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The magnetic properties of four carbon steels were evaluated using an electromagnetic sensor and corre-
lated with their microstructures. Their composition, microstructure features (such as ferrite volume frac-
tion, grain size, inclusions, etc), and hardness were compared with their saturated magnetic flux density,
retentivity, and coercivity. The four steel rods used in this study were hot-rolled AISI 1010, AISI 1018, AISI
1045, and AISI 1045-high manganese/“stress proof.” The results show that microstructures have a notable
effect on the magnetic properties of the steels. In addition, the effect of variations in cross-section area of the
steel rods on the magnetic response was investigated. The steel rods diameters were systematically reduced
by machining and then magnetically evaluated. Consistent relationships between metallurgical character-
istics of the structural carbon steels and their magnetic properties measured with the electromagnetic
sensor were obtained. In addition, the sensor was found to be able to detect changes in magnetic properties
due to variations in cross-section area. These results reveal that the electromagnetic sensor has the potential
to be used as a reliable nondestructive tool to detect and monitor microstructural and morphological
changes occurring during the different stages of steel manufacturing or alterations caused by a degradation
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mechanism.
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1. Introduction

An adequate process control during manufacturing of steels
is crucial to maintaining microstructural homogeneity and
consistency in mechanical properties. In the case of hot-rolled
steel it is important to control variations in temperature
distribution and rates during cooling that can affect final
microstructures. Similarly, in high-strength steels the develop-
ment of second phases needs to be monitored during cooling to
obtain the desired mechanical properties. On the other hand, the
magnetic properties of ferromagnetic materials are influenced
by their chemical composition and microstructure. It is then
feasible to follow the microstructural variations in steels during
manufacturing processing or their degradation by measuring
and monitoring changes in magnetic properties.

Several magnetic-based systems have been developed to
monitor steel processing. Mesina et al. (Ref 1) designed a
pulsed electromagnetic sensor for automatic sorting of scrap
stainless steel. Haldane and Papaelias et al. (Ref 2, 3)
developed a multifrequency sensor for the measurement of
ferrite/austenite phase fraction and identification of phase
transformation during the production of strip steel with dual
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or multiphase microstructures. Mohri et al. (Ref 4) presented
micromagnetic sensors for the evaluation of pinholes and
defects in steel sheets and rods. Taylor (Ref 5) used electro-
magnetic sensors to measure the grain size of continuous
moving steel sheet at various stages of processing.

Degauque et al. (Ref 6) reported that the magnetic domain
size is proportional to the square root of grain size for grain
diameters between 0.05 and 1.0 mm; magnetic properties are
affected by the grain size because of the generation of closure
domains at the grain boundaries, which provide obstacles to the
movement of the domain walls during magnetization. Anglada-
Rivera et al. (Ref 7) studied the effect of grain size on the
hysteresis loop in commercial 1005 carbon steel (C-0.04; Mn-
0.82 P-0.016; S-0.027); different specimens of this steel were
submitted to different heat treatments to produce several grain
sizes as observed in Table 1 and shown in Fig. 1. They found
changes in the hysteresis curves as a result of variations in grain
size; they also determined that the induced magnetic saturation
or B.x decreased with grain size coarsening (Fig. 2).

Tanner et al. (Ref 8) observed a linear trend between
coercivity H, and the inverse of the grain size and they also
correlated H, to the presence of ferrite and pearlite according to
the equation:

Vo Vi
H.=c 7 + o d_f
P

where ¥}, and V; are the pearlite and ferrite volume fractions,
and d, and d are the pearlite colony size and ferrite grain
size, respectively; ¢; and ¢, are constants. In general, they
established that any additional microstructural constituent in
carbon steels (i.e., pearlite in a ferritic matrix) tends to
dominate the magnetic behavior when it is present in ample

(Eq 1)
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Table 1 Heat treatments and grain sizes in this study
Ref 7)

Heat treatment procedure Grain size, pm

Austenitized at 900 °C, 1 h; 20
air cool to room temperature
Austenitized at 900 °C, 1 h; 35

furnace cool to 650 °C;
then air cool to room temperature

Austenitized at 900 °C, 1 h; 45
furnace cool to room temperature

quantities. Yoshino et al. (Ref 9) also stated that pearlite does
not significantly affect H. at volume fractions less than 17%.
Furthermore, when pearlite constitutes more than the 60% of
the microstructure, H, increases proportionally to the pearlite
fraction independently of the grain size. In the same way, H,
is dominated by the martensite percent rather than the ferrite
grain size in ferritic steels containing more than 15% of mar-
tensite. For austenitized, quenched, and tempered plain-car-
bon steels, the prior austenite grain size has a negligible
effect on the hysteresis loop characteristics.

