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Abstract: Due to the fact that rolling contact fatigue is not
easily detected, and residual life is not easily evaluated in the
early stage of bearing life, a nondestructive testing method
based on initial permeability is proposed. By analyzing the
crack propagation mechanism, a fatigue state detection system
based on differential signals is designed. A simulation model
of the detection of the inner ring of the pulse signal is
established by using the electromagnetic field simulation
software. The effects of the height of the coil, the inner and
outer diameter, the number of coil turns, the diameter and the
height of the ferrite core of the probe on the differential value
of the The parameter
combination of the maximum difference value of the signal is

detection signal are simulated.
used as the structural size of the sensor, and the detection
sensor is designed and fabricated. Moreover, the bearing
fatigue test system is designed, and the bearing is tested. The
results show that the system has good detection ability for
rolling contact fatigue and verifies the mechanism and trend of
crack propagation in the inner ring of the bearing.
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olling element bearings ( REBs) are some of the
Rmost important parts in rotating machines, and any
unexpected faults may result in great economic losses and
serious casualties; therefore, REBs require a high relia-
bility performance'”. Fault diagnosis and life prediction
of REBs have been major topics of research for over 20
years', and the rolling contact fatigue ( RCF) of the
bearing inner ring is considered to be the main reason for
REB failure. RCF is a surface fatigue failure phenome-
non, which means that the surface of a workpiece has
been subjected to repeated pressure changes. In addition,
the high repeated pressure on the surface leads to crack in-
Bl There are two main types of
fatigue failures, including subsurface-origin fatigue and

itiation and propagation
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surface-origin fatigue. The initiation and propagation of
surface cracks will cause pitting, while the subsurface
cracks will lead to spall. In addition, there is a linear re-
lationship between crack propagation and the fatigue cy-
cle. Under favourable working conditions, bearing inner
ring fatigue generally arises from changes in surface
roughness or lack of lubrication. Apart from the influence
of the surface quality, the residual stress generated on the
surface of the inner ring can also affect the fatigue life of
the bearing. If the applicable conditions are met, the life
of the bearing is limited by the process of crack initiation
and expansion.

Since the first paper published by Palmgren et al. ',
researchers have conducted extensive research on bearing
fatigue life models. The L-P model of bearing life jointly
proposed by Lundberg and Palmgren is based on dynamic
shear stress theory and laid the foundation for fatigue life
assessment of the entire bearing'™®';
are derived from this basic theory. The model was amen-
ded and written into ISO281:2007'"" and was analyzed by
Toannides et al'™. Li et al. """ studied the influence fac-

all current theories

tors. However, researchers often monitor the health status
of a particular bearing during its use due to the uncertain-
ty of bearing life.

A number of established testing methods are used to
detect bearing inner ring defects and predict inner ring
life!™°, Featuring low cost, non-contact and reliabili-
ty!"”!, nondestructive testing methods are superior to other
evaluation methods. However, they are generally applied
to pristine specimens without prior history of fatigue dam-
age. In summary, a reliable estimation of damage before
crack initiation and during crack propagation through non-
destructive testing remains a formidable challenge.

Eddy current nondestructive evaluation involves the de-
tection of electromagnetic field irregularities due to non-
conducting inhomogeneities in an electrically conducting
material, which makes it possible to reveal various kinds
of defects, evaluate various physical characteristics, mo-
nitor chemical composition and thermal treatment'"*™"",
etc. The research presented here examines a pulsed eddy
current testing method.

In the present work, the above mentioned model of
crack propagation is analyzed. By analyzing the principle
of initial permeability detection based on a pulsed eddy
current, a new type of electric differential sensor is pro-
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posed, and its optimal parameters are determined by sim-
ulation. The main contents of this paper include the de-
scription of the method, presentation of the results, and a
series of validation tests.

1 Modelling and Simulation
1.1 Crack propagation mechanism

Under the condition of constant amplitude cyclic stress,
the damage process is summarized into a linear logarith-
mic function considering the fatigue crack growth curve.

D=A+Clg(a) (1)

where A reflects the initial state of the cracked body; C
defines the crack propagation behaviour; and a is the
crack depth. The derivative of formula (1) is given as

dD C
av v
da a

(2)

where D is still small in the initial stage of crack propaga-
tion. Formula (2) shows the basic relationship in the
damage process. Although da/dD is small, the life con-
sumption AD corresponding to the unit crack increment
Aa is very large.

