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Assessment Of Surface Corrosion On Carbon Steel Plates Using
A Differential Fluxgate Probe

Abstract. In this work, magnetic responses from artificial corrosion defects were investigated using a differential fluxgate probe. Different rates of
corrosion defects were prepared based on the electrolytic corrosion process on the surface of a carbon steel plate by manipulating the corrosion
period. Then, the differential fluxgate probe, consisting of two miniature fluxgates arranged in a planar configuration and a circular excitation coil,
was used to measure the real and imaginary components of magnetic responses from the corrosion defects in the range of 5 to 510 Hz. The real
differential magnetic response from the probe showed that the magnetic signal change was proportionally increased with the corrosion period,
revealing the increased depth of the corroded region with the electrolytic corrosion period. The magnetic response induced by an excitation field from
10 to 110 Hz could be utilized to enable a sensitive depth estimation of a corrosion defect on high-permeability steel at a sub-millimeter resolution.

Streszczenie. W tej pracy zbadano reakcje magnetyczne wywotane sztucznymi defektami korozyjnymi za pomocg réznicowej sondy fluxgate. W
oparciu o proces korozji elektrolitycznej na powierzchni ptyty ze stali weglowej przygotowano rézne stopnie defektéw korozyjnych poprzez
manipulacje okresem korozji. Nastepnie za pomocg réznicowej sondy fluxgate, skfadajgcej sie z dwdch miniaturowych bramek strumieniowych
utozonych w ukfadzie planarnym oraz koftowej cewki wzbudzajgcej, dokonano pomiaru sktadowych rzeczywistych i urojonych odpowiedzi
magnetycznych od defektéw korozyjnych w zakresie od 5 do 510 Hz. Rzeczywista réznicowa odpowiedz magnetyczna z sondy wykazata, ze zmiana
sygnatu magnetycznego bytfa proporcjonalnie zwigkszona wraz z okresem korozji, ujawniajgc zwiekszong gteboko$¢ skorodowanego obszaru wraz z
okresem korozji elektrolitycznej. Odpowiedz magnetyczng indukowang przez pole wzbudzenia o czestotliwo$ci od 10 do 110 Hz mozna wykorzystac
do dokfadnego oszacowania gteboko$ci korozji stali o wysokiej przenikalno$ci z rozdzielczo$cig ponizej milimetra. (Ocena korozji powierzchniowej
plyt ze stali weglowej przy uzyciu sondy réznicowej Fluxgate)
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Introduction 1 . 1
Defects from corrosion in steel components is among (1) penetration depth & = %rf,uo“

the major issues in aging structures, where even minor
corrosion can lead to a catastrophic accident. Corrosion can
start at the steel surfaces and progresses to penetrate
penetrates deep inside the steel components. This
phenomenon will cause the steel components to
deform/crack due to the volume expansion and strain of the
corroded region [1], [2]. When the corrosion enters the
propagation stage, the structure deterioration will be
accelerated [1]; hence, it is imperative to detect the
corrosion at its early stage and be able to continuously
monitor its progress while maintaining the operation of the
steel structures. It has been reported that worldwide USD$
2.5 trillion is used for maintenance and repairs of corrosion-
affected structures [3].

Visual inspection, half-cell potential, and electrochemical
impedance spectroscopy methods are conventionally used
to assess corrosion. Despite the effectiveness of half-cell
potential and electrochemical impedance spectroscopy
methods for in-depth corrosion investigation [1], these
methods require an invasive and contact measurement
procedure, i.e., destructive testing. Moreover, the
assessment using the visual inspection method can be
difficult and misdiagnosed for internally occurring or hidden
corrosion, i.e., not visible by eye inspection, and sufficient
experience and training are sought for an inspector [1], [4].

The emerging electromagnetic methods such as eddy
current (EC)/ pulsed-eddy current (PEC) and magnetic flux
leakage (MFL) methods offer a non-invasive non-
destructive method for corrosion rate assessment [2], [3].
However, the detection sensitivity in these conventional
PEC and low-frequency EC methods is governed by the
properties of steel, particularly the magnetic permeability,
where the high permeability value will limit the penetration
of the induced eddy current, thus, the detection of
subsurface/backside corrosion [5]:

where f, o, u are frequency, electrical conductivity and
magnetic permeability of the material, respectively.
Moreover, the simultaneously induced strong magnetization
signal will bury the weaker eddy current signal since the
eddy current signal is smaller than the magnetization signal.
On the other hand, the magnetic permeability value of steel,
such as carbon steel, ranges from 100 to 1000, while the
iron oxide FeO, i.e., rust, is around 1. The large
permeability difference between the non-corroded and
corroded regions greatly benefits the electromagnetic
methods, where corrosion can be regarded as similar to the
thinning phenomena of steel.

