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Estimation of brittleness of CCH-steel via measurement of micro-VH
and simultaneous FWHM distribution

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

Abstract

Multi-points hardness measurement in the cross section of the tooth was carried out with hardness
distribution analyzer HDA to see the scattering of hardness from the case to core. X-ray diffraction
measurement was then carried out with Debye ring analyzer DRA over the same region of the
surface. The contradictory state of increasing HV with decreasing FWHM (full width at half maximum
of the Debye ring) means, that the hardness of the matrix of the steel decreases, but the existence of
hard particles resists the plastic deformation of the total steel to keep the macroscopic hardness such
as HV. When high stress is induced in the steel of such construction, hard particle causes stress
concentration and crack initiates in the softer matrix around hard particles. Cracks propagate in the

softer matrix of the steel, especially where tensile residual stress exists. Such steel looks brittle.

1. Introduction
Big bevel gear drive suffered serious tooth flank damage. The gear is manufactured with Klingelnberg
machine. The gear material is 18CrNiMo7-6 and case carburized and hardened (CCH). Then it was
finish-cut with a CBN blade cutter to be the final product. The tooth flank of the pinion had though
considerable amount of geometrical polygon form deviation, perhaps due to aim too efficient
production rate: each path of cutting blade trajectory had made this surface irregularity. The final
carburized depth is 5mm and the effective case depth ECD at HV550 is 3mm.

The gears were used for propulsion of big ship for several years. The failure of tooth flank was found
at the inspection in dock for ship maintenance. The failed tooth flank showed considerable amount of
crash trace of foreign objects intruded between meshing tooth flanks. We refer such damage to FOD,
foreign object damage: the foreign objects collide against ridges of polygon tooth flank form deviation.
Besides FOD and partial scuffing of flank, partial tooth breakage was also found. The material
investigation shows considerable segregation of alloy elements in the metallographic structure, but
such state is usual for large gear steel. In the subsurface, in carburized case, under the collided place
on tooth flank, at ca. 0.2mm depth, fragile micro cracks
were found. It was obvious that those micro cracks
triggered the peeling-off of tooth flank. The detailed
observation of scuffed part of the tooth flank reveals, that
the tooth flank material of the carburized case is a
mixture of hard and rather softer materials, i.e. hard

particles scatter in the steel matrix: such state is though
usual for CCH case of high strength alloyed steel. This

Fig.1 Tooth flank damage experienced
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report describes the story of the trouble shooting and introduce a new technique to estimate the

brittleness of CCH steel for gear usage.

2. Polygon tooth form deviation

The stripe figure of contact is apparently observed on
the pinion tooth flank (cf. Fig.1 and Fig.3 left). That
suggests the polygon tooth form deviation exists. The \

for each pixel

quantitative 3D form was then measured with optical

\\ Signal of diffraction
4 of the objec!

——p PIXEL
Fig.2 Distance information for each
Fig.2. The triggering accuracy is better than 1 nm. pixel of OptScope sensor

measuring machine. Each pixel of CMOS sensor
mounted at the top of the microscope takes the z-

Z - positioning

scale value, when the brightness of diffraction fringe

becomes the highest, where the resonance of white

light is used to trigger the data sampling, as shown in

The absolute distance from the focused target point to the corresponding pixel surface is
measured. The 3D figure of the target surface is then built from the set of the distance
values for total pixels. The middle figure of Fig.3 shows such figure for the middle part of
pinion tooth flank marked with yellow rectangle frame shown in the leftmost photo. At the
connecting position of cutter blade paths, point of inflection of tooth flank curvature appears.
It generates rather larger polygon tooth form deviation from the theoretical smooth 3D flank
figure calculated by gear geometry theory. It is although not easy to recognize, how bad
does this polygon from deviation act against gear performance.

The durability of tooth flank is predicted on the base of induced contact stress during gear
operation. The contact stress of power transmitting gear teeth is calculated after Hertzian
theory of contacting elastic bodies. The shape of contacting bodies near the contacting
point is approximated with smooth ellipsoid that is expressed with 2-power polynomial. This
is the principle of all estimating method for tooth flank durability of gears.

|1 Effective
| tooth flank
. form

L deviation

The 3D figure of a center part
of the tooth flank of the
upper figure was measured. T

Fig.3 Outlook of the tooth flank, 3Dform of a local part and the effective form deviation

When we get 3D figure of actual tooth flank, the increasing factor of induced stress of actual
contacting tooth flanks over the value calculated for the contact model of theoretical smooth
tooth flanks can be estimated as
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[Measured 3D form of tooth flank] —
[Smooth 3D ellipsoid that is obtained by the best fitting to the measured 3D form] .

We call this value as the [Effective tooth flank form deviation] .

This is the contributing part of 3D tooth flank form deviation at the tooth flank durability
prediction. The right most figure of the Fig.3 shows the calculated “Effective tooth flank form
deviation” for this case. It is clearly understood, that the ridge of the polygon tooth form

deviation is very harmful, considering the state of contact stress of tooth flanks.

They collide with the ridge
of tooth flank.

Fig.4 Collision of foreign object against ridge of polygon form deviation

Fig.4 left shows schematically a state of gear tooth flanks at the beginning of tooth meshing
under relative sliding and rolling motion. During this motion, the space between the
recessing tooth flanks open wide and the pressure of lubricating oil there drops to vacuum
state. The lubricating oil is violently sucked and streams into this space. Together with
lubricating oil, foreign objects contaminated in the lubricating oil streams into this space.
Sliding movement of the mating tooth flank
rubs the foreign object toward the ridge of
the polygon tooth form deviation and they
crash against the ridge of tooth flank, i.e. so
called FOD occurs. Micro-cracks initiate
from that crashed position toward interior of
the tooth flank, or sometimes micro-cracks
appear in the subsurface, inside the hard
case of CCH tooth. This is a trigger of a

failure of peeling-off of the tooth surface and

Trace of dragging of foreign object

it develops to a partial tooth breakage.
Fig.5 Peeling-off of tooth flank due to development

of micro-crack induced by foreign object crash

3. Tooth flank damage of this incident

The traces of collision of foreign object found on the tooth flanks of Fig.1 was investigated.
8
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Fig. 7 Brittle crack initiation around the position of crash and drag of foreign object

The left photo of Fig. 6 is an outlook of the damage and the right photo shows the result of
fluorescent magnetic powder detection. Many cracks initiate there due to this collision. This
way of crack initiation suggests that the tooth flank is very brittle. Fig 7 shows another
example. The outlook of this intrusion and crash of foreign object looks softer than the former
example, but the fluorescent magnetic powder test indicates, many cracks initiate there and

the tooth flank must be very brittle.

