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Effects of austenitization temperatures and holding time on magnetization, J (T), of

Fe-17.5 mass%Cr-2.0 mass%Ni-0.8 mass%AIl-0.5 mass%C based alloy were investigated in
order to clarify the heat treatment condition for austenitizing and quantify the relation between
magnetic properties and microstructures. The alloy exhibited high J value of 1.46 T after
annealing at 1053 K. On the other hand, the J values of the alloy after austenitizing at
temperatures between 1273 and 1473 K lowered with increasing austenitization temperature,
describing s-shape curves. The J value of the alloy after austenitizing at temperatures above
1423 K for 240 s was nearly equal to zero magnetization. In addition, they also lowered with the
increase of the holding time between 1 s and 240 s. The decrease in J values by austenitizing
was closely related to the dissolution of the My3Cg particles into austenite (y) matrix phase,
which proceeds at higher temperature for longer time. The increase in chromium and carbon
concentration in y matrix phase due to the dissolution of M,3C¢ particles resulted in the
decrease in martensite start (M;) and finish (M) temperatures, and the increase in the
paramagnetic retained y fraction (X,r). The following equation was introduced on the relation

between magnetization and retained y fraction.

J,/dy = 0.49X2 —

150X,k + 0.99

J, means the J values of the alloy after austenitizing at temperatures between 1273 and 1473 K,
while J, means that of the alloy after annealing at 1053 K (=1.46T).

© 2006 Springer Science + Business Media, Inc.

1. Introduction

According to the phase diagram, most of iron-based alloys
have ferromagnetic ferrite () and paramagnetic austenite
(y) phases below the A; temperatures and above the Aj
temperatures respectively [1]. Therefore, the heat treat-
ments of these alloys from the temperatures above A.z
to lower temperatures can change their phase structures,
e.g., the o phase, retained y phase, pearlite, martensite
phase and so on. The selection of alloys and special heat
treatments enable us to produce some kinds of iron-based
alloys, which have ferromagnetic and paramagnetic prop-
erties at ambient temperatures [2—4]. For example, an Fe-
17.8 mass%Cr-2.0 mass%Ni-1.0 mass%AIl-0.5 mass%C
alloy, which has relative maximum permeability of p, =

0022-2461 © 2006 Springer Science + Business Media, Inc.
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952, magnetic flux density of B = 1.30(T) at 4000 Am~!
and coercive force of H. = 540 (Am™!) after anneal-
ing at 1053 K below the Ac; temperature (1085 K), ex-
hibits much lower relative permeability of u, =1.02 af-
ter austenitizing at 1473 K above the Ac¢; temperature
(1142 K) for 0.6 ks [4].

This alloy is industrially applied to an electric motor
component, which has narrow paramagnetic portions
in a ferromagnetic body [5]. The narrow paramagnetic
portions are produced by the partial austenitizing heat
treatment. Therefore, the basic data on the heat treatments
for austenitizing the Fe-Cr-Ni-Al-C alloy are practically
required in order to clarify the effect of austenitizing
conditions on magnetic properties and microstructures. In
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addition, the prediction of magnetic property from the mi-
crostructure is also required because it is difficult to mea-
sure the exact magnetic property of the narrow paramag-
netic portions in the actual products. However, studies on
the relation between magnetic properties and microstruc-
tures during the austenitizing process of Fe-Cr-Ni-Al-C
and its similar alloys have not been found. Therefore, the
purpose of this study is to clarify the effects of austen-
itizing temperatures and holding time on magnetization
of the Fe-Cr-Ni-Al-C based alloy, and to quantify the
correlation between magnetization and microstructures.

2. Experimental procedures

The chemical compositions of two kinds of Fe-17.5
mass%Cr-2.0 mass%Ni-0.8 mass%Al -0.5 mass%C based
alloys, with about 0.2 mass% of silicon and 0.5 mass%
of Mn as impurities, are listed in Table 1. Their chemical
compositions are quite similar, but their preparing pro-
cesses are different. The #1 alloy sheet, with 0.35 mm
in thickness, was prepared by mass production; a cold
rolling with reduction rate of 65%, following annealing at
1053 K for 180 s in (N24+-8%H,) gas, and then cooling in
the air. This sheet is referred to as “the annealed #1”. On
the other hand, the #2 ingot was produced using vacuum
induction melting, and then homogenized at 1443 K for
36 ks in the air, and slowly cooled in the furnace. The
homogenized ingot was hot forged at 1373 K, and the
block, with 20x80x400 mm in size, was obtained. The
block was annealed at 1053 K for 14.4 ks and then slowly
cooled in the air. This annealed block is referred to as “the
annealed #2”.

