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Ferromagnetic stainless steels have been used in magnetic and
electro~magnetic devices which are exposed to severe enviromments such as an
incore of nuclear reactor. Wide use of these materials is naturally due to
their ferromagnetism, and also due to their excellent properties in corro-
gion, radiation and heat resistances. Easy machining process at a low cost
and good availability in the market are counted for them as another
advantage. However, their magnetic properties are not well established in
a standard form as refered in handbooks, because they are originally
developed as a structure material. This situation, the lack of sufficient
data, leads us to study the magnetic properties of the martensitic stainless
steels, SUS 403, SUS 410J1 and TAF, and the ferritic stainless steel, SUS
405, in connection with the development of incore instruments.

The magnetic properties were measured for many specimens after various
heat treatments such as quenching and tempering, low temperature
annealing and full annealing. Temperature dependence of magﬁetic properties
was measured with an electric furnace. Magnetic properties measured in this
study were of initial magnetization, dc hysteresis, ac permeability and
inverse magnetostriction, and Curie point as well,

The martensitic stainless steels show somewhat semi-hard character-
istics (Hcy 5 - 15 cersteds) and the ferritic stainless steel is rather
soft (He; 2 - 5 oersteds). The Curie points range from 720 to 750 °C,

The saturation magnetization is about 15000 gausses. The large inverse

magnetostriction is obhserved in SUS 403 and SUS 405, and this may be utilized
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in acoustic and sonic application as well as in force and pressure measure-
ments. Because the magnetic properties depend on the heat treatments, the
optimum condition of heat treatment may be chosen so as to satisfy
requirements to the magnetic characteristics.

The data in this report would bé useful alsc for design and development
of big magnetic machines in other.field such as.nuclear fusion, magnetic

levitation and so on.

Keywerds: Stainless Steel, SUS403, SUS41(CJt, TAF, SUS405, Magnetic
Characteristic, Magnetization Curve, Permeability, Curie Point,

Inverse Magnetostriction.
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1. INTRODUCTION

The magnetic and electro-magnetic devices are generally very
reliable and durable so that many -measuring instruments and control
devices utilizing magnetic characteristics of the material have been used
in many industrial fields. - Also, such devices have been used in the
system of reactor control and instrumentation in the nuclear field, where
endurance against severe environments is strongly required to the
devices. The examples are found in some incore instruments, control-rod
drive mechanisfhs, contfol—rod position indicaters, and so on. In these
devices, the ferro.—mégn-.etic. r:nat‘erial is very essential for a good
performanée of. their opér.ational funcrions.

The magﬁetic material, which is used in the reactor core and in
the wvicinity of reactor wvessel, must have large heat, corrosion and
radiation resistivities in addition to good magnetic characteristics; and
its machinability is :required as well in most cases. By this reason, a
ferromagnétic'_stainless steel has been often used as a magnetic
material. However, magnetic characteristics of stainless steels have not
been well established, though their mechanical properties have been
investigated in wvery detail since stainless steels were originally
developed as a structure material. This fact led us to an investigation
of magnetic characteristics of ferro-magnetic stainless steels in
connection with development of incore instruments. The materials treated
in the investigation were the martensitic stainless steels, SUS 403, SUS
410]1 and TAF, and the ferritic s.tainless steel, SUS 405. The data
obtained would be wuseful -alse for design and development of big
magnetic machines ‘in. other fields such as nuclear fusion technology,

magnetic levitation and se on.

I1. PREPARATION OF TEST PIECES

1. Magnetic Properties of Fe-Cr Alloys and Selection of Materials
It is known that the magnetic properties can be divided into two
_ o . » (1)
groupes; structure-sensitive and structure-insensitive groups .
Permeability, coercive force -and hysteresis loss belong to the former one
and vary sensitively: with chemical composition, internal strain, tempera-

ture, c¢rystal structure, crystal orientation and so on. Saturation

— l N
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1. INTRODUCTION

The magnetic and electro-magnetic devices are generally very
reliable and durable so that many ‘measuring instruments and control
devices utilizing magnetic characteristics of the material have been used
in many industrial fields. Also, such devices have been used in the
system of reactor cdntrol and instrumentation in the nuclear field, where
endurance against severe environments is strongly required te the
devices. The examples are found in some incore instruments, control-rod
drive mechanisnﬂs, control-rod 'pos'.ition indicators, and so on. In these
devices, the ferro-magnetic z‘nat‘erial is very essential for a good
perfo.rmanc.e of thei'r operational functions.

The mégrietic material, which is used in the reactor core and in
the vicinity of reactor vessel, must have large heat, corrosion and -
radiation resistivities in addition to good magnetic characteristics; and
its machinability 1is required as well in most cases. By this reason, a
fe.rromagnetic'.stéinless steel has been often wused as a magnetic
material. However, magnetic characteristics of stainless steels have not
been well established, though their mechanical properties have been
investigated in very detail since stainless steels were coriginally
developed as a structure material. This fact led us to an investigation
of magnetic = characteristics of ferro-magnetic stainless steels in
connection with development of incore instruments. The materials treated
in the investigation were the martensitic stainless steels, SUS 403, SUS
£10]1 and TAF, and the ferritic stainless steel, 3SU5 405. The data
obtained woculd be wuseful "also for design and development of big
magnetic machines 'in other fields such as nuclear fusion technology,

magnetic levitation and so-on.

