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Abstract

To improve the performance of anisotropic magnetoresistance (AMR) sensor, a low-noise
driving circuit for the AMR sensor was developed and the magnetic field noise spectral
densities of 12 pT/root(Hz) at 1 kHz and 20 pT/root(Hz) at 100 Hz were achieved. The driv-
ing circuit could operate in amplifier mode or feedback mode. For the driving circuit with
feedback, the distortion of the system was reduced and the AMR sensor was suitable for
the applications in the environment without shielding. The Set/Reset method was used to
reduce the low frequency noise of the AMR sensor. Due to the low noise of AMR sensor,
the eddy current testing (ECT) system with the AMR sensor had the advantage of detecting
deep and small defects in metal structures. The dual frequency ECT system was developed
to reduce the influence of lift-off variance. Using the ECT system with the AMR sensor, we
successfully detected the small defects in the combustion chamber of liquid rocket.

Keywords: AMR (anisotropic magneto-resistance) sensor, NDE (nondestructive evaluation),
ECT (eddy current testing), driving circuit, defect, combustion chamber

1. Introduction

Eddy current testing (ECT) is an effective nondestructive evaluation (NDE) method to detect
defects in metal (or conductive) structures. For the ECT NDE method, alternating magnetic
field is produced when alternating current (AC) current flows in the excitation coil; so eddy
current is induced in the conductive sample and the defect in the sample changes the ampli-
tude and the distribution of the eddy current. By measuring the change of the eddy current,
the defect can be detected.

Many magnetic sensors have been used to construct ECT NDE systems, such as inductive coil
[1], hall sensor [2], giant magnetoresistive (GMR) sensor [3, 4], anisotropic magnetoresistance
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(AMR) sensor [5, 6], flux gate [7, 8] and superconducting quantum interference device (SQUID)
[9-11]. Compared with other sensors, SQUID has the lowest noise, but it needs liquid nitro-
gen or liquid helium for the cooling, which is not convenient for some industrial applications.
Stutzke et al. [12] measured the noise spectral densities in the frequency range from 0.1 Hz to
10 kHz on a variety of commercially available magnetic sensors of GMR sensors, AMR sensors
and tunnel magnetoresistance (TMR) sensors. The results show that AMR sensor had the lowest
magnetic field noise spectrum density with the order of 100 pT/root(Hz) in the frequency range
from 1 Hz to 1 kHz. And we also achieved much better performances by optimizing the driving
circuit of the AMR sensor [13], so we chose AMR sensor to construct our ECT NDE systems.

In this chapter, we will summarize our research on AMR sensor and its application on ECT
NDE. Firstly, we will give an introduction of AMR sensor; secondly, describe the optimiza-
tion of the AMR sensor: lowering the noise, feedback operation and reducing the temperature
effect using Set/Reset method; then, the application of AMR sensor to NDE for the defect
detection of the combustion chamber of liquid rocket; finally, the conclusion.

The AMR effect was first discovered in 1857 by Thomson [14]. Different from the ordinary
magneto-resistive effect in metals, the AMR effect appeared in ferromagnetic materials [15],
which was explained as the spin-orbit interaction. In this effect, the resistivity depended
on the orientation of magnetization with respect to the direction of the electric current. The
change of the longitudinal resistivity of the material magnetized parallel to the current direc-
tion was larger than that of the transverse resistivity of the material magnetized perpendicu-
lar to the current direction [15]. In the absence of the external magnetic field, the direction
of the magnetization was along the anisotropy axis (the so-called easy axis). To change the
direction of the magnetization, the applied magnetic field should be perpendicular to the
anisotropy axis, so the direction perpendicular to the anisotropy axis was called the sensitive
axis. The thin film of the NiFe alloy (permalloy) was most frequently used for preparing AMR
sensors. Figure 1 shows the typical magnetoresistive coefficient AR/R for a thin film permal-
loy magnetoresistor.

2.5 y - -

AR/R (%)

-1 -0.5 0 0.5
Magnetic field (mT)

Figure 1. Typical magnetoresistive coefficient of an AMR thin film permalloy magnetoresistor.
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To obtain the linear characteristics of an AMR sensor, the current path should be 45° inclined
to the anisotropy axis [16], as shown in Figure 2.