In RCF, the cracks are mainly expanded by the open
mode and the slip open mode. The crack propagation rate
can be calculated by

9B - (AU + C(aU)" (3)
where B is the Hertz contact half-width; C,, C,, m,, and
m, are all the empirical constants; and AU, and AU, are
the open numbers of the open mode and the slide open
mode, respectively.

The above mentioned model based on crack propaga-

20 .
) shows that micro-cracks formed on the surface or

tion
the subsurface of bearing inner rings do not immediately
result in the fatigue of large pieces or cause the bearings
to fail; instead, a crack expands at a very slow rate in the
early stages. When the crack grows to a certain size, it
expands rapidly, causing large pieces of material to peel
off and the bearing to fail. There is a critical crack length
in the process of crack propagation at which the crack
When the

crack length is greater than the critical value, the expan-

propagation speed takes a minimum value.

sion speed will increase with bearing usage.

1.2 Principle of pulse eddy current testing based on
initial permeability

Magnetic permeability is an important property of fer-
romagnetic materials, and the generation and expansion
of cracks are accompanied by changes in the magnetic
permeability of ferromagnetic materials. By detecting the
change of the magnetic permeability of the bearing inner
ring, the crack generation and expansion process of the

bearing inner ring can be analyzed.

In eddy current testing, a pair of coils is often used as
a sensor. The driving coil in the sensor generates the pri-
mary induced magnetic field. Then, the pick-up coil de-
tects the sensing signal of the workpiece for the inducted
magnetic field. The model is shown in Fig. 1. Construc-
ting a magnetic circuit and applying an excitation, the
magnetoresistive change of the workpiece to be tested re-
flects on the voltage output of the pick-up coil. Then, the
crack on the workpiece can be detected.

|
|
|
|

Ferrite |

\ N | A
= Driving coil : Pick-up coil

|

Air gap ‘ %/ K : M

- 7 - } | Workpiece

Fig.1 Detection schematic

According to Ampere’s circuital law,

fHdl =Y (4)

Ohm’s law for magnetic circuits is

B N,i 5
®Zon, 2n,+h, b, (5)
ket W pkde Bl R B
S oS s
The second equation of Maxwell is
oB
fﬁlEdl = _f . ds (6)
Thus, we obtain
N,N. j
Uy = — di (7)
" 2h, 2h,+h, h, dt
il Sl e R I
S oS wsS

where i is the excitation current; ¢ is the magnetic circuit
flux; w,, m,, and u, are the magnetic permeabilities of
ferrite, air gap and the workpiece to be tested, respective-
ly; h,, h,, and h, are the lengths of ferrite, air gap and
measured area ( /1, is a small value), respectively; N, and
N, are the numbers of driving coils and pick-up coils; S is
the cross-sectional area of the magnetic circuit; and u,, is
the output signal of the pick-up coil.

From Eq. (7), it can be seen that when the workpiece
to be tested has cracks or crack expansion, the magnetic
permeability of the workpiece changes, and the internal
defect of the workpiece can be judged by analyzing the
change in the output voltage amplitude.

Due to the different magnetic reluctances of ferromag-
netic materials, the magnetic permeability is not con-
stant, and the linear relationship between the crack and
magnetic reluctance is not guaranteed. The magnetization
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curve is shown in Fig. 2.

BA A 1

Hy

Fig.2 Ferromagnetic material magnetization curve

The oa segment is an initial magnetization zone, in
which the magnetic induction intensity B of the ferromag-
netic material is linearly related to the magnetic field
strength H. When the applied magnetic field disappears,
the magnetic domain returns to its original size and does
not exhibit magnetic properties. The magnetic permeabili-
ty at this stage is called the initial permeability w,.

The detection method based on the initial magnetic per-
meability refers to an electromagnetic non-destructive de-
tection method, in which the magnetic field strength is al-
ways in the initial magnetization region during the detec-
tion process. Compared with magnetic flux leakage detec-
tion, the initial permeability detection method does not
require demagnetization, eliminating the magnetization
In addition,
mentioned process does not cause any damage to the

and demagnetization process. the above
workpiece. Moreover, in the initial magnetization zone,
it is also guaranteed that the workpiece to be tested satis-
fies the requirements of detection.

