-
ing loss E,, of the high-side MOSFET calculated from the
waveforms of Vg and Igp. It is confirmed that the application
of AGD helps reduce the dVgs/dt stress present in Vs and the
resulting overshoot seen in V4, waveforms, while increasing
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Fig. 7. Measured operational waveforms during Phase C.

TABLE III
COMPARISON OF SWITCHING PERFORMANCE AT TURN-ON.

AGD Pattern ~ Vgepr peak  Igpg peak  Vi,us peak FEon
w/o AGD 208 V 8.35A 281V 31.5ud
AGD mid. 210V 5.85A 215V 94.5 ul
AGD max. 210V S545A 215V 122 1

the switching loss as a trade-off. The overshoot and oscillation
seen in the waveforms of Iy and I, are also mitigated by
the AGD, with AGD max. suppressing the ringing better than
AGD mid.

Fig. 8(b) shows the switching waveforms under three AGD
conditions at turn-off, and Table IV lists their performance.
Similarly to turn-on, the application of AGD is effective
in suppressing the overshoots and ringings present in the
waveform of V.

E. Evaluation of Conducted Emission

The effect of AGD on the EMI suppression is quantitatively
analyzed in the frequency domain based on the measurement
of conducted emission. Due to the limitation in the mea-
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Fig. 8. Switching waveforms of Vgsh, Vas, fout, and Viys.

TABLE IV
COMPARISON OF SWITCHING PERFORMANCE AT TURN-OFF.

AGD Pattern ~ Vggpg peak Iy peak  Vpy,s peak Eog
w/o AGD 279V 5.87A 261V 129 ud
AGD mid. 237V 5.87A 228V 493l
AGD max. 232V 5.84 A 222V 63.9 uJ

surement environment, this evaluation focuses on the relative
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Fig. 9. Measured spectra of conducted emission at Line A.

comparison among the different gate drive conditions rather
than the analysis of the absolute magnitude of the spectrum.

Fig. 9 compares the spectrum of total conducted emission
at Line A without AGD and with AGD max. The background
noise spectrum is also plotted for reference. It is clearly seen
that the application of AGD reduces the noise spectrum by
up to 10dB in the frequency range from around 10MHz to
50MHz, which corresponds to that of ringings suppressed
by the AGD. Fig. 10 shows the extracted common-mode
and differential-mode spectra of the conducted emission. The
effectiveness of applying AGD is also present in these results
in the same frequency range from around 10 MHz to 50 MHz.
These results confirm the applicability of AGD in suppressing
EMI for SRM drives in the critical frequency band often
specified by EMI standards, such as for automotive appli-
cations governed by CISPR 25, without adding any filtering
components.

V. CONCLUSION

This work demonstrated the applicability of digital AGD
to AHB SRM drives for suppressing EMI. The hysteresis-
controlled rectangular excitation current makes it possible to
apply an identical AGD pattern throughout a phase, easing its
application compared to other motor drive applications requir-
ing sinusoidal currents. Experimental results confirmed that
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spectra extracted from Line A-B.

the adopted AGD reduces the overshoots and ringings of the
DC bus voltage in the time-domain switching waveforms. The
measurement results of the conducted emission also confirmed
the effectiveness of AGD in the frequency domain, particularly
in the critical frequency range of 10-50 MHz targeted in the
standards for EMI regulation. Ultimately, this approach offers
a viable solution with minimized filtering for managing SiC-
induced EMI in high-density SRM drives.

ACKNOWLEDGMENT

This work was partially supported by JSPS KAKENHI
Grant numbers JP23K26094 and JP24K22954.

REFERENCES

[1] B. Bilgin, J. W. Jiang, and A. Emadi, Eds., Switched Reluctance Motor
Drives: Fundamentals to Applications, 1st ed. Boca Raton, FL: CRC
Press/Taylor & Francis Group, 2019.

[2] G. Fang, F. P. Scalcon, D. Xiao, R. P. Vieira, H. A. Griindling,
and A. Emadi, “Advanced Control of Switched Reluctance Motors
(SRMs): A Review on Current Regulation, Torque Control and Vibration
Suppression,” IEEE Open Journal of the Industrial Electronics Society,

vol. 2, pp. 280-301, 2021.

