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Abstract

The investigation of Fe-30Ni alloy, in which a martensite transformation can occur during
plastic deformation or quenching in liquid nitrogen, was carried out. Application of mag-
netic methods allowed to determine characteristic temperatures of phase transformations and
martensite volume fractions. Martensite produced during thermo-mechanical treatment was
subjected to reversed transformation during subsequent annealing in a temperature range
AS–AF. Results of microstructural analysis performed by light microscopy were correlated
with mechanical properties determined in tensile tests.

K e y w o r d s: iron alloys, phase transformations, magnetic properties, tensile tests, light
microscopy (LM)

1. Introduction

The Fe-30Ni alloy is of special interest of many
research groups, also in the field of fundamental sci-
ence, due to its properties and applications [1–5].
The alloy investigated exhibits single-phase austenitic
structure at room temperature. Depending on thermo-
mechanical treatment applied, the microstructure can
be altered in wide range. In this alloy the martens-
itic transformation can occur both during quench-
ing or plastic deformation. Martensite formed during
plastic deformation has a different morphology from
that achieved during quenching and forms so-called
composite-like structure [6, 7]. During cold rolling in
room temperature (RT) slip bands are formed at the
monotonic deformation. A perpendicular rolling mode
with the primary path realized in RT, and the second-
ary path rotated by 90◦ around primary longitudinal
rolling direction leads to formation of transcrystal-
line shear bands. Decreasing the temperature down to
−30◦C (below the temperature at which deformation
induced martensitic transformationMD begins) makes
martensitic transformation to occur. The influence of
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thermo-mechanical treatment on the microstructure
of Fe-30Ni alloy was described in detail in previous
papers of the authors [8–10]. The subsequent anneal-
ing after martensitic transformation γ-α′ leads to re-
verse martensitic transformation α′-γ. After repeated
cooling in liquid nitrogen an inheritance of mechani-
cal properties and microstructure morphology can be
achieved [11–13].
In the present work the temperatures of phase

transformations during cooling and heating of
Fe-30Ni alloy were determined by magnetic meth-
ods. Volume fraction of martensite has been estim-
ated for different thermomechanical treatments and
after reverse transformation α′-γ. It was observed that
a martensite volume fraction and morphology have a
strong influence on the mechanical properties after re-
verse transformation.

2. Material and experimental procedures

The material investigated was a Fe-30Ni alloy. The
detailed chemical composition is given in Table 1.
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Ta b l e 1. Chemical composition of the alloy investigated
(wt.%)

C Mn P S Cu Cr Ni Fe

0.01 0.11 0.007 0.013 0.04 0.38 28.5 bal.

Ta b l e 2. The variants of thermo-mechanical treatment

A cooling in liquid nitrogen

B rolling at 20◦C with 30% strain
perpendicular rolling at −30◦C with 30% strain
cooling in liquid nitrogen

C rolling at 20◦C with 30% strain
perpendicular rolling at −60◦C with 30% strain
cooling in liquid nitrogen

D rolling at 20◦C with 30% strain
perpendicular rolling at −80◦C with 30% strain
cooling in liquid nitrogen

The alloy produced by vacuum melting was hot
worked to obtain 8 mm thick sheets and annealed
at 1150◦C for 1 hour. The alloy exhibited austenitic
structure. For subsequent experiments 8 mm × 8 mm
square specimens were cut off from the sheets. The
variants of a thermo-mechanical treatment performed
are given in Table 2. The specimens were subsequently
annealed in a temperature range 350–600◦C in 30◦C
intervals.
The temperatures of phase transformations (MS,

MF, AS and AF) were determined by differential and
torsion magnetometry. The measurements of mag-
netic permeability and saturation magnetization as
the functions of temperature were performed.
The magnetization standard of the alloy was cal-

culated on the basis of the results of X-ray measure-
ments. The martensite and austenite volume fractions
were determined by differential magnetometry. The
detailed description of the magnetic methods is given
elsewhere [14]. Microstructural analysis was conduc-
ted by means of light microscopy. Mechanical proper-
ties were measured in tensile tests.

3. Results and discussion

Changes of the magnetic permeability measured
during cooling from 600◦C to −196◦C and subsequent
heating up to 600◦C are shown in Fig. 1. At 600◦C
the alloy exhibited austenitic structure. During cool-

Fig. 1. The changes of magnetic permeability during cool-
ing and heating of Fe-30Ni alloy.

