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Abstract. The paper presents the development of a non-destructive technique for selective residual stress measurement 
based on Hall coefficient measurements. The Hall coefficient method is anticipated to be less affected by spurious 
interference from microstructural changes as compared to other non-destructive techniques [1]. A lock-in measurement 
method was used to measure the Hall voltage non-destructively on a 1 mm thick Nickel-base superalloy IN100 specimen 
with adequate precision (0.03% standard deviation) and consistency. Linear stress dependence of the Hall coefficient was 
observed. It is found that there is an approximately 2% change of the Hall coefficient from stress-free condition to 
200MPa tensile stress. The promising experimental results indicate the possibility of exploiting this technique for non-
destructive measurement of subsurface residual stresses.

INTRODUCTION

Residual stresses are stresses maintained in the material without application of external forces or other sources 
such as thermal gradient. Compressive residual stress is usually beneficial for materials because it tends to close the 
micro-cracks and thus impedes the crack propagation, while tensile residual stress has a contributory effect on 
material fracture, and therefore is harmful. Residual stress plays a key role in engineering failures, and therefore is 
an important consideration factor in the structural integrity assessment.

Sub-surface processes such as shot peening and cold rolling are widely used to introduce a beneficial layer of 
compressive residual stress in aircraft engine components to improve fatigue resistance. The information of near 
surface residual stress profile is very useful in predicting the component’s remaining life, and therefore of great 
interest to aerospace industries. To obtain the subsurface residual stress profile requires the measurement method to
penetrate into a different depth beneath the material surface up to about 1 mm. At present the most reliable and 
frequently used techniques for measuring residual stress profile are centre hole drilling and X-ray diffraction. Centre 
hole drilling technique is destructive by nature. X-ray diffraction has limited penetration depth (< 20 um). To obtain 
residual stress at larger depth, it requires layer removal by etching or electro-polishing, which is also destructive to 
the material that usually is fabricated by expensive Nickel-base superalloys. Therefore a non-destructive technique 
for residual stress profiling in aircraft engine materials is needed.

Eddy current spectroscopy has been investigated in the past two decades and is the best candidate for non-
destructive residual stress profiling [2, 3]. It is based on the well-known piezo-resistive effect, which is the linear 
relationship between conductivity and elastic stress. The success of this method on certain Nickel-base superalloys 
such as IN100 and Waspaloy is attributed to the rare feature that both the parallel and normal piezo-resistive 
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coefficients are negative [4]. The main limitation for Eddy current spectroscopy is the lack of selectivity as surface 
treatment not only induces subsurface residual stress but also cold work that is difficult to separate. The common 
way to segregate cold work is by applying an empirical correction factor [5]. However, it has been found that the 
trend of conductivity variation with cold work is largely dependent on the material’s hardened state [6]. Therefore 
an ideal non-destructive technique for residual stress profiling should not only be sensitive to the residual stress state, 
but more importantly exhibit least sensitivity to the disturbing factors such as cold work and hardness. Hall 
coefficient method has been proposed recently and it is anticipated to be more selective to residual stress [1, 7, 8].

This paper presents the stress dependence of Hall coefficient in a Nickel-base superalloy Inconel 100 (IN100),
which is the initial step to apply the Hall coefficient method to nondestructive measurement of subsurface residual 
stress. In the next section the rationale of investigating Hall coefficient method will be introduced. Then our 
experimental setup for measuring Hall coefficient under elastic tensile stress is described. Finally the relationship 
between Hall coefficient and elastic tensile stress in Nickel-base superalloy IN100 is discussed.