[3] F.Kucuk and T. Nakamura, “Development of a variable-magnet switched
reluctance motor drive,” IEEJ Transactions on Electrical and Electronic
Engineering, vol. 17, no. 5, pp. 732-738, May 2022.

41



O B R N A AT ZE

42

[4]

(5]

(6]

(71

(8]

(91

[10]

[11]

AT A EETF S8 RS A 33

The 2026 International Power Electronics Conference (IPEC-Nagasaki 2026 -ECCE Asia-)

I. Husain, B. Ozpineci, M. S. Islam, E. Gurpinar, G.-J. Su, W. Yu,
S. Chowdhury, L. Xue, D. Rahman, and R. Sahu, “Electric Drive
Technology Trends, Challenges, and Opportunities for Future Electric
Vehicles,” Proceedings of the IEEE, vol. 109, no. 6, pp. 1039-1059,
Jun. 2021.

IEC CISPR 25, “Vehicles, boats and internal combustion engines - Radio
disturbance characteristics - Limits and methods of measurement for the
protection of on-board receivers,” Dec. 2021.

D. Jiang, R. Lai, F. Wang, F. Luo, S. Wang, and D. Boroyevich, “Study of
Conducted EMI Reduction for Three-Phase Active Front-End Rectifier,”
IEEE Transactions on Power Electronics, vol. 26, no. 12, pp. 3823-3831,
Dec. 2011.

F. Stella, E. Vico, D. Cittanti, C. Liu, J. Shen, and R. Bojoi, “Design
and Testing of an Automotive Compliant 800V 550 kVA SiC Traction
Inverter with Full-Ceramic DC-Link and EMI Filter,” in 2022 IEEE
Energy Conversion Congress and Exposition (ECCE).  Detroit, MI,
USA: IEEE, Oct. 2022, pp. 1-8.

J. Henn, C. Liidecke, M. Laumen, S. Beushausen, S. Kalker, C. H. V. D.
Broeck, G. Engelmann, and R. W. D. Doncker, “Intelligent Gate Drivers
for Future Power Converters,” IEEE Transactions on Power Electronics,
vol. 37, no. 3, pp. 3484-3503, Mar. 2022.

S. Zhao, X. Zhao, Y. Wei, Y. Zhao, and H. A. Mantooth, “A Review of
Switching Slew Rate Control for Silicon Carbide Devices Using Active
Gate Drivers,” IEEE Journal of Emerging and Selected Topics in Power
Electronics, vol. 9, no. 4, pp. 40964114, Aug. 2021.

H. Takayama, S. Fukunaga, and T. Hikihara, “Digital-Twin-Compatible
Optimization of Switching Characteristics for SiC MOSFETs Using
Genetic Algorithm,” IEEE Journal of Emerging and Selected Topics in
Industrial Electronics, vol. 4, no. 4, pp. 1024-1033, Oct. 2023.

Y. S. Cheng, D. Yamaguchi, T. Mannen, K. Wada, T. Sai, K. Miyazaki,

(C)2026IEEJ

[12]

[13]

[14]

[15]

[16]

[17]

M. Takamiya, and T. Sakurai, “High-Speed Searching of Optimum
Switching Pattern for Digital Active Gate Drive to Adapt to Various
Load Conditions,” IEEE Transactions on Industrial Electronics, vol. 69,
no. 5, pp. 5185-5194, May 2022.

G. L. Rodal and D. Peftitsis, “An Adaptive Current-Source Gate Driver
for High-Voltage SiC mosfets,” IEEE Transactions on Power Electron-
ics, vol. 38, no. 2, pp. 1732-1746, Feb. 2023.

J. Wiesemann and A. Mertens, “Experimental Comparison of an Active
Gate Driver and a dv/dt Filter to Reduce the Output dv/dt of a SiC EV
Drive Inverter,” in IECON 2022 — 48th Annual Conference of the IEEE
Industrial Electronics Society. Brussels, Belgium: IEEE, Oct. 2022,
pp. 1-6.