The samples with 0.35x4 x6 mm (#1) and 1 x4 x6 mm
(#2) in size were cut out from these annealed alloys for
the measurement of the magnetization, while the samples
with 0.35x 10x 15 mm (#1) and 1 x 10x 15 mm (#2) in size
were also cut out for the observation of the microstructures
and the phase analysis. Some of the samples were heat
treated for austenitizing at temperatures between 1273 K
and 1473 K for 1-240 s in a salt bathing furnace and sub-
sequently cooled in the air. The magnetization, J (T), of
#1 and #2 was measured with a vibrating sample magne-
tometer (VSM) under the exciting magnetic field of poH
= 1(T). The microstructures of #1 were observed using
a scanning electron microscope (SEM), and the diameter
and the volume fraction of carbides in the microstructures
were measured by analyzing the SEM images. The phases
of #1 were identified by X-ray diffractometry (XRD), but
the #1 sheet, with rolled texture, is not suitable for the

TABLE I Chemical compositions of the samples (mass%)

Samples C Si Mn Ni Cr Al  Fe Note

#1 0.52 020 048 2.06 17.59 0.77 Bal. Cold rolled and
then annealed
#2 0.50 0.18 0.51 2.02 17.28 0.76 Bal. Hot forged and

then annealed
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quantitative measurement of retained austenite fraction,
X, R, because the isotropic polycrystalline sample, with-
out texture, is required in order to determine the X,r
values by XRD [6]. Therefore, #2 was used for the deter-
mination of the X, r values. In addition, the samples with
¢3x 10 mm were cut out from the annealed #2, and held
at temperatures between 1273 and 1473 K for 240 s in a
vacuum chamber, and then subsequently N, gas cooled to
123 K. The martensite start (My) and finish (M) temper-
atures were determined from the expansion curves in N,
gas cooling.

3. Results and discussion

Fig. 1 shows the austenitization temperature dependences
of J (T) values, with 1.46 T of the annealed #1 and #2
drawn as a horizontal broken line. The J values decrease
with increasing austenitization temperatures, describing
s-shape curves. The curves of #1 and #2 after 240 s of
holding exhibit similar tendencies to each other. There-
fore, these two alloys are not distinguished from each
other in the following results and discussion. The J values
are nearly equal to zero magnetization after austenitizing
at temperatures above 1423 K for 240 s, but they exhibit
higher values when the holding time is shorter. The de-
tailed effects of holding time on J values are shown in
Fig. 2. The J values steeply decrease from that of the
annealed one in the beginning at each temperature, and
then gradually decrease with holding time. Especially at
1423 K and 1473 K, the J values approach zero magneti-
zation in short time. However, the magnetization has the
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Figure 1 Effects of austenitization temperatures on magnetization.
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Figure 2 Effects of holding time on magnetization.



Figure 3. SEM microstructures of the alloy after (a) annealing at 1053 K for 180 s, (b)—(e) austenitizing at 1423 K for (b) 1 s (c) 4 s (d) 9 s (e) 240 s, and

(f)—(g) austenitizing at (f) 1373 K and (g) 1473 K for 240 s.

high J value of 1.11 T even at the long holding time of
240 s at 1373 K.