For a bearing made of material GCrl5 and with the ini-
tial magnetization requirement B <1 mT,

i= ,u%\/ x107° (8)

It can be seen from Eq. (8) that crack detection for this
bearing requires weak excitation and high sensitivity. The
detection scheme, as shown in Fig. 1, is susceptible to
noise interference under the small signal, so it is changed
to the electric differential mode, as shown in Fig. 3.
Since the signal interference of the two detection coils is a
common mode interference, they cancel each other out,
and the output does not contain a noise signal. When the

Ferrite

Pick-up coil 1

Pick-up coil 2 Driving coil

Workpiece

Fig.3 Differential detection schematic

excitation coil contains a crack in the region, the differ-
ence between the output signals of the two pick-up coils is
not zero; hence, crack detection is realized.

Traditional eddy current detection excites the magnetic
induction coil by applying a sinusoidal signal, and detec-
tion is conducted by changing the amplitude and phase of
the induction coil. In the eddy current testing method pro-
posed in this paper, a pulse signal is applied. A typical
pulse signal is shown in Fig. 4.

u(t)i

U()[[

UoL|----

(rt———— t

T
Fig.4 Typical pulse signal
Assuming that U, = 0, the FFT of the pulse period

signal is

n=12375,..
(9)

The pulse signal can be decomposed into the superposi-
tion of each harmonic signal through the Fourier transfor-

flyy =U, + i U sin(nw,t +¢,)

n=1

mation, so that the induced signal through the pulse exci-
tation contains the inductive component of each harmon-
ic. Surface and deep defects can be detected simultane-
ously by the spectral analysis of the pulse signal''.

The sensor transmits the pulse signal to the driving
coil. The alternating current in the driving coil stimulates
a primary induced magnetic field, which induces a sec-
ondary induced magnetic field inside the workpiece
through the surface. The secondary induced magnetic
field reveals the characteristics and performance of the
material in the workpiece, and the differential detection
process is shown in Fig. 5.

Primary magnetic field

Induced voltage I ™ %\ % 1 1/ / r*lnduced voltage 2

Pulse voltage

Secondar)i ﬁlaénétic field

Fig.5 Principle of differential detection
1.3 Simulation and analysis of sensor model

The 3D finite element model consists of a bearing inner
ring with a surface defect, a driving coil, pick-up coils,
ferrites and air. A 0.5 mm x 0.5 mm (wide x thick)
groove was created on the bearing surface of the simula-
tion model to simulate a defect. The capability to detect
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this defect was used as a criterion for sensor parameter
optimization. The material of the bearing, ferrite and coil
in the 3D model are GCr15, PC40, and Cu, respective-
ly. The magnetic dense scalar distribution simulation
effect is shown in Fig. 6.

Pick-up coil

—Driving coil

9.745 8x102
7372 9x102
5.000 0x10~

Inner ring—

Fig.6 Simulation model

In the simulation model, an excitation loop is construc-
ted and placed into the driving coil. The driving coil
which is loaded with a pulsed signal has an excitation
voltage of 3.3 V and a frequency of 300 Hz. The induc-
tion coil is set to be a current source of 0 A. The simula-
tion work aims to detect the sensor’s ability to monitor
defects by checking the peak value of the pick-up coil
voltage. In addition, the relative position of the bearing
inner ring being tested to the probe position remains
fixed, and the bearing inner surface has a high surface
roughness; thus, the lift-off effect of the eddy current de-
tection has little impact on the detection result during the
detection process'™.

Since there are many sets of variables in the experi-
ment, it is implemented by fixing some values and chan-
ging other variables. The parameters of the driving coil
should be determined first. With the increase in the inner
diameter, the sensor is no longer sensitive to the detection
of minor defects. The magnetic field generated by the ex-
citation coil becomes stronger with the increase in height,
but if the height of the driving coil is too high, the in-
duced magnetic field caused by a defect will be weak-
ened. The wire diameter is also an important factor af-
fecting the performance of the sensor. The magnetic field
generated by the driving coil becomes stronger with an in-
crease in the wire diameter. However, in the case of a
certain number of turns, the volume of the sensor increa-
ses, which may lead the sensor to be less sensitive to de-
fects. At the same time, changing the wire diameter
without too many turns will reduce the sensitivity of the
defect.