II. PREPARATION OF TEST PIECES

1. Magnetic Properties of Fe-Cr Alloys and Selection of Materials

[t is -known that the magnetic properties can be divided into two
groupes; structure-sensitive and structure-insensitive groups (1) .
Permeability, coercive force and hysteresis loss belong to the former one
and vary. sensitively- with chemical cemposition, internal strain, tempera-

ture, crystal structure, - erystal orientation and s¢ on. Saturation

_1_
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magnetization, Curie point, satu-

WEIGHT % Cr
. o 0 10 20 30 40 S0 60 70 80 90 100
ration magnetostriction and crystal o0 im0 L 0 L
n
anisotropy -constant are included in “‘
i
another group and are less sensitive 1000 "4 °
]
]
to the = stractural factors. The [}
o 4
structure-sensitive magnetic proper- 800 bt "
: . . = N
ties of  ferro-magnetic -stainless \‘\.\ N
steels could, therefore, be surmized Sy’ ™
w600 f'\% L
from those of alloys having about . N1
& e —
the same  composition :of main 2 R
] £ 400 —
chemical - elements; and the % ’\g
. . = TN,
structure-sensitive properties must : ;\{‘é,,,
: ) . 200 L
be understood with relation teo their o \{%
' .
own hystories of production' process i \
! ! X
and heat treatments. : % 10 20 30 4w 50 60 70 8 %0 100

Fe ATOMIC % Cr Cr
Ferro-magnetic stainless steels '

Fig. 2.1-1 Phase diagram of Fe-(Cr

(2)

are basically Fe-Cr alloys which
alloys °7.

contain a little amount of Ni, Mn, _
C, Si .and others, and have a martensitic or ferritic structure. Figure
2.1-1 represents the phase diagram of Fe-Cr binary alloys(Z). The
‘Curie point increases slightly with an increse of Cr content until it
reaches to about 5 %, and then decreases. It is above 700 °C in the
range  of Cr centent less than 15 %. With an increse of Cr content over
20 %, it decreases largely and the intermetallic-compound sigma-phase
appears. The saturation magnetization and induction magnetization
decrease with an increse of Cr content as shown 1in Figs. 2.1-2
and 2.1—3(3). . The saturation magnetization is about 18000 gausses at a
Cr—content of 10 %. It is said that the permeability decreases sharply
with an increse of Cr in a region of Cr-content less than 10 % and
magnetostriction becomes small at about 20 %(4). The Fe-Cr alloys with
a Cr-content of less than 6 % are well known as a material of old-type
permanent magnets. The structure sensitive properties, such as
permeability ~and coercive force, of these alloys greatly depend on heat
treatments and doping of non-metallic elements: for example, the
coercive force reaches 60 ocersteds with an addition of C by 1 %(5).

From the above, one can suspect that a stainless steel with a
smaller content of Cr has a larger Curie point and a larger saturation

magnetizaticn, and a proper heat treatment may produce Dbetter

72_
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Fig. 2.1-8 Saturation induction of  Fig, 2,1-3 Magnetic induction of Fe-

(3) 2
Fe-Cr alloys at 20 °C' "".  (¢r glloys at various field strengths 2,

magnetization characteristics. Stainless steels, which contain Cr of
about 12 - 13 %, are so-called martensitic stainless steels and ferritic
ones: and those which contain a lower amount of C have softer magnetic
characteristics. The representative steels of this sort are martensitic
SUS 403 and ferritic SUS 405. SUS 403 and 405 are the equivalent of
AIST 403 and 405, respectively. Also, one c¢an select some from
so—called super 12-Cr steels, which contains a small amount of Mo for
application where a high grade of high-temperature mechanical-strength
and corrosion resistivity are required. Interesting steels of this sort
are SUS 410]J1 and TAF. There are no equivalent of them in the U.S.A.
standard, but they are about similar to AMS 5614 and MIL S 861A, Class

403. Chemical compositions of these selected materials are shown in

table 2.1-1.

Table 2.1-1 Chemical compositions of eelected materials
for tests.

C Si Mn p S Ni Cr Mo Al Fe
SUS
203 | 0-1310.290.37 [0.27 {07 012|076 ] - - | pal.
US 1911 0.32 0516
ol o . : .025| 0.005] - |11.5500.42| - |bal.
TAF 1 0.15(0.60]0.72 | 0,015 0.003| - $11.30|0.69| - | bal.
5US
a0s | 0.05(0.33]0.55]0.25 [0.99 | 0.16 [13.12] - ] o0.16] bal.

in wt, %
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2. Toroidal Test Pieces and Heat Treatments

The troidal test pieces were
machined out of bar materials, as
shown in Fig. 2.2-1, for the
measurements of magnetization
curves and permeabilities. Fifty-
seven pieces of 5US 403, and thirty

pieces of each of others were

preduced. These  pieces were
divided into two groupes; 1.e.,
non-heat-treatment and heat-treat—
ment groups. Also, the pieces of N
o TROIDAL TEST PIECE -~
heat-treatment group were divided S~

into three groups of (Ist) quench-

ing-and-tempering, (2nd) low- Fig. 2.2-1 Machining of troidal
temperature annealing and (3rd) test preces.
full .annealing. Generally, raw

material of steel is supplied as it

has been heat-treated in a production process by a manufacturer. New
treatments under newly-set conditions were, therefore, performed to erase
different histories of past heat treatments from all the test pieces and
to give the same heat-treated conditions. The pieces were placed in an
electric furnace and heat-treated in an Ar atmesphere.