Conventional EC and MFL probes employ conventional
magnetic sensors such as Hall sensors and copper coils to
detect the magnetic responses from a sample [6], [7]. To
further enhance the detection sensitivity of corrosion in a
high permeability sample, it is indispensable to use a
sensitive magnetic sensor in the low-frequency region [8]. In
this work, we test a differential fluxgate probe based on
miniature fluxgate sensors (DRV425, Texas Instruments) to
assess different corrosion rates of surface corrosion defects
on a carbon steel plate.

Experimental

A differential magnetic probe consisting of two miniature
fluxgate sensors (DRV425, Texas Instruments) has been
developed. The fluxgate exhibited a magnetic field noise of
1.5 nTANHz at 10 Hz in the shielded environment when
biased at 5 V. The evaluated sensitivity was 30 mV/puT
when shunted by 200 Q with a linear region of [-0.5 mT, 0.5
mT] [7]. The two fluxgates were placed at the center of a
100-turn excitation coil fabricated from a 0.1 mm diameter
Cu wire. The size of the coil and the fluxgates were given
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by 14 mm (internal diameter) and 4 mm x 4 mm,
respectively. A 2-mm baseline separated the fluxgates with
their sensitive axis in the z-direction to form a planar
differential configuration of dB,dx. The outputs of the
fluxgates were sampled individually by a data acquisition
card (NI-USB 6212, National Instruments), and the
differential signal of the fluxgates was obtained digitally
after a phase-sensitive signal separation in a computer. The
probe was attached to an XY-stage to allow positioning over
a sample, and the XY-stage was controlled by the computer
through LabVIEW. The diagram of the measurement setup
can be found in Figure 1. The differential magnetic
response was expressed as AB; based on this
approximation:

) 6BZ ~ ABZ _ Bz,fluxgatel B Bz,fluxgatez o« AB

oX  AX baseline
where the baseline of the differential fluxgates was a fixed
value.

A 6-mm carbon steel (mild steel) plate was used to
prepare a surface corrosion sample at different corrosion
periods. The plate has a dimension of 25 x 25 cm?. Since
corrosion could take quite a long time to form, the
electrolytic corrosion process was used, also known as
accelerated corrosion. For this electrolytic corrosion
process, the electrolyte was made up using a combination
of vinegar, 6% hydrogen peroxide solution, and iodized salt.
Then, a DC voltage supply was applied to an array of
copper sheets, and the carbon steel plate was connected to
the negative terminal of the power supply. Then, between
the plate and the copper sheets, cotton buds soaked with
the electrolyte solution were introduced to complete the
electrical circuit. The electrolytic corrosion process was
performed continuously for a specific corrosion period, and
the electrolyte solution was continuously maintained during
the period. Four areas were prepared for the different
corrosion periods: 5, 10, 15, and 20 days. The complete
setup of the electrolytic process is illustrated in Figure 2 (a),
and the sample photograph is shown in Figure 2 (b). After
measuring magnetic responses using the differential
fluxgate probe, the corrosion depth was assessed by
carefully removing the corrosion layer and measuring the
resulting depth using a micrometer.
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Fig. 1. Simplified diagram of the differential fluxgate probe.

Table 1. The parameters of the corrosion defects

Defect Defect 1 | Defect 2 | Defect 3 | Defect 4
Corrosion
Period (day) | ° 10 20 30
Measured 012+ 0.17+ 0.26 + 0.35+
depth (mm) 0.04 0.04 0.03 0.04
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Fig. 2. (a) Diagram of the corrosion defect preparation and (b)
photograph of the prepared corrosion defects on the carbon steel
plate.

