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Features of the phase composition and structure of hypoeutectoid steel,
manifested in the behavior of magnetization near magnetic saturation
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Investigation of the temperature evolution of magnetization curves near magnetic saturation makes it possible
to extract new information on the features of the phase composition and structure of hypoeutectoid steel. It is
shown that the main contribution to the magnitude and the temperature behavior of the energy density of the
local magnetic anisotropy of hypoeutectoid steel is due to the lamellar structure of pearlite. The peculiarity of the
temperature behavior of the energy of the magnetic anisotropy, along with the behavior of the paraprocess, indicates
the formation of Mn-substituted cementite in the studied steel sample. The observation of the crossover of power-
law regularities in the approximation of magnetization to saturation indicates the formation of two-dimensional
nano-inhomogeneities of the local axis of easy magnetization in the plates of alpha iron, which are part of the

pearlite.
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1. Introduction

Steel is one of the leaders among the materials that
are in demand in practice, that’s why the study of its
structure and properties is closely entwined into the history
of humankind, science and technology. Following the
main paradigm of the material science, steel structure at
different scales (from the scale of interatomic distances
to tens of microns) and its relation to properties have
been studied in great detail and are being still studied
(adequate citation here seems simply impossible, that’s why
we will refer to two of the latest monographs dealing with
the history and current state of the issue [1,2]). New
information, as in any ,hot* field of the material science,
appears here in relation to the progress of measuring
equipment that allows for using previously unavailable (due
to various reasons) approaches and methods for analysis
of the structure or properties. It can be exemplified by
the progress in the use of microscopical methods that
allow for finding new things in the steel structure on the
nanoscale [3,4].

Magnetic structural methods hold a prominent place in
steel studies and interesting opportunities here appear in
relation to wide spreading of new high-accuracy magneto-
metric equipment that allows for operational carrying-out of
studies in high fields and a wide temperature range. The
well-known method of magnetic phase analysis [5] in this
respect may provide new opportunities upon obtaining of
information not only about the phase composition, but also
about the peculiarities of micro- and nanostructure [6,7].
According to the conventional magnetic phase analysis,
based on temperature dependence of magnetization M(T),
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it is possible both to identify a phase according to
Curie temperature value (e.g., for classical cementite Fe;C
Tc = 480K) and to assess its amount by presenting M(T)
as a sum of partial contributions to magnetization by
individual phases [5]. It is interesting to take information
about perlite, a permanent structural component of steel,
from magnetic measurements. Perlite is a product of
eutectoid decomposition of austenite under relatively slow
cooling of iron carbon alloys below 727°C [1,2] and is a
mixture of two phases: BCC-Fe, containing from 0.006 to
0.025% of carbon and cementite. Lamellar perlite, where
both phases alternate and have the lamella shape, is the
main perlite kind within hypoeutectoid steels. Our paper
demonstrates how the perlite lamellar structure manifests
itself in results of magnetometric measurements and, thus,
how information provided by such measurements can be
used for studying this important structural component of
hypoeutectoid steel. Moreover, this paper demonstrates
the additional possibilities of hypoeutectoid steel study by
using modern magnetometric equipment and development
of approaches to processing of the data near magnetic
saturation.

It should be also noted that development of methods for
analysis of structural steels’ magnetic properties is related
to one more task: the need to understand the processes
taking place in steels operating in corrosive environments
at high temperatures, e.g., as elements of electrolytic baths
in aluminum production. In this case, the behavior of
magnetization of the electrolytic bath material is important
for monitoring and simulation of magnetohydrodynamic
parameters of electrolyser operation [8,9].
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2. Experiment

A specimen of structural steel St-3 was studied
(GOST 380-2005) [10]. Samples for measurements were
made in the shape of a ball weighing about 80mg
(sample temperature during sample preparation did not rise
above 120°C).

