CIS Iron and Steel Review — Vol. 24 (2022), pp. 74-78 Metal Science and Metallography

74
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The results of magnetic state simulation of carbon steel austenite are presented in this work. Quantitative parameters
of the areas of short-range magnetic order, which are presented in paramagnetic austenite matrix and are observed
as potential places of a-phase nucleation, are examined. This austenite heterogeneity in steels and clean iron is con-
firmed by the experimental data; however, detailed quantitative study meets technical complication of such experiments.
It is suggested to use the Ising model for realization of the calculation experiment. The obtained spin configurations were
analyzed for determination of geometric parameters of magnetic inhomogeneities and period of their sustainable exist-
ence. Calculations were conducted within the temperature range of austenite phase existence in steel, as well as without
and with taking into account presence of external magnetic field, which strengthens existing austenite heterogeneity and
has the effect on conduction of phase transformations in steel. The results of simulation confirm presence of the areas of
short-range magnetic order in austenite, their size is close to the existing theoretical assessments and experimental data.
It is shown that temperature rise leads to decrease of dimensions, number and life period of clusters, but these parameters
are still important at the temperature of martensite transformation in steel. Overlapping of external magnetic field creates
the conditions for existence of large-size ferromagnetic clusters also at more high temperatures, as well as increases time
of their sustainable existence. The external magnetic field provides the conditions for more intensive and multiplicative
nucleation of ferromagnetic phase, similar to short-range magnetic order fluctuations in location of atoms during liquid

metal cooling.
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Introduction

Experimental study of magnetic state of y-Fe and aus-
tenite of steels [1-10] displays presence of magnetic inho-
mogeneities in the form of nano-metric scale areas with
short-range magnetic order. Anti-ferromagnetic [1-3],
ferromagnetic [4-9] and micro-magnetic [10] ordering
of spins is observed in nano-clusters depending on alloy
composition and conditions of studies. It is also known [11-
16], that magnetic state of the initial phase has influence
on scenario and products of phase transformation in steel.
There are theoretical and experimental notifications [4, 5,
17-19], that nano-clusters with short-range magnetic order
in austenite play the role of a-phase nuclei, ¢.g. in magnetic
transformation.

This work is aimed on examination of such parameters of
magnetic inhomogeneities in carbon steel austenite as their
average size, amount, life period. Getting information on
austenite magnetic state with presence of external magnetic
field, which can strengthen existing austenite heterogeneity,
is also one of the tasks.

It was established during study of reversed magnetic
susceptibility of carbon steel with 0.8 % C [19], that super-
paramagnetic state, stipulated by presence of ferromagnetic
nano-clusters in paramagnetic matrix, is observed within the
temperature interval from 1090 K to 950 K (if the tempera-
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ture is below this value, decomposition of solid solution with
forming of a-phase occurs). The Curie point was determined
for U8 carbon steel austenite on the base of obtained data; it
corresponds ~180 K.

Unfortunately, there are no precise experimental meth-
ods for detailed examination of magnetic inhomogeneities
at present time, excluding magnetic diffraction of neutrons.
Thereby the technique of calculation experiment for exami-
nation of magnetic state of carbon steel austenite is used in
this research.

The technique of investigations

The statements of the Ising model [20-22] were used for
examination of magnetic state of austenite. Detailed de-
scription of the realized model of magnetic state of carbon
steel austenite is presented in the works [23, 24] written by
the authors. As a result of the models operation, statistical
data massifs were obtained and the following macroscopic
parameters of a system were calculated with their use: av-
erage energy <FE>, average magnetization <M>, specific
heat capacity C and magnetic susceptibility . Possibility
of visualization of the state of spin system configuration at
the required moment (cycle step) was also realized. Analysis
of spin pictures using the program of quantitative image
processing (QIP-1) and separately developed algorithms
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allowed to obtain the data about quantitative parameters
of magnetic inhomogeneities in austenite.