Results and Discussion
Effect of Frequency and Excitation Current on Magnetic
Responses of Corroded Area

Figure 3 shows the real and imaginary magnetic
responses AB, of the corrosion defects measured from 5 to
510 Hz. The real component Re[AB;] showed that the signal
responded by a minimum and maximum value at each edge
of the corrosion defect. Defect 4, with the highest corrosion
period, showed the largest signal peak of Re[AB;]
compared to other defects. On the other hand, the defects
could not be identified from the waveforms of Imag[AB;]
compared to the waveforms of Re[AB;]. When the excitation
frequency was increased, Re[AB,] showed a change in the
peak values of each defect, while for the Imag[AB;]
waveforms, their signal offset was reduced. The increased
intensity of the signal offset in Imag[AB;] could be inferred
as the increased intensity of eddy current generation near
the surface due to decreasing penetration depth as the
frequency was increased. The change in signal intensity of
Re[AB;] due to different excitation frequencies was then
analyzed by calculating the peak-to-trough signal By, for
each defect, as shown in Figure 3 (a). The calculated By, at
different frequencies for each defect is plotted in Figure 5
(a). A linear correlation could be assumed between the By,
signal and the defect depth, indicating the probe could
resolve the corrosion depth at a sub-millimeter sensitivity.
Although the slope of the correlation was slightly different,
the highest slope was obtained at 10 Hz (slope m=0.079
mV/mm), while the lowest slope was at 510 Hz (slope
m=0.069 mV/mm).

Figure 4 shows the effect of the excitation current
intensity on the real and imaginary components of AB, from
10 to 70 mA. Similar to the case of different excitation
frequencies, the signal change of Re[AB,] at the defect
edges was increased as the defect depth was increased.
Furthermore, the increased excitation current intensity
improved the By, signal for each defect, as shown in Figure
5 (b). The increased excitation current intensity linearly
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increased the By, signal for each defect, showing a potential
to increase the probe sensitivity by using a higher excitation
current intensity. This could be related since the increased
current intensity would increase the magnetization signal,
thus improving the signal change at the defect edges. For
Imag[AB;] shown in Figure 4 (b), the increased offset signal
intensity was resulted from the increased eddy current
induction in the steel plate.
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Fig. 3. (@) The real and (b) imaginary differential magnetic
responses from different corrosion defects measured from 5 to 510
Hz using a fixed 70 mA excitation current.
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Fig. 5. The dependency of the real differential magnetic responses
on the (a) frequency and (b) excitation current intensity.

Magnetic Response Distribution of Corroded Area

Figure 6 shows the 2-D map of AB; over an area of 230
mm x 80 mm of the steel plate measured at the 70 mA and
110 Hz excitation current. The defect location could be
clearly identified from the signal contour changes indicated
by negative and positive contours. As evident from the line
scan measurements, the intensity of the contour peaks/
trough intensified with the increase of the corrosion period,
revealing the different depths of the corrosion regions. The
location and area size of the changing contours agreed with
the visual image of the corrosion regions in Figure 2 (b). It
could be concluded that the Re[AB;] signal from the
differential probe could be utilized to evaluate surface
corrosion on carbon steel plates using the low-frequency
excitation current.
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Fig. 4. (@) The real and (b) imaginary differential magnetic
responses from different corrosion defects measured from 10 to 70
mA of excitation currents and a fixed 110 Hz frequency.
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Fig. 6. The signal distribution of Re[AB,] over the steel plate area
mapped using the 70-mA and 110-Hz excitation current.

Conclusions

In this work, the different rates of corrosion defects on
the carbon steel sample were evaluated using the magnetic
responses measured by the differential fluxgate probe. The
results showed that the real component of the differential
magnetic response induced by a low-frequency excitation
field could be used to assess the corrosion depth. The
signal intensity change of the differential magnetic
responses was found to be linearly correlated with the
corrosion periods/depths. A range of excitation frequency
from 10 to 110 Hz was found to be suitable for obtaining a
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sub-millimeter depth detection sensitivity of corrosion
defects on the carbon steel plate. The usage of higher
intensity excitation current further enhanced the signal
change caused by the corrosion defects. Scanning
magnetic response over the corrosion defect areas
revealed the geometrical size of the corrosion. The
proposed differential fluxgate probe could be useful for
assessing corrosion defects at sub-millimeter sensitivity on
a high-permeability steel plate.
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