Magnetic measurements (curves of magnetization M (H)
and temperature dependences of magnetization M(T)) were
performed using a LakeShore VSM 8604 vibration magne-
tometer. Dependences of M(H) and M(T) were measured
at temperature rise. Since irreversible transformations took
place at temperatures above 1000 K, the sample was heated
only once, and then a new sample of the initial steel was
measured. The sample was demagnetized prior to each
measurement of M(H). Dependences of M(H) (magnetic
field strength) were adjusted with account of the sample
shape factor [11].

3. Results and discussion

3.1. Temperature behavior of magnetization
in a field of 10 kOe

Temperature trend of magnetization, measured in the
field H = 10kOe (Fig. 1,a), reflects both the magnetic
subsystem’s peculiarities (Curie temperature for BCC-iron
Tc =~ 1043K) and structural transformations in steel at
high temperatures (near the temperature of steel eutectoid
transformation at Te &~ 1000K [1,2]). The specified tem-
peratures Tc and Te manifest themselves distinctly on the
dM/dT derivative shown in Fig. 1, b.

Hypoeutectoid steel with the carbon content of
0.14 = 0.22 wt.% contains from 2.2 to 3.4 wt.% of cemen-
tite. Cementite transition to a paramagnetic state above
480 K (Curie temperature for classical cementite) [5,12]
shall cause a step on the temperature trend of magnetization
near this temperature, however, such a step within the
available measurement accuracy is not reliably observed.
Taking into account the fact that cementite is characterized
by a high constant of magnetocrystalline anisotropy and
the fact that the perlite microstructure can generate a
high magnetostatic local magnetic anisotropy, it can be
supposed that the field of 10kOe is insufficient for full
technical saturation. Then, these doubts can be solved by
analyzing the curves of magnetization approach to saturation
in different temperatures.

3.2. Magnetization approach to saturation

Figure 2 gives the curves of magnetization M(H) in the
temperature range of 80 - 1200 K in (H, T, M) coordinates.
It should be noted that the dependences of M(H) in
rather large fields have a tendency towards attainment of
saturation (a permanent value of magnetization). Thereat,
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Figure 1. Temperature dependence M(T) — (a) in the

field H = 10kOe and its derivative dM/dT — (b) for the studied
steel sample.
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Figure 2. Steel magnetization curves measured at different
temperatures.

the following dependence is observed
M(H) =Ms - (1-A-H™), (1)

known as the N.S. Akulov law of attainment of saturation
(in the expression (1) A is a constant). This is illustrated in
Fig. 3, where selective representative dependences of M (H)
are given in (H™2, M) coordinates. Correspondence of the
data to the straight lines in Fig. 3 means fulfillment of the
dependence (1). The selective data of Fig. 3 show that the
field range of fulfillment of the dependence (1) decreases
as temperature increases. The Akulov law describes the
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Figure 3. Preliminary analysis of magnetization approach to

saturation in (H™2, M) coordinates for estimating the sufficiency
of the equation (1) in experiment description.
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Figure 4. Effect of consideration of the paraprocess contribution
for description magnetization approach to saturation.

approach to saturation of a ferromagnetic substance with
a randomly oriented axis of easy magnetization of local
magnetic anisotropy [13-15] and reflects the competition of
local magnetic anisotropy, related to various discontinuities
of the structure and external field.

Based on the ,,Occam’s razor principle, the use of the
equation (1) may seem sufficient for describing the curves
of magnetization in high fields. However, our attempts
at such a description show that the range of fields where
this dependence is fulfilled is shortened upon temperature
rise, while the coefficient A increases. This makes us
doubtful of correctness and sufficiency of the use of the
equation (1) only. In reality, one more summand, related
to magnetic susceptibility, must be taken into account
for magnetization approach to saturation in ferromagnetic
materials, iron in particular: the so-called paraprocess x - H,
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induced in the magnetic subsystem of a ferromagnetic
substance as a result of competition of high fields and
thermal fluctuations [16,17]. Approach to saturation in this
case should be described by a more complex equation

MH)=Ms-(1-A-H™2)+x-H. (2)

Figure 4 shows that consideration of the summand y - H
enlarges the field region where the magnetization curve
straightens in (H~2, M) coordinates. Moreover, such a
description leads to a physically reasonable decrease of the
coefficient A as temperature rises (Fig. 7). An intermediate
conclusion, resulting from such data handling: magneti-
zation approach to saturation of the studied steel in the
range of 5 to 8 kOe is well described by the expression (2).
Figure 2, which contains all the magnetization curves, shows
an increased role of the second summand upon a transition
through the Curie temperature for BCC-iron, which is
confirmed quantitatively by a preliminary description of the
data by the equation (2).