Fig. 8 Drag mark and indentation on tooth flank caused by crash of foreign object

Fig 8 shows another example. At the top of ridge of polygon tooth form deviation, a clear
indentation due to the crash of intruded foreign object is found. Detailed observation of the
indentation shows that some strong force acts on the upper wall of the indentation toward
tooth tip direction, but there is no trace of dragging. At the right side of this indentation, trace
of strong crash and drag of intruded foreign object is found, but in this case no micro-crack

appears on the surface. Fig.9 right photo shows the cross section of this indentation. As

seen in the rightmost figure on Fig.8, it is sure, that a strong force act toward tooth tip
9
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direction, i.e. to right direction on the photo of Fig.9. This force induced microcracks, that
initiate from the bottom wall of the indentation (right side wall in Fig.9 right) and the way of its
propagation in tooth tip direction shows, the material is very brittle, branching and proceeding
in multiple directions as if it were a spider net.

we can see strong force acts on the
indentation in rightmost direction. -

The progress of c.rack inside the. hardened core of CCH tooth looks bntt!e.

The progress of crack looks brittle.

500 ym

Fig.10 Cross-section of crash and dragged place of foreign object. Subsurface brittle cracks exist.

Fig.10 shows another example: intruded foreign object crashed the ridge of polygon tooth
form deviation and rubed the tooth flank and dragged. Right photo shows the cross section
of the crashed position. A macro-crack proceeds toward tooth tip direction, right direction on
the photo. Many micro-cracks branchingly initiate from the main macro-crack. The way of its
propagation suggests that the material is very brittle. In the subsurface of hardend case, an
indipendent micro-crack is also found. This way of micro-crack initiation indicates also, the
material is very brittle.

Fig.11 Heterogeneous steel texture and big crystal size of prier-austenite

Fig.11 shows the texture of the hardened case of this tooth. The left figure is the result of

nital etching. It is obvious that the texture is not uniform. The texture figure shows that the
alloy elements such as Cr, Mo, Ni, Mn, Si do not distribute homogeneously in the steel matrix,

10
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it is as if segregation of alloy elements occurs. The right figure shows the result of multiple
etching with picric acid. Large crystal of prior-austenite are observed; its diameter is
sometimes over 300um. This is an abnormal state, because normal size of crystal of prior-

austenite is 20 to 30 um, in case of good steel with good heat treatment.

4. Distribution of micro-hardness and the Debye ring form irregularity

The distribution of micro Vickers’ hardness of 4 teeth of

Measuring parhes of
the damaged bevel pinion was investigated with asmg HoM o /
hardness distribution analyzer (HDA)M®. The /

measurement was worked out with 7 pathes for each

Path-1

Path-2

specimen as shown in Fig.12.

Fig.13 is a typical example of hardness distribution: To
ensure the geometrical accuracy of gears, the tooth
flank is finish-cut with CBN-blade cutter after CCH.

Tooth flank surface is therefore removed and the layer S ™
Fig.12 Measuring paths

of hardness drop due to decarborizing no more exists.
The hardness at the suface is the highest. The scattering of the hardness near the CCH
surface is almost HV90. Inside the CCH layer, there is also hardness scattering nearly by
HV100. Itis though usual for the steel material for large gears. In the case of good CCH
gears, the HV scattering in the range from HV450 to HV650 is considerablly small, but in the

il

case of this pinion, cosiderable wide scattering of HV exists in this zone of the HV inclination.

The effective case depth (ECD) varies from 2.73 to 3.62 mm. This is of some problem: ltis
impossible to keep the single value of ECD specified at the gear design. In the core, there
is a hardness scattering about HV200. This situation is though usual. Perhaps this may be
the global average quality of large gear steels.

The scattering of the hardness near

the CCH surface is almost HV90.
It is though usual for the steel for

—_ large gears
o 800 J e g
g Hardness[HV]
; g of ave 446.3
T 700 stdev 118.9
max 739.2
600 min 3014
max-min 437.8
Itis of some problem that the
500 scattering of hardness under
4 HV540 region.
400
300
Measured band of HDA ECD avrg 3.15518 Especially in the core, there is a hardness scattering about
. y 200 ECD max. 3.62072 HV200. In the carburized hardened layer, there is also
min. 2.73453 hardness scattering nearly HV100.
Nursiberof lres 10 < scattrng 0.88619 Thfe Vgriatipn in effective hardened depthlis not small.
oo ewithly §.45862 » This situation is though usual. perhaps this may be the
- = I ‘ global average quality of large gear steels.
Total points 2799
Indtn Span 0.05066 b 0

0.0 2.0 4.0 6.0 8.0 10.0 12,0 14.0 16.0

Distance [mm]

Fig.13 Path of HV measurement and a typical result of hardness distribution

11
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Shape of Debye ring and Residual stress
(Path 5.)
2mm below of the region of multi-HV measurement

0 U
1

1 |y |
100 | I a'_]-u.,'lll"'l'
[

ax(MPa)

00

Foggy area corresponds where
some part of the X-ray spot is
out side of the TP

Center mark is the mean value calculated
from the average figure of the Debye ring.
Up to down band width indicates the
scattering of the value calculated from peak.
height variation in each 360 deg. cross-
sections of the Debye ring.

Fig.14 Shape of Debye ring and the run of residual stress

Very near the surface, the X-ray irradiating spot is eclipsed by the edge of the specimen and the reliability of the
measurement drops. The measuring reliability in the range of larger distance over 0.8mm is considered OK.

Fig.14 is a typical example of shape irregularity of Debye ring along the measuring path 5,
cf. Fig.12. The measurement is carried out with Debye ring analyzer (DRA)E,  The
Debye ring for good and homogeneous steel takes an axially symmetric form of smooth
crater, but the form irregularity of Debye ring of this steel, e.g. height change of crater
mountain peak around its circumference, is large. This irregularity means non-uniform
directional state of X-ray diffraction, i.e. the orientation of ferrite crystal, is not random. It is
biased. Itis clearly observed that the height of crater mountain changes along its peak
path. This means the orientation of ferrite crystal is biased. Such situation has some
connection with the swelling up of prior-austenite crystal and this is often an indication of

not-favorable state of steel texture.

Fig.15 compares the e The rebidual resd distripmnior undef the
ECD 3mm damaged point (Path-3) looks, as if the

change of residual comp./ RS

tensile stress of OK and ; qifts yrighf diractiat iy this Ties.

of damaged part of the % weliplaalia

tooth flank. The abscissa ;% Y |

for path-3 is off-set to the g % 3 |

right by the amount of 3 - }

tooth flank delamination g w

depth. The residual _m‘

stress distribution under

the damaged pOint (path' R Distance from the surface (mm)
3) looks, as if the form of Fig.15 Residual comp./tensile stress of OK and damaged tooth flank

residual stress distribution 12
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under OK tooth flank (path-5) is compressed in right direction. Strong up and down of the
residual stress values along the measuring path to the depth is strange and the existence of
residual tensile stress at the foot of carburized layer (at depth 3 to 4 mm) is also out of our
common sense of gear engineers, cf. Annex.