Our study uses an electromagnetic sensor developed at the
University of Illinois at Chicago (Ref 10-13) to evaluate
structural carbon steels microstructures by measuring their
magnetic properties. Furthermore, since most of the materials
degradation mechanisms, such as corrosion, creep, and fatigue,
change the area of the affected component, the feasibility of
using the electromagnetic sensor to detect changes in cross-
section area of steels was evaluated.

2. Experimental Details

2.1 Materials and Experimental Approach

Cylindrical rods 12.5 mm in diameter and 813 mm long of
four different structural steels, hot-rolled AISI 1010, AISI 1018,
AISI 1045, and AISI 1045-high manganese/stress-proof, were
used in this study. Their chemical composition and corre-
sponding microstructures are presented in Table 2 and Fig. 3.
The magnetic response of the samples was recorded using an
electromagnetic (EM) sensor. Before magnetization and gener-
ation of the hysteresis curves for each specimen, the samples
were demagnetized. The parameters for a hysteresis cycle were:
+10 A demagnetizing current; 100 s demagnetizing time, 1 Hz
demagnetizing frequency, and 10 A hysteresis current. The
curves were plotted in SI units of Tesla (T) for the magnetic
induction and amperes per meter (A/m) for the magnetic field
H. Three measurements were performed per sample and the
data was statistically analyzed. All measurements were con-
ducted at room temperature. The measured magnetic properties
were then correlated with steel metallurgical features such as
carbon content, ferrite volume fraction, grain size, and hard-
ness.

The specimen diameters were reduced by machining at the
rod mid-length in a zone 50.8 mm long, in the amounts of 5,
10, and 15%, for each steel. Figure 4 depicts the machined
AIST 1045 steel samples. The magnetic flux density was
recorded in each case and correlated with the degree of mass
loss due to reduction in cross-sectional area.
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Fig. 1 Optical micrographs displaying the different grain sizes of
specimens considered in the investigation (Ref 7): (a) 20 pm, (b)
35 pm, and (c) 45 pm

2.2 Description of the EM Sensor

The EM sensor and measuring system consisted of a
primary coil or solenoid that magnetizes the steel samples; the
secondary coil wound on the test sample senses changes of
magnetic flux. There is a voltage induced by these flux changes
which is processed by an electronic integrator, which takes into
consideration a fixed cross-section area of the 12.5 mm
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Fig. 2 (a) Effect of grain size on the magnetic hysteresis curve of
AISI 1005 steel. (b) Variation of By, with grain size in the same

steel (Ref 7)

Table 2 Chemical composition of steels studied

Element, wt.%

Steel C Mn P S Si
AISI 1010-hot-rolled 0.11 0.65 0.012 0.027 0.18
AISI 1018 0.17 0.77 0.012 0.030 0.19
AISI 1045 0.52 0.83 0.008 0.013 0.27
AISI 1045-High Mn/stress-proof 0.48 1.57 0.009 0.040 0.20

diameter rod (122.7 mm?). The secondary coil is placed
concentrically with the primary coil. The tangential component
of the intensity of the magnetic field is measured by an array of
Hall sensors conveniently located close to the surface of
the specimen. Figure 5 shows the details of the EM sensor. The
Hall sensors were initially calibrated to relate reliably the
magnetic intensity to the output voltage. The array of Hall
sensors can be treated as a line arrangement, provided that the
configuration is placed in a magnetic field with cylindrical
symmetry. Then, the value of the magnetic field at different
sensor positions corresponds to the magnetic field at different
distances from the test sample and the magnetic intensity at the
surface of the sample can be found by extrapolation. The output
voltages from the Hall sensors and integrator are read by an
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A/D converter implemented on a data acquisition board
CYDASI1600, which is controlled by a graphical programming
language called DASYLAB, suitable for the development of
applications such as the monitoring of the magnetizing process
and generation of hysteresis curves. Magnetic properties for
each specimen were determined from the hysteresis curves.

3. Results and Discussion

3.1 Magnetic Properties and Metallurgical Variables

The magnetic properties were obtained from hysteresis
curves generated with the EM sensor. Figure 6 is a schematic
illustrating how these properties were obtained. Table 3
presents the values for the saturated magnetic flux density,
coercivity, and retentivity, as well as corresponding 95%
confidence limits. The values attained in this investigation are
consistent with those reported in the literature (Ref 14-20).