The resistive Wheatstone bridge was often used to construct the AMR sensor, such as the
HMC1001 of Honeywell [17]. For the AMR sensor with Wheatstone bridge, it only required
a supply voltage to bias the sensor. Figure 3(a) shows the Wheatstone bridge element of an
AMR sensor. The sensitive directions of magnetoresistor 1 and 3 were opposite to the sensi-
tive directions of magnetoresistor 2 and 4. For some commercial AMR sensors, Offset straps
and Set/Reset straps were often integrated with the AMR sensor chips. Figure 3(b) shows it.

The Offset strap was a spiral of metallization that coupled to the sensor element’s sensitive
axis. Using the Offset strap, the unwanted signal could be compensated, such as the offset
voltage of the bridge and the DC magnetic field. Another advantage of the Offset strap was
that it could be used to construct the feedback circuit of the AMR sensor and the distortion of
output signal could be reduced.

When AMR sensor was exposed in a strong magnetic field (>4-20 Gauss), which could demag-
netize the AMR sensor [18], the AMR effect was reduced and the sensitivity of the AMR sen-
sor could be significantly reduced. To recover the sensitivity of the AMR sensor, the Set/Reset

I

/_<‘ I Sensitive axis.

Easy axis.

Figure 2. AMR sensor with the inclination of the current path by the angel 45° to the easy axis.
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Figure 3. (a) Magnetoresistive Wheatstone bridge elements of AMR sensor. (b) The construction of AMR sensor with
Offset strap and Set/Reset strap.
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strap was used, which was another spiral of metallization that coupled to the sensor element’s
easy axis (perpendicular to the sensitive axis on the sensor die). When a high current pulse was
applied to the Set/Reset strap, the magnetization of the AMR sensor was recovered and the AMR
sensor was Set/Reset to high sensitivity. The sensitive direction was reversed when the reset cur-
rent direction was opposite. Using the Set/Reset strap, we developed a reversal bias method to
reduce the influence of temperature drift to the AMR sensor, which will be described in Section 2.

Table 1 shows the typical performance data of the HMC1001 AMR sensor of Honeywell. To
understand the properties of the sensor, we give some explanations about the specifications
of the AMR sensor. The sensitivity (S) of a magnetic sensor means the output voltage of the
sensor when one Gauss magnetic field is applied. The typical sensitivity of the AMR sensor
HMC1001 is 3.2 mV/V/Gauss. For the AMR sensor, the sensitivity has relation with the bias
voltage. If the bias voltage is 5 V, the sensitivity is 3.2 x 5 = 16 mV/Gauss; if the bias voltage is
10V, the sensitivity is 3.2 x 10 = 32 mV/Gauss.

For an AMR sensor with driving circuit, the signal is amplified (amplifier mode) or changed
(feedback mode). We use field/voltage transfer coefficient (AB/AV) to express it, which means
the corresponding magnetic field for 1 V output signal. For a sensor works in amplifier mode,
if the total gain of the amplifier is G, we have AB/AV = G/S.

Using spectrum analyzer, we can measure the output voltage noise spectral density V_of the
sensor. Then we can get the magnetic field noise spectral density B, =V _*(AB/AV).

Bridge supply voltage (V) 5
Resistance (€) 600-1200
Sensitivity (mV/V/Gauss) 32

Field range (Gauss) —2~2
Operating temperature (°C) -55 to 150
Linearity error at 1 Gauss (%FS) 0.1
Linearity error at +2 Gauss (%FS) 1
Equivalent input voltage noise density at 1 Hz (nv/NHz) 29
Bridge offset (mv) -60 to 30
Magnetic field noise by 10 Hz bandwidth (uGauss) 27
Set/Reset Current (A) 2~5
Offset temperature drift without Set/Reset (%/°C) +0.03
Offset temperature drift with Set/Reset (%/°C) +0.001
Offset constant (mA/Gauss) 51
Bandwidth (MHz) 5

"27 is the root mean square (RMS) value.

Table 1. The specifications of the AMR sensor HMC1001 [17].
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V_has relation to the gain of the driving circuit, but B_has no relation to the gain of the driv-
ing circuit. B_is more commonly used to express the characteristics of a magnetic sensor. If the
signal bandwidth is Af, then the magnetic resolution is B_*(Af)"2 If Af is 1 Hz, the magnetic
field resolution is equal to B_, so sometimes, we also call B_ the magnetic field resolution.