Taking into consideration the aforesaid, computer fitting
of the measured curve of M(H) by the dependence (2)
was carried out in the field range of 5 to 8kOe. This
range also meets the condition: value of the first nonlinear
summand in the equation (2) does not exceed 1% of the
composite signal. A check of smallness of the summands in
the equation (2) is related to the fact that the theoretical
expressions, subsequently used for data analysis, have
been obtained on the assumption of small deviations of
magnetization on full saturation. Quality of fitting to the
temperature of 975 K is rather satisfactory; deviations of
fitting curves from the experimental data are homogeneous
and agree with the values of random error of magnetization
measurements (Fig. 5). The parameter A above 1043 K was
so small that only the second summand was used during
fitting by the equation (2).

3.3. Temperature evolution of the parameters
that characterize the magnetization approach
to saturation and their relation
to microstructural peculiarities of steel

The values of fitting parameters (Mg, A, x), obtained as
a result of fitting of magnetization approach to saturation
from 5 to 8kOe, allow for tracing changes in the magnetic
subsystem of steel as temperature changes. Quantity Ms is
a result of extrapolation of the technical saturation process
to infinite fields and can be considered as a quantity
of spontaneous magnetization at the given temperature.
Figure 6 compares the data on Mg with the predictions of
the formula

Ms=Ms- [1—s- (T/T)*> = (1-s)- (T/T)"]"*, (3)

recently suggested in the paper [18] as a universal formula
for a wide class of ferromagnetic materials. This formula
assumes that the low-temperature behavior of magnetization
follows the so-called Bloch law T3/2 applicability of which
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Figure 5. Fitting of the measured magnetization curve (symbols) by the equation (2). The lower inserts show a deviation of the measured

magnetization on predictions of the equation (2).

for metals and metal alloys was discussed earlier and is
still being discussed lately [7,19-23]. A point of accord in
these discussions, however, is the fact that such behavior
must be described by a power law of the M o« T" type,
the argument deals only with the value of the power
exponent (N =3/2 or 2). Since the minimum temperature
at which we measured the magnetization curve was 85K,
it can be stated that the ,disputable” low-temperature area
is outside the range of the obtained data. On the whole, as
seen from Fig. 6, there is a remarkable agreement between
the data and predictions of the formula (3) during selection
of the fitting parameters given in the legend to Fig. 6. The
main weight fraction of the material (=~ 97%) is BCC-iron.
This, apparently, manifests itself in the fact that the value

L O M, from best fit by eq.(2)
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Figure 6. Temperature behavior of steel saturation magnetization
and its description by equation (3).

1200

of the parameter p =4 coincides with the one for pure
Fe, being insignificantly different from the values for other
ferromagnetic substances [18]. The parameter s = 0.57
slightly differs from the parameter for pure iron (s = 0.35)
given in [18]. Some deviations above 975K are probably
due to a partially completed eutectoid transformation in
steel (see par. 3.1 and Fig. 1).