Magnetic state of steel austenite with eutectoid compo-
sition was simulated via tuning of the system parameters on
the base of experimental data, which were obtained for U8
steel (0.79 % C; 0.222 % Si; 0.307 % Mn; 0.016 % P; 0.0061
% S; 0.032 % Cr; <0.01 % Ni; 0.051 % Cu) in the work
[19]. Number of spins N = 106 and total number of steps
N, = 2-10* were preset as initial parameters of the system,
it was stipulated by acceptable computer processing time.

Visualization of instant spin system configuration in the
selected moments was realized through presenting spins as
black and white points, where white points are spins oriented
in positive direction of z axis (e.g. under the effect of ex-
change forces and/or applied external magnetic field), and
black points are spins oriented in negative direction of z axis.

Statistical calculations of the system macro-parameters
(average energy, average magnetization, magnetic suscepti-
bility and specific heat capacity) were conducted via system
configurations after its reaching equilibrium state for preset
temperature. Time of relaxation (number of cycles) of a static
system to the equilibrium state was taken into account for this
purpose. Analysis of relaxation time was conducted at each
exchange of initial conditions, such as temperature, value of
external magnetic field and number of spins.

Results of investigations and discussion

Parameters of ferromagnetic clusters in austenite

Let us consider heterogeneity parameters of austenite
magnetic state in U10 carbon steel, which exist without ex-
ternal effect from magnetic field. The system simulation was
conducted at the temperatures from 300 to 1,200 K. This
temperature range was chosen based on the practice of steel
heat treatment, when austenite phase can exist in different
operations including heating and cooling.

The pictures of system spin state with resolution
1,000 x 1,000 dots were the results of this simulation.
Austenite should be in paramagnetic state at these tempera-
tures, i.e. approximate equality between black and white
areas (in other words, the areas with opposite direction of
spins) should be observed. The results of pictures analysis
displayed domination of either white, or black areas in their
summarized square; this event was equally possible in the
conditions of absence of external magnetic field. Histograms
of distribution of quantity of the areas with dominating di-
rection by their dimensions were calculated. The obtained
statistical data are presented on the Fig. 1.

The results of calculation of size of ordered areas in
austenite at different temperatures testify that the average
cluster size (see Fig. 1) is the average reduced diameter of
the ferromagnetic ordered area. Simulated areas of short-
range order have curved boundaries, while the reduced di-
ameter characterizes the round area with the same square.
It is natural, that temperature rise leads to decrease of the
average cluster size with short-range order in location of
spins due to strengthening temperature disordering. At the
same time, temperature rise is connected with decrease of

dispersion and variation coefficient of clusters sizes via de-
gree relationship; it reduces possibility of creation of a clus-
ter with its size large than average size at high temperatures.
It should be noted that obtained sizes of clusters are close to
the previously obtained experimental data and theoretical
assessments [4, 5, 25].

Maximal cluster size and relationship between part
of large clusters and temperature were also evaluated.
Maximal cluster size means maximal reduced cluster
diameter. The part of large clusters was determined via
calculation of percent content of clusters with diameter
exceeding 5 nm from total number of clusters at preset
temperature. Starting calculation from the size 5 nm was
chosen as the beginning of the last interval in distribu-
tion histogram for clusters sizes at the temperature 1200 K.
Direct number of clusters at different temperatures is
not a meaningful parameter due to model restrictions.
Because the researched system uses relatively small, but
final number of spins (N = 106). Restriction on number
of spins always leads to decrease of number of clusters
with enlargement of their sizes, and on the opposite, to
increase of number of clusters with diminishing of their
sizes; thereby the part of large clusters in the system at
preset temperature is the most expressive parameter.
The obtained data show that temperature rise causes reduc-
ing of a maximal cluster size and the part of large clusters
via degree relationship. U8 steel at the temperature about
500 K (when martensite transformation starts during
quenching) is characterizes by maximal size of fluctua-
tions of short-range martensite order achieving ~ 7,1 nm.