200 200

Fig.16 compares the change

150

of residual shearing stress 100 | 10g
I
of OK and damaged part of ) i | Jﬂ l il
7] o = bt el !
. = I ) !
the tooth flank. The residual £ 2 MFHZ [l
o) = L g <
shear-stress distribution s LW e
2 = M-Il
under the damaged point L i M
) 3 el 't U Al Path-5
(path-3) looks flat in @
. . = - Distance from the surface (mm)
comparison with that under |
D ination The residual shear-stress distribution
OK tooth flank (path-5) ) under OK tooth flank (Path-5) looks
o flattend to result the distribution under the
Strong repeating subsurface — damaged point (Path-3).

stress induced durmg power Fig.16 Residual shear-stress of OK and damaged tooth flank
transmission flattens the
different amount of deformation of each crystal. As the result, the residual stress values

along the depth becomes smoother.

Fig.17 left compares the change of FWHM of OK and damaged part of the tooth flank. The
FWHM distribution under the damaged point (path-3) looks somewhat more flat in
comparison with that of OK tooth flank (path-5). The cause of this change is thought to be
as same as the reason explained in Fig.16. The right figure of Fig.17 shows how the
measured FWHM value jumps at each adjacent measuring point. The average amount of
the jump and its scattering band in different cross section of Debye ring receives no
influence of tooth flank delamination. It is though matter of notice, that the state of this
adjacent jump of FWHM is fairly large near the surface. It looks as if, the greater the amount
of carbon diffusion inside the txture, the greater this value of jump scattering.

8

Path-5 1.2

Jump of FWHM (deg)

. % “"l""‘Il“"ll!m“""””“""‘””"""“"'ll!lllllll\uil'lllmuiiﬁiliﬂl'lilnlhl.ih‘ﬁll'lllll
M il

! Delamination

0 l—s ECD 3mm Distance from the surface (mm)
] ] 2 2 4 4 6 [ 8., 8 10 10 12 12 14 14 08 s
Distance from the surface (mm) BB (mm)

Fig.17 State of FWHM of OK and damaged tooth flank and their jump at adjacent measuring point
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The analysis of 3D form of Debye ring can be sammarized as follows:

(1) Decrease of FWHM — Hardness and the strength of the matrix decreases

(2) Existence of residual tensile stress — Strength of the matrix decreases

(3) Plus/minus change of residual shearing stress
— There is much irregular orientation of ferrite crystals that affects matrix strength

(4)

Scattering of the local peak height of Deby ring crater in 360deg. cross section

— It reflects the degree of scattering of FWHM and of residual stress

(5) Jumping amount of measured values in adjacent points
— It shows the degree of “neighbor-existence” of local high stress concentration
and of weak local points inside the steel

5. Meaning of distribution difference between micro HV and FWHM

BUU ey

It is well known, that the FWHM
has strong positive correlation with
hardness. When we compare the
behavior of micro-HV distributionm
(Fig.13) with the behavior of
FWHM (Fig.17), we find a

contradiction from our common

HV(0.05)

knowledge mentioned above:
When we see the run of the
distribution near the surface of
CCH case in Fig.18, the FWHM

drops toward the surface, but the

The gray shaded area means the region in
which the measuring accuracy drops,
because some part of the X-ray spot goes
outside of the edge of the target surface.

700; §
600"
500
400
300
200

100

. The hardness does not drop at and
near the tooth flank surface

5.0 10.0 15.0 20.0

Distance from the.surface (mm)

Contradiction from the
~___common knowledge of
r——  metallurgist

_Scattering band in
__— 360deg. of Debye
ring crater.

HV does not. §/ o
/s
The meaning of this discrepancy /
) ) The FWHM *
can be explained as shown in value of the .
X-ray
Fig.19: Atthe HV measurement, diffraction 3
dl’OpS 0 2 4 6 8 10 12 14 16

stylus makes indentation on the
target surface. The stylus induces

Fig. 18 Comparison of hardness and FWHM distribution

plastic deformation of the mixture of steel matrix, hard inclusions and precipitation particles.

Measurement of HV reflects the degree of plastic
particles and rather softer bonding matrix.

deformation of such mixture of hard

X-ray diffraction measures the deformation of ferrite crystals existing in ca. 8um depth from

the surface. Cementite and other hard particles are free from X-ray diffraction and does not

affect the Debye ring formation. When good steel is well case carburized and hardened, hard

particles push the surrounding matrix and compressive residual stress appears in the ferrite

there and FWHM increases. The FWHM of X-ray diffraction in such a case shows the index

for the hardness or the strength of the total matrix including hard particles. The state

14



of increasing HV with
decreasing FWHM
means therefore, that
the hardness of the

X-ray diffraction measures
the deformation of ferrite
crystals existing in ca. 8um
depth. Cementite and ather
hard particles does not affect
the Debye ring formation.

matrix of the steel
decreases, but the
existence of hard

particles resists the O
Hard particles /'O

plastic deformation of (Free from X- O

the total steel to keep ray diffraction)

the macroscopic
hardness. The

degree of the lack of

ductility corresponds to
increasing HV value and the degree of
FWHM decrease.

Referring the residual stress in Fig.15,
some tensile stress appears at a little
distant place from the surface inside CCH
case. Fig.20 shows the state of residual
stress of another tooth of the same pinion.
Clear tensile stress is observed at the
surface of CCH case. When load acts on
gear tooth, a high stress appears around
hard particles in the tooth flank material
and that high concentrated local stress
induces micro-crack to trigger tooth flank
fracture in a very local soft point near the

hard particle inside the matrix. The way of

fracture of such steel looks brittle. In the

O
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Diamond stylus is pressed in the target surface with a
definite force. The stylus pushes away the mixture of hard
particles and inclusions together with the steel matrix and
makes a plastically deformed indentation. The Vickers’
hardness HV measures the size of the indentation .

Stylus for making HV hardness indentation

o . o
© 5 © o o

When normal steel is well case carburized and hardened, hard particles
press the surrounding matrix and compressive residual stress appears in
the ferrite there and FWHM increases in X-ray diffraction.

Fig.19 Contribution of ferrite matrix and hard particles like cementite

on X-ray diffraction and Vickers’ hardness

o
Brittle crack found
e at ca.0.6mm from

-

. - the surface
.
Considerable
big residual
tensile stress 25 um

exists near the

surface

a x(MPa)

Fig.

r
,

. ’ \
400 « \
[ \

\ Residual stress

!
]
i

?UilJ N
tal ||

Distance from the surface (mm)

20 Existence of tensile stress in CCH case and
a brittle microcracks

upper figure of Fig.20, some brittle micro-cracks are observed in this area. This situation is

unfavorable for the capacity of tooth flank durability, especially of high strength alloyed steel.