Due to its small size, low cost and high sensitivity, anisotropic magnetoresistance (AMR)
sensor has been used for many applications, such as navigation, nondestructive evaluation
(NDE) and vehicle detection. To improve the performance of the AMR sensor, we optimized
the driving circuit of the AMR sensor. Lower noise was obtained. The distortion was reduced
using feedback method, and the influence of temperature fluctuation was reduced using Set/
Reset method.

2. Optimization of the AMR sensor: low noise, feedback and Set/Reset

We developed a low noise driving circuit for the AMR sensor. Figure 4 shows the block dia-
gram of the circuit. The driving circuit could operate in amplifier mode or feedback mode
[13]. We used a voltage source to bias the AMR sensor. The output of the Wheatstone bridge
of the AMR sensor was sent to a differential preamplifier made by low noise operational
amplifier of LT1028. The total gain of the preamplifier and the amplifier was 500. The switch
SW1 was used to change the operation mode. If SW1 was turned to OFF, it was in amplifier
mode, and the output of the amplifier V| measured the magnetic field. If SW1 was turned to
ON, the circuit was in feedback mode. For the feedback mode, an integrator and a feedback
resistance R, were used. Through the feedback resistance R, the feedback current was sent to
the Offset strap of HMC1001, the signal of V_  measured the magnetic field.

i C
: 11
Vv 11
- R
—0
I— + Vout
Integrator
/
SW1

Offset AAA Vie

Figure 4. Block diagram of the driving circuit for AMR sensor.
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The response bandwidth of the driving circuit was determined by the feedback resistance R,
the resistance R and the capacitor C of the integrator. When R, of 500 (), R of 2 kQ) and C of
220 pF were used, the response bandwidth was about 300 kHz. The offset magnetic field was
adjusted by the DC voltage of V, . When the driving circuit of AMR sensor operated in feed-
back mode, the operation point was locked to a fixed point, thus, the distortion of the output
signal was reduced.

To restore the high sensitivity of the AMR sensor, a simple Set/Reset method was used in our
circuit. When the switch SW2 was OFF, the capacitor of 10 uF was charged to 10 V through
the resistance of 10 k(). When switch SW2 was momentarily closed, a Set pulse with current
amplitude of about 4 A was produced to restore the AMR sensor.

The sensitivity of the AMR sensor was proportional to the bias voltage. From the data sheet
of HMC1001, the typical bias voltage was 5V and the maximum bias voltage was about 12
V. Our experiments proved that the bias voltage could be increased to 24 V and the AMR sen-
sor still was not damaged. There were three contributions to the total noise of the AMR sen-
sor: the noise produced by the driving circuit; the thermal noise of the resistance of the bridge;
and the intrinsic magnetic noise of the AMR sensor itself. Figure 5 shows the equivalent input
voltage noise spectral density for different bias voltages from 4 to 24 V. The noise spectral
density was measured when the driving circuit was at amplifier mode. For higher frequency
(above 1 kHz), the thermal noise of the bridge had a big contribution to the total noise. The
white noise increased a little bit for higher bias voltage. The reason was that the temperature

1004 \_ 22

10 1

|
1 10 100 1000 1000
Frequency(Hz)

Voltage noise spectral density (nV/root(Hz))

Figure 5. The equivalent input voltage noise spectral density for the bias voltage from 4 to 24 V.
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of the sensor chip was increased with higher bias voltage. For lower frequency, the noise of
the AMR sensor was mainly determined by the intrinsic magnetic noise of the AMR sensor,
which might be caused by the random movement of the magnetic domain in the sensor film.