Figure 2.2-2 shows the temerature vrecord of quenching-and-
tempering treatment. The pieces of 1st group were heated up to 1000 °C
from a room temperature by taking a time of 2.3 hours to obtain
austenite states. Temperature fluctuations were caused in the process of
heating-up because the temperature was contrel by a semi-automatic
means. The austenite-start-temperatures of test-piece materials are
about 750 - 800 °C, and the heating of test pieces up to 900 °C secems
to be very sufficient. The temperature was, however, raised up to 1000

°C to prevent a possible happening of insufficient heating in scme

pieces by an unflat furnace-temperature distribution. The heolding time
of 1000 °C was about 25 min. This seems te be sufficient tc obtain
fully austenite states in the pieces. The quenching was performed by

taking the pieces out of the furnace and cooling them by Ar-gas
blowing. 'As seen in Fig. 2.2-2, it took about 15 min to reach the Ms
point (the martensite-start-temperature, about 300 to 200 °C). This
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condition seems to be wvery satisfactory for ordinary quenching. At the
temperatures below -the Ms point, Ar-blowing. was stoped and the pieces
were naturally cooled. After several hours passed, the pieces were
tempered. Temering temperature of about 700 °C was adopted to prevent
temper brittleness, and the pieces were cocled down with the same way

as quenching.

o 25 min.
L 1000 E om0 ¢
| FORCE COOLING
BY Ar-BLOWING 40 min.

FAL

FORCE COOLING
BY Ar-BLOWING

710°C/3.3h

0 1z 3 4 0 1 z 3 4 5
HOURS

Fig. 2.2-2  Temperature record of quenching-and-tempering
in Ar atmosphere.

Figure 2.2-3 shows the temperature record of low-temperature
annealing. -The p.urpose of this treatment was not for erasure of past
heat—treated; conditions but for relaxation of internal strains. The
pieces of 2nd group were heated up to 700 °C by taking 3.7 hours and
held ét 700 :'°C for 1 hour, and then co_oie-d down rapidly. Figure 2.2-4
shows the temperature record of full annealing. The pieces of 3rd
group weré heate.d. up to 1000 °C by taking 1.5 hoﬁrs, and they were

cooled down very slowly to 600 °C for getting complete austenite phases,

o
. 1 hour - 1000 1000 °C
~ _apo
| Sa —t— 106 *¢ i P 80°C/h
- FORCE COOLING -
Y Ars
L s00 BY Ar-BlOvinG | o750 °t
- L ~&y. 600 °C
| 300 500 A{Hac ON)
L “\\700°¢/3.7n A L TFORCE CODLING .
K - ' BY Ar-BLOWING
I . ‘ } N\1000°C/1.5h )
L 1 ! 1 L ) : H
0 i 3 4 5 5 " o . \BlHac OFF)
HOURS - ‘ - : \
Fig. 2.2-3 Temperature L L ) ' . h i )
e ) 2 3 ¢ 5 6 7 8 3 10

record of low-temperature

. . HOURS
annealing in Ar atmosphere.

Fig. £.2-24 Témperature record of Full
(high-temperature) annealing in Ar atmosphere.

—_— 5 —




JAERI-M 86-181

and then .cooled down rapidly. 1In -this process, some of SUS 403 pieces
were - treated with magnetic annealing: a few. pieces had been prepared
with a coil of 20 turns, made of a metal-sheathed MgO-insulated wire,
and - were treated with magnetic -annealing: by an excitation of (0.6
A)/(50 Hz) through the coil. The magretic annealing started at the
temperature of 750 °C (i.e., just over the Curie point). Because the
temperature control during the full annealir'l'g. were made with reference
to the temperature of the pieces for magne-ti.c. annealing, the temperature
of non-magnetic annealing pieces (full line in Fig. 2.2-4) was a little
lower than that of magnetic annealing ones (dotted line) by the effect of

electric 'heatinig with excitation.

3. Rod Test Pieces and Heat Treatments

The rod fest pieces, shown in Fig. 2.3-1, weré prepared for the
investigation of inverse magnetostfictiou (Villari effect). In this case,
the pieces were machined out of materials which were heat-treated in
advance: the performed heat-treatments were the same as the troidal

pieces had.

M14

¥

AW VAN
] : N

D SR 1 |

g20
a1o0

)
&
#85%0.05
T 919.8 W

Fig. 2.3-1 Rod test piece and its dimensions.

I111. MEASURING METHODS

1. DC Magnetization Curves at Room Temperature

An insulation tape was wound on each of all troidal test pieces,
and a p_ri__rhary coil of 200 turns and: a secondary of 10 turns were
wound on. Then, dc hysteresis and initial magnetization curves of all
ﬁieceé were measured .at room temperature with an automatic dec-magneti-
zation-curve tracer. The hysteresis curves were measured with an

excitation field of +/~ 100 oersteds, and the initial magnetization curves

767
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and then .cooled down rapidly. In ‘this process, some of SUS 403 pieces
were  treated with magnetic annealing: a few. pieces had been prepared
with a coil of 20 turns, made of a metal-sheathed MgO-insulated wire,
and - were -treated with magnetic. annealing by an excitation of (0.6
A)/(50 Hz) through the coil. The magnetic annealing started at the
temperature of 750 °C (i.e., just over the Curie point). Because the
temperature control during the full annealiﬁg were made with reference
to the temperature of the pieces for magneti.c. annealing, the temperature
of non-magnetic annealing pieces (full line in Fig. 2.2-4) was a little
lower than that Qﬂf. in'agnetic annealing ones {(dotted line) by the effect of

electric 'heatinig with excitation.

3. Rod Test Pieces and Heat Treatments

The rod test pieces, shown in Fig. 2.3-1, weré prepared for the
investigation of inverse magnetos{riction (Villari effect). In this case,
the pieces were machined out of materials which were heat-treated in
advance: the performed heat-treatments were the same as the troidal

pieces had.
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Fig. 2.3-1 Rod test piece and its dimensions.

11I. MEASURING METHODS

1. DC Magnetization Curves at Room Temperature

An insulation tape was wound on each of all troidal test pieces,
and a primary coil of 200 turns and: a secondary of 10 turns were
wound on. Then, dc _hystelfesis and initial magnetization curves of all
f)i'ecesl were measured  at room temperature with an automatic dc-magneti-
zation-curve tracer. The hysteresis curves were measured with an

excitation field of +/- 100 oersteds, and the initial magnetization curves

HGM
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with 30 oersteds. 1In each measurement, the test piece was demagnetized
with applying a maximum demagnetization current of (5 A,r.m.s)/{50 Hz)
te the primary coil. This current caused a maximum demagnetizing field
of 282 oersteds which could saturate the magnetic flux of the piece
sufficiently for full demagnetization. After measurements, all pieces
were unclothed and put into a waiting box for following tests at

elevated temperatures.