Temperature behavior of high-field magnetic susceptibility
(Fig. 7), in addition to the peculiarity related to Curie
temperature of BCC-Fe, reveals a small peak between 205
and 250 K. Curie temperature of Fe;C, however, is much
higher (about 480 K) [24]. The arguments that the observed
peak reflects the Curie temperature of Mn-substituted
cementite in the studied steel sample are given below.
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The coefficient A in the expression (2) is a total
result of various contributions that cause inhomogeneity of
magnetization in a finite field, and can be considered as
a particular measure for energy density of local magnetic
anisotropy.  Temperature behavior of the coefficient A
is shown in Fig. 8. If the value of A is estimated
only as a contribution by magnetocrystalline anisotropy
of alpha iron as A= 1—35 HZp. (the red dot-and-dash line
in Fig. 8), it turns out that the measured values of A
by more than an order exceed this estimate (estimation
used the known data for BCC-Fe [17,25]). Thus, the
other contributions, including the cementite contribution,
cannot be neglected in this case, considering that the main
material fraction (97 wt.%) falls on alpha iron. Then we will
analyze the dependence A(T) as a sum of the following
contributions [13,26-30], considered as the essential ones
at the next stage in clarification of our behavior analysis
of A(T):

2 0

A= —_H

1
- 105 a,Fe(l - X) + E Hgl,FQC X

+ 1—15 [477(Ms.pe — M Fe;c) - P(1 — pﬂ2 Y, (4

here, x is the cementite fraction in steel, y is the pearlite
fraction in steel (y = 0.26 is adopted for the given steel
sample), p is the cementite fraction in pearlite, H, g,
Hape,c are fields of magnetocrystalline anisotropy for
alpha iron and cementite, Mg ., MsFre,c are saturation
magnetizations for alpha iron and cementite. The first
and second summands in the expression (4) give the
contributions by magnetocrystalline anisotropy of randomly
oriented alpha iron and cementite crystallites. The difference
in numerical coefficients in case of these summands reflects
the difference in the phase symmetry of alpha iron (cubic
2/105) and cementite (uniaxial 1/15) [14]. The third
summand takes into account the magnetic anisotropy caused
by inhomogeneous pearlite structure (shown schematically
on the right in Fig. 9). The build of this summand reflects
the idea that the pearlite lamellar structure (Fig. 9) must
cause inhomogeneity of the magnetic static field, which
will generate a local magnetic anisotropy induced by the
magnetic anisotropy of the lamella shape, difference of their
magnetizations and their volume ratios.

For quantitative comparison of the experimental depen-
dence of A(T) with the expression (4) we have used
the published anisotropy constants of BCC-Fe [17,25]
and cementite [31,32], as well as the Akulov—Zener law
that establishes the temperature behavior of ferromagnetic
substance anisotropy constants and agrees well with the
experiment [17,33]:

K(T) =K(0) - (Ms(T)/Ms(0))". (5)

The anisotropy fields that make part of the equation (4)
are related to the anisotropy constants as Hy = 2 - K/Ms.
The indicator is m= 10 for BCC-Fe (cubic anisotropy)
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Figure 8. Temperature behavior of the coefficient A, obtained by
data fitting by the equation (2) (symbols) and estimated using the
equation (4) (the thick black line — total estimate, thin colored
lines — contributions of various summands in the equation (4):
1 — magnetostatic contribution of pearlite; 2 — contribution of
magnetocrystalline anisotropy of BCC-Fe; 3 — contribution of
cementite magnetocrystalline anisotropy).
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Figure 9. Schematic view of the microstructure of hypoeutectoid
steel — on the right, pearlite structure — on the left.

and m=3 for cementite (uniaxial anisotropy) [14]. The
behavior of Mg(T) for alpha iron and cementite was
estimated according to the equation (3), using the pa-
rameters of Mg(0) from [17,25,31,32], for alpha iron we
adopted Tc = 1043 K, for cementite we chose T = 240K
(this choice is justified below), the other parameters in
the equation (3) were taken equal to the alpha iron
parameters [18].