K. Matsumoto, T. Nishioka, H. Takayama, J. Furuta, K. Kobayashi, and
M. Shintani, “Variation-Aware Circuit Simulation of Parallel-Connected
SiC MOSFETSs Based on Individual Device Modeling,” in 2025 Interna-
tional Future Energy Electronics Conference (IFEEC). Bali, Indonesia:
IEEE, Nov. 2025, pp. 312-317.

H. Takayama, S. Fukunaga, and T. Hikihara, “Binary-weighted Modular
Multi-level Digital Active Gate Driver,” in 2023 25th European Confer-
ence on Power Electronics and Applications (EPE’23 ECCE Europe),
Sep. 2023, pp. 1-8.

M. Parker, I. Sahin, R. Mathieson, S. Finney, and P. D. Judge, “Inves-
tigation Into Active Gate-Driving Timing Resolution and Complexity
Requirements for a 1200 V 400 A Silicon Carbide Half Bridge Module,”
IEEE Open Journal of Power Electronics, vol. 4, pp. 161-175, 2023.
N. Rouger, Y. Barazi, M. Cousineau, and F. Richardeau, “Modular Mul-
tilevel SOI-CMOS Active Gate Driver Architecture for SiC MOSFETS,”
in 2020 32nd International Symposium on Power Semiconductor Devices
and ICs (ISPSD). Vienna, Austria: IEEE, Sep. 2020, pp. 278-281.



AR FE NS RHEREZERT A0 7 4R BERFZE LR i 3520 33 5

May 31 - June 4, 2026

012-3-03, June 4th, 2026

EMI Suppression in
Asymmetric H-Bridge SRM Drives
Using Active Gate Drive

Hajime Takayama'’, Kazuki Matsumoto?, Shiu Mochiyama?,
Shuhei, Fukunaga?, Michihiro Shintani!, Takashi Hikihara?

IKyoto Institute of Technology, Japan
2Kyoto University, Japan

3The University of Osaka, Japan
e-mail*: hajime-takayama@kit.ac.jp

Outline

« Introduction

« Drive Circuit for SRM

« Active Gate Driver for SRM Drive

« Experimental Verification of EMI Supression
« Conclusion

EMI Suppression in Asymmetric H-Bridge SRM Drives Using Active Gate Drive, H. Takayama, 012-3-03 2/24

43



AR FE NS RHABEZERT A0 7 4R BERFFE R et 548 33 &

44

Prospects of SiC-based SRM Drives

« Switched Reluctance Motor (SRM) offers practical advantages
— Simple structure, low-cost, excellent mechanical and thermal robustness
— No rare-earth magnets required

« SiC-based SRM drive further enhances SRM’s advantage
— Increased operation frequency and power density due to fast switching speed
— Candidate for demanding applications (e.g. EV, propulsion, use in extreme condition) [2]

Fig: Structure of 6-stator / 4-rotor SRM [1].

[1] K. Fuat and T. Nakamura, IEEJ Trans. Electrical and Electron. Eng., 17(5), 732-738 (2022).
[2] I. Hussain et. al., Proc. of IEEE, 109 (6), 1039-1059 (2021).

EMI Suppression in Asymmetric H-Bridge SRM Drives Using Active Gate Drive, H. Takayama, 012-3-03 3/24

Challenge: Increased EMI

« Fast-switching of SiC devices increases electromagnetic interference (EMI)
— Elevated ringing frequency due to reduced C,ss— 2-30MHz is crucial for CM noise [3]
— Challenging to meet limits defined by standards (e.g., CISPR 25)

« Conventional approach: passive EMI filters
— Attenuation performance degrades above 10 MHz due to self-resonance [4]
— Additional filters increase weight and volume of the powertrain

— Suppression of high-frequency noise at the source is demanded
Fig: Spectra of SiC-based vs Si-based converter [5].