Fig.21 illustrates the relation between the causes of the tooth flank damage of pinion, from

the material and heat treatment side and from the induced stresses and operational

condition side: Micro cracks initiate inside carburized and hardened case and develops to

the peeling-off of tooth flank damage as seen in Fig.1.
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Issues concerning material & heat treatment Issues concerning induced stress
& operational condition

Material

Bad quality of gear material purchasing

Design of

Hardniess decreasing of the Increase of dynamic force due to gear vibration the gearbox

R ‘ matrix of tooth flank material

Too long carburized time only to
have thick case depth

The resulted deterioration of gear
material

and the hardness keeping
due to existence of
hardinclusions, particles

Increase of local stress due to tooth flank
form deviation

Teoth flank 7] Tooth flank roughness
e
LR

Design of geae

becomes brittl

Z R Lubricating state of tooth flank [ Operation of the gear unit ]
Tensile residual 2°
stress appears in the geal’s ?\'Q\-

case near surface

peration Gear unit
Crash of foreign objects of gear unit design

Peeled off of
tooth flank

SOELm

Fig.21 Scheme of the cause and development of the peeing-off tooth flank of the Fig.1 incident

6. Conclusions

1. To evaluate tooth flank form deviation from local 3D form measurement is proposed for
the tooth flank durability prediction, that is to introduce the concept of “Effective tooth flank
form deviation”, which is obtained by subtracting the [Smooth 3D ellipsoid that is obtained
by the best fitting to the measured 3D form] from the [Measured 3D form of tooth flank].

2. In case of very heavily carburized and hardened gears from problematique steel, it was
observed that the FWHM drops while the hardness keeps harder value. ltis a
contradiction from our common sense, that the distribution of FWHM correlates well to the
hardness.

3. This situation indicates that the hardness of the matrix of the steel decreases, but the
existence of hard particles resists the plastic deformation of the total steel to keep the

macroscopic hardness. Such steel becomes brittle.

4. Some residual tensile stress can appear in the case of heavily carburized and hardened
gear teeth. This situation concerns unfavorable toughness of tooth flank, especially of
high strength alloyed steel.
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Annex

Residual stress changes
its value according to the
orientation depending
deformation of crystal
structure. Fig.22 shows
such state of residual
stress from the CCH
surface to the core. The
blue curve shows the run
of residual stress, when
the X-ray irradiates in
measuring path direction,
perpendicular to the
surface. The orange
curve shows the run,
when the X-ray irradiates
in parallel direction to the
surface, perpendicular to

X-ray irradiating direction:

500 . Blue: in depth direction
. direction parallel to

the surface

Big tensile residual stress
appears in a direction

300

200

100

o x(MPa)
o

-100

-200
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-300

Redidual tensile/compressive stress in MPa
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° X-ray irradiating direction
E T O £:
g !' Ry
e FI— - - -
Measuring path % B
\ Jue
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Direction of crystal deformation
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BITEALE (mm)
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Measuring path 4

Distance from the surface in mm

Fig.22 Dependence of residual stress on the X-ray irradiating direction

the measuring path. You can see the value difference of the measured residual stress

between blue and orange curve. Tensile residual stress appears in one direction.
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Fig. 1 Cross section of four kinds of MgB, wires investigated in present study.

21



ANAEMEEN ISRRERIERT SRR 531

3. BRDOBE

(1) Shutaro Machiya, Kozo Osamura, Yoshimitsu Hishinuma, Hiroyasu Taniguchi,
Stefanus Harjo and Takuro Kawasaki; “Measurement of Mechanical Behavior of 11B
Enriched MgBs Wire Using Pulsed Neutron Source”

https://doi. org/10. 20944/preprints202307. 1651. vl

(2) BT RAERKES, EAftid, ZEWEREY, Stefanus Harjo, JIIRFELRR,  “MgB, #k4
OPPEFBELUC LD ERE” , 2023 FKKIE T - B@EEPLWHEMEE 1P-
pl4

WAEEMERE Sf644H 23 H

22



IEMEREN ISR ARTTERT A6 LRI & #3155

IEC EIfR#R#E1L

ReREFZER  RAEE
EEEHE4 ; IEC/TCO0 ENERERS

1. BYY
FZ R B AR, DR SRR E AN B L O EERM oS EIZE LT, BERNEESTO
etz b S ICEBEREDRZE % IEC/TCI0 ITIR_RET 5,

2. R

SDGs (¥t FIHE 72 B JE HAR) (2 1A %ﬁixw%wvxTA@ﬁ%%%% 95 RPN Ok
TWD, HERBIK TR R F— 2 RN AT D72 OICITER TR F— *W@
LT, BRICK pBRT R X—Df %2 FHEL+ 5 2 tﬂwihé T DEERDT=D
HIERFBL O IR EE LS 5 2 L TH D, BURTITEEEO FEEHHRITIL Cu/Al FOH
EEEERNMEDN TV S, 21608 REROEBESEIUT/NSNENZ E S 20,000 kn (T

BT 5L RBEERMRECIIY 2 HBE BT S Z LiIXTE v, RIEMEXEICILE
SEFBIZEE 2 IO WBEEEREBEN AR E 2D, KEETIET V7 —HINFEOE
NEBEET NS —AL LT, HESNDINLEENRAEET H-OICEREINLHEEL
B EEME OB A B L S L e 2 EABEERORE, BlHE, o NEAZRE
L., TOFEBMEBE LT,

2O LD RO FEEOEBEL O - DIITEBR RN OB A RThH D, FDV
AT Ak LT IEC OEBMEELOIEEI DO S & TEHATL2ONHENTHDL Z L& LT,
I CRETHIEFMCELEND T Y 27 MFEBEAE - BABRARARE R D, TTH
E ORI FE 3 ) L CHEE B E I O ik O 7= D OHIFH~ = = 7 VO ERR & BN
it 725, ZOXIRERENREEZLEL T2 HELHET 27O OMERE LT
TEC (International Electrotechnical Commission) NFH)S LWHEMKLEEZZ NS, =

WCEEOHMZEOWH Db LI < OBEZIZEAT 2 EREELSIE L TETEHD,
%@&%_owfilWMﬁmwﬁﬁﬁ%%hfwé FE T TICHEELE - &7 —
TNDTaY ey MEIFER GRS TWD, HFEOENFFIC LY Z0EENFTHNT
W5, Loy UEBEE A — 7 L OB « BFEHEOHE ) S A BEFRANCH I LT, & < ICEIERE
OEPBEEESEREEMEZERT DLWV HEENE, E0 LD i ERA L LBt 5
VBN L0 EHmT A2 ENMEER D, FREM TR EbEINEROILEITH
REPERICKEIRA R N B2 5 Z ERNTRINT,

23



ANAEMEEN ISRRERIERT SRR 531

3. BEROAFE
EROEE, ZFRT, MRS, WmEIT, SAM T, BJIES, EHE, KEBERK, il
EH—, “EREEEEREE s N EEELOKRR(1)” , 2023 FKIE TS - BE

B ETBEEAE 3B-a09

WEEERE 644 H 23 H

24



ANEMEEN SRR ERIFERT S e R ORI #5315

KAHAMHOEIEREL
= RN fEaHEE

FRBtsE R i

1. BH
KA DAV R T a0 A ZALNCT 5D & &I, BAaRrEosED HEIZ OV THE

REAT I,

2. R

(1) 2 E TOEFMEND-Fe-BEER A B LT = 7 A Mgt OBSRMERER (RS (He) D
B e BE AR, A BEARTFIER £ O Hy K W ARWEBER SIS CTO Y a4 L —T I/ b D%
PRI 5 K OMRXBREEA M — MEBERAEE (XMCD) 2> 515 & V7= il % A B R L S i
IZREAN T Z > TV A BBRIZOWTHED -,

