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Hardening is an effective method to improve the hardness of the steel construction elements of an electric machine, such as rotor
shaft. Surface hardening is typically employed for shafts as it provides a material with hard wear-resistant surface (martensite)
and tough and ductile core (ferrite and pearlite), with the transitional zone between them (martensite, ferrite, and pearlite). The
investigations were performed on the specimens of AISI 1045 steel, which is commonly used in electric machines. There were
three categories of specimens, each of them representing a region in a surface hardened shaft – normalized specimens found in
as-delivered steel (core), partially hardened specimens obtained by partial hardening of normalized specimens (transitional zone),
and fully hardened specimens (hardened surface), also obtained from the normalized steel. The comparison of the magnetization
curves showed that partially and fully hardened specimens exhibited a decrease of saturation magnetic flux density for about 11%
and 7%, respectively, compared to the normalized specimens. The magnetizing curves from this study can be directly used in the
magnetic simulations of a surface-hardened shaft. This allows more accurate electromagnetic design of electric machines, in which
the shaft represents an important part of the magnetic circuit, e.g., two-pole wound-rotor synchronous machine.

Index Terms— Electric machine, hardening, hysteresis loop, magnetic properties, magnetizing curve, microstructure, shaft.

I. INTRODUCTION

THE carbon steels with carbon content up to 1%wt., such
as AISI 1000 series, are often used in electric machines

as main construction elements, e.g., shafts. During the electric
machine operation, a shaft has to transfer the torque and
mechanical power to the load; thus, it is subjected to dynamic
torsional loadings. Surface hardening enhances the shaft’s
ability to withstand these loads, thereby extending its lifes-
pan. Medium carbon steels, such as 4140 (42CrMo4), 4340
(36CrNiMo4), and 1045 (C45), are commonly used for shafts
due to their hardenability and toughness [1]. Shaft surface
hardness is critical for ensuring the durability, reliability, and
performance.

Induction surface hardening is a heat treatment process that
offers several advantages for enhancing shaft surface hardness,
including rapid heating, selective hardening, and minimal
distortion. It is a highly effective method for achieving the
desired surface hardness of the steel while maintaining a tough
core. The choice of steel depends on the specific applica-
tion requirements, considering factors, such as load, speed,
and operating environment. The process of induction surface
hardening creates a hard martensitic microstructure on the
surface that transitions to a base ferritic pearlitic microstruc-
ture [2]. This means that the transitional zone consists of
martensite, ferrite, and pearlite, which results in a mixture
of properties. These properties have been well described in
terms of mechanical characterization, especially hardness, but
there is a lack of magnetic data. The latter are needed for the
modeling purposes, e.g., with the finite element method, where
their magnetic properties are described with a magnetization
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curve. Namely, the shaft, being a ferromagnetic construc-
tion element, influences the magnetic circuit of an electrical
machine. However, it is often not properly included in the
magnetic analyses. It is usually modeled only as air domain,
leading to magnetically overdimensioned rotor designs [3].
Similar comparison of the influence of the shaft material on
the magnetic properties of an electric machine was made also
by Zhang et al. [4], giving the same conclusions. One of the
causes for neglecting the magnetic properties of shafts might
be the absence of the available data about magnetizing curves
of commercially available steels.

The focus of this article is on the magnetic properties of
the normalized, partially and fully hardened AISI 1045 steel,
representing the microstructure types of a surface hardened
shaft, more specifically the magnetizing curves, that are
used in the numerical simulations of the magnetic behavior
of electric machines. The literature review of this type of
steel shows, that until now, the emphasis of the research
has been on the influence of different heat treatment on
different physical properties affecting the performance of an
electrical machine, such as electrical, thermal, and mechanical
properties.