Cluster life time as a parameter of cluster stability was
determined. It means a number of iterations (steps) of the
system, when no one of atoms containing in a cluster did
not change direction of its spin. The cluster with preset size
was simulated, it was presented by the area of ordered spins,
which was encircled along its perimeter by spins with op-
posite direction. The test of each cluster spin for its overturn
was conducted during one step; if at least one spin changed its
direction, then number of iterations until this event was con-
sidered as life time of this cluster. 10,000 tests were conducted
for each cluster size and for each examined temperature, the
averaged data of these tests are presented on the Fig. 2.
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Fig. 1. Relationship between size of the areas with ferromagnetic
order in austenite and temperature
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Fig. 2. Life time of clusters with different sizes depending on the
temperature

Cluster life time at the room temperature strongly de-
pends on its size. Ferromagnetic clusters consisting of larger
number of atoms have larger life time. The clusters of maxi-
mal size (9.1 nm) are characterized by appr. 5 iterations,
while the clusters of average size (2.3 nm) — by 1.2 iterations.
As soon as temperature rises, cluster size has no serious effect
on its stability. At the temperature of martensite transforma-
tion, the clusters of maximal (7.1 nm) and average (1.7 nm)
size are characterized by 2 and 0.5 iterations respectively.
When the temperature exceeds 800 K, the effect of cluster
size on its stability is practically small. The prevailed role is
played by temperature disordering, which decreases substan-
tially life time of clusters with any size. At the temperatures
above 800 K, a plateau of stable life time (~ 1 iteration) is
observed for the clusters with size more than 3 nm.

The Weiss theory takes into account only the order
for long distances, which is determined by difference of
number of spins with two opposite directions along the
whole domain, not depending on their detailed mutual
location. In this case short-range order is equalized to
long-range order, i.e. numbers of the closest neighbors
with different orientation for each spin is proposed to
be proportional to full numbers of differently directed
spins in a domain. So, local magnetization of the closest
neighbors for each spin is equal to magnetization calcu-
lated for a whole crystal. The results of simulation display
that other picture is observed in a real crystal: parallel
spins are trying to unite in single swarms under the effect
of exchange forces (it was also observed experimentally
[4]), like gas atoms during its condensation or forming
of fluctuations in non-ideal gas.

It is seen from the obtained data, that these fluctuations
are relatively high at the low temperatures. But at the high
temperatures approximation, which does not take into ac-
count short-range order, is more legal. However, in this case
there are also fluctuations of parallel spins in small volumes,
which are caused by exchange forces and lead to local mag-
netization not equal to zero in the conditions of absence of
resulting magnetic moment in the whole volume (i.e. in the
absence of long-range order). As soon as the temperature of
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Fig. 3. Relationship between size of the areas with ferromagnetic
order in austenite and temperature in the conditions of
external magnetic field intensity 2.4 MA/m

phase transition approximates, ferromagnetic nano-clusters
in austenite begin to play the role of nuclei of ferromagnetic
a-phase, especially during their overlapping on defects
of a crystal lattice or instability area; these defects appear in
a lattice before phase transition [17].

Influence of external magnetic field on size, amount
and life timw of ferromagnetic clusters in austenite

Presence of external magnetic field provides counter-
effect to temperature disordering of spins. Relationship
between clusters with average size and short-range order in
austenite, and temperature under the effect of external mag-
netic field with intensity 2.4 MA/m is shown on the Fig. 3
(the presented values of magnetic field intensity, which were
recalculated from the values of 2D model using experimental
data obtained on carbon steels [23] are mentioned here and
later). When choosing magnetic field intensity for calcula-
tions, first of all we took into account the interests of pro-
duction facilities, possibility of using such field in industrial
units for heat treatment under the effect of magnetic field.
In this connection the effect of permanent magnetic field
with intensity 2.4 MA/m is shown, it can be easily realized
in industrial-type units.

General features of these relationships is the same as
without field effect, but the values of clusters sizes are larger
in the conditions of external magnetic field. The most strong
effect caused by magnetic field at the low temperatures: at
the room temperature field overlapping provides difference
in average about 1.5 nm. But with rise of the temperature,
field efficiency drops: at the temperature of martensite trans-
formation (~ 500 K) this difference made ~ 0.3 nm, while
at the temperature exceeding 600 K practically permanent
economical effect is reserved (~ 0.12 HM).