The magnetic saturations and coercivities were plotted as a
function of the carbon content, as shown in Fig. 7. It is
observed, that magnetic saturation decreased with increase in
carbon content (Fig. 7a); the highest magnetic saturation
reading was obtained for the hot-rolled AISI 1010 steel, and
the lowest for the stress-proof AISI 1045-High Mn steel. This
magnetic response is expected since the increase in carbon
content causes a decrease in ferromagnetic ferrite and an
increase of pearlite, particularly nonmagnetic iron carbide or
cementite. The difference in magnetic saturation between the
AISI 1045 and stress-proof AISI 1045-High Mn, can be
attributed to the work hardening remaining in the latter sample
in the presence of dislocations, as well as to the presence of
sulfide inclusions (Fig. 3d). All these obstacles will cause lower
induced magnetic saturation values.

On the other hand, when correlating coercivity with carbon
content in the steels, the tendency was opposite (Fig. 7b), but it
was also expected. Coercivity represents the intensity of the
applied magnetic field required to reduce the magnetization of
that material to zero. AISI 1010 and 1018 steels, Fig. 7a,
showed the highest magnetic saturation measurements, because
of their quick and favorable response to the applied magnetic
field due to the presence of larger amounts of the magnetically
soft ferrite; hence, both specimens are expected to require lower
applied magnetic fields, and hence lower coercivities, to
eliminate the magnetization of the steel. The steels, AISI
1045 and AISI 1045-High Mn/stress-proof, are anticipated to
have higher coercivities due to the obstacles imparted by the
larger volume fraction of iron carbide and lesser amounts of
ferrite, as well as due to the presence of sulfides and
dislocations that will pin the wall domains and thus make the
demagnetization of these steels more difficult.

Better correlations between magnetic properties and micro-
structure were obtained when the magnetic saturations and
coercivities were plotted as a function of ferrite content and
ASTM grain size for the different steels (Fig. 8 and 9). As
the content of the magnetically soft phase ferrite increases, the
saturated magnetic induction in the steel increases and the
coercivities decrease. The highest ferrite content and corre-
sponding largest magnetic saturated induction and lowest
coercivity were found in the hot-rolled AISI 1010 steel; while
the stress-proof AISI 1045-High Mn steel had the lowest ferrite
content. Larger amounts of pearlite, and hence iron carbide,
increase the coercivity and decreases the saturated magnetic
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Fig. 4 Appearance of AISI 1045 steels rods that were machined

induction because domain wall motion is restricted by the
lamellar carbide.

The relationship between magnetic properties and grain size
for all four steels establishes that the magnetic saturation declines
with decrease in grain size, while the coercivity increases with
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Fig. 5 Schematic of the electromagnetic sensor and measuring sys-
tem
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Table 3 Magnetic properties for the studied steels

Magnetic property

Steel Saturation, T 95% CL Coercivity, A/m 95% CL Retentivity, T 95% CL
AISI 1010-hot-rolled 2.0927 0.0036 685.02 5.92 0.8517 0.0005
AISI 1018 2.0786 0.0048 769.51 29.44 1.1331 0.0254
AISI 1045 2.0037 0.0027 1183.96 26.96 1.0233 0.0077
Stress-proof AISI 1045-High Mn 1.9414 0.0015 1252.32 9.56 1.2369 0.0007
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Fig. 7 Magnetic saturation (a) and coercivity (b) vs. carbon content

grain size reduction (Fig. 9). The stress-proof AISI 1045-High
Mn steel had the smallest grain structure and correspondingly the
lowest magnetic saturation and highest coercivity. This implies
that the grain boundaries slow down or reduce the magnetic
domain walls most compared to the other steels in this study. It is
speculated that grain boundaries provide obstacles to the
movement of domain walls during magnetization.

The grain size is associated to the amount of cold work in
the steel, which also causes a systematic variation in magnetic
properties (Ref 16, 17). The degree of cold work is the highest
in the stress-proof steel and the lowest in the hot-rolled.
Domain wall pining becomes stronger as the dislocation density
increases during cold work, producing the highest coercivity
and the lowest magnetic induction in the AISI 1045-High
Mn/stress-proof steel. A higher dislocation density is expected
in this latter steel because of its strained condition compared to
the AISI 1045 steel.

Hardness is a mechanical property in materials that encom-
passes chemical composition and microstructure in terms of
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Ferrite content (%)

Fig. 8 Magnetic saturation (a) and coercivity (b) vs. ferrite content

phase distribution and grain sizes. The magnetic measurements
of the steels in this study have been correlated with the
hardness; as it was expected the saturated magnetic induction
decreased with hardness, while the coercivity increased with
hardness as observed in Fig. 10. The increase in the amount of
pearlite due to the higher carbon, the decrease in grain size, and
the remaining strain of the steels as a result of deformation,
contributed to produce a material less responsive to magneti-
zation on application of a magnetic field. Furthermore, as the
materials became magnetized, it took a larger applied magnetic
field (large coercivity, Fig. 10b) to reduce the induced magne-
tization to zero for the harder steels (AISI 1045-High Mn/
stress-proof and the AISI 1045) compared to the softer ones
(AISI 1010 and 1018 steels) that show lower coercivities.