(2) XMCDBIER I3 A R EIZ R T DAL RR OBILE TH D | FISPERE iz sk LT
DD (REDHALITIEA TWD RIS 2 R>TWD) O EETND (BEAWE LR
U 2> T D) Op) BRELE 2> T,

XMCD ClEfm BRI L D WEXBIEE & B v | BEAa b iE OB BLEE Tld 7 < ik s
T DI EMOBADORREERBICEALTNDZ ENE, EMERICEA NERIEH &2 Sk L
TWDDOTITENNEEZ LN TE T, ARl BERE O - XMCDBLE I8 0 5
PGSR K OB £ IR 2 D MRRZIE BIE T 5 & . XMCDBLEE [ 0 - KT i i
(B TEIE IR 2 ) LT iehfy) [ —&T 22 L xRl L7z,

ZORERIZE Y | XMCDBLERS RITWANE O a2 BRI L TWD & W) F1H T
DWEREZ 155 2 & DB3HIkTZ,

(3) XMCDIZ & 281527 b Bl BRI AR CILERRE 71 K 0 /1 S JBkss LRI ot fhz oD HfE 1
HIRGALIHIR S 2 0 | 2 D%, BERAIRGAL AR U 725 d 1 B U 72 8 |2 SR BRI D3 [ 203
0. KESRIOER (7 T A —) BT D2 EBmnole, TDH%R, ZDT T AX—DhK
RAZE ORI EET 2 2 LWL E R o T,

(4) BE SN TE DRG] & 0 ARV JURE SR RIS L & 21 2 48 > 72 IR 1 X XMCD "C D BifE Y 72056
B R DOBAVIERIZ —ET D Z & DD D bz,

Fio. RS OB ERTFIEDN D THRENIREIIR T TAX —ZFHR L TWD Z &R
XMCD CHIERNZHEN D D Z & KT,

25



OIEMEIEN JEMFARFIERT S MeE LU I & #3175

(5) ZALETT 7 > ANeellff A3 199142583 L 7= 4. 2K T DPr-Fe-B/K AR A O FERAFIEIC
OWTIENT 24T 9 & BEBEB BN TR D 7 T A X — %55 L% 2 b5 BUE (Reb R iR
PEEARY) FARMAEMTELS —H L TWAR, ¥ v 7 27T > 7 Kronmuller & DAt — 7 Az
(Z2—2Vxz—va e 7)) SIERESDITEENLTWD Z LR ED D L AL,

TS OFERIEING-Fe-BREASE A DIRBE N IHEEER B CIRE SN TWDH Z L 2R R L
TW5,

(6) BEBAORE d B DREAL KRR D B 7 T A & — 33843 5 Jllde S DB I X XMCD O AT 7> & 1
SR E RS Hh AR C AT 2 R T, (RRBEHE L (Br)230.9 Br& 7o HRESY) 1THiD CIlE
W2 E bR SN, TE TARIATH - EHOWEREWR 2 5 k72,

(N 7272 L, BESIICRALEE T D AEERRINMT T D M HOW IR Ch 5,

3. RRORLR

(1) Yutaka Matsuura, Keisuke Ishigami, Ryuji Tamura, Tetsuya Nakamura, "Demagnetization
processes of Nd-Fe-B sintered magnets and ferrite magnets as demonstrated by soft X-ray magnetic
circular dichroism microscopy", Journal of Magnetism and Magnetic Materials (2023), 170854

(2) RXHH, 7 Nd-Fe-B BERSREAT I L OV7 = 7 4 M ORERIRIE $ X OWR X s —
MBS DN DHALER A 1 = XL, BRFB~ T RT 4 7 AFRSEE MAG
-23-180

(3) Y.Matsuura, "Demagnetization of Nd-Fe-B Sintered and Ferrite Magnets Derived from Magnetic
Measurements", Intermag Conference Proceeding (WPC-10), 2023.5.19 78 A ¥ —¥£ 3

(4) AMH#E,  “Ga AN Nd-Fe-B BEREWEA I L OVT = 7 A Mk DOPRBE B M EEARAEE &
FERAFIE" , ARG EYR, BEILRTE, 2023.9.21, REH¥ER

(5) riH#E,  “Nd-Fe-B BEfMA B L O7 = 7 4 M OBLEREE" , AASETE,
FORERR KB A% v > 78R, 2024.3. 15, MPARR

bRCER S A IR D

WAEEERE Sf644H 25 H

26



ISR IS HREITIERT S FI6a RS & 55315

Demagnetization processes of Nd-Fe-B sintered
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X-ray magnetic circular dichroism microscopy
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Abstract

The demagnetization processes of Nd-Fe-B sintered magnets and ferrite magnets are investigated using X-
ray magnetic circular dichroism microscopy (XMCD). The average XMCD demagnetization curves are
compared with the demagnetization curves from magnetic measurements. It is found that the
magnetization reversal of the magnets proceeds in two steps. First, the grains are discretely demagnetized
in a weak demagnetization field. When the strength of the demagnetization field increases, the
magnetization of the grains adjacent to the discretely reversed grains is also reversed to form a cluster of
reversed grains, and this cluster grows. Coercivity is achieved through the growth of such clusters. The
demagnetization curves from XMCD and the demagnetization curves from the magnetic measurements
agree well with each other when the self-demagnetization field and the magnetic after-effect in the XMCD
measurement are taken into account. This result shows that the information obtained from the XMCD

reflects the bulk information.

1. INTRODUCTION

Nd-Fe-B sintered and ferrite magnets are essential materials in a wide range of
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applications. Since the development of Nd-Fe-B sintered magnets in the early 1980s [1],
their production has rapidly increased due to their excellent magnetic properties and
resource availability. However, as restrictions on carbon dioxide emissions are
being reinforced worldwide, the demand for Nd-Fe-B sintered magnets for
automobile applications is increasing. Such applications include traction motors in
electric vehicles and electric power steering and electric appliances, including
compressor motors for air conditioners.

Ferrite magnets mainly use iron oxide and Ba or Sr carbonate as raw materials. Their
raw material and production costs are lower than those of Nd-Fe-B sintered magnets.
They are widely used in automobile accessory motors, such as wiper motors, window
motors, and starter motors. They are the most commonly produced among the various
types of magnets, even though their magnetic properties are inferior to those of
Nd-Fe-B sintered magnets. Recently, the magnetic properties of ferrite magnets have
been improved over those of the conventional M-type Sr ferrite with the introduction of
the Sr-La-Co M-type ferrite and Ca-La-Co M-type ferrite [2], [3].