The effect of magnetic field is manifested in increase
of the part of large clusters and maximal cluster size at the
researched temperatures. At low temperature the effect of
magnetic field is maximal, at room temperature difference
for maximal cluster size makes ~ 5 nm, while difference in
the part of large clusters makes ~ 7.2 %. When the tempera-
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ture increases, the field efficiency drops: at the temperature
of martensite transformation difference for maximal cluster
size makes ~ 0.6 nm, while difference in the part of large
clusters makes ~ 1.4 %. Consequent temperature rise leads to
gradual lowering of magnetic field effect is accompanied by
gradual decrease of the field effect and practically complete
approximation of clusters parameters, which were obtained
in calculations taking into account the field at the tempera-
ture 1200 K and without its accounting.

The data about life time of ferromagnetic clusters in aus-
tenite under the effect of external magnetic field are pre-
sented on the Fig. 4.

Simulation was also conducted for the fields with
different intensity values (0.8, 1.6, 2.4 and 3.6 MA/m).
It is shown that clusters under the effect of external
magnetic field in all cases live longer, than without this
field. Increase of life time with enlargement of cluster
size is a general regularity, what is manifested mostly
evidently at low temperatures; consequent tempera-
ture rise neutralizes the value of cluster size. Increase
of magnetic field intensity leads to increase of life time
for all sizes of clusters. Field efficiency is especially dis-
tinct at low temperatures. If the field intensity makes
2.4 MA/m at low temperature, then clusters of each size
live in average by I iteration longer, than without mag-
netic field, while increase of life time in magnetic field
at the temperature of martensite transformation makes
0.5 iteration in average. When the temperature exceeds
800 K, the values of life time with and without magnetic
field are practically equal. However, if we take into ac-
count that maximal and average cluster size increase
in the external magnetic field, then real increase of life
time also will become larger. So, at the room tempera-
ture the clusters of maximal size (14 nm) are stable during
about 7 iterations (compared with 5 iterations for maxi-
mal cluster size 9.1 nm without magnetic field, while the
clusters of average size (3.6 nm) are stable during about
3.5 iterations (compared with 1.2 iterations for average
cluster size 2.3 nm without magnetic field. As for the
temperatures of martensite transformation, the maxi-
mal cluster size in magnetic field (7.7 nm) lives during
2.5 iterations (without magnetic field (7.1 nm) — 2 it-
erations), while the average cluster size in magnetic field
(2.0 nm) lives during 1 iteration (without magnetic field
(1.7 nm) — 0.5 iterations).

The value of cluster life time does not mean that cluster
will terminate completely after its finishing, it shows only
duration of its stable state. Further complete destruction of
a cluster is quite not mandatory after overturn of one of the
spins; it is more probable that a spin of parallel direction can
be added during the next step again. Duration of life time
characterizes cluster capacity not to lose its integrity dur-
ing definite number of iterations. Each additional iteration
of life time increases possibility of a cluster size increase.
Potential possibility for a cluster to reach the state which is
suitable for nucleation spot in austenite increases respec-
tively, in the conditions of lower free energy in ferromag-
netic phase. This means that ferromagnetic ordered clusters
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Fig. 4. Life time of clusters with different sizes depending on the
temperature at magnetic field intensity 2.4 MA/m

can be compared with short-range order fluctuations in lo-
cation of atoms during overcooling of liquid metal; they can
reach critical size and become nucleation centers of solid
phase. Based on this analogy, size and stability of appear-
ing fluctuations have determining importance for creation
of a nucleation center. The external magnetic field has the
effect on parameters of ferromagnetic ordered clusters and
increases possibility of nucleation centers of ferromagnetic
phase. The mechanism of nuclei creation from such ferro-
magnetic centers is connected with magnetostriction pro-
cess and. respectively, with atomic displacements, which
can be overlapped on the conditions of super-plasticity
and instability of crystal lattice (e.g. during of martensite
transformation). The mechanism of nucleation from fer-
romagnetic areas in austenite under the effect of magnetic
field is discussed in [17-19].