2. DC Magnetization Curves at Elevated Temperature

Silica-wool 1insulators were wound on some of the troidal test
pieces, and heat-resisting wires (glass;wool—insulated wires or mineral-
insulated wires) were wound on to ‘provide primary coils of 100 turns
and secondary of 10 turns. These pieces were installed in an electric
furnace and heated up with measuring initial magnetization curves. The
maximum excitation in each measurement was 30 oersteds, and the
demagnetization was made with a maximum current of (3 A,r.m.s)/(50

Hz); i.e., 85 oersteds,

3. AC permeability

The effective ac permeabilities were measured in the temperature
range from room temperature to about ‘800' *C to find out the Curie
points. Figure 3.3-1 shows the measuring circuit.  The troidal pieces
were excited with an ac current of (30 - 200 mA)/(100 Hz - 10 kHz)

through heat-resisting primary coils, "and the induced secondary voltages

were measured. The number of turns of coils were 10 - 50 turns,
depending on types of used coil-wires. - The effective ac permeability
Pae can be represented as; 'uac:Bac/Hac’ in terms of specific

Electric Ffurnace

FrmmsT " 1
]
Freguency . ! ' Temperature
Meter ' : Indicator
1
1
1
]
]
¥
. Constant -
Oscillator DGOOH Current ! VD1g1ta]
Converter 1 olimeter
i
]

Primary Coil  secondary Coil

Fig. 3.3-1 Instrument getup for ac permeability measurement.
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permeability .where Bac and Hac are the peak wvalues of magnetic

induction and excitation. Here,
\F 8
B  =0.915 x — x 10 (gauss), H. = 0.2828 x N.I (cersted),
ac N_f . ac 171
2

where 11 is the r.m.s wvalue of excitation current, V2 the induced
secondary voltage, f the excitation frequency, N1 and N2 the number of
turns of the primary coil and the secondary coil.

Since the eddy current losses are included in the measured u..'s

the term "effective" ac permeability was adopted.

4. Inverse Magnetostriction

Inverse magnetostrictions were measured to 1investigate their
applicability to electro-mechanical sensors. Since the inverse magneto-
striction is reciplecal to the magnetostriction, the data cculd be referred
in a structure design’o_f big magnetic machine, in which a ferromagnetic
stainless steel is used :and a IIarge stress appears internally. Figure
3.4-1 shows the setlip of instruments wused in the measurements. A
glass -wool 1n5u1ator was wound on the rod test piece, and the primary
coil of 1000 turns and the secondary of 50 turns with mineral-insulated
wires were wound on it.  Chromel-alumel thermocouples (K type/TC's)

were instrumented at the center and at the both ends of the piece to

measure the temperature. The test piece was settled in the cylinder
yoke made of SUS 403. The one end of the piece ( left side in Fig.
3.4-1) was locked with the screw mechanism. A load (tension or

compresion) was applied from the another end through the loading
extension bar and the load cell by rotating the screw system.
The magnetic reluctance, Rg’ of gaps at the surfaces where the

test plece contacts with the cylinder yoke is expressed as;

& g,

PoSq PoS2

where, Mo is the permeability of air, g1 and_g2 are the gaps of left

and right side contact-surfaces, S1 and 51 the contact-surface areas of

gaps g, and gy respectively,
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2

Here, g, =0.05 mm, gy, = 0.2 mm, S, = 3.14 x 20 x 18 mm

1

and 82 = 3.14 x 19.8 x 28 mmz, and therefore;
_. _1
Rg =5 x 10 /(3.14}10) (AT/Wb)

On the other hand, the magnetic reluctance, Rr’ of the part to be
stressed; i.e., the thinner part of test piece with a diameter of 5 mm

and a length 80 mm, is;
3
R. = 12.8 x 107/(3.14n) (AT/Wb)
Thus,
. -4 :
_Rg/Rr = 0.39 x 107" x (p/py),

where (p/po) is the specific permeability of the material. By estimating
the maximum of (}1/}10) 'as'_1000, one obtains, (Rg/Rr)=0.04. This may
permit neglect of counting the magnetic reluctance of gaps. Further,
the magnetic reluctance of cylinder yoke is very small as compared with
that of the thinner part of test p'iece. In the result, one can consider
that the applied magnetomotive force through the primary coil is all
applied to the thinner part of the test piece. ' ' '

The maximum excitation magnetic field, Hp (peak value), is
H = V2 LLN/L ,
P 11
where N, is the ‘number of turns of primary coil, 11' the r.m.s. value of

excitation current, L the length of effective magnetic circuit. Here, L =
80 mm and N, = 1000, so that ' ‘ '

1
Hp = 17.7 x 103 X Il {AT/m), or
Hp = 0.222 x 103 X Il {cersteds)

The induced m'agneti'c' flux density in peak value, ‘Bp, is




JAERI-M 86-181

'3 v,

P 2'x 3.14 x fN,S

where f is the excitation frequency, N2 the number of turns of secondary
coil, V2 the induced secondary voltage (r.m.s.), S the cross sectional

area of thinner part of test piece.