When the driving circuit was in feedback mode, to calibrate the AMR sensor’s output, a 10
turn circular coil with a diameter of 50 cm was used to produce a magnetic field when an AC
current of 230 Hz was applied to the coil. A Gauss meter and the AMR sensor were put in
the center of the coil to measure the magnetic field. After calibration, the transfer coefficient
of the magnetic field and the output voltage of the AMR sensor (AB/AV) was about 0.039
Gauss/V. Now, we made a simple estimation of the transfer coefficient. Since the feedback
resistance was 500 (), the feedback current for 1 V output was 1000/500 =2 mA/1V. Considering
the offset constant (Table 1) was about 51 mA/Gauss, we could calculate the transfer coeffi-
cient 2/51 = 0.0392 Gauss/V, which was very close to the measured value of 0.039 Gauss/V.
Figure 6 shows the magnetic field noise spectral density of the AMR sensor for different bias
voltages. The measurement was done in a magnetic shielding room. The low frequency mag-
netic field noise spectral densities were almost same for all bias voltages. The reason was that
the intrinsic magnetic noise of the AMR sensor determined the total noise. At high frequency,
the AMR sensor had lower magnetic noise spectral density when bigger bias voltage was
used. When the AMR sensor had the bias voltage of 24 V, the magnetic field noise spectral
densities were about 12 pT/root(Hz) at 1 kHz and 20 pT/root(Hz) at 100 Hz. These values

1000 -

100 -

4\

A -
i ' 8V
by 12V
R 18V
1 10 100 1000 10000

Frequency (Hz)

Magnetic noise spectral density (pT/root(Hz))

Figure 6. The magnetic field resolution of AMR sensor.
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were obtained when the driving circuit was at feedback mode. We could estimate it using
the sensitivity and the equivalent input noise spectral density of the AMR sensor. When the
bias voltage was 24 V, the sensitivity of the AMR sensor was about 3.2 x 24 = 76.8 mV/Gauss
=0.768 nV/pT. From Figure 5, the equivalent input voltage noise spectral density was about
7 nV/root(Hz) at 1 kHz; then we could estimate the magnetic field noise spectrum was about
7/0.768 =9 pT/\/Hz, which was close to the measured value of 12 pT/\/Hz.

When AMR sensor was biased by a voltage, the power produced by the AMR sensor made
the temperature of the AMR sensor higher than environmental temperature. When a sample
was close to the AMR sensor, it caused a small thermal disturbance and the AMR sensor had
a signal output. We observed this phenomenon [19] and developed a method to reduce the
influence of this heat transfer effect [20].

Figure 7 shows the setup of the experiment. A small platinum resistance of FK222-1000-A
with the size of 2.3 x 2.1 x 0.8 mm?® was used as the temperature sensor and it was tightly glued
to one side of the AMR sensor. Due to its small size, it had small influence to the temperature
of the AMR sensor. The resistance of the Pt resistor was 1000 €2 at 0°C, the temperature coeffi-
cient was about 3850 ppm/K, and the temperature resolution was about 0.15°C. A DC current
of 0.1 mA was used to bias the Pt resistor, and the voltage across the Pt resistor was amplified
by an amplifier with the gain of 40 dB. The sample was fixed on the X-Y stage for the scanning.
A computer was used to control the movement of the X-Y stage and to make the data acquisi-
tion and the data procession.

Figure 8 shows the temperature of the AMR sensor with different bias voltages from 0 to
33.4 V (a correction to [19], the bias voltage in [19] should be 2 times). For higher bias volt-
age, the thermal power of the AMR sensor was also bigger, so the temperature of the AMR
sensor increased with the bias voltage. The temperature was 22.5°C in our laboratory. When

i Driving circuit

v

AMR sensor

Thermal sensor, I

Samplei?‘:__l 1

X-Y stage

AD board

k 4

AMP - !

F 3

Figure 7. The experimental setup of simultaneously monitoring the temperature and the signal output of the AMR
sensor.
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Figure 8. Temperature of the AMR sensor versus the bias voltage.

there was no sample, the temperature of the AMR sensor was about 42°C for the bias voltage
of 24 V; when a 15 x 15 x 1 mm? copper plate was put under the AMR sensor with the lift-off
distance of 0.2 mm, the temperature of the AMR sensor decreased to about 39.5°C.

For the AMR sensor of HMC1001, the temperature fluctuation causes the changes of the
sensitivity, the resistance and the bridge offset, so the output signal of the AMR sensor also
changes with the temperature of the AMR sensor. To measure the temperature fluctuation
and the signal output of the AMR sensor correctly, we put a small copper plate with the size of
about 15 x 15 x 1 mm?® on the X-Y stage for the scanning. The lift-off distance between the AMR
sensor and the copper plate was about 0.2 mm. The bias voltage of the AMR sensor was 24
V. The curves of (a) and (b) in Figure 9 show the output signal and the temperature change of
the AMR sensor when the copper plate was moved close to the AMR sensor. The two curves
were very consistent, which proved that the output signal change of the AMR sensor was
caused by the temperature fluctuation.