Agurto et al. [5] analyzed the dependence of the electrical
resistivity on the heat treatment (hardening) of 1045 steel.
They established that hardening at different temperatures
provoked a complex behavior, with the water-hardened speci-
mens having higher electrical resistivity than the oil-hardened
ones. Ramos et al. [6] analyzed the effects of temper-
ing temperature on temperature-dependent thermal properties,
focusing on the thermal conductivity and specific heat
of 1045 steel. The former was increased by tempering,
while the latter varied mildly with the different condi-
tions of tempering. Magnabosco et al. [7] performed the
analyses on the AISI 1045 steel in order to create the
thermometallurgical model of the induction heat treatment,
with the satisfactory agreement between the numerical and
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experimental results. Zhao et al. [8] performed quasi-static
combined tensile and torsional tests on normalized AISI
1045 steel. Their results showed that the ultimate tension and
torsion strengths were consistent to the results of uniaxial
tests, while there was some difference with the von Misses
yield strength criterion. Arifin et al. [9] studied the fatigue
crack propagation of 1045 steel by statistically analyzing
the measured leakage magnetic flux and established corre-
lations between the parameters and fatigue crack growth.
Sayed et al. [10] studied the mechanical and microstructural
properties of the gas- and shielded metal arc welded (GMAW
and SMAW, respectively) thick plates of AISI 1045 steel. The
plates were welded with different electrodes, and the prop-
erties of specimens were appropriate to be used in industry.
Gao et al. [11] built a 3-D finite element method electromag-
netic model of the spot induction hardening device in order to
predict its effects on the hardness and microstructure of the
1045 steel. The simulation results were validated by the mea-
surements. Kahrobaee et al. [12] characterized the induction
hardened 1045 steel specimens with electromagnetic methods
and statistical approach (principal component analysis), where
the specimens had different thicknesses of hardened layers.
The approach showed higher level of accuracy compared to
other methods.

The magnetic properties of the 1045 steel were studied in
the following papers. Jiles [13] published the results of the
comprehensive research about the magnetic properties of the
several AISI 1000 series steels with different carbon contents.
Among others, this work offers an insight into the magnetic
behavior of 1045 steel after different heat treatments, such
as annealing at different temperatures for different periods
of time, followed by different cooling rates. The studied
magnetic properties included coercivity, permeability, rema-
nence, and so on. Deldar et al. [14] studied the change
of magnetic permeability of 1045 steel in the fatigue tests.
They concluded that the measurement of the permeability
represents a good non-destructive test method to evaluate
the fatigue life and it can be performed during the oper-
ation. Costa et al. [15] analyzed the relationship between
the 1020 and 1045 steel microstructure by non-destructive
magnetic measurements, such as hysteresis and magnetic
Barkhausen noise. They established that it is possible to
identify the martensite and ferrite–pearlite structures by the
Barkhausen noise signatures and magnetic properties. Oliveira
Anício Costa et al. [16] analyzed the influence of microstruc-
ture on the electromagnetic behavior of carbon steel wires.
They concluded that the electrical and mechanical behav-
iors heavily depend on the thermomechanical history of
the material. Sahebalam et al. [17] studied the eddy cur-
rent and Barkhausen noise, while assessing the heat treated
(annealing, normalizing, hardening, and tempering) 1045 steel.
Regression analysis was shown to be effective to accurately
distinguish between the microstructures. Gorkunov et al. [18]
analyzed the correlation between stress–strain state parameters
and magnetic characteristics of steels St3 and 1045. They
observed a direct relationship between coercivity–strain and
between stress–strain on the one hand and inverse relationship
between remanence–strain and between permeability–strain.

Deng et al. [19] studied the effects of the structure charac-
teristics on magnetic Barkhausen noise in commercial steels
of 1000 series, i.e., steel 1045 being one of them. It was
shown that Barkhausen noise parameters strongly depend on
the carbon content, hardness, roughness, and elastic modulus.

In our work, the magnetic properties were measured in
the form of sets of quasi-static dc hysteresis loops, from
which the saturation points were extracted to form the lossless
magnetization curves. The latter are commonly used in the
non-linear magnetic simulations. Apart from the graphical
results and photographs of the microstructure, we also added
the numerical results for the magnetization curves that can be
used to describe the constructional steel parts in an electric
machine more accurately, as well as Vickers hardness mea-
surement results.

II. MATERIALS AND METHODS

A total of ten rod specimens of AISI 1045 (DIN C45)
steel were made. The specimens were set into three categories
based on the bulk microstructure throughout their volume. The
first category was normalized specimens (N) with a ferritic
pearlitic microstructure, usually found in as-delivered steel.
The second category was partially hardened specimens (PH),
where the microstructure consisted of martensite, ferrite, and
minor amounts of pearlite. This is a common occurrence
in the process of induction surface hardening, where the
subsurface areas are not fully hardened. The third category
was fully hardened specimens (FH), which consisted of a
martensitic structure, typical for a fully hardened surface. The
specimens were not tempered after hardening. The first four
specimens N1–N4 were from the first category, the second
set of specimens PH1–PH4 were from the second category,
and the third set was from the third category, consisting of
two specimens, FH1 and FH2. The three categories of spec-
imens represent the layers of a surface hardened shaft–hard
martensitic microstructure on the surface (specimens FH),
ferritic pearlitic microstructure in the core (specimens N), and
martensite, ferrite, and pearlite transitional zone between them
(specimens PH).