HALL COEFFICIENT METHOD

When an electric current is flowing through a conducting material that is placed in a magnetic field, a weak 
voltage will be induced across the material in a direction perpendicular to both the current and magnetic field. This 
phenomenon is known as the Hall effect, which was first discovered by Edwin Hall in 1879 [9]. The induced Hall 
voltage can be expressed by following equation [10]:

t
IBRV H

H , (1)

in which , , , and represent Hall voltage, Hall coefficient, current passing through the sample, magnetic 
field and sample thickness, respectively. Hall coefficient is an important material parameter that characterizes the 
efficiency of generating the Hall electric field in the material. According to the free electron theory, the Hall 
coefficient can also be expressed as [10]:

nq
RH

1
, (2)

where and represent charge carrier concentration and carrier charge, respectively. It is a significant parameter 
that indicates the number of current carriers as well as the carrier type in the material. The conductivity can also be 
expressed as:

nq , (3)

where is the mobility of the carriers in the material. It is clear that the relationship between conductivity and Hall 
coefficient is:

HR
. (4)

It is believed that the lack of selectivity of Eddy current technique to residual stress is mainly due to the 
sensitivity of carrier mobility to microstructure change while the carrier density (physically the only parameter 
that determines the Hall coefficient value) is much less influenced [7]. Recently the stress-dependence of Hall 
coefficient was measured on two Nickel-base superalloys such as IN718 and IN600 [8, 11]. Therefore Hall 
coefficient technique is considered as a promising candidate for stress assessment with better selectivity. 
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EXPERIMENTAL SETUP AND VALIDATION

The common way to measure Hall coefficient is the Van der Pauw method, which is a four point contact method 
in which direct current is injected through two opposing points as Hall voltage is sensed through the other two. This 
method requires very thin (several microns) Hall plates, especially in highly conducting materials [12, 13]. In our 
experiment, we measure the Hall coefficient straight forwardly according to equation (1); however, we inject the 
low frequency alternating current and sense the corresponding alternating Hall voltage so that we can achieve high 
sensitivity. Figure 1 illustrates our experimental setup for measuring Hall coefficient under elastic tensile stress. The 
specimens we used are 1mm thick dogbone shape specimens wire cut from the investment casted IN100 material. It
was hot isostatically pressed in Argon gas environment for the following conditions: temperature – 1220 °C; time - 4
hours; pressure – 103 MPa. The IN100 material is imported from Western Australian Specialty Alloys Pty Ltd with 
chemical compositions shown in Table 1. A low frequency current (16 Hz) is generated by a Stanford Research 
Systems lock-in amplifier SR830 and amplified by a custom designed current booster to 400 mA, which is a high 
current in producing detectable Hall voltage but will not cause dramatic temperature increase of the specimen. The 
amplified current is then injected in the specimen through two copper clamps. The magnetic field is provided by a 
GMW 3470 Dipole electromagnet powered by a Kepco Bipolar power supply. The induced Hall voltage is sensed 
by two spot welded electrodes and then amplified 4000 times through a custom designed preamplifier before input 
to the lock-in amplifier. A major disturbing effect on the Hall coefficient measurement is the misalignment voltage 
as illustrated in Fig. 2. When the alignment direction of the two sensing electrodes are not perpendicular to current 
flow, there will also be a transverse voltage induced apart from the Hall voltage due to the extra resistance of the 
area between a and b:

btdR r / , (5)

where is the resistivity of the material; b and t are the width and thickness of the material, respectively. Therefore 
an offset voltage will also appear in Hall effect measurement:

RI
t
IBRV H

ba ', . (6)

Current reversal can be used to effectively eliminate the misalignment voltage. When the current is reversed, the 
sensed voltage is:

RI
t

BIRV H
ba

)(
', . (7)

Subtraction of equations (6) and (7) yields:

IB
tVV

R baba
H

)]([ ',', . (8)

The current reversal and Hall coefficient measurement are synchronized and controlled through a Labview 
program. The elastic tensile stress is applied by a manual hand-wheel tensile test stand, which has a loading capacity 
of 5 kN. 
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FIGURE 1. Experimental setup for Hall coefficient measurement under elastic tensile stress.

TABLE 1. Chemical composition of Nickel-base superalloy IN100 in percentage Ni Cr Co Mo Ti Al Fe C Others IN100 60 10 15 3 4.7 5.5 <0.6 0.15 1 V, 0.06 Zr, 0.015B 

FIGURE 2. Schematics of the misalignment voltage in Hall coefficient measurement.