To reduce the influence of temperature drift and the heat transfer effect of AMR sensor, we
developed a driving circuit for the AMR sensor with the Set/Reset method. Figure 10 shows
the block diagram. Figure 11 shows the waveforms of the testing points in Figure 10. In our
AMR sensor system, a square wave generator was used to produce a square wave with the
frequency of about 20 kHz, which was the waveform 1 shown in Figure 11. After a power
amplifier, a capacitor of 0.2 uF was used to produce the pulse to Set/Reset the AMR sensor.
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Figure 9. (a) Signal output of AMR sensor when a copper plate was close to the sensor. (b) Temperature change of the
AMR sensor when the copper plate was close to the sensor.
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Figure 10. Block diagram of the AMR driving circuit with set/reset.

The pulse width was about 2 ps, which was the waveform 2 in Figure 11. The waveform 3 in
Figure 11 shows the output signal of the AMR bridge after a preamplifier with the gain of 40
dB. A multiplier was used to do the demodulation of the signal. After demodulation, a low-
pass filter (LPF) with the cut-off frequency of 2 kHz was used and the waveform after the LPF
was shown by waveform 4 in Figure 11.
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Figure 11. Waveforms of test point 1, 2, 3, and 4 in Figure 10.

We measured the output voltage signals for the AMR sensor with and without the Set/Reset
method. The measurements were done in a magnetic shielded box. The measurement time
was about 5 min with the measuring bandwidth from DC to 5 Hz. Figure 12 shows the output

222: AMR output without set/reset :
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Figure 12. Output signal for the AMR sensor with Set/Reset and without Set/Reset.
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signals. The total gains of the driving circuits for two methods were same. We observed that the
output of the AMR sensor with the Set/Reset method was almost flat and the noise was smaller;
however, the output without the Set/Reset method was not flat and the noise was bigger. The
Set/Reset method was effective to reduce the influence of the variation of the temperature.
Considering the total voltage/field transfer coefficient was about 6 mV/nT, the magnetic field
resolution of the AMR sensor with the Set/Reset method was about 0.5 nT for the bandwidth
from DC to 5 Hz.

3. Application to NDE

For the liquid rocket using liquid oxygen and liquid hydrogen, such as the H1-A rocket of Japan,
the combustion chamber was made of Cu-Cr-Zr copper alloy (Figure 13). It was the ultra high
temperature gas of about 3000 K inside of the combustion chamber. For cooling it, rectangular
coolant passages were made in the wall of the cooper alloy and liquid hydrogen flew in them.
With the very thin wall of 1 mm between the high temperature gas and the cooling liquid hydro-
gen, a big thermal gradient and an excessive thermal strain were generated in the inner wall
of the combustion chamber. Due to the repeat of the oxidation/reduction, or the melting of the
surface, some small cracks were generated. Now there was no effective method to detect the tiny
defect in such complex structure. We were planning to detect the small defect in the copper alloy
wall of combustion chamber using eddy current testing (ECT) with highly sensitive magnetic
Sensors.

We developed an ECT system using the AMR sensor and we successfully detected the artifi-
cial defects in plate-type samples [21, 22] and chamber-type samples [23], in which grooves
and artificial defects were made to simulate the wall of the combustion chamber of a liquid
fuel rocket. All experiments were done in an environment without shielding. Figure 14 shows
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Figure 13. Combustion chamber of liquid rocket.
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Figure 14. Magnetic field noise spectrum in our laboratory measured by AMR sensor.

the magnetic field noise spectrum measured in our laboratory using the AMR sensor. The
peaks were 50 Hz interference and its harmonics.

First, we used an aluminium plate to simulate the complex structure of the inner wall of the
liquid rocket combustion chamber. Figure 15 shows the specimen. It was an aluminium plate
with the size of 100 x 110 mm? and the thickness was 4 mm. Many parallel periodic ditches
were made on one side of the aluminium plate. The depths of the ditches were 3 mm. The
width of the ditches was 1 mm. Nine notches with different depths and lengths were made
under the bottom of the ditches to simulate the defects of the combustion chamber.