It can be seen from Fig. 8 that the total behavior of the
contributions (expression (4)) describes the experimental
data with accuracy up to a certain permanent contribution.
Figure 7 also shows that, in the temperatures that exceed
the temperature transition of cementite to the paramagnetic
state, the main contribution to the temperature behavior
of A(T) is by the magnetostatic contribution of the pearlite
structure. Moreover, a transition across the cementite Curie
temperature inevitably leads to a stepwise change in the
contribution related to magnetostatic anisotropy of pearlite,
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due to an abrupt change in interaction between the lamellas
of BCC-ron in the pearlite structure. The peculiarity
related to Tc of cementite is in the range of 200—250K,
ie. in the same place where the magnetic susceptibility
peak is observed, see Fig. 7. Such an abrupt decrease of
cementite Tc as compared to the known Curie temperature
of Fe;C (480K) may be caused by partial substitution
of iron atoms by manganese atoms. Manganese in the
studied hypoeutectoid steel (St-3) is a mandatory compo-
nent (0.4 +0.65wt.%). Negative enthalpy of formation
of Mn3C (—20kJ/mole) [34] in modulus is significantly
higher than the maximum enthalpy of formation of BCC
Fe-Mn solid solutions (—1kJ/mole) [35]. It means that
upon pearlite formation in steel St-3, when homogeneous
austenite must break down into cementite and BCC-Fe,
it is more preferable (from the energy viewpoint) for
the manganese atoms (initially distributed uniformly in
the austenite) to become a part of cementite. Taking
into account the Mn content in the studied sample, the
composition of Mn-substituted cementite (MnyFe;_)3C
can be expected to vary within X =0.11 +0.185. Ac-
cording to the data of the papers [36,37], which studied
the magnetic properties of Mn-substituted cementite, Curie
temperatures at such a substitution level must be observed
in the range of 140 to 280K. Since the cementite Curie
temperature of 200 + 250K, observed in Figs. 7 and 8,
is within this range, we may conclude that Mn-substituted
cementite forms in the studied steel sample. This conclusion
looks unexpected given the fact that manganese addition
in commercial-quality steels is justified by the need for
deoxidation (removal of residual oxygen) [10,38]. The ob-
tained result means that sometimes, as apparently happened
in our case, manganese addition, given the small amount
of residual oxygen, instead of the anticipated deoxidation,
embeds into cementite, thereby changing its properties
(Curie temperature).

A constant-value difference between the data of A(T),
obtained experimentally, and the expression (4) (see Fig. 8),
can be related to the contributions not taken into account in
the equation (4). In the first place, this is a magnetoelastic
contribution, related to the presence of internal stresses
in steel [26,27], then, a contribution to the constant of
local magnetic anisotropy by the so-called surface magnetic
anisotropy [39,40] can be expected in pearlite characterized
by a well-developed phase contact area and, finally, the
magnetocrystalline anisotropy constant for Mn-substituted
cementite can be higher than the anisotropy constant
of Fe3C used for assessment by means of the equation (4).
Correct consideration of these contributions requires ad-
ditional experimental research. At this stage, we confine
ourselves to stating the good qualitative agreement between
the data and estimate in Fig. 8, which allows for drawing
the following conclusions: 1) the observed peculiarity
(minimum) near T ~ 240K on A(T) reflects the Curie
temperature of Mn-substituted cementite; 2) the main
contribution to the value and temperature behavior of A(T)
above T is related to the pearlite lamellar structure. These

findings also mean that the used approaches are a useful
tool to analysis of pearlite state in hypoeutectoid steel.

3.4. Crossover of power regularity
of magnetization approach to saturation

In order to trace the power regimes in the
magnetization approach to saturation, the value of
(Ms — (M(H) — x-H))/Ms (so-called magnetization dis-
persion [41-43]), according to the equation (2), that gives
a non-linear contribution into the magnetization approach to
saturation, is given in Fig. 10 depending on the external field
in double logarithmic coordinates. A deviation from full
technical saturation, for the data of Fig. 10, plotted on the
ordinate axis, does not exceed 2%, thus, the main provisions
of the theory of magnetization approach to saturation hold
good. The area described by a non-linear summand from
the equation (2) for various M(H) is observed here as a
straight line with an inclination tangent of —2. It can be also
seen that the power behavior (straight lines with inclination
tangents of —0.75 to —1) is observed below 4kOe for
different temperatures (covering almost the whole studied
temperature range).