Some methods and materials have already been invented and produced to improve
the magnetic properties of Nd-Fe-B sintered magnets, particularly their coercivity
(Her) [4], [5]. Improvements in the residual magnetization (B,) are also vital for
reducing overall device sizes. It is well known that three phases, which are the
Nd,Fe4B main phase, Nd-rich grain boundary phase and boron-rich phase, exist in
Nd-Fe-B sintered magnets [6]. Increasing the fraction of the Nd>FeisB phase is
crucial to improving B,. However, when the main phase increases and the Nd-
rich phase disappears, the H.; of Nd-Fe-B sintered magnets also vanishes [7].
Another factor that affects B, is the alignment (&) of the grains, defined as a = B,/J;,
where J; is the saturation magnetization of the magnet. When the c-axis of every
NdyFesB grain is aligned in the same direction (¢ = 1), the highest B, is
achieved. This guiding principle led to the highest achieved energy product
((BH)max) of Nd-Fe-B sintered magnets [8]. However, it was found that H.;
gradually decreases as the alignment improves until & = 0.95 and then declines
rapidly for a > 0.95 [9], [10]. For ferrite magnets, a phenomenon similar to that
for Nd-Fe-B sintered magnets is observed, with H.s also decreasing with «. It is
concluded that these phenomena must relate to the underlying coercivity
mechanisms or reverse magnetization processes. It can also be concluded

that the magnetic domain wall motion
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determines H.;, and not the coherent rotation of the magnetization [11], [12],

[13], [14].

If the magnetic domain walls determine H.;, where does the magnetic domain or the
magnetic domain wall initially emerge in these Nd-Fe-B sintered magnets? It can be
expected that due to the excellent rectangularity of the demagnetization curves of
Nd-Fe-B sintered magnets, the nucleation of reverse magnetization should emerge at the
starting point of the steep decrease in magnetization, which is in the vicinity of H.;[15],
[16], [17], [18]. However, in the recoil curves for a magnetic field below H.;, for which
the demagnetization curves are straight lines, it has been found that a small
demagnetization is continuously detected as the strength of the demagnetization field
increases [19]. It has also been shown that this minor demagnetization in the recoil
curve occurs throughout the entire volume of the magnet and is not related to the
demagnetization caused by surface degradation due to the tooling of the magnet surface.
These results suggest that the magnetic domains or magnetic domain walls already exist
in magnetic fields with strengths lower than H.;, and they are expected to affect H... A
recent study showed that the Nd-rich boundary phase, regarded as a non-magnetic
material from the Nd-Fe-B ternary phase diagram [6], has a higher iron content than the
equilibrium state and is ferromagnetic [20]. From this result, it can be speculated that
every grain is magnetically connected. However, their thicknesses are only several
nanometers, and therefore they make up a meager fraction compared with the Nd>Fe 4B
grains, which have a grain size of 510 um. This estimate shows that the minor
demagnetization detected in the weak demagnetization field comes not only from the
grain boundary phase, but primarily from the demagnetization of the Nd,Fe4B grains
themselves.

The alignment dependence of coercivity (ALDC) has been investigated to clarify
whether grains of Nd-Fe-B sintered and ferrite magnets reverse their magnetization via
magnetic domain wall motion or coherent rotation of magnetization. [21], [22], [23],
[24] [25]. The ALDC results show that the magnetic domain wall motion determines H.,
for Nd-Fe-B sintered magnets [11], [12], [13]. However, the calculated ALDC is
different from the experimental ALDC data when it is postulated that every grain
independently reverses via magnetic domain wall motion. This leads to the conclusion
that individual grains do not reverse independently. It is expected that a crust or cluster

of reversed grains will form at H.s [19].
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When we used the ALDC results to calculate the angular dependence of coercivity
(ANDC), the resulting ANDC agreed well with the experimental results in a small-angle
range of 0 to 40 degrees [21], [22], [23]. These results show that the H.; values of these
magnets are determined by the domain wall motion and by the formation of a cluster of
reversed grains.

The ANDC observed in Ga-doped Nd-Fe-B sintered magnets [22], [23] and ferrite
magnets are typical evidence of the coherent rotation of magnetization or the Stoner—
Wohlfarth model [26]. However, even in these magnets, the magnetic domain wall
motion determines the H.; because the ALDCs of these materials show that their H.ss are
still lower than those of isotropic magnets. It can be speculated that these phenomena
also come from the formation of clusters of reversed grains.

The ALDC and ANDC magnetic measurements and the recoil curves of these materials
indicate that in a magnetic field of strength lower than H.;, magnetization reversal of the
grains occurs. A cluster of reversed grains then forms somewhere in the demagnetization
field, and H., is achieved through the growth of such a cluster.

However, a magnetic measurement (MM) alone is insufficient to determine what occurs
in the demagnetization process because the conclusion of the MM originates from the
ALDC and the ANDC at H.,. The information obtained from the recoil curve is limited to
the magnetic field region below H.,. Therefore, it is necessary to synthesize the
information obtained from the MM results using a visualization method. This paper
examines the demagnetization process using soft X-ray magnetic circular dichroism
(XMCD) microscopy, which was established in SPring-8 at Sayocho, Hyogo, Japan [27].

Finally, it compares the outcome with the information from the MM.

2. EXPERIMENT

Ndi5Co1.0Bs.oFepa. magnets with @ = 0.96 and SrO-6Fe;O3 with o = 0.93 were used
for this experiment. Shin-Etsu Chemical Co. Ltd. provided the Nd-Fe-B sintered
magnets, and TDK Corporation provided the ferrite magnets. For the MM, the magnets
were cut into 7 X 7 X 7 mm pieces, with the easy magnetization direction along one
7-mm side. The magnetic properties were measured using a pulse high-field
magnetometer, TMP-2-08s25VT, with an 8 T magnetic field manufactured by Toei
Industry Co., Ltd. in Tokyo, Japan. The 8 T maximum magnetic field was applied to the
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Nd-Fe-B sintered magnets, and a 2 T maximum magnetic field was used for the ferrite
magnets. A demagnetization field correction was used to correct the demagnetization
curve of the MM.

The XMCD microscopy was performed at the soft X-ray beamline, BL-25SU, of
SPring-8. The samples used in the XMCD were cut into pillar shapes with dimensions
of about 0.6 x 0.6 x 5 mm?’, in which the longitudinal direction was the easy
magnetization direction. The magnets were fractured perpendicularly to the longitudinal
direction under a high vacuum (~4.89 x 10 Pa) to prevent oxidation of the cracked
surface in the sub-chamber and were then transferred into the main chamber with ~4.6 x
10”7 Pa. In a previous paper [28], it was verified that a fractured surface is covered with
the Nd-rich phase and does not suffer degradation in magnetic properties. The XMCD
measurements were performed on the fractured surface, which is the perpendicular
surface to the easy magnetization direction. The XMCD measurements were conducted
at room temperature with the following external magnetic fields (H): -4.0 T <H < +4.0
T for the Nd-Fe-B sintered magnets and -2.0 T <H <+2.0 T for the ferrite magnets. The
measurement area was 55.95 x 60.00 um?, and the scanning step was 150 nm.