Figure 16 shows the setup of the ECT system using the AMR sensor. The coil was used to
produce the excitation field, and eddy current was induced in the specimen. The magnetic
field produced by the eddy current was measured by the AMR sensor. The output signal of
the AMR sensor was sent to a lock-in amplifier to get the amplitude signal or phase signal.
The lock-in amplifier was also used to produce the sine signal sent to the excitation coil. In this
AMR ECT system, the specimen was fixed on an X-Y stage. The movement of the X-Y stage
was controlled by a computer. The movement resolution of the X-Y stage was about 50 um,
but the step of our measurement was set to 1 mm.

The excitation frequency was chosen according to the wall thickness between the scanning
surface and the bottom of the notch. For the aluminium specimen, it was 1 mm, so 8 kHz was
used, which had the penetration depth of about 1 mm. The current amplitude flow in the
excitation coil was about 1 mA. The aluminium plate was fixed on the X-Y stage. The scan-
ning was done over the backside of aluminium plate, where the ditches could not be seen. The
scanning direction was perpendicular to the direction of crack.

145



146  Magnetic Sensors - Development Trends and Applications

@i Q@ i B
A
: 2
G 5 '
80
@ @ €)
T ST SRR S

I

1.0/ 1.5 1.0|

Ditches

Defect

4.0

.Q
3w §e
(TR = o
— —

0.2

Figure 15. The aluminium specimen to simulate the combustion chamber and the defects. The depth and length of the
notch defect under the bottom of some grooves: ®: depth of 0.25 mm. @: depth of 0.5 mm. @: depth of 0.75 mm. A: length

of 2 mm. B: length of 5 mm. C: length of 10 mm.

Driving .
chrcult » Lock-in Amp. —
v
AD board
AMR Power amp. 1
Specimen Excitation coil PC
\ CZ:‘/ e
T B
X-Y stage Stage controller
(a)
S5mm

(b)

L)

v

(c)

Figure 16. (a) The block diagram of the experimental setup of ECT using AMR sensor. (b) The circular excitation coil. (c)

The double-D excitation coil.
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Circular coil or differential coil, shown in Figure 16(b) and (c), could be used as the excita-
tion coil. When circular coil was used, the circular coil was 3 mm with 20 turns wound by
0.1 mm copper wire. The coil was attached to the bottom of the AMR sensor and the position
of the coil was adjusted to make the output of the AMR biggest. When using circular coil, the
strong background field was detected by the AMR sensor. When differential coil was used to
produce the excitation field, the differential coil was 3 mm with 20 turns, which was attached
to the bottom of the AMR sensor to produce the excitation field. When using differential coil,
the background excitation field could be cancelled well. The position of the coil was adjusted
to make sure that the AMR sensor had a smallest response to the excitation field. The other
experimental conditions were same as that when using circular excitation coil.

Figure 17(a) shows the notch signals for one scanning using the circular coil, and Figure 17(b)
shows the notch signals for one scanning using the differential coil. The signal-to-noise ratio
was good for the cracks. Figure 18 shows the 3D graph of the scanning results using the
circular and Figure 19 shows the 3D graph of the scanning results using the differential coil.
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Figure 17. (a) The notch signal for one scanning when using circular excitation coil. (b) The notch signal for one scanning
when using differential excitation coil.
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Figure 19. 3D graph of the results when using differential excitation coil.
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We also prepared a chamber-type specimen made of copper alloy [23]. Grooves were fabri-
cated to simulate the cooling grooves of the combustion chamber; and artificial notches were
made under the bottoms of some grooves to simulate crack defects in the combustion cham-
ber (Figure 20). The widths of the notches were about 0.3 mm. Notches with different lengths
and depths were made. The lengths of the notches were 2, 5 and 10 mm, respectively; the
remaining thickness of the wall at the positions of the notches was 0 mm (through), 0.2, 0.4
and 0.6 mm, respectively.

For chamber-type specimen, the lift-off variance during scanning might have a big influence
to the output signals. Dual-frequency ECT [11, 23] was an effective method to reduce the influ-
ence of lift-off variance. Figure 21 shows the schematic block diagram of the dual frequency
ECT system with AMR sensor. The excitation coil was used to produce the AC magnetic field.
Eddy currents were induced in the conductive specimen, and the AMR sensor was used to
detect the magnetic field produced by the eddy currents. The sensing direction of the AMR
sensor was along Z direction, which was perpendicular to the surface of the specimen. Two
lock-in amplifiers and two frequencies were used in this ECT system. The amplitude output
signal V, and V , of the two lock-in amplifiers were used and sent to a computer through an
analog-to-digital (AD) board. Digital subtraction of V, and V,, was done by the computer. The
phase signals of the lock-in amplifiers were not used in our experiments.