Through the above analysis, it is found that there are
mutual restrictive couplings to be determined among the
parameters of the excitation coils. Although the mecha-
nism is not yet clear, the influence of the parameters of
the excitation coil on the signal amplitude can still be ob-
tained after many experiments, as shown in Fig. 7.
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Fig.7 Simulation results of the effect of driving coil parame-
ters on signal’s differential peak. (a) With a differential inner diam-
eter of the driving coil; (b) With differential height of driving coil; (c)
With a differential wire diameter of the driving coil; (d) With a differ-
ential turns number of the driving coil
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The signal amplitude changes under different conditions
are shown in Fig.7. Fig.7(a) shows that when the inner
diameter of the driving coil is set between 6 to 10 mm,
the other variables are kept constant. Fig.7(b) shows that
when the height of the driving coil is set between 2 to
6 mm, the other variables are kept constant. Fig. 7(c)
shows that when the wire diameter of the driving coil is
set between 0. 05 to 0. 25 mm, the other variables are
kept constant; and Fig. 7(d) shows that when the number
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of the driving coil turns is set between 100 to 500, the
other variables are kept constant.

Soft ferrite has a very high magnetic permeability,
which can greatly increase the magnetic induction of the
induced magnetic field. Soft ferrite is primarily divided
into two kinds of manganese: zinc ferrite and nickel zinc
ferrite. Due to its high electrical conductivity, manga-
nese-zinc ferrite is mainly used in low-frequency applica-
tions and nickel-zinc-ferrite in high-frequency applica-
tions. Here, PC40 material manganese-zinc ferrite de-
veloped by Japan TDK Corporation is used. Through
simulation experiments, it can be found that for small
defect detection, the sensor’s detection ability becomes
weaker as the ferrite diameter increases. Based on the
simulation results, the final sensor parameters are shown
in Tab. 1.

Tab.1 Eddy current sensor parameters

Parameter Driving coil Pick-up coils Ferrite
Inner diameter/mm 8 3.2
Outer diameter/mm 13.7 4
Wire diameter/mm 0.15 0.1
Number of turns 300 100
Height/mm 3 3 10
Diameter/mm 3

A sensor with the parameters shown in Tab. 1 is used to
simulate the bearing inner ring of the same series with dif-
ferent outer diameters, and the results are shown in Fig.
8. As the outer diameter decreases, the signal amplitude
increases, but the sensor is also sensitive to the detection
of minor defects, thus showing that the sensor is effec-
tive.

20

—
NS
T T

12 44 46 48 30 352 54
Outer diameter of the bearing’s inner ring/mm

Induction coil differential pe
>
T

Fig. 8
outer diameters

Simulation results with different bearings’ inner ring

Since the width of the inner ring of the bearing is 17
mm, an independent group of sensors cannot completely
cover the surface of the inner ring of the bearing. There-
fore, the sensor arrangement includes two sets of sensors,
one on each side of the bearing, to achieve fatigue detec-
tion. The detection mode is shown in Fig. 9.

2 Experiment Set-Up
2.1 Eddy current pulse detection system

A testing system for RCF based on initial permeability

Drive coilipﬂbe .

Ferrite%
Pick-up coil &

Fig.9 Sensor arrangement and detection area

Inner ring surface

=~ Pick-up coil

is shown in Fig. 10 and includes three key units: a signal
generator unit, an inner ring with defect, as the sample,
and a sensor unit with data acquisition module.

To set up the system, a penetration depth § of 3 mm is
Then,
310.9 Hz is calculated by the principle of plane electro-

selected first. the excitation frequency f =

magnetic wave attenuation into the semi-infinite metal
conductor, considering a selected frequency of 300 Hz.

W
(i |

Driving coil

Ferrite

Pick-up<coil ;

Motor

Fig. 10 Eddy current pulse detection system

The entire acquisition system is at the command of
the control board. By sending instructions, a pulse sig-
nal created by DDS is sent to the detection sensor
through power amplification. The upper computer
saves the data detected by the sensor in the database
through a data acquisition card. The overall process is
shown in Fig. 11.