Conclusions

Thereby, the results of simulation confirm existence
of the areas with short-range magnetic order in steel aus-
tenite, i.e. before martensite transformation. Martensite
nuclei appear in these areas with high probability, espe-
cially during their overlapping on defects of crystal lat-
tice and instability areas of crystal lattice, which appear
before phase transition. External magnetic field can play
the determining role in activation of clusters as nuclea-
tion points, because magnetostriction stresses vary the
fields of elastic forces between atoms in crystal lattice,
while boundaries of clusters interact with dislocations.
Additionally, overlapping of the external magnetic field is
the only way to manage by number and stability of ferro-
magnetic areas in austenite and, consequently, to manage
by kinetics and scenario of phase transformation.

The obtained data testify that size and number of large
clusters as well as life time of ferromagnetic ordered clusters
increase after overlapping of the external magnetic field.
So, size of the areas with short-range order increases dur-
ing heat treatment in magnetic field, and possibility and
number of nucleation points of ferromagnetic phase in-
creases as well. Such multiplicative feature of nucleation
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stipulates more complete conduction of phase reaction
towards forming of ferromagnetic phase. These variations
in kinetics were observed previously during heat treatment
in magnetic field, but they were not explained in assess-
ment of power influence of magnetic field on phase trans-
formation.

The results of simulation allow to take into account
the existing inhomogeneities in austenite magnetic state,
as well as variations in this state caused by overlapping of
the external magnetic field in nucleation processes at y-a
transition. They can be used for development of practi-
cal procedures and technological equipment for aimed
variation of structure and properties of steel products.
Structural variations, which are connected with increase
of transformation products dispersity, make it possible to
realize additional increase of product strength without loss
of its plasticity. dis

REFERENCES

1. Sedov V. L. Antiferromagnetism of y-iron: a problem of invar.
Moscow : Nauka. 1987. 288 p.

2. Lee D. K., Hong S. C. Correlation between Structures and Mag-
netism in Iron: Ferromagnetism and Antiferromagnetism. Journal
of Magnetics. 2007. Vol. 12 (2). pp. 68-71.

3. Steinle-Neumann G., Cohen R. E., Stixrude L. Magnetism in
iron as a function of pressure. Journal of Physics: Condensed Mat-
ter. 2004. Vol. 16 (14). p. 1109.

4. Spooner S., Averbach B. L. Spin correlations in iron. Physical Re-
view. 1966. Vol. 142 (2). pp. 291-299.

5. Romashev L. N., Voronchikhin L. D., Fakirov I. G. Variation of
steel magnetic properties near martensite point. Fizika metallov i
metallovedenie. 1973. Vol. 36 (2). p. 291.

6. Sort J., Concustell A., Menéndez E., Surifiach S., Baro M. D.,
Farran J., Nogués J. Selective generation of local ferromagnetism
in austenitic stainless steel using nanoindentation. Applied physics
letters. 2006. Vol. 89 (3). p. 032509.

7. Brink B. K., Stahl K., Christiansen T. L. Composition-dependent
variation of magnetic properties and interstitial ordering in ho-
mogeneous expanded austenite. Acta Materialia. 2016. Vol. 106.
pp. 32-39.

8. Shima M., Nasu S. Ferromagnetic gamma-Fe Nanoparticles
Trapped in Carbon Nanotubes. American Physical Society: March
Meeting Abstracts. 2005. p. D42-009.

9. Witte R., Feng T., Fang J. X., Fischer A., Ghafari M., Kruk R.,
Brand R. A., Wang D., Hahn H., Gleiter H. Evidence for en-
hanced ferromagnetism in an iron-based nanoglass. Applied Phys-
ics Letters. 2013. Vol. 103 (7). p. 073106.