Each rod specimen of a 100 mm length was machined
by turning and brushing to the final diameter of 10.005 ±

0.001 mm. MagnetPhysik Remagraph RE3 was used to mea-
sure the quasi-static dc hysteresis loop of each specimen,
following the measurement via permeameter method of IEC
60404-4 standard [20], [21]. The amplitudes of the mag-
netic field strength H during the measurements were set
to the approximately same values for all specimens, with
the maximum amplitude of around H = 8000 A/m. Every
specimen was demagnetized prior to each measurement. Then,
the excitation current was varied in order to record more
than one period of magnetic field strength H (Fig. 1) and
magnetic flux density B (Fig. 2). This ensures measuring a
whole B–H hysteresis loop (Fig. 3) with the addition of initial
magnetization (red) and finalization, when the excitation H is
removed (black) and only remanent flux density Br remains
(Br > 0) in the specimen.

After the measurement of each hysteresis loop, the signals
of B and H were filtered to eliminate the environmental noise,
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Fig. 1. Measurement of magnetic field strength.

Fig. 2. Measurement of magnetic flux density.

Fig. 3. Measurement of dc hysteresis loop.

captured by the Remagraph device. Then, the saturation point
of the hysteresis loop was taken to form a point on the “loss-
less” magnetization curve (Fig. 4), which is commonly used in
the non-linear finite element method magnetic analyses, where
the hysteresis and eddy-current losses of a ferromagnetic
material are calculated in post-processing.

At the end of the magnetic measurements, each specimen
was cut for metallographic examination. First, the specimens
for metallographic analysis were ground and subsequently
polished with 1 µm diamond paste. The mirror polished
specimens were etched by 5% nital. The microstructures were
analyzed with Nikon Microphot FXA light optical microscope.

Fig. 4. Saturation point, obtained from the hysteresis loop, forming the
magnetizing curve.

Fig. 5. First category of 1045 steel, specimen N1.

Fig. 6. Magnetic properties of the first category of 1045 steel, specimens
N1–N4.

Vickers microhardness was measured using Instron Tukon
2100B microhardness tester.
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TABLE I
MEASUREMENT RESULTS OF THE SPECIMENS N1–N4, SATURATION

POINTS OF THE HYSTERESIS LOOPS

III. RESULTS AND DISCUSSION

The specimens of the first category, i.e., specimens N1–N4,
exhibited the same structural and magnetic properties, shown
in Figs. 5 and 6, respectively.

In Fig. 5, the normalized microstructure that consists of
ferrite and pearlite, with slight banding due to solidification
and hot rolling, is visible, and there is a roughly equal amount
of both microstructural constituents. This kind of microstruc-
ture is typically found in 1045 steel. The core and therefore
most of the volume of a shaft consist of such microstructure.
Ferrite and pearlite will result in soft and relatively tough
and ductile material properties. The drawback of this kind of
microstructure is low wear resistance that can result in surface
degradation.

In Fig. 6, the largest dc hysteresis loop of the specimen
N1, obtained by one of the measurements with Remagraph
RE3, is shown. The hysteresis loops of other specimens
N2–N4 are the same as the one shown in Fig. 6. The
saturation points for the four specimens N1–N4 are graph-
ically shown in Fig. 6, with the numerical values given
in Table I. The magnetizing curves drawn from the satu-
ration points show identical magnetic properties of all four
specimens.

Fig. 7. Second category of 1045 steel, specimens (a) PH1, (b) PH2, (c) PH3,
and (d) PH4.

The specimens of the second category, i.e., partially
hardened specimens PH1–PH4, are shown in Fig. 7. The
microstructures consist of martensite, ferrite, and pearlite.
This is a typical microstructural composition for the sub-
surface transitional zone, where the microstructre transitions
from fully hardened to non-affected ferrite–pearlite base
microstructure. In the transitional zone, most of the ferrite
is preserved beacuse it needs the highest temperature to
transform to austenite. On the other hand, pearlite mostly
transforms into austenite and consequently into martensite
after cooling. The resulting material properties have higher
hardness than the base material but not as high as the fully
hardened surface. The magnetic properties of the transitional
zone remain unknown due to the heterogenous chemical
composition of microstructure constituence. The martensite in
a fully hardened microstructure (surface) contains 0.45% C,
while the martensite in the transitional zone contains approx-
imately 0.76% C (eutectoid composition), and this causes an
additional distortion of the tetragonal body-centered crystal
lattice.
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TABLE II
MEASUREMENT RESULTS OF THE SPECIMENS PH1–PH4,