Data acquisition

ZmEmmRRRRS
T T TSN
e—

Inner ring

Power amplifier

o
=
Direct digital synthesiser |
Embed system TUL

Fig.11 System data flow chart

2.2 Rolling contact fatigue test system

This paper chooses a cylindrical roller bearing as the
experimental object of rolling contact fatigue and simu-
lates the usage condition of the bearing under the oper-
ating condition by loading the radial basic dynamic
load rating. The selected bearing is a NU207EM cylin-
drical roller bearing. The basic parameters are shown
in Tab. 2.
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Tab.2 NU207EM bearing parameters

Parameter Value
Bore diameter/mm 35
Outside diameter/ mm 72
Width/mm 17
Pitch diameter of roller set/mm 54
Roller diameter/mm 10
Effective roller length/mm 9.6
Number of rollers 14

Nominal contact angle/(°) 0

The designed bearing fatigue test system is shown in
Fig. 12. From right to left, bearings No. 1, No.2, No.
3, and No.4 in sequence, and four bearing seats are used
with the bearings. To match the use of the right-most mo-
tor, matching motor frames and DC brushless motor con-
trollers are selected. The motor controller can drive the
brushless DC motor and adjust the speed through the ex-
ternal control port potentiometer. During the experiment,
the tester was brought to the preset speed by adjusting the
controller. The life status data of the bearing is collected
at intervals of one million revolutions.

Chief axis

A\ |

Bearing housing
Motor controller

Fig.12 RCEF test system

3 Results and Discussion

In the experiment, a circular defect with a diameter of
0.5 mm is etched on the bearing inner ring’s surface by
electric discharge machining to represent a fatigue crack.
The crack propagation is simulated under the working
condition by loading the radial basic dynamic load. The
test results of the initial state of the bearing are shown in
Fig. 13.

gor —— Pick-up coil 1 signal
> 05+ —— Pick-up coil 2 signal
A —— Differential signal
£ 04r
g
= 031
<
2 02F
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5 01f
=
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_O 1 1 Il 1 1 L ]
010 0.15 020 0.25 030  0.35
Time/ms

Fig. 13 Bearing initial detection status

The bearing life is characterized by the number of rev-
olutions of the bearing. By analyzing the typical detec-

tion signal for the six rotation cycles ( each rotation cycle
is 106 revolutions) of the same bearing inner ring, it can
be seen that the presence of defects can significantly in-
crease the differential signal so that their presence can be
visually seen through the time domain image. The col-
lected data is processed and analyzed. It is found that as
the fatigue time increases, the intensity of the response
curve of the pulse signal also increases,
Fig. 14.

The peak of the differential value of the pulse signal
varies with the fatigue lifetime, as shown in Fig. 15. It
can be seen that with the increase in the number of revo-

as shown in

lutions, the initial cracks have a slow initial expansion
speed, while the speed increases later. Using the method
of frequency spectrum analysis, FFT is performed on the
pulsed eddy current response difference signal, and the
power spectral density of the low frequency part is taken
as the detection index. As shown in Fig. 15, as the num-
ber of bearing revolutions increases, the magnitude of
power density increases, which corresponds to faster
crack propagation.
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Fig. 14 Pulse differential signals with different usage times
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Fig. 15 Differential signal amplitude and power spectral densi-
ty amplitude at different fatigue times

4 Conclusions

1) The crack propagation mechanism, including the
principle and advantages in pulse eddy current testing, is
analyzed. To evaluate the health of the bearing, a rolling
contact fatigue test system for a bearing inner ring with an
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existing crack is designed and manufactured.

2) Using the model simulation data to calculate the
sensor characteristic parameters can effectively detect the
surface and subsurface cracks and wear caused by rolling
contact fatigue. By analyzing the amplitude of the differ-
ential signal and the power spectral density, the current
health status of the bearing can be effectively evaluated.
Hence, this approach is beneficial for evaluating the re-
maining service life of the bearing.

3) The results commendably verify the mechanism and
trend of crack propagation. However, there are still many
problems requiring further investigation. Further studies
will redesign the sensor parameters in practice to accom-
modate multiple defect detection in RCF and find differ-
ential thresholds to quantify bearing life.
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