Here, N2 =50, S = 3.14 x 2.52 X 10_6 (mz), so that

B
b

0.229 x 10° x (V,/1) (Wb/m?), or

B_ - 2.29 x 10°

p

X (Vz/f) {gauss)

Therefore, the effective ac permeability, Pac’ in terms of specific

permeability is,

Pac = (Bp in.gausses)/(Hp in oersteds)
v, x 107 1
= 10.3 x e X 3
f x 10 Il x 10

When the measuring units, {(mV) for V,, (kHz) for f and (mA) for I

2 1’

are applied;

' On the other hand, the expression of applied stress, s, is
s = W/{3.14 x 2.52) = 0.051 x W (kg/mmz),

where W is the applied weight in kg; i.e., the reading of load cell.

' The measurements of inverse magnetostrictions were performed as
follows: (1) by applying a few cycles of loading of +/-(80 - 90) kg, the
test piece was stabilized so that the secondary induced voltages at zero

load became stably constant; then, (2) the loading to the test piece for
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measurements started as, 0 to +80 kg to 0 to -80 kg to 0, with
measuring the secondary voltages. The measurtements were carried out
at room temeprature and 300 °C for the excitation of {10, 20, 30, 50,
70, and 100 mA) of 400 Hz.

IV. RESULTS OF MEASUREMENTS: MAGNETIZATION CHARACTERISTICS

1. Magnetization Characteristics of SUS 403

1) DC magnetization characteristics of virgin pieces at room temperature

DC hysteresis and initial magnetization curves were measured at
room temperature for twenty-seven virgin pieces (sample #1 to #27).
Tab.le‘a.il—l shows the results, where Bm is the maximum induction at
the maximum excitation of 100 oersteds, Br the residual induction, HC
the coercive force, Uy the initial permeability and u- the maximum
permeability. The mean values X , the standard deviations o , the
deviation values 5.5., and the grades of deviation from the mean value
by sign (-2 to +2), are shown in the table, as well. Figures 4.1-1 and
-2 show the magnetization{ curves of sample #19 which has the most
"standard-like" characteristics among the tested samples. Figure 4.1-3
shows the .irregularity band of initial magnetization curves, in which

largely deviated ones from the mean characteristics are excluded.

2) Changes of initial magnetization curve with temperatures

The changes of the initial magnetization curve of a virgin piece
with temperatures were measured at various temperatures up te 700 °C.
The results are shown in Fig. 4.1-4. The inductions for the excitation
of 30 ocersteds are .plotted in Fig. 4.1-5 with reference to 'the
temperatures: one can extrapolate the Curie point of about 715 °C in the

figure.

3} Temperature and frequency characteristics of ac permeability

AC permeabilities of a virgin pi_ece were measured at temperatures
up to 750 °C with the excitations of (0.42 ocersted in peak)/(100 Hz to 10
kHz). The results are shown in. Figs. 4.1-6 and -7. One can find out
the Curie point of 730 °C in Fig. 4.1-6. This is a little higher than
the previous wvalue: the difference may be resulted from an inaccuracy

of temperature measurement. The decrease of ac permeability with the
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3) Temperature and frequency characteristics of ac permeability

AC permeabilities of a virgin piece were measured at temperatures
up to 750 °C with the excitations of (0.42 ocersted in peak)/(100 Hz to 10
kHz). The results are shown in. Figs. 4.1-6 and -7. One can find out
the Curie point of 730 °C in Fig. 4.1-6. This is a little higher than
the previous wvalue: the difference may be resulted from an inaccuracy

of temperature measurement. The decrease of ac permeability with the
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increase of excitation frequency 1is caused from the increase of eddy

current loss.

4) Heat treatments and dc magnetization curves

Variations of dc hysteresis and initial magnetization character-
istics due to heat treatments are shown in Figs. 4.1-8 and -9. The
rectangularity and the coercive force of quenched-and-tempered (Q-&-T)
piece are larger than those of the virgin one; namely the Q-&-T
treatment makes the magnetic characteristics hard. This is caused by a
martensite formation on quenching. The increase of the coercive force
ieads to the change of the initial magnetization curve with decreasing
the permeability.

Low-temperature annealing (L.T.A.) increases the rectangularity
slightly: consequently, the initial magnetization curve beccmes steep
with inc¢reasing the permeability.

Full annealing ({(high-temperature annealing, H.T.A.) does not
change the rectangularity and the coercive force, but makes the
saturation induction smaller than that of the virgin one. According to
the decrease of saturation induction, the initial magnetization character-
istic becomes ''gentle-sloping' with decreasing the initial permeability.
The cause of these decreases may come from the precipitation of iron-
and chromium-carbides by the formation of ferrite phase during
annealing.

Figures £4.1-10 and -11 show the effect of magnetic annealing in
the process of full annealing by ac magnetic excitation (Hac). It is
shown that the magnetic annealing increases the rectangularity and the

permeability.

5) Temperature effect on initial magnetization curves of heat-treated

pieces
Figures 4.1-12 to -14 show changes of the initial magnetization
curves of heat-treated pieces with temperatures up to 350 °C. The trend

of changes with temperatures is similar to that of the virgin one (ref.

Fig. 4.1-4).

6) Temperature effect on ac permeabilities of heat treated pieces

The effective permeabil.ities of heat-treated pieces were measured
with an excitation of 1.2 oersteds (peak) in the temperature range up to
800 °C. The results are shown in Fig. 4.1-15. The quenched-and-

tempered piece shows its Curie point of about 730 ° C and the

N 13 ——-
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full-annealed one 750 °C. This high value of full-annealed one may be
caused by the precipitation of carbides during annealing.

Variations of the permeability with temperature cycles were
investigated, as well. The results are shown in Figs. 4.1-16 to -18.
The performed teﬁlperature cycles were; from/to room temperature to/from
350 °‘C‘, 450 °C and 600 °C. One can observe the variation of a few
percent b:etween Ist and 2Znd cycle, but after 2nd cycle the permeabili-
ties were stabilized. This suggests Ithe effectiveness of aging with

temperature cyclings.