No correlations could be found between retentivity and
microstructural features and hardness for these steels. Reten-
tivity has been reported to be mostly affected by carbide
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Fig. 9 Magnetic saturation (a) and coercivity (b) vs. ASTM grain
size number

morphology; in this investigation, all the steels exhibit the same
lamellar carbide morphology, except the amounts of iron
carbide increased with the carbon content of the steel.
Figure 11 reflects this lack of correlation.

3.2 Impact of Specimen Diameter Reductions on Magnetic
Measurements

The objective in this portion of the investigation was to
determine if this sensor could be expanded to the detection of
uniform corrosion in steels considering a homogeneous reduc-
tion of the diameter of the steel due to surface degradation. As
pointed out above, the diameter reductions were carried out by
machining systematically each of the steel specimens and
carrying out measurement at each reduction. The reduction in
cross-section area of the steel rods is accompanied by a mass
loss, which was normalized according to the length of the
machined zone (Fig. 4). The results are presented in Table 4.

Figure 12 shows the hysteresis curves obtained for each
level of reduction for all steels. The 0% reduction corresponds
to the sample without any reduction in area. Then, as the
diameter of the steel was reduced it is observed in Fig. 12 that
the saturated magnetic flux density decreased; this is contrary to
what it would be expected. This occurs because in the
calculations to convert the output voltage into magnetic flux
density B, the cross-section area was assumed constant in all
cases and equal to 122.7 mm?, the cross-section area of
samples without any reduction in area. In addition, as the
diameter of the sample is reduced, the air gap between the
sensing coil and the rod increases, producing localized
magnetic fields opposite to the direction of the applied
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Fig. 11 Retentivity vs. carbon content plot for the steels studied in
this investigation

Table 4 Normalized mass loss for all steel samples due
to the reduction in diameter

Reduction in cross-section Normalized mass loss,

area, % glem?
5 0.1221
10 0.2443
15 0.3665

magnetic field. Consequently, demagnetizing forces will
develop causing flux leakage, which reduces the magnetic flux
in the rods as their cross-section areas are reduced. This
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Fig. 13 Magnetic saturation vs. normalized mass loss for the
machined samples

assumption allows us to establish a correlation for cases when
the reduction in area cannot be accurately measured, as is in the
case of materials degradation mechanisms. Looking at the
hysteresis curves for the AISI 1010-hot-rolled steel rod plotted
in Fig. 12(a), the magnitude of the saturated magnetic flux
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Fig. 14 Retentivity vs. normalized mass loss for the machined
samples

density (Bs) drops from a value of 2.09 T for the original
diameter of 12.5 mm, or zero mass loss, to approximately
1.55 T at 15% cross-sectional area reduction (0.37 g/cm® mass
loss) following a linear relationship. A similar trend was
observed for the AISI 1018, AISI 1045, and AISI 1045-High
Mn/stress-proof steels.
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The saturated magnetic flux densities By corresponding to
the different types of steel rods were plotted as a function of the
normalized mass loss as shown in Fig. 13. As expected, the
magnetic flux densities for the four types of steel rods are
different; the AISI 1010-hot-rolled steel shows consistently the
highest values compared to the AISI 1018, AISI 1045, and
AIST 1045-high Mn/stress-proof steel rods. The magnetic
retentivity, B,, was also plotted as a function of the normalized
mass loss for all steel rods, as shown in Fig. 14. A linear
relationship was observed again where the retentivity decreased
with cross-section area reduction or mass loss. Based on
calculated 95% confidence limits it was determined that
magnetic flux saturation was more sensitive to the small
systematic diameter reductions. Therefore, variations in cross-
section area of steels can be predicted based on saturated
magnetic flux density measured by the EM sensor. A specific
application was found in the quantification of small mass losses
due to early corrosion in structural steels reported in our
previous publications (Ref 21, 22).

4. Conclusions

1. It was observed that the carbon content of the steels af-
fected the magnetic behavior of the steels. It was estab-
lished that the increase in the amount of iron carbide
(cementite) of the steels reduced their magnetization
potential.

2. The induced magnetic saturation and coercivity measured
with the EM sensor can be reliably correlated to percent
of ferrite, grain size, and hardness of the steel.

3. The reductions in the cross-section area of the steel rods
caused a decrease in the induced saturated flux, as well
as in the magnetic retentivity. Both quantities had a linear
correlation with the mass loss.

4. It was established that electromagnetic sensor can be con-
fidently used to identify microstructure features and esti-
mate variations in cross-section area in structural steels.
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