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Austenitic stainless steels are widely used in a variety
of hostile environments applications, such as nuclear
reactors and chemical plants, where the combination
of good corrosion resistance with high strength, stiff-
ness, and toughness is required. However, one of the
most widely used austenitic stainless steel SUS 304
contains metastable austenitic phase, which is easily
transformed into martensitic phase due to deformation
and change of temperature. With the increase of marten-
sitic transformation, the strength of material increases,
while ductility and corrosion resistance decreases. De-
tecting the martensitic phase is one way to evaluate the
degradation process of austenitic stainless steels. The
austenitic phase in stainless steel is fcc structure, and
is paramagnetic at room temperature. The martensitic
phase is bcc structure, and is a ferromagnetic phase.
There is current interest in the use of magnetic mea-
surement as a nondestructive evaluation (NDE) tech-
nique for monitoring the degradation of stainless steels
[1,2].

Martensitic transformation in austenitic stainless-
steels, especially strain induced martensitic transfor-
mation (SIMT) at temperature below 50 °C, has been
studied for a very long time [3—7]. The mechanism is
quite complex. Temperature, stress, and plastic strain
are the main external factors; chemical composition,
grain size, and dislocation density are the internal fac-
tors that affect the amount of martensitic transforma-
tion. The reports about magnetic changes during SIMT
at elevated temperature above 100°C are less exces-
sive. In our group, we have studied SIMT in SUS
304 by compression test at elevated temperature up to
450 °C [2]. In this paper, we briefly present the change
of saturation magnetization and coercive force due to
martensitic transformation in SUS 304 after tensile de-
formation at temperatures from room temperature up
to 200°C.

The material used for this investigation was a low car-
bon austenitic stainless steel type SUS 304 provided by
Japan Atomic Energy Research Institute. The chemical
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compositions of the stainless steel are given in Table I.
The material was annealed at 1100 °C for 30 min in
as-received state and the grain size was determined to
be about 80 um. There was 0.6% residual martensitic
phase after annealing. The initial purpose of this ma-
terial was for study of radiation-induced segregation.
Some of its magnetic properties have been studied and
presented in Zhang et al. [8].

Deformation to the material was introduced by ten-
sile test. Tensile specimens were cut from the material
by wire spark cutting into dimensions given in Fig. 1.
Tensile tests were carried out by using a Shimadzu
Autograph AGS-10KNB testing machine with a heat-
ing system. Test temperatures were room temperature
(RT—23°C), 50, 100, 150, and 200 °C. Before each
tensile test started, the temperature was held for 10 min
after the setting temperature became stable. The fluc-
tuation of testing temperature was +0.3 °C for room
temperature, +0.2 °C for 50 °C and £0.1 °C for above
100 °C. The cross head speed was 2 mm/min (strain
rate at gauge was about 0.0625/min).

After tensile tests, small specimens were cut by wire
cutting from the center of the tensile test specimens
for subsequent magnetic measurements. Magnetic
properties were measured by using a superconducting
quantum interference device (SQUID) magnetome-
ter, Quantum Design MPMS XL, and a vibrating
sample magnetometer (VSM), TOEI VSM-P7. The
dimensions of specimens for SQUID and VSM
measurements were 3 mmx3 mmx | mm.

True stress—true strain curves obtained at different
temperatures are shown in Fig. 2. The yield strength
at every temperature falls into a range between 155
and 175 MPa. The slopes of true stress—strain curves
of RT and 50 °C are much steeper than those of 100,
150, and 200 °C in stage C. The increase of the slope
indicates the strengthening contributed by martensitic
transformation.

Saturation magnetization was measured by using
SQUID magnetometer at the temperature of 300 K
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TABLE I Chemical compositions of SUS 304 austenitic stainless steel

C Si Cr Ni Mn P S Fe
Wt% 0034 048 18.1 81 101 <0001 <0.001 Bal
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Figure 1 Dimensions of tensile specimen.
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Figure 2 True stress—true strain curves of tensile deformation at differ-
ent temperatures.

(27 °C) with applied field from 0 to 30 kOe. The changes
of saturation magnetization with true strain at differ-
ent temperatures are shown in Fig. 3. The results show
that deformation at RT and 50 °C yield large amount
of martensite, while above 100 °C, the transformation
rate versus strain decreases greatly.
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Figure 3 Dependence of saturation magnetization on true strain.
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Figure 4 Dependence of coercive force on true strain.

The martensitic phase is the only ferromagnetic
phase in SUS 304 after deformation-induced transfor-
mation at temperature above RT [2]. We usually take
that the saturation magnetization of 100% martensite is
about 154 emu/g for the material compositions as SUS
304 [9]. Saturation magnetization is a structural insen-
sitive magnetic property, and therefore can be used to
evaluate the percentage of martensitic phase in stain-
less steels. From the results shown in Fig. 3, we can ob-
serve that SIMT is very easy to occur at temperature be-
low 50 °C, and the maximum percentages of SIMT are
about 85 and 68% for RT and 50 °C, respectively. When
temperature is increased to 100 °C and above, the per-
centage of martensitic transformation is not sensitive to
true strain, and the amount is near 5%. The slopes of
the curves that saturation magnetization changes with
true strain Fig. 3 are about 3.8, 2.6, 0.2, 0.1, and 0.04
for RT, 50, 100, 150, and 200 °C, respectively.

The coercive force H. was measured along the load-
ing direction of tensile test by using VSM in the applied
magnetic field of 20 kOe and the results are shown in
Fig. 4. H. decreases with the increase of true strain for
samples deformed at every temperature.

H. is a structural sensitive magnetic property. As we
have already known that H, usually increases with the
increase of dislocation density and the reciprocal of
grain size [10], dislocation density increases with the
increase of plastic strain. The decrement of H. with
strain as shown in Fig. 4 implies that dislocation den-
sity is not a dominant factor that affects H, of stainless
steel. The size of strain-induced martensite increases
with the increase of saturation magnetization [4]. The
change of H. with saturation magnetization is given in
Fig.5. H. decreases with the increase of saturation mag-
netization. The results show that H, is mainly affected
by the average size of martensite. When the strain level
is relatively low, the shape of strain-induced marten-
sitic phase is usually thin needle or plate [4—7], here we
call them particles. In macroscale, these particles dis-
tribute uniformly in austenitic phase. With the increase
of strain level, newly transformed small particles clus-
ter together and become martensite islands in austenitic
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Figure 5 The change of coercive force with saturation magnetization.

phase. The martensite particles or islands are magne-
tized in magnetic field, and behave like small magnets.
The magnetic properties of the stainless steel are the
statistic summation values of those small martensite
magnets. A high applied field is needed to overcome
the demagnetizing field in order to obtain saturation
magnetization and H.. For ferromagnetic materials, H,
is sensitive to the average grain size due to the balance
of crystal anisotropy and magnetic exchange energy.
When strain-induced martensite particles are small, the
pinning effect of grain boundaries is strong for domain
wall movement, and causes a high H.. Whereas, the
movement of domain walls becomes easier, and the co-
ercive force decreases with the increase of the size of
martensite islands.

The results of this work show that, it is possible to
detect the strain-induced martensitic transformation by

magnetic measurement. We can use saturation magne-
tization and coercive force to predict the volume per-
centage and the size of the martensite. A detailed ex-
planation will be presented in a full paper.
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