2. Magnetization Characteristics of SUS 410]1

1) DC magnetization characteristics

Figures 4.2-1 and -2 show the dc¢  hysteresis and initial
magnetization curves and their changes with heat treatments. The
gquenched-and-tempered piece and the low-temperature annealed one have
slightly harder and rectangularer characteristics than that of the virgin
one. . On the contrary to expectations, however, the full annealed piece
showed a large coercive force with a small saturation induction. This

may -be caused from a large stractural change formed during annealing.

2) Chahges of initial magnetlization curves with temperatures
“Changes of the initial magnetization curves with temperatures up

to 350 °C are shown in Figs. 4.2-3 to -6.

3) Changes of effective ac permeabilities with temperatures

Figure 4.2-7 shows changes of the effective ac permeabilities with
temperatures. The Curie points are about 720 °C with a deviation band

of +/- 10 °C depending on heat treatments.

3. Magnetization Characteristics of TAF

1) DC magnetization characteristics

Figures 4.3-1 and -2 show the dc hysteresis and initial
magnetization curvés and their changes with heat treatments. The
virgin, gquenched-and-tempered and low-temperature-annealed pieces have
almost the same characteristics. The -coercive forces are about 15
cersteds. The full annealed piece are magnetically soft, as expected,

as compared with the others.
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2) Changes of initial magnetization curves with temperatures

Changes of the initial magnetization curves with temperatures up
to 350 °C are shown in Figs. 4.3-3 to -6.

3) Changes'of effective ac permeabilities with temperatures

Figure 4.3-7 shows changes of the effective ac permeabilities with
temperatures. The Curie points of martensitic pieces are about 730 °C,
but that of the ferritic (full-annealed) piece decreases to 700 °C. This
decrease may be caused from the precipitation of iron- and chromium-
carbides with resulting in the change (decrease) of Fe/Cr composition

ratio.

4. Magnetization Characteristics of SUS 405

1) DC magnetization characteristics

Figures 4.4-1 and -2 show the dc hysteresis and initial
magnetization curves and their changes with temperatures. Since S5SUS
405 is ferritic material, its magnetic characteristics are softer than
those of the martensitic ones. The full annealed piece has a coercive

force of 2 oersteds.

2) Changes of initial magnetization curves with temperatures

Figures 4.4-3 to -5 show changes of the 1initial magnetization

curves with temperatures up to 350 °C.

3) Changes of effective ac permeabilities with temperatures

Figure 4.4-6 shows changes of the effective ac permeabilities with
temperatures. The Curie point is about 730 °C and decreases with

temperature annealing te about 710 °C,

5. Annexes

1} Mechanical hardnesses and microstructures of SUS 403's

Vickers hardnesses of test picces were measured and referred to
the coersive forces (ref. Figs. 4.1-8 and -10) as shown in Table 4.5-1.
It is confirmed that there exists a clear proportion between the coercive
forces and the hardnesses, The hardness and the coercive force of
quenched-and-tempered piece are about twice larger than those of

others. This is an explanation of that the martensite, formed by
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quenching, was not softened fully by tempering. This can be confirmed
by the observation of microstructures as shown in Photo. 4.5-1, as well.
The virgin piece shows an annealed structure; i.e., (master phase of
ferrite) + (precipitated carbides). On the other hand, quench-
ed-and-tempered piece shows a high.—-temperature tempered martensite
structure. Otlher interesting evidence 1is that the magnetic annealing

seems to restrain the precipitation of carbides.

2} Changes of ac permeabilities of SUS 410J1, TAF and SUS 405 with

temperatures

To investigate stabilities of the permeabilities for temperature
cycles, the test pieces were heated up to 750 °C and cooled down to
room temperature. The permeabilities before and after heating were
measured at room temperature and compared with one ancther. The
results are shown in Table £4.5-2. Since this temperature cycle was
similar to the annealing p_roces.s, the permeabilities increased slightly.
Also, the temperature cycles were tried out as that the temperature-
increse started from room temperature (R.T) to 350 °C and cooled down
to R.T at lsf cycle, and R.T to 450 °C to R.T at 2nd cycle, and then
R.T to 600 °C to R.T at final cycle; and the permeabilities and their
changes were measured -at room temperature. The results are shown in
Table 4.5-3. The permeability tends to increase with proceeding of
cycle. Also, the increases due to the after effect were observed after
cooled down to R.T - from 450 ° C, Specially this after effect is
remarkable in the case of full-annealed S5SUS 410]J1. 1t seems that the
degraded magnetic characteristics of SUS 410]1 by full annealing were
recovered by this after effecrt. On the other hand, the full annealed
TAF kept comparatively stable wvalues. On the contrary, the permeabi-
lities of heat-treated (L.T.A. and H.T.A.) SUS 405's were decreased,
although that of the virgin one was finally increased. The aging by a
relatively low temperature seems to stabilize the magnetic characteristics

of SUS 405.

_16w,
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Representative of dc hysteresis

SU5-403 virgin-pieces.

SAMPLE §19
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magnetization curves of

FIELD STRENGTH, QOe

Fig. 4.1-2 Representative of dc initial magnetization curves of

SUS-403 virgin-pileces.
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Fig. 4.1-3 Irregularity band c¢f de initial magnetization

curves of SUS-403 virgin-pieces.
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Fig. 4.1-4 Changes of de initial magnetization curve of

SUS-403 virgin-piece with temperatures.
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Fig, 4.1-5 Saturation induction of SUS-403 virgin-piece
and 1its variations with temperatures at
excitation strength of 30 cersteds.
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Fig. 4.1-8 AC initial permeability of SUS-403 virgin-piece
for various excitation frequencies and
ite changes with temperatures.
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Fig. 4.1-7 AC initial permeability of S5US-403 virgin-piece
at various temperatures and its changes with
excitation frequencies,
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4.1-12 Changes of de initial magnetization curve of
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quenched-and—tempered SUS 403
with temperatures.
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Changee of de initial magnetization curve of