Fig. 2. The changes of magnetic permeability during cyc-
lic cooling and heating of Fe-30Ni alloy up to −100◦C,

−120◦C and −170◦C.

ing, martensitic transformation has started at tempe-
rature aroundMS = −90◦C and finished at approxim-
ately MF = −170◦C.
The Curie temperature TC of austenite is around

100◦C and therefore the increase in magnetic per-
meability is observed. The stresses produced belowMS
temperature influence a decrease of permeability, al-
though the martensite formed is ferromagnetic. Such
tendency is observed untilMF temperature is reached.
During subsequent cooling down to the temperature
of liquid nitrogen no microstructural changes occur,
what results in the constant value of the permeabil-
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Fig. 3. The changes of magnetic saturation during cooling
and annealing.

Fig. 4. Microstructure after perpendicular rolling at room
temperature.

ity. The following heating up to 600◦C results in a de-
crease of magnetic permeability near 140◦C and in the
temperature range 350–450◦C. Near 140◦C, the effect
is connected with the Curie temperature of retained
austenite. In the temperature range 350–450◦C a pro-
nounced decrease of magnetic permeability is related
to the transformation of ferromagnetic martensite into
paramagnetic austenite. It can be therefore concluded
that the temperature of beginning and finish of reverse
martensite transformation is AS = 350◦C and AF =
450◦C, respectively.
The changes of magnetic permeability during cyc-

lic cooling and heating up to −100◦C, −120◦C and

Fig. 5. Microstructure after cooling according to variant
A.

Fig. 6. Microstructure after deformation according to
variant B, before cooling in liquid nitrogen.

−170◦C (Fig. 2) can be correlated with the influence
of temperature on the amount of martensite in a MS–
MF range. During cooling from 600◦C to −90◦C and
subsequent heating up to 260◦C the changes in mag-
netic permeability are connected only with a hyster-
esis of Curie temperature of austenite. Decreasing the
temperature down to −100◦C leads to the formation
of a small amount of martensite. This phenomenon is
observed as a new component of magnetic permeabil-
ity. At lower temperatures magnetic permeability in-
creases with increasing of the amount of martensite. In
the temperature range 350–450◦C the magnetic effect
disappears and this can be related with the reverse
martensitic transformation.
To verify the determined values ofMS,MF, AS, AF

temperatures, the measurements were repeated with
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Fig. 7. Microstructure after deformation according to
variant B.

Fig. 8. Microstructure after deformation according to
variant C.

the use of a torsion magnetometer. Figure 3 shows
the changes of saturation magnetization detected dur-
ing cooling and heating. The results obtained by both
differential and torsion magnetometry are in a good
agreement.
Microstructural analysis allowed the observation

of different martensite morphologies formed after
thermo-mechanical treatments. Perpendicular rolling
at room temperature with 30% strain leads to tran-
scrystalline shear bands formation (Fig. 4). After cool-
ing in liquid nitrogen according to variant A the
martensitic morphology is similar as in a quenched
steel (Fig. 5).
The decrease in the temperature of second perpen-

dicular rolling down to −30◦C (according to variant

Fig. 9. Microstructure after deformation according to
variant D.

Fig. 10. Martensite volume fractions after deformation ac-
cording to variants B, C, D.

B, before cooling in liquid nitrogen) leads to the form-
ation of composite-like structure consisting of tran-
scrystalline martensite plates aligned on the previous
shear bands in austenite (Fig. 6). After subsequent
cooling in liquid nitrogen (variant B) the martens-
ite transformation completes and the martensite mor-
phology is similar to that obtained in the variant A
(Fig. 7). At lower temperature of second rolling, i.e.
at −60◦C and −80◦C (variants C and D, respectively)
the amount of the deformation induced martensite in-
creases, as shown in Figs. 8 and 9.
The values of the martensite volume fraction after

rolling at −30◦C, −60◦C and −80◦C determined by
magnetic methods are given in the diagram presented
in Fig. 10.
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Fig. 11. Martensite volume fractions after reverse trans-
formation α′-γ.

It can be concluded that the amount of the
martensite depends very strongly on temperature.
Figure 11 shows the diagram of martensite volume

fraction after reverse transformation α′-γ in the tem-
perature range 350–500◦C. The annealing was per-
formed at 30◦C step for 10 minutes for specimens
deformed according to variants A, B, C and D. The
amount of martensite decreased with increasing tem-
perature.
Tensile tests were performed for specimens de-

formed according to variants A and B. The results of
the tensile tests and martensite volume fraction mea-
surements are listed in Table 3.

The analysis of the results leads to the conclusion
that the martensite volume fraction and morphology
influence the mechanical properties after the reverse
transformation α′-γ.

4. Conclusions

1. Cooling of Fe-30Ni alloy down to temperature
−90◦C and subsequent annealing up to 600◦C leads
to the hysteresis of magnetic properties of austenite.
2. The determined temperatures of the start and

finish of reverse martensite transformation in Fe-30Ni
alloy are AS = 350◦C and AF = 450◦C, respectively.
3. Martensite volume fraction and morphology in-

fluence the mechanical properties after reverse trans-
formation α′-γ.
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