The X-ray absorption intensity was measured using the total electron yield (TEY)
at the Fe L3 pre-edge (704.0 eV) and the Fe L3 edge (707.9 eV for an Nd-Fe-B magnet
and 709.85 eV for an SrO*6Fe>O3 magnet). A bias voltage of -18 V was applied to the
sample to ensure that the compensation current was less affected by the magnetic field
[27]. The photon energies chosen for the L3 edge absorption contrast were those with
the strongest XMCD intensities at this edge, referencing the XMCD spectrum in the
literature for an Nd-Fe-B magnet [29] and a measurement for the SrO - 6Fe>O3 magnet
(Fig. S2). The X-ray beam spot size on the sample surface was approximately 100 nm X
100 nm and the focal depth was about 5 um. The probing depth was estimated to be 1.1
nm [30]. The XMCD was determined from the ratio of the difference and sum of the
images taken with left and right circular polarization. This gave access to the local

magnetic properties and to the magnetization reversal process [28].

3. RESULTS AND DISCUSSION

From Fig. 1 (a) and (b), it can be seen that there is a big difference in the grain sizes of

the Nd-Fe-B and ferrite magnets, where the average grain size of the Nd-Fe-B sintered
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magnets is 4.5 um, and that of the ferrite magnets is 0.9 pum. In the XMCD image of the
Nd-Fe-B sintered magnets, grains that have undergone discrete magnetization
reversal are mainly observed in magnetic fields of 0 T to -0.5 T. At -0.7 T, the adjacent
grains of the discretely reversed grains reverse their magnetization and form a cluster of
reversed grains as the external magnetic field strength decreases. It seems that the
discretely reversed grains observed by XMCD relate to the continuous
demagnetization observed in recoil curve properties by the MM [19].

Similar phenomena are observed in ferrite magnets, with the discrete magnetization
reversal of grains observed from 0 T to -0.1 T. From -0.2 T, the neighboring grains
of the discrete grains reverse their magnetization, and the reversed magnetization area
then expands to the peripheral grains, forming a cluster of reversed grains, as in the Nd-
Fe-B sintered magnets case.

As the external magnetic field strength decreases, these clusters of reversed grains
grow, reaching coercivity at -1.1 T for the Nd-Fe-B sintered magnets and -0.36 T for the
ferrite magnets. These results agree well with the conclusion of the demagnetization
process obtained from the MM [21], [22], [23], [24], [25].

Figure 2 (a) and (b) shows the XMCD images of the Nd-Fe-B sintered magnets at -0.5
T and the ferrite magnets at -0.1 T, as well as the local magnetization curves and
average magnetization curves of the Nd-Fe-B sintered magnets and ferrite magnets. In
this figure, Grain A in Fig. 2 (a) and (b) shows the magnetization curve of the discrete
reversed grains, and Grain B shows that of the adjacent grains. Grain C represents the
other grains that do not belong to the cluster of grains at H.;. The magnetization curves
of the "measurement area average" represent information from an area of 59.5 x 60
pm?,

Figure 3 shows a comparison of the demagnetization curves of the MM and the
average demagnetization curves from the XMCD, which correspond to the second
quadrant of the "measurement area average" in Fig. 2 (a) and (b) for the Nd-Fe-B
sintered magnet and the ferrite magnet, respectively. The demagnetization curves of the
MM show a sharp rectangularity caused by the correction of the self-demagnetization
field, and H, which is the magnetic field whose J is 0.9B,, is close to H.;. The
demagnetization curves of the XMCD show a dull rectangularity caused by the
self-demagnetization field. The surface of the XMCD observation is expected to receive

a higher self-demagnetization field than the interior of the magnet. We notice that the
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H_.js from the XMCD are consistently lower than those from the MM. The
self-demagnetization field does not induce a lower H.;. Therefore, possible reasons for
the lower H.; in the XMCD should be considered.

The maximum magnetic field sweep rate of the magnetic field was usually 8 T per 15
minutes in the XMCD experiment. When the magnetic field was close to the step point,
the sweep speed was slowed to prevent overshoot. After the magnetic field was
stabilized for a few minutes at the targeted magnetic field value, the XMCD scanning
started. It is likely that the magnetic after-effect [31] occurred before the XMCD
measurement started, causing the lower H.;. The MM of the magnetization curve was
completed within several milliseconds. It is therefore not necessary to take into account
the magnetic after-effect.

The XMCD signal is proportional to the magnetization as follows [32]:

Au =" —u~ X Peire Jiron cos @ (1)
Au s the XMCD, 4 is the absorption of polarized light with +1 spin, g~ is the
absorption of polarized light with -1 spin, P is the degree of circular photon
polarization, Jiron is the magnetization of iron, and @ is the angle between the
direction of the incident X-ray beam and the direction of Jion.

The magnetization (J) of the Nd-Fe-B sintered magnets is a sum of Ji;o» and the
magnetization of Nd (Jyz). However, during the XMCD measurement, Jiro, and Jyq do
not change, and we could use J instead of Ji.on in Eq. (5). The J of the MM is also
proportional to the XMCD (4u).

The self-demagnetization field is expressed by the equation
Hey=Hepr + NJ (2)

H., is the external or applied magnetic field, Hez is the effective magnetic field, and N
is the self-demagnetization factor. From this equation, it can be seen that the
self-demagnetization factor affects the shape of the demagnetization curve. For the
average demagnetization curve, the dull rectangularity is caused by the
self-demagnetization field on the surface. However, the H.. is equal to the H.rat J =0,
which corresponds to H.;,

It can be speculated that the reason why XMCD H.; values are lower than those of the
MM is the magnetic after-effect originating from the decrease in J. When the sweep
speed of the magnetic field is very low or the magnetic field is held at a definite value,

the magnetic after-effect cannot be neglected and affects H.,.
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The following equation represents the magnetic after-effect [33], [34]:
AT =Ji-Ji = yir S In (1) €)

AJ is the magnetization change caused by the magnetic after-effect. J; is the
magnetization at ¢ seconds after the start of the measurement. J; is the magnetization of
the starting point of the measurement. y;. is the irreversible susceptibility. S, is the

magnetic viscosity and 7 is the time measured in seconds.

In the demagnetization curve, the susceptibility at H is conventionally represented by
dJ(H)/dH = Yt = yrev+ yir. The quantities yis, yrev and yi- are the total susceptibility,
the reversible susceptibility, and the irreversible susceptibility. Generally, y, and yi-
are challenging to separate independently from the demagnetization curve.

However, from the recoil curves of the Nd-Fe-B sintered magnets and ferrite magnets,
it is seen that y;.- is higher than y,.,, and it is expected that yi.- >> y,.. Therefore, yi-
[35] is represented by dJ(H)/dH [16]. The magnetic viscosity S, is represented by the
following equation [33], [36].