Full (high~temperature) annealed SUS 403

with temperatures.
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Fig. 4.1-14 Changes of de initial magnetization curve of
low—temperature annealed SUS 403
with temperatures.
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Fig. 4.1-15 Effective ac permeabilities of heat-treated
SUS 403's and their changes
with temperatures.
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Fig. 4.1-18 FEffective ac permeabilities cf heat-treated
SUS 403's and their changes
with temperature cycles.
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Fig. 4.2-1 Variations of dc hysteresis magnetization curve of
SIS 410J1 with heat treatments.
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Fig. 4.2-2 Variations of de initial magnetization
curve of SUS 41071 with heat treatments
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Fig. 4.2-3 Changes of dec initial magnetization curve of
SUS-410J1 virgin-piece with temperatures.
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Fig. 4.2-4 Changes of de initial magnetization curve of
quenched-and—tempered SUS 410J1
with temperatures.
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Changes of de initial magnetization curve of
Low-temperature annealed SUS 41071
with temperatures.
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FIELD STRENGTH IN GERSTEDRS

Changes of de initial magnetization curve of
full (high~temperature) annealed SUS 410J1
with temperatures,
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Fig. 4.3-1 Variations of de hysteresis magnetization curve of
TAF with heat treatments.
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Fig. 4.3-2 Variations of de initial magnetization
curve of TAF with heat tresatments,
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Fig. 4.3-4 Changes of de initial magnetization curve of
quenched-and—tempered TAF with temperatures.
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Fig. 4.3-5 Changes of de initial magnetization curve of
Low-temperature annealed TAF
with temperatures.
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Fig. 4.3-6 Changes of de initial magnetization curve of
full (high-temperature) annealed TAF
with temperatures.
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Fig. 4.4-1

SUS 405 with heat treatments.
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Fig. 4.4-3 Changes of de initial magnetization curve of
SUS-405 virgin-piece with temperatures.
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Fig. 4.4-4 C(Changes of dec initial magnetization curve of

Low—temperature annealed SUS 405
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Fig. 4.4-5 Changes of de initial magnetization curve of
Full (high—temperature) annealed SUS 405
with temperatures.

300
SUS405
cewmmmename= Yirgin
—_——- L.T.A.
250 H.T.A.

zo0

150

100

EFFECTIVE AC PERMEABILITY

— I Excitation: 5
e Paak value;, 1.2 oersteds |

Frequency; 1 kHz i

50—

i
\

0 | i | | l 1 LN N
0 100 200 300 400 300 600 700 BOO
TEMPERATURE, °C

Fig. 4.4-6 FEffective ac permeabilities of heat-treated SUS 405's and
their changes with temperatures.




JAERI-M B6-181

Table 4.5-1 Vickers hardnesses and coersive forces of
heat-treated SUS 403's.

Sample T Heat Vickers . Coercive
Treatment Hardness Force, Oe.
1 v 144 5.8
2 Q-&-T 228 . 10.4
3 H.T.A 147 6.2
4 H.T.A/HaC 135 5.0
V: Virgin

/Q~&~T: Quenched and Tempered
.H.T.A: High-temperature (Full}’
Annealed :
H.T.AfH_-: H.T.A with AC Magnetic
_ ac :
Field

Table 4.5-2 Variations of effective ac permeabiliites of .
SUS 410J1's, TAF's and SUS 405 with heat cycle.

. Effective AC Permeability s 9
Material | Heat Treatment P1(I4 5C)a 750 UC"F2(18 o) Variation, %
SUS41041 Q-&-7 73.15 72.49 +7.3

L.T.A. §4.01. 67.44 +5.4

. R 67.60 72.39 +7.1
TAF SQ-&-T ‘ 63.63 65.91. +3.6
H.T.A. 69.34 74.68 +7.3

¥ 75.70 79.25 +4.7

SUS405 Sy 83.82 88.01 +5.0

Table 4.5-3 Variations of effective ac permeabilities of SUS 410J1's,
TAF's and SUS 405's with heat cycles.

Material and Heat Treatment

5US41041 TAF SUS405

T.H. V. Q-&T L.T.A H.T.A v Q-&-T7 L.T.A H.T.A v L.T.A H.T.A

R.T | 45.3 44.2 45.3 28.5 44.5 46.1 44.2 7Z.8 68,6 101.7 148.3
350
R.T | 45.3 45.0 46.1 29.3 44.2 46.5 44,2 70.1 63.1  97.5 153.2
450

R.T | 47.6 48.4 48.8 30.5 45,0 47.6 54.0 69.3 67.4 94.1 139.8
R.T | 50.7 51.8 51.4 5B3.7 45.3 48.4 45.3 70.1 78.5 95.6 138.3
600
R.T y51.4 53.0 52.6 54.5 46,1 48.8 45.3 71.6 81.9 98.7 139.5

O~ O B Ly —

T.H.: Temperature History, °C; between 5 and 6, specimens were at R.T. {10 - 17 °C)
for about 30 minutes.

739,._
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V. RESULTS OF MEASUREMENTS: INVERSE MAGNETOSTRICTICN

The measurements were performed at room temperature and 300 °C
for six different excitation conditions. All data afe_ ‘presented in
Appendices. In the following, the data for the excitatibﬁ 'ojf‘;-l(‘fIO mA,
2.22 Q0e)/{400 Hz) and (100 mA, 22.2 Oe)/(400 Hz) are.summarized and

discussed.