[3] D. Jiang et. al., , IEEE Trans. Power Electron., 26 (12), 3823-3831 (2021).
[4] F. Stella et. al., Proc. ECCE 2022.
[5] C. Li et. al., IET Power Electron., 16 (13), 2121-2137(2023).
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EMI Mitigation via Active Gate Drive

« Active gate drive (AGD) to mitigate ringings and EMI issues
— Dynamically control the switching transient of power devices

— Adaptive/programmable AGDs for optimal performance under varying load:
benefitial for motor drives

« Potentially a good solution for SRM drives, but no report exist

Current-controlled AGD Multi-voltage-level AGD

EMI Suppression in Asymmetric H-Bridge SRM Drives Using Active Gate Drive, H. Takayama, 012-3-03 5/24

Objective of This Work

« Applicability of AGDs in SiC-based SRM drives is investigated

« Experimentally verified using an internally developed AGD
and a three-phase 6/4 SRM drive

« Measurement of conducted emission is performed to assess EMI
quantitatively

EMI Suppression in Asymmetric H-Bridge SRM Drives Using Active Gate Drive, H. Takayama, 012-3-03 6/24
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Outline

« Drive Circuit for SRM

EMI Suppression in Asymmetric H-Bridge SRM Drives Using Active Gate Drive, H. Takayama, 012-3-03 7124

Assymetric H-bridge Drive

« SRM drive requires a constant exitation current throughout each phase

« Assymetric H-bridge (AHB) is adopted: fundamental topology for SRM drive
— Consists of two SiC MOSFETs and two SiC SBDs
— AH=1, AL=1: Magnetization
— AH=0, AL=1: Free-wheeling
— AH=0, AL=0: Demagnetization

[6] C. Liet. al., IET Power Electron., 16 (13), 2121-2137(2023).
EMI Suppression in Asymmetric H-Bridge SRM Drives Using Active Gate Drive, H. Takayama, 012-3-03 8/24
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Hysteresis Control

« Fundamental control approach for SRM drive

« Output current I, is maintained at I,.o¢
within hysteresis band (Iyan4)
— AH switches off at Iy = I.ef + /5 Ipand
— AH switches on at Iy = I.ef — Y/5 Ipand

EMI Suppression in Asymmetric H-Bridge SRM Drives Using Active Gate Drive, H. Takayama, 012-3-03 9/24

Outline

o Active Gate Driver for SRM Drive

EMI Suppression in Asymmetric H-Bridge SRM Drives Using Active Gate Drive, H. Takayama, 012-3-03 10/24
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Schematic Configuration and Operation of AGD

« Three-voltage-level (3-L) AGD based on modular multi-level topology
- Gate-source voltage (V) is sum of submodule (mini-gate driver) outputs:
Vasy = b1(t) - Vsmy + bo(t) - Vsmz + b3(t) - Vsmz — 3 [V]
- Vsm; genrated by LDO, adjusted by digital potentiometers with serial interface
— Requires three-bit gate signals (b, by, b3) with delays (tint1, tintz) generated by controllers

[5] K. Matsumoto et. al., Proc. IFEEC 2025, 312-317 (2025).
EMI Suppression in Asymmetric H-Bridge SRM Drives Using Active Gate Drive, H. Takayama, 012-3-03 11/24

Fabricated AGD Board

« Commercial isolated gate-driver ICs are utilized as submodules

« Single DC-DC converter and bootstrap circuits supply power
to all the submodules

EMI Suppression in Asymmetric H-Bridge SRM Drives Using Active Gate Drive, H. Takayama, 012-3-03 12/24
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AGD Strategy in SRM Drive

« Effective AGD pattern strongly depends on load (drain) current
« Challenge in AGD for AC motor drives: constantly changing drain current

« In SRM drive, MOSFETSs switches at a known, fixed current throughout a
phase
— AGD pattern only updated if I.of is changed, during idle phases (ms order)

« AGD is a good fit for SRM drive

AC motor drive current SRM drive current

EMI Suppression in Asymmetric H-Bridge SRM Drives Using Active Gate Drive, H. Takayama, 012-3-03 13/24

Outline

« Experimental Verification of EMI Supression

EMI Suppression in Asymmetric H-Bridge SRM Drives Using Active Gate Drive, H. Takayama, 012-3-03 14/24
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Experimental Setup