SATURATION POINTS OF THE HYSTERESIS LOOPS

The measured magnetic properties of the specimens
PH1–PH4 are almost identical (Fig. 8). The hysteresis loop
is wider compared to specimens N1–N4, meaning that the
coercivity increased. The remanence remained approximately
the same, while the saturation point is at lower magnetic
flux density. When the saturation points of measurements
on all specimens PH1–PH4 are gathered together to form
the magnetizing curves (Fig. 8), it can be seen that the
initial permeability and saturation level are lower compared
to specimens N1–N4. The knees of the magnetizing curves
also occur at lower magnetic flux density and higher magnetic
field strength. The numerical results are gathered in Table II.
All in all, the hardening process, in which the specimens
were partially hardened, resulted in worsening the magnetic
properties.

The structures of the two specimens from the third category,
i.e., fully hardened specimens FH1 and FH2, are shown in
Fig. 9. The specimens contain untampered martensite, typ-
ically found in the surfaces of inductively hardened shafts.
The high hardness provides good wear-resistance needed for
parts that are exposed mechanical contact loads and friction.
The martensite in these two specimens contains approximately
0.45% C, which is the bulk composition.

The coercivity and remanence points on the hysteresis loop
of the specimen FH1 (Fig. 10) are similar to the points of the

Fig. 8. Magnetic properties of second category of 1045 steel, specimens
PH1–PH4.

Fig. 9. Third category of 1045 steel, specimens (a) FH1 and (b) FH2.

specimens of the second category, PH1–PH4, while the satu-
ration points are at higher magnetic flux densities (Table III).
Moreover, for specimens FH1 and FH2, an additional decrease
in initial permeability can be noted compared to specimens
PH1–PH4.

The comparison of magnetizing curves of the specimens
of different categories is shown in Fig. 11, with the other
key magnetic parameters, i.e., coercivity Hc, remanence Br,
and initial relative permeability µr,i, gathered in Table IV.
It can be seen that hardening degrades magnetic properties of
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TABLE III
MEASUREMENT RESULTS OF THE SPECIMENS FH1 AND FH2,

SATURATION POINTS OF THE HYSTERESIS LOOPS

Fig. 10. Magnetic properties of third category of 1045 steel, specimens FH1
and FH2.

the 1045 steel, with partial hardening (martensite, ferrite, and
pearlite in the microstructure) having a larger decrease of sat-
uration magnetization compared to full hardening (martensite
microstructure), with −11% and −7% decrease, respectively.
This greater decrease in saturation magnetization is due to the
presence of martensite with higher concentration of carbon.
The hysteresis loops of both partially and fully hardened
specimens are wider than that of the normalized material.
This is a consequence of martensite formation and consequent
increased dislocation density, strain, anisotropy, and internal

TABLE IV
OTHER KEY MAGNETIC PARAMETERS: COERCIVITY, REMANENCE,

AND INITIAL RELATIVE PERMEABILITY

TABLE V
VICKERS HARDNESS MEASUREMENT RESULTS (HV10)

Fig. 11. Comparison of magnetizing curves and hysteresis loops of specimens
that belong to different categories.

stress, all of which reduce the mobility of domain walls,
thereby increasing coercivity and decreasing initial relative
permeability. The variation of remanence between the three
types of microstructures is minimal, as the measured values
are close to one another. Additionally, in Table V, Vickers
hardness (HV10) measurement results are given. The differ-
ence between the categories of specimens can be clearly seen.

IV. CONCLUSION

The magnetization curves, which were obtained by mea-
suring the quasi-static dc hysteresis loops, can serve as the
input material data for the non-linear finite-element-method
magnetic simulations of a surface hardened shaft. Based on the
results, presented in this article, one can apply the magnetic
properties of the normalized, partially, and fully hardened
1045 steel. The normalized material shows the best magnetic
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properties in terms of magnetic saturation, followed by the
fully hardened and partially hardened material. This allows
more accurate magnetic design and modeling, particularly in
the electric machine, in which a significant portion of the
magnetic flux passes the rotor shaft, e.g., two-pole wound-
rotor synchronous machine.
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