The penetration depth of the applied AC magnetic fields could be estimated by the for-
mula 0 = (nfuc)™? where 6 was the penetration depth, f was the frequency, yu was the
magnetic permeability of the material and o was the electrical conductivity of the material.
For high frequency f2, the penetration depth was small, so mainly the surface roughness
and variance of lift off were detected. For low frequency fI, the penetration depth was big;
both the inside and surface properties of the material could be detected. If we subtracted
the amplitude outputs (V1 and V2) of two lock-in amplifiers and choose a proper subtrac-
tion factor, it was possible to cancel the signals produced by the variance of liftoff during
scanning.

Copper alloy

Inner wall
(3000K)

Figure 20. Chamber-type specimen to simulate the combustion chamber of liquid rocket.
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Figure 21. Dual frequency ECT system with AMR sensor.

The excitation coil was a 20 turn circular coil with an outer diameter of about 3 mm.
The AMR sensor was located at the center of the excitation coil. The low frequency was
2 kHz and the high frequency was 20 kHz. The conductivity of the copper alloy was about
5 x 107 S/m. According to the wall thickness of the chamber (1 mm), 2 kHz was used as
the low excitation frequency. The corresponding penetration depth was about 1.5 mm.
The high excitation frequency was 20 kHz and the corresponding penetration depth was
about 0.5 mm. The amplitude of the AC current flow in the excitation coil was about 10
mA. Scanning was realized by rotating the chamber with a motor. The rotating speed of
the chamber was about 4 degree/s. The lift off between the surface of the specimen and the
excitation coil was about 0.5 mm, and the variance of the lift off was about 0.2 mm during
scanning.

Amplitude signals of the two lock-in amplifiers were used. Figure 22 shows the scanning
results for the notches with the remaining thicknesses of 0 mm (through) and 0.2 mm. Notches
with the remaining thickness of 0 mm were detected by the low excitation frequency (2 kHz)
and the high excitation frequency (20 kHz). For the notches with the remaining thickness of
0.2 mm, the signals became smaller for the high excitation frequency. During the scanning,
the variance of the liftoff was about 0.2 mm, which causes the non-flatness of the lock-in
amplifier outputsignalsof vV, andV, ..V . -kV_ . wasthe subtractionresultand k was
a constant. For our experiments, when k = 0.46 was used, liftoff-related noise was compen-
sated well. This proved that the dual frequency method was effective to reduce the influence
of the variance of lift off.
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Figure 22. Scanning results for notches with the remaining wall thicknesses of 0 mm (through) and 0.2 mm.

Figure 23 shows the scanning results for the notches with the remaining wall thicknesses of
0.4 and 0.6 mm. For the low excitation frequency of 2 kHz, the defect signals could be obvi-
ously observed. For the high excitation frequency of 20 kHz, due to its small penetration
depth, the notch signals were very small. Both the output signals of V, .. and V. were
not flat, which was caused by the variance of the lift off during scanning. The subtraction

resultof V, . -kV .. became flat, here k = 0.46 was also used. This also proved that the dual
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Figure 23. Scanning results for the notches with the remaining wall thicknesses of 0.4 and 0.6 mm.
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frequency method was effective to reduce the influence of the variance of lift off. The small
periodic signals were the signals produced by the grooves.

4. Conclusion

We improved the driving circuit of the AMR sensor. Using the commercial AMR sensor of
HMC10001, lower magnetic field noise spectral densities of 12 pT/root(Hz) at 1 kHz and
20 pT/root(Hz) at 100 Hz were achieved. When the driving circuit operated at feedback
mode, the distortion of the output was reduced. Using the Set/Reset method, the low fre-
quency noise and the DC level drift caused by temperature effect were reduced. Using the
optimized system of AMR sensor, we developed a high sensitive ECT NDE system and the
small defects in the combustion chamber of liquid rocket were successfully detected.
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