« Internally developed 6/4 SRM with shaft interconnected to a PMSM (load)

o AHB driver
— Power devices: SCT2160 KE SiC MOSFETs and SCS220AE SiC SBDs (ROHM)
— Conroller: B-BOX-RCP3.0 controller (Imperix)
— Current sensor IC for I,,;: T430-HSWF20DR (Allegro MicroSystems)
— No filtering components

« Target rotation speed: 200 rpm, load torque: 0.89 Nm — [..f = 5A @ V},s = 200V

EMI Suppression in Asymmetric H-Bridge SRM Drives Using Active Gate Drive, H. Takayama, 012-3-03

15/24

Measurement Setup

« Time-domain (single phase)
— Switching waveforms of MOSFETs are measured under different AGD patterns
— Peak of overshoots and switching loss are used as indices

« Frequency-domain spectra of conducted emission (detailed later)

EMI Suppression in Asymmetric H-Bridge SRM Drives Using Active Gate Drive, H. Takayama, 012-3-03

16/24




AR FE NS RHEREZERT A0 7 4R BERFZE LR i 3520 33 5

Operation Without AGD (Phase C)

« Hysteresis control of I, is confirmed, ~70 W output
« Large ringing present in 1}, waveform at every HS switching event

EMI Suppression in Asymmetric H-Bridge SRM Drives Using Active Gate Drive, H. Takayama, 012-3-03 17124

AGD at Turn-on

« Two AGD patterns (AGD mid. & max.)
are selected based on preliminary testing

o AGD helps reducing dVys/dt stress
and resulting ringing at Vs

« Increase of switching loss as trade-off

EMI Suppression in Asymmetric H-Bridge SRM Drives Using Active Gate Drive, H. Takayama, 012-3-03 18/24
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AGD at Turn-off

« Similar to turn-on,
AGD suppresses ringing on Vs
at the cost of increased switching loss

EMI Suppression in Asymmetric H-Bridge SRM Drives Using Active Gate Drive, H. Takayama, 012-3-03

19/24

Frequency-domain Analysis of Conducted Emission

« Conducted emission is measured at input terminals of AHB circuit
— EUT: AHB + SRM drives
— Line impedance stablization networks (LISN) is placed b/w power supply and EUT
— Line/ common-mode (CM) and differential-mode (DM) spectrum are measrued

« Relative comparison with/without AGD is performed

— Absolute magnitude evaluation is not possible
due to environment limitation

EMI Suppression in Asymmetric H-Bridge SRM Drives Using Active Gate Drive, H. Takayama, 012-3-03
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Measured Conducted Emission at Line A

« Noise spectrum @ 10-50 MHz reduced by up to 10 dB by AGD
— Corresponds to the reduction of ringing in Vs waveform

Spectrum at Line A
EMI Suppression in Asymmetric H-Bridge SRM Drives Using Active Gate Drive, H. Takayama, 012-3-03 21/24

Extracted CM/DM Emission

« Noise spectrum @ 10-50 MHz reduced by AGD
— critical frequency range targeted by standards (e.g., CISPR25)

« Results confirm the applicability of AGD to EMI suppression in SRM-drive

CM spectrum DM spectrum
EMI Suppression in Asymmetric H-Bridge SRM Drives Using Active Gate Drive, H. Takayama, 012-3-03 22/24
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Outline

o Conclusion

EMI Suppression in Asymmetric H-Bridge SRM Drives Using Active Gate Drive, H. Takayama, 012-3-03
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Conclusion

Summary

« We demonstrated applicability of AGD to SRM drives for EMI suppression

« Conducted emission was measured and analyzed in frequency domain

« AGD is effective in mitigating emission in 10-50 MHz range
targeted in EMI/EMC standards

Future works
« Optimization
« Adaptive AG
« Comparison

of AGD pattern considering switching loss
D pattern selection for the whole operating range
with other approach, combination with minimum filtering

EMI Suppression in Asymmetric H-Bridge SRM Drives Using Active Gate Drive, H. Takayama, 012-3-03
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