Power exponents in the range of —0.75 + —1, according
to the papers [41-44], correspond to two-dimensional
correlations of magnetization. As shown in par. 3.3,
the main contribution to deviation of magnetization from
saturation is made by the pearlite structure. In this case,
it is natural to expect that the observed two-dimensional
pattern of magnetization correlations will also be related
to the lamellar structure of pearlite, which facilitates the
propagation of correlations in the plane, but hinders such
propagation across the plane of pearlite lamellas. The
size of structural inhomogeneities (correlation length of the
local axis of easy magnetization) can be estimated from
the value of the field Hr ~ 4.5kOe of a change in the
power dependences; this field is observed in Fig. 10 as
lc = /2C/(MsHR) [43], where C =2.1-10"®erg/cm is

0.01

(M — (M(H ) — H ))/ M

0.001 o . . s

H, kOe

Figure 10. Power regularities manifesting themselves in the field
behavior of magnetization deviation from saturation (straight-line
portions).
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the exchange interaction constant for alpha iron [20].
Estimation gives | ~ 8 nm. Such a small size means that the
iron within pearlite lamellas is structurally inhomogeneous
on the nanoscale. According to the papers [45,46], in
combination with the observed manifestations of the two-
dimensional pattern of magnetization correlations, this also
means the so-called anisomery of structural inhomogeneities
of alpha iron within pearlite lamellas. The term ,,anisomeric
inhomogeneities“ means that the region of homogeneous
orientation of a local axis of easy magnetization is localized
in two dimensions on significantly shorter scales than in
the third one [44]. It can be naturally expected for alpha
iron lamellas in pearlite that two such dimensions are in
the lamella plane, while the third one is perpendicular to it
(the above-mentioned estimate | ~ 8 nm apparently refers
to the size of the inhomogeneity in the lamella plane).

4. Conclusion

The study of temperature and field behavior of mag-
netization of a hypoeutectoid steel sample St-3 near the
magnetic saturation by means of modern magnetometric
equipment, allows for obtaining new information both
about the magnetic subsystem’s behavior and about the
peculiarities of the phase composition and structure of
hypoeutectoid steel (in particular, about the state of pearlite
in hypoeutectoid steel). Let us summarize the main
observations and conclusions of the paper to illustrate this.

The temperature dependence of magnetization in rather
a large external field (H = 10kOe) has peculiarities related
both to irreversible transformations (in the vicinity of tem-
perature of steel eutectoid transformation Te ~ 1000 K) and
to reversible transformation ferromagnetic—paramagnetic at
Te (= 1043 K).

Magnetization curves for hypoeutectoid steel in the
region of approach to magnetic saturation are successfully
described by means of the Akulov law taking into account
the paraprocess-related summand, which is characterized by
magnetic susceptibility x. The latter summand makes a large
contribution to magnetization near the Curie temperature,
while magnetic susceptibility demonstrates a peak at Tc
(= 1043K). In the vicinity of 200 = 250K there is one
more peak on the dependence x(T). Based on the analysis
of magnetization approach to saturation, we relate this peak
(near T® ~ 240K) to the Curie temperature of substituted
cementite (Fe,Mn)s;C that forms in the pearlite structure
of hypoeutectoid steel. It has been showed that the
temperature trend of steel saturation magnetization is suc-
cessfully described by the universal equation suggested in
the paper [18]. The magnetostatic inhomogeneity, related to
the pearlite lamellar structure, makes the main contribution
to the energy value of local magnetic anisotropy, which
leads to a slower, as compared to pure iron, approach of
magnetization to technical saturation. In the vicinity of
the cementite Curie temperature there is a stepwise change
in the energy of local magnetic anisotropy, related to an
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abrupt change in exchange and dipole-dipole interactions
between iron and cementite lamellas in the pearlite struc-
ture. Observation of a change in power regularities in
magnetization approach to saturation means the formation
of two-dimensional nanoirregularities of the local axis of
easy magnetization in alpha iron lamellas included in the
pearlite.

Finally, we would like to note that the conclusions
concerning the structure and phase composition, made on
the basis of magnetostructural studies shall be subsequently
verified using direct methods of structure and phase com-
position study.
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