Sy=kpT/UoVals “4)
ks, T, {4, , v, and Js are the Boltzmann constant, temperature, permeability in a vacuum,
activation volume, and saturation magnetization, respectively. However, S, seems to be

constant because the temperature does not change in the XMCD or MM, and the XMCD

measurement started several minutes after the magnetic field stabilized. It seems that /n

(1) 1s also constant. Therefore, AJ in Eq. (7) is proportional to yi.
dJ(H)/dH = yir 1s obtained from the MM demagnetization curve. We obtained the
maximum AJ (AJmax) from the maximum yir (yir-)max for the MM demagnetization
curve. Various AJnax values at (yi)max and N were applied to the MM demagnetization
curve to determine whether the corrected demagnetization curve of the MM converged
with the average XMCD demagnetization curve.

Figure 4 shows the overlapped XMCD and MM curves for the Nd-Fe-B sintered and
ferrite magnets. In this figure, the demagnetization curves of the MM are corrected by
the self-demagnetization field factor and the magnetic after-effect. At (yir)max, N and
AJmax are N=0.635 and AJyax = 0.4 T for the Nd-Fe-B sintered magnet, and N = 0.8 and
Admax = 0.15 T for the ferrite magnet. The results agree well. The H.; from the XMCD is
slightly lower than that from the MM. This might be because in the XMCD, the
maximum magnetic field of 4 T applied to the Nd-Fe-B magnets was not enough to

magnetically saturate it. This field was 2.8 times larger than H.;, whereas the 2 T
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maximum magnetization field for the ferrite magnets was 4.2 times H.;. This result
shows that the average demagnetization curves from the XMCD include the effects of
the self-demagnetization field and the magnetic after-effect. In addition,
the self-demagnetization field affects the horizontal direction (H), and the
magnetic after-effect affects the vertical direction (J). The information from XMCD
reflects the properties of the bulk magnets.

Figure 5(a) and (b) shows the demagnetization curves after the self-
demagnetization field correction, measured from the MM, for the Nd-Fe-B sintered
magnets and ferrite magnets. The calculated maximum magnetic field (/) observed by
XMCD for discrete reversed grains in Fig. 5(a) and (b) is corrected using Eq. (6)
with N = 0.635 for the Nd-Fe-B sintered magnet and N = 0.8 for the ferrite
magnet. In this figure, the maximum external magnetic fields of -0.5 T for the Nd-
Fe-B sintered magnet and -0.1 T for the ferrite magnet in the discretely reversed
grain areas are equivalent to the effective fields -1.30 T and -0.38 T after the
demagnetization correction, which are close to the H; values in the demagnetization
curves of the MM.

4. CONCLUSION

The demagnetization processes of Nd-Fe-B sintered and ferrite magnets have been
investigated using XMCD. A similar magnetization reversal process was observed in
both magnets. In a weak external magnetic field range, from 0 T to -0.5 T for the
Nd-Fe-B sintered magnet and from 0 T to -0.1 T for the ferrite magnet, the
magnetization of the grains is reversed discretely. After the external magnetic fields
decrease from -0.5 T for the Nd-Fe-B sintered magnet and -0.1 T for the ferrite magnet,
the grains adjacent to the reversed grains reverse and form a cluster of reversed grains,
and the cluster grows as the external field strength decreases further. Coercivity is then
reached at -1.1 T for the Nd-Fe-B sintered magnet and -0.35 T for the ferrite magnet.
These results obtained from XMCD show that minor demagnetization occurs in the low
external field area. These phenomena are the same as results observed in the recoil
curve properties by MM [19]. The H.; determined from the growth of the cluster of
reversed grains agrees well with the expectation from the results of the MM [21], [22],
[23], [24], [25].

When the average demagnetization curves from the XMCD are compared with those

9
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from the MM, the rectangularity seen in the XMCD is lower than that of the MM. The
coercivities from the XMCD are also lower than those of the MM. However, when
considering the self-demagnetization factor and the magnetic after-effect in the XMCD
observation process, the average demagnetization curves of the XMCD and the
demagnetization curves of the MM agree well with each other. These results imply that
the information from the XMCD reflects the bulk data of the MM.

The demagnetization field correction gives effective fields of -1.30 T for the Nd-Fe-B
sintered magnet and -0.38 T for the ferrite magnet. It is also noted that the maximum
corrected demagnetization field observed in the discretely reversed grains in the

XMCD is close to the Hy in the demagnetization curves from the MM.
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Fig. 1 (a), (b) XMCD images of various demagnetization fields for Nd-Fe-
B sintered magnets and ferrite magnets. The red area shows the magnetized state

and the blue area shows the magnetization reversal state.
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Fig. 2 (a), (b) XMCD images at -0.70 T for the Nd-Fe-B sintered magnets and at

-0.2 T for the ferrite magnets. The local magnetizations of Grains A, B, and C are

shown on the right-hand side.

From the average magnetization curves, the

coercivities of the Nd-Fe-B sintered magnets and the ferrite magnets are seen to be

1.1 T and 0.35 T, respectively.
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Fig. 3 A comparison between the demagnetization curve after the
self-demagnetization field correction which is measured by the MM and the
average demagnetization curve from the XMCD for the Nd-Fe-B sintered and
ferrite magnets. The circles in the demagnetization curves of the pulse field
magnetometer show the Hj values, and the circles in the average demagnetization
curves of the XMCD show the maximum demagnetization field strengths of the
discreetly reversed grains from the XMCD images.
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Fig. 4 (a), (b) The average demagnetization curves of the XMCD overlapped with

the demagnetization curves from the MM. The demagnetization curves of the MM

are corrected by the demagnetization field factor (V) and the maximum magnetic
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Fig. 5 (a), (b) The demagnetization curves after the self-demagnetization field

correction measured by the MM. The calculated maximum magnetic field (H)

observed discrete reversed grain by XMCD is calculated by Eq. (6) using N = 0.635

for Nd-Fe-B sintered magnet and N = 0.8 for ferrite magnet.
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Demagnetization mechanism of Nd-Fe-B sintered and ferrite magnets derived from the magnetization measurement and the

soft X-ray magnetic circular dichroism microscopy

Yutaka Matsuura” (Research Institute for Applied Sciences)

The magnetization reversal mechanism of 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 occur first in

the demagnetized field region, which is lower than the coercivity. In the next step, clusters of reversed grains are formed by the

reversal in the crystal grains around the discrete reversed grains. For highly aligned magnets, the size of the clusters at the coercivity

increases with decreasing temperature. It also varies with their composition. The alignment dependence and angular dependence of

the coercivity vary with the size of the clusters. The size of the clusters depends on the number of discrete magnetization reversal

grains that occur in a demagnetizing field lower than the coercivity. That is, if the number of discrete reversal grains is large, the

cluster size is small, and conversely, if the number of discrete reversal grains is small, the cluster size is estimated to be large.

F—T—F :NdFeBWfi, 774 M2, BALNHEA =X L3, (RlgEI) AT =X 24, BLWEES, Trlii)) A

Ak 6,

(Nd-Fe-B magnet, ferrite magnet2, demagnetization process3, coercivity mechanism4, alignment5, angular dependence6)
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Fig. 1. Demagnetization curve of (Nd, Dy)-Fe-B sintered magnets
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