Figs. 3 and 4 respectively show the SEM structures and
XRD patterns of (a) annealed and (b)—(g) austenitized
alloy. Carbide particles are observed in all SEM images in
Fig. 3, and all of them are identified as M3Cs in the XRD
patterns in Fig. 4A. The existence of M;3Cg is consistent
with ternary Fe-Cr-C phase diagrams reported by Kuo
at 973 K [7], and by Bungardt et al. in the temperature
range between 1123 and 1423 K [8]. From Fig. 3a, a lot
of spherical M,3Cg particles exist in the annealed alloy.
The mean diameter of the particles is 0.63um, and the
volume percent of the particles in the structure is 8.3%.
On the other hand, the amount of the M3;Cg¢ particles
observed in the structures after austenitizing at 1423 K
for 1, 4, 9 s and 240 s is smaller than that of the annealed
structure, and decrease with the proceeding of time as
shown in Fig. 3b—e. The volume percent of the M;3;C¢
particles in their structures is 3.4% (1 s), 2.5% (4 s),
2.4% (9 s) and 0.8% (240 s), respectively. It is thought
that this decrease in the amount of the M;3;Cs particles
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Figure4 X-ray diffraction patterns of the alloy after (a) annealing at 1053 K
for 180 s, (b)—(e) austenitizing at 1423 K for (b) 1 s (c) 4 s (d) 9 s (e) 240 s,
and (f)—(g) austenitizing at (f) 1373 K and (g) 1473 K for 240 s.
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Figure 5 Effects of holding time on volume fraction of carbide particles in
the microstructures.

is due to the dissolution of M»3C¢ into y matrix phase.
Furthermore, the long holding time tends to coarsen the
M;3Cg particles, and large particles, with about 2.5um
square size, are observed in the structures after 4 and
9 s of holding as shown in Fig. 3c and d, respectively.
After 240 s of holding, only spherical M,3Cg particles,
with 1.29 um in mean diameter, remain in the structure
of Fig. 3e, and the fine particles are not observed there. It
is considered that this coarsening of the M,3Cq particles
with time is due to the Ostwald ripening of the undissolved
particles, while the fine ones dissolve into the y matrix
phase. In addition, the square particles in Fig. 3c and d
are thought to indicate the transitional structure during the
Ostwald ripening.

Fig. 5 shows the effects of holding time on volume frac-
tion, V¢, of these undissolved M»3Cq particles at 1373,
1423 and 1473 K. The volume fraction of the M,3C¢ par-
ticles steeply decreases with holding time in the begin-
ning at each temperature, and then gradually decreases,
approaching to the equilibrium state. Therefore, the struc-
ture is thought to reach quite near the equilibrium state
after austenitizing for 240 s, which is enough time to sta-
bilize the amount of the undissolved M,3C¢ particles at
each temperature. The three SEM images (Fig. e, 3f and
g), after austenitizing for 240 s, indicate the decrease in
the amount of the undissolved M;3C¢ particles and their
growth at higher temperature. Therefore, the dissolution
and Ostwald ripening of M,3Cg particles also proceed by
heightening the austenitization temperature.

Table II lists the equilibrium chemical compositions of
the y phase at temperatures between 1273 and 1473 K
calculated by Thermo-calc. Chromium and carbon con-
centration in y phase increases with temperature, while
that of nickel and aluminum decrease. This increase in
chromium and carbon concentration is due to the dissolu-
tion of M,3Cg particles into y phase as mentioned above.

M and My temperatures determined by experiment are
shown in Fig. 6, with M temperatures calculated from the
chemical composition of y phase listed in Table II using
the following Equation 1.

M (K) = 834 — 474x[mass%C] — 33x[mass%Mn]
—17x[mass%Ni] — 17x[mass%Cr]
+2x[mass%Al] — 7x[mass%Si] (1)
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TABLE II Equilibrium chemical compositions of the y phase between
1273 and 1473 K calculated by Thermo-calc. (mass%)

Temperature

(K) C Ni Cr Al Fe
1273 0.15 2.53 13.24 0.69 Bal.
1323 0.20 2.48 13.76 0.68 Bal.
1348 0.24 2.46 14.04 0.67 Bal.
1373 0.27 2.45 14.35 0.65 Bal.
1398 0.31 2.45 14.77 0.61 Bal.
1423 0.35 2.44 15.00 0.60 Bal.
1473 0.44 2.41 15.47 0.57 Bal.
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Figure 6 Effects of austenitization temperatures on martensite start (Ms)
and finish (Mr) temperatures.

Equation 1 uses the data on the effects of C, Mn, Ni and Cr
on M; cited from the paper by Steven and Haynes [9], and
the data of Al and Si by Ishida [10]. In this calculation,
it was assumed that Mn and Si dissolved completely in y
matrix. The experimental M temperatures exhibit similar
values to the calculated ones, and the experimental M
and M; temperatures decrease with increasing austeniti-
zation temperature. This decrease in M and M; results in
the change of the microstructures and XRD patterns of
the matrix phase. In the annealed structure before austen-
itizing, some grains with about 3 um in diameter are
observed (Fig. 3a). On the other hand, the features of the
matrix phase after austenitizing are quite different from
that of the annealed one. That is, the surface of the ma-
trix phase is uneven in the structure after austenitizing at
1373 K for 240 s (Fig. 3f), while large grains are clearly
observed after austenitizing at 1423 and 1473 K for 240 s
(Fig. 3e and g).