10. Glushkov V. V., Voskoboinikov I. B., Demishev S. V., Krivitskii I. V.,
Menovsky A., Moshchalkov V. V., Samarin N. A., Sluchanko N. E.

1.

12.

13.

14.

15.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Spin-polaron transport and magnetic phase diagram of iron
monosilicide. Journal of experimental and theoretical physics. 2004.
Vol. 99 (2). pp. 394-414.

Razumov I. K., Gornostyrev Yu. N., Katsnelson M. I. On theory
of phase transformations in iron and steel on the base of primary
principle approaches. Fizika metallov i metallovedenie. 2017. Vol.
118. No. 4. pp. 380—408.

Ignatenko A. N., Katanin A. A., Irkhin V. Yu. Strong short-range
magnetic order in frustrating FCC lattice and its possible role in
iron structure transformation. Pisma v zhurnal eksperimentalnoy i
teoreticheskoy fiziki. 2008. Vol. 87 (10). pp. 642—646.

Razumov I. K., Gornostyrev Yu. N., Katsnelson M. I. Effect of
magnetism on kinetics of y—a transformation and pattern forma-
tion in iron. Journal of Physics: Condensed Matter. 2013. Vol. 25
(13). p. 135401.

Razumov 1. K., Boukhvalov D. V., Petrik M. V., Urtsev V. N.,
Shmakov A. V., Katsnelson M. 1., Gornostyrev Yu. N. Role of
magnetic degrees of freedom in a scenario of phase transforma-
tions in steel. Physical Review B. 2014. Vol. 90 (094101). p. 8.
Okatov S. V., Kuznetsov A. R., Gornostyrev Yu. N., Urtsev V. N.,
Katsnelson M. I. Effect of magnetic state on the y—a transition
in iron: First-principles calculations of the Bain transformation
path. Physical Review B.2009. Vol. 79. p. 094111.

. Zolotarevskiy I. V. Influence of volumetric magnetostriction on

martensite transformation in ferrous alloys. Magnetic phase tran-
sition of the first order. Metallofizika i noveishie tekhnologii. 2015.
Vol. 37. No. 5. pp. 625-636.

Pustovoit V. N., Dolgachev Y. V., Arefyeva L. P. Martensite Nu-
cleation under Conditions of Austenite Superplasticity and Exter-
nal Magnetic Field. /OP Conference Series: Materials Science and
Engineering. 2020. Vol. 969 (1). p. 012009.

Pustovoit V. N., Dolgachev Y. V. Revisiting the nature of sites of
martensite nucleation during steel hardening. Izvestiya Ferrous
Metallurgy. 2019. Vol. 62 (2). pp. 109—114.

Pustovoit V. N., Dolgachev Y. V. Ferromagnetically ordered clus-
ters in austenite as the areas of martensite formation. Emerging
Materials Research. 2017. Vol. 6 (2). pp. 249—253.

McCoy B. M., Wu T. T. The two-dimensional Ising model.
Cambridge: Harvard University Press. 2013. 438 p.

Landau L. D., Lifshitz E. M. Statistical Physics. Volume 5. Ox-
ford: Elsevier, 2013. 544 p.

Sandler S. I. An introduction to applied statistical thermodynam-
ics. N.Y.: John Wiley & Sons. 2010. 368 p.

Pustovoit V. N., Dolgachev Y. V. Magnetic austenite heteroge-
neity and transformations in steels. Rostov-na-Donu : DGTU.
2021. 198 p.

Dolgachev Y. V., Pustovoit V. N., Filonenko I. O., Ivankov I. V.
On the problem of simulation of martensite nucleation process
of in clusters of ferromagnetic nature. Vestnik Donskogo gosu-
darstvennogo tekhnicheskogo universiteta. 2020. Vol. 20. No. 1.
pp. 51-60.

Suzdalev 1. P. Magnetic phase transitions in nano-clusters and
nano-structures. Rossiyskie nanotekhnologii. 2006. Vol. 1. No. 1.
pp. 46-57.