Hall coefficient measurements were first conducted on common metals Copper and Aluminium, as their Hall 
coefficients are well-known and frequently mentioned in literature. Table 2 shows the Hall coefficient measurement 
results on Copper and Aluminium sheets with 1 mm and 0.5 mm thickness. The measured Hall coefficient value as 
well as sign is in good agreement with the literature [14, 15]. The Hall coefficient is the same for the same material
with different thickness, which is reasonable as the Hall coefficient is a material property. The measurement also 
exhibits good consistency. The measurement on Copper and Aluminium sheets indicates that our experimental setup 
is capable of accurate and consistent Hall coefficient measurement.

TABLE 2. Hall coefficient of Copper and Aluminium measured by our system and in literature

Copper (10 / ) Aluminium (10 / )
1 mm sample by our system 5.23 ± 0.03 3.49 ± 0.05

0.5 mm sample by our system 5.23 ± 0.03 3.57 ± 0.02
Literature value [14, 15] 5.0~ 5.5 3.44

020013-4



HALL COEFFICIENT MEASUREMENT ON NICKEL-BASE SUPERALLOY IN100
Consecutive Hall coefficient measurements were taken on an IN100 specimen and the result is shown in Fig. 3

(a). It can be seen that there is a dramatic variation in Hall coefficient in the first 100 collected Hall coefficient data
before it becomes stable. The possible reason for this is the temperature change during the first 100 cycles of 
measurements. According to the temperature monitoring shown in Fig. 3 (b), the temperature of the specimen keeps 
increasing from room temperature during the first 100 cycles of measurements due to the heat produced by the
electromagnet before reaching the equilibrium. Therefore, to investigate the stress dependence of the Hall 
Coefficient for IN100, we used the Hall coefficient value after the 100th cycle of measurements for comparison 
because it has already reached the equilibrium temperature (25 °C), which is the same at different levels of stress. It 
is worth noting that the Hall coefficient of IN100 is negative, which is same as Aluminium and another Nickel-base 
superalloy IN600 [8].

(a)                                                                                                  (b) 
FIGURE 3. (a) Hall coefficient variation for the first 400 measurements. 

(b) Temperature variation on the IN100 specimen for the first 400 measurements.

Figure 4 shows the Hall coefficient variation when the IN100 specimen is cyclically loaded and released at 100
MPa and 200 MPa elastic tensile stress, respectively. The average and standard deviation of Hall coefficient at one 
stress state is calculated from cycles of measurement 101 to 400. It can be seen that there is reasonable repeatability
in the measurement at one level of stress. It should be noted that when the applied tensile stress is increased from 
100 MPa to 200 MPa, the variation in the measured Hall coefficient is also approximately doubled. This indicates
that there could be linear relationship between the Hall coefficient and elastic tensile stress for IN100.

FIGURE 4. Repetitive Hall coefficient measurement of IN100 specimen under 100MPa and 200MPa tensile stress.
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To understand the stress dependence of Hall coefficient, the IN100 specimen is loaded with gradual increase in 
stress every 20 MPa; the result is shown in Fig. 5. It is shown that there is a linear relationship between Hall 
coefficient and stress and the Hall coefficient variation is 1.94% when the IN100 specimen is loaded from a stress 
free condition to 200 MPa of tensile stress. The linear relationship of IN100 agrees with the studies of other Nickel-
base superalloys such as IN718 and IN600 [8, 11]. The strong stress dependence of Hall coefficient makes it 
possible to assess residual stress through Hall coefficient variation. The quantitative relationship between Hall 
coefficient and stress can be an important reference for residual stress evaluation in the future.

FIGURE 5. Stress dependence of Hall coefficient in IN100.

CONCLUSION

A system has been set up that is capable of making accurate Hall coefficient measurements on sheet materials 
non-destructively with good repeatability. We have measured the Hall coefficient of a Nickel-base superalloy IN100,
which has never been reported before, and found its Hall coefficient to be negative with similar magnitude as 
Aluminium. According to the stress dependence test, there is a linear relationship between Hall coefficient and 
elastic tensile stress. The Hall coefficient of IN100 exhibits high sensitivity to elastic tensile stress; there is 1.94%
change of Hall coefficient when the specimen is elastically loaded from stress free till 200 MPa. The observed stress 
dependence of Hall coefficient is encouraging for the development of the Hall coefficient methodology for 
subsurface residual stress assessment in Nickel-base superalloys.
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