As for the XRD patterns, o phase is identified as a ma-
trix phase in the annealed alloy (Fig. 4B(a)), while «’, with
broad peak compared with «, and retained y phases (yr)
appear in the alloys after austenitizing (Fig. 4B(b)—(g)).
From three XRD patterns with different austenitization
temperatures (f1373 K, (e)1423 K and (g)1473 K) and
same holding time(240 s), higher austenitization temper-
ature tends to heighten the X-ray intensity of retained
y phase, and reduces the intensity of «’ phase. In other
words, the y phase is stabilized due to the decrease in M,
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Figure 7 Effects of austenitization temperatures on retained austenite and
martensite fraction.

and M; at higher austenitization temperature. The grains
with about 3 um in diameter, uneven surface and the large
clear grains in Fig. 3 are thought to be closely related to
the o, @’ and retained y phases shown in Fig. 4B, respec-
tively.

The double peaks detected near 260 = 100° for the an-
nealed alloy (Fig. 4B(a)) and near 26 = 90° for the austen-
itized ones at 1423 and 1473 K for 240 s (Fig. 4B(e) and
(g)) are thought to be the K, double lines [6], which should
existin all samples. However, the other XRD patterns after
austenitizing exhibit no clear double peaks (Fig. 4B(b),
(c), (d) and (f)). These results are probably due to the
broadening of their X-ray peaks because they have o’
phase with much dislocation in the structures.

Fig. 7 shows the effect of austenitization temperature on
retained austenite fraction, X, r, and martensite fraction,
X'o (=1=X,r). The mark “I8” in the figure indicates the
experimental values measured by XRD. The experimen-
tal X, g value increases with austenitization temperature,
describing an s-shape curve. This tendency is opposite
to the relation between magnetization and austenitization
temperature shown in Fig. 1. Therefore, the high J value
(1.46 T) of the annealed alloy is due to the ferromagnetic
o matrix phase, and the decrease in J values at higher
temperature is due to the increase in the paramagnetic re-
tained austenite fraction in the microstructure. In addition,
the decrease in J values with holding time (Fig. 2) is due
to the same reason because the XRD intensity of retained
y phase also heightens when the holding time varies as
shown in Fig. 4B(b)—(e).

On the other hand, the mark “[1” in Fig. 7 indicates
the calculated X, r and X,, values determined from the
measured M and My temperatures in Fig. 6 using the
following Equations 2 and 3.

X,r(cal) = (R.T. — My)/(M; — My) 2

Xdo'(cal.) = (Mg — R.T.)/(Ms — My) 3)

Where R.T. is equal to 293 K. These calculated X, r
(cal.) and X,, (cal.) values could be determined at three
austenitization temperatures of 1273, 1323 and 1348 K
because both M and My are known at these temperatures.
Unfortunately, these calculated values could not been de-
termined at austenitization temperatures between 1373
and 1423 K because My temperatures are unknown in this
range. However, at higher austenitization temperature of
1473 K, the X, r (cal.) value should be equal to 1 because
M is 257 K below the room temperature. Compared the
experimental and calculated values, the X, g (exp.) and
X,Rr (cal.) values respectively exhibit almost same val-
ues of 0.966 and 1 at high austenitization temperature of
1473 K. However, the X, r (exp.) values are smaller than
X,r (cal.), in other words, the X,, (exp.) values are high
compared with X,, (cal.) at lower austenitization temper-
atures between 1273 and 1348 K.

Once part of the y phaseis transformed into &’ struc-
ture, the elastic strain is generated in y matrix phase near
the o'/y interface because of the volume expansion in
y—«a' transformation, and large driving force is required
for further y —«’ transformation in the later stage of the
transformation compared with that in the earlier stage
[11]. In other words, the required driving force for y —ao’
transformation should be relatively small in the earlier
stage just below the Mg compared with that in the later
stage. However, the Equations 2 and 3 take no thought of
this change in driving force during y — o' transformation,
and presuppose the constant driving force from M, to Ms.
It is considered that the actual driving force is probably
lower than the presupposed constant driving force in the
earlier stage of the y—«’ transformation. Therefore, the
X, (exp.) exhibits higher values than X" (cal.), and the
change of the driving force during y—«’ transformation
should be also considered in order to predict exact X, r
and X, values from M, and My temperatures.