1. Inverse _Magnetostriction of SUS 403

Figure 5.1-1 shows the results; the inverse magnetostricti.on' of SUS
403 and its changes with heat treatments and .ambient temperatures (rocom
temperature (R.T.) to 30C °C). Here, the term "INDUCTION" means the
peak wvalue of induced alternative magnetic flux "'d-ehsity..'by-.an ac
excitation with 400 Hz. The effective ac permeabilities <:aL'r.1_,f :..b'e,‘ there—
fore, obtained with dividing the wvalues of induction in ga:ussés by the
value of excitation in ocersteds. The results cbtained with an excitation
field of 2.22 Oe represent the inverse magnetcstrictions in the range of
"initial permeability', and those with 22.2 Ce are about in the range of
"maximum permeability'. The gradients of the curves shown in the
figure give the inverse—fnagnetostrictive sensitivities: the quénched—
and-tempered piece 1is least sensitive .and the full-annealed (high-
temperature annealed) piece is most sensitive. '

Since the material SUS 403 is almosf equivdlent to the AISI 410,
the results for the virgin piece agree well with those presented in the

6)

previous paper

2. Inverse Magnetostriction of 5SUS 410]1

Figure 5.2-1 shows the results for SUS 410]1. The quenched-and-
tempered and low-temperature annealed pieces showed their intéresting
behavicrs: their inverse magnetostrictions for tension are negative for
the excitation field of 2.22 Oe but positive for 22.2 Oe. This means
that there exist a proper excitation where the inverse magnetostriction

is about zero.
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3- Inverse Magnetostriction of TAF
Figure 5.3-1 shows the results for TAF. The inverse magneto-
strictive sensitivity of TAF is relatively small as compared with those of

the former two. It is almost zero in the rage of initial permeability.

4. Inverse Magnetostriction of SUS 405

Figure 5.4-1 shows the results for SUS 405. The inverse
magnetostrictive sensitivity 1is relatively large for compression but
nearly zero for tension. Since the coersive force of SUS 405 is small as
shown in Fig. 4.4-1, the excitation field of 2.22 Qe exceeded a little
over the range of the initial permeability. This resulted in that the
obtained inverse magnetostrictions with 2.22 Oe, as shown in the

figure-left, are relatively high-sensitive to the stress.

5. Annexes: Metallographical Observation

After . the - measurements . of 1inverse magnetostriction, metallo-
graphical observations of all tested pieces were carried out. The
results are shown in Photo's. 5,5-1 to 5.5-4. They show that SUS 403
was austenitic in wvirgin state, and that SUS 410]J1 and TAF were

martensitic.
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Vi. SUMMARY

The magnetic characteristics of ferromagnetic stainless steels,

sSUs

SUS 410]1, TAF and SUS 405, can be summarized from an applicative

point of view as follows:

(1) They are magnetically harder than the ordinary soft

magrietic materials but softer than the semi-hard materials.

{2) They have been originaly produced as stracture materials
sc that their magnetic characteristics are somewhat irregular

from piece to piece.

(3) Except the full-annealed SUS 41C]J1, their saturation
inductions are about 15000 gausses; and the coersive forces of
martensitic steels (SUS 403, SUS 410]J1, TAF) are about & to 15
oersteds and the ferritic one (SUS 405) about 2 to 5 ocersteds.
The Curie points are 710 to 730 °©C.

(4) The magnetic characteristics vary with heat treatments.
The quenching and tempering increases the coersive force and
the rectangularity. The full annealing decreases the
saturation induction and the permeability, slightly. The full
annealing for SUS 4I10]J1 brings about a different effect: it
causes a large decrease of the saturation induction and a

large increase of the coersive force.

(5) The magnetic characteristics are slightly wvaried with
temperature cycles, mostly between lst and 2nd cycles. In an
actual application, therefore, the aging with several
temperature cyclings in the temperature range of actual use is

very effective to stabilize the characteristics.

(6) Their inverse magnetostrictions are relatively large for

compression but small for tension.

(7) They seems to be an excellent magnetic material for the
application at the environment where high-temperature and

corrosion resistivities are required.
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APPENDICES:

Relative change of induction from the induction at zero loading

/

RELATIVE CHANGE OF INDUCTION [Xl@a T1
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INVERSE MAGNETOSTRICTION DATA OF

FERROMAGNETIC STAINLESS STEELS

Introduction for Understanding

The stress loaded to the sample

e

STRESS [kg/mm?1
S 4 3 2 1 ¢ 1t 2 3 4 S5

601 L e S S TS S S mas
™ COMPRESSION TENSION
4 :_ Sequence of loading and data marks
L If 01— . :
L el L 5% !
L : O % .
= ! | »
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29 | ! B
L \ : a -
L 1 ' x
L 1 | o x
| i J
L x X
oL s
[ ! a -
=3 ] n
L a %
r 1 ] -
_26 one 1 2
1
- .
-, 9 X  Ambient temperature -
N 8
i Data No. Excitation frequency
=40 — 4
B Excitation current
L MSO712 7
L NO.331. 21C. 102CHZ, (OCmA —
—60 - C i - ' , 1 L
~t00 // - S o 5@ 130
Sample No. WEIGRT (kg2

\\\\\\Ihe weight Toaded to

10ee
sce

3
800

N

-
7008
6ca
the sample

The voltage induced in the secondary winding
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Excitation-Current/Excitation-Strength Conversion

Excitation Current Excitation Strength
rms mA Oersteds A/m

10 2.22 177

20 4.44 354

30 6.66 531

50 11.1 885

70 15.5 123%

100 22.2 1770
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100 1000
SECONDARY VOLTAGE, Vz, rms mV

Magnetic-Induction/Secondary-Voltage Conversion
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— 10000

=11000

MAGNETIC INDUCTION, Bac(peak}, GAUSSES
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Appendix I: Inverse magnetostriction data,
measured with 400 Hz-excitation
and at room temperature.
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Appendix II: Inverse magnetostriction data,
measured with 400 Hz-excitation
and at 300 °C.
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