Fig. 8 shows the relation between retained austenite
fraction, X, g, and J values obtained from Figs 1 and 7.
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Figure 8 Relation between magnetization and retained austenite fraction.
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Their relation is approximately expressed as the following
equation 4, where J,, means the J values of the alloy after
austenitizing at temperatures between 1273 and 1473 K,
while J, means that of the alloy after annealing at 1053 K
(=1.46T).

Iy /e = 0.49X2, — 1.50X g +0.99 (4)

It should be noted that their relation is not expressed as a
simple linear function, J, /Jo=—X,r+1, drawn as a bro-
ken line in Fig. 8. The deviation, 8, from the linear function
is expressed as the following Equation 5.

8= (—X,r+1) = (0.49X>; — 1.50X,r +0.99)
— —0.49(X,r — 0.51)° +0.13 5)

From Equation 5, the § exhibits the maximum value when
X,r is nearly equal to 0.5, that is, about 50% of " and
50% of retained y phases are mixed in the structure. As
mentioned above, the elastic strain is introduced near the
o[y interface. Especially when 50% of o’ and 50% of yr
are mixed in the structure, the total amount of the elastic
strain probably exhibits the maximum value because the
most amount of &'/y interface should exist in the structure.
Therefore, it is also considered that the amount of the elas-
tic strain near the «’/y interface is closely related to the
deviation from the linear law in Fig. 8. In addition, not only
the retained austenite fraction but also the chemical com-
position of the matrix phases, the grain size, the amount
and the size of the carbide particles vary with austeniti-
zation temperature and holding time as shown in Table II
and Fig. 3. In general, the increase in chromium and car-
bon content with increasing austenitization temperature
and holding time tends to reduce the magnetization. On
the other hand, the decrease in nickel and aluminum con-
tent tends to heighten the magnetization. Furthermore, the
grain growth and the decrease in the amount of the fine
carbide particles at higher temperature for longer holding
time tend to make the domain wall motion easy, and raise
the magnetization. Thus, it is considered that the com-
plex effects of elastic strain near «/y interface, chemical
composition, grain size and distribution of the carbide
particles on magnetization cause the deviation from the
simple linear law in Fig. 8.

4. Conclusion

(1). Fe-17.5 mass%Cr-2.0 mass%Ni-0.8 mass%Al-
0.5 mass%C based alloy exhibited high magnetization
of / = 1.46 T after annealing at 1053 K. On the other
hand, the J values of the alloy after austenitizing at tem-
peratures between 1273 and 1473 K lowered with in-
creasing austenitization temperature, describing s-shape
curves. The J value of the alloy after austenitizing at tem-
peratures above 1423 K for 240 s was nearly equal to zero
magnetization. In addition, the J values also lowered with
the increase of the holding time between 1 s and 240 s.
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(2). The decrease in J values by austenitizing at higher
temperatures for longer time was closely related to the
dissolution of the M,3C¢ particles into y matrix phase,
which proceeds at higher temperature for longer time.
The increase in chromium and carbon concentration in
ymatrix due to the dissolution of M,3Cg particles resulted
in the decrease in M and My temperature, and stabilized
the retained y structure. The increase in the amount of the
paramagnetic retained y phase reduced the J values.

(3). The following equation was introduced on the rela-
tion between retained austenite fraction, X, r, and magne-
tization, J (T).

Jy/Jo = 0.49X7, — 150, 4 0.99

J,, means the J values of the alloy after austenitizing at
temperatures between 1273 and 1473 K, while J,means
that of the alloy after annealing at 1053 K (=1.46 T).
The deviation, §, from a simple linear function, J, /Jo=
—X,r+1, exhibits the maximum value when X, g value
is nearly equal to 0.5. It was suggested that the com-
plex effects of elastic strain near '/ interface, chemical
composition, grain size and distribution of the carbide
particles on magnetization cause the deviation from the
simple linear function.
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