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ABSTRACT

This paper presents the characterisation of the stress intensity factor range
AK, with the magnetic flux gradient, dH(y)/dx signals obtained using the
metal magnetic memory (MMM) method during fatigue crack growth test.
The MMM method is a passive non-destructive testing technique developed
for the examination of self-magnetic leakage field signals which were
generated in the stress concentration zones. In this paper, the fatigue crack
growth test was conducted by applying a constant amplitude loading at
different stress ratios. The scanning device and crack opening displacement
gauges were used for acquiring the magnetic signals and crack growth
parameter, respectively. The relationship between the dH(y)/dx signals,
fatigue crack growth rate, da/dN and AK was determined. As a result, some
similarities were observed between the AK and dH(y)/dx signals; wherein
both were seen to increase with an increase in the value of da/dN.
Furthermore, the analysis of the relationship between dH(y)/dx and AK
focused on the stable crack growth region and noted that the correlation of
determination ranged between 0.9286 - 0.9788. This indicates that dH(y)/dx
signals can be used to evaluate the fatigue crack growth of the material.
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Introduction

The primary concern about failure of various engineering components such
as in automobile industries is due to fatigue damage. This is because, during
the service, these components experienced cyclic loading [1]. Fatigue failure
process normally consists of three regions, that is: fatigue cracks initiation, a
stable fatigue crack growth, and the final fracture [2]. Out of these three
regions, significant efforts have been made to study the stable crack growth
region since this fatigue stage occupies a major portion of the material’s
fatigue life. This region is very important for determining the remaining life
of engineering materials [3]. Fracture mechanics approach deals with fracture
phenomena which combines the mechanics of cracked bodies and mechanical
properties. Through this concept, the parameter of stress intensity factor, K is
used to assess the strength of a substance. When the K value reaches a certain
critical value depending on the fracture toughness value of the material, the
failure occurs [4]. The fatigue crack growth behaviour can be described by
the relationship between fatigue crack growth rate, da/dN and stress intensity
factor range, AK. The straight line obtained in the middle region on the log-
log plot represented by the Paris Law equation [5].

Failure to detect defects as early as possible can lead to an increased
risk of major accidents. This occurs with a gradual growth of the initial
defect, leading to the fracture of the material. The commonly used technique
for determining the functioning or the status of the component is through
checking for defects using the non-destructive testing (NDT) method [6]. The
stress concentration area is an important element which must be analysed as
it is the major source of growth of the defects or damages. Along with
technological developments in the NDT, the metal magnetic memory
(MMM) method was introduced for the detection of stress concentration
zones [7]. In comparison with other NDT methods, the MMM method can
diagnose early damages and developing defects in the material. In addition,
this method is easy to use, has a high sensibility, and is cost and time
effective [8].

The MMM method is based on measuring the self-magnetization
leakage field and can be used for detecting the development of fatigue crack
[9]. The changes in the normal component, H(y) signals and the tangential
component, H(x) signals have been investigated by Wang et al [10] when
evaluating the fatigue damage of 0.45% C steel specimens during the
tension-compression cyclic test. Huang et al [11] studied the effect of the
H(y) signals and the magnetic flux gradient signals, dH(y)/dx on the surface
of ferromagnetic structural steel throughout the dynamic three-point bending
fatigue tests. Chong et al [8] analised the distribution and variation of the
MMM signals during fatigue crack propagation. It shows that the magnetic
parameters increased with the increase of fatigue crack length, therefore the
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MMM signals was possible to evaluate the fatigue damage of the
ferromagnetic components.

From the previous studies, it can be identified that the signals from
MMM method are capable of detecting the stress concentration zone and
evaluating the fatigue failure. However, till date, the MMM method is still
lack of the physical models and quantitative criteria for the detection of
defects, further researches are necessary to attain a better understanding of
this method and to find better correlation especially between MMM and
fatigue [12]. This study aims to characterise the magnetic flux gradient
signals, dH(y)/dx parameter obtained through the MMM method with the
fatigue crack growth parameter that is stress intensity factor range, AK. In
this study, fatigue crack growth test of ferromagnetic steel was conducted by
using different stress ratio. Fatigue crack growth behaviour in stable region
explained by the Paris Law equation. Furthermore, the magnetic flux
detection during the fatigue test was carried out using the MMM method. The
relation between the dH(y)/dx signals and the fatigue crack growth parameter
was characterised. The fatigue crack growth in stable crack propagation
region explained by using dH(y)/dx signals and the relation between dH(y)/dx
signals and AK discussed. Through this study, it presumes that the dH(y)/dx
signals value can will increase during the fatigue crack growth process and
the dH(y)/dx signals has the potential to replace AK parameter in describing
fatigue crack growth behaviour in stable region.

Methodology

The The material used in this study was a ferromagnetic material SAE 1045
medium carbon steel which is commonly used in most engineering and
construction works [6]. The tensile tests were conducted to obtain the
monotonic properties of the material. The specimens were designed
according to the ASTM:8M-11 standard. Thereafter, the constant amplitude
loading fatigue test was performed using a 100 kN Servo-Hydraulic Machine.
Three stress ratio, R values were applied in the test. The test condition was
selected to observe the stable crack propagation during the magnetic flux
monitoring process. From our previous study, it has been found that a
maximum load of more than 7 kN can lead to an unstable crack growth.
Table 1 described the loading design used in this study.

Table 1: Loading conditions of the fatigue test

Frequency (Hz) 10

Stress ratio, R 01 02 03
Maximum load, Pmax (KN) 4.44 5.00 5.71
Minimum load, Pmin (KN) 0.44 1.00 1.71
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The fatigue crack growth test specimens were designed according to
the ASTM E647 standard. Figure 1 shows the schematic geometry of the
specimen. This specimen is also referred to as an eccentrically-edge crack
loaded single tension specimen. According to the standard, the initial crack
was in the middle of the specimen with a length of 22 mm. The crack
opening displacement (COD) device was used to measure the fatigue crack
growth parameter, which is the propagation of the crack length on the
specimen, and the range of the stress intensity factor, AK. The set-up of the
fatigue crack growth experiment is shown in Figure 2.

222 mm

N
v

Scanning line
O I O

Figure 1: Schematic geometry of fatigue crack growth specimen

60 mm

Figure 2: The Servo-Hydraulic Machine with the specimen and COD
attached
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During the cyclic test, for every 1 mm crack length propagation, the
fatigue test was halted for the measurement of the magnetic signals. The
magnetic signals were captured using the MMM scanning device shown in
Figure 3. Meanwhile, Figure 4 shows the method used to attach the MMM
sensor to the specimen. The MMM sensor was rolled on the 100-mm
scanning line length. The magnetic signals were captured by using sensors 1
and 2. The distance between the wheel and sensor 1 was 5 mm, while the
distance between the wheel and sensor 2 was 25 mm. The cyclic test was
conducted till the occurrence of a final failure of the specimen. The whole
process was repeated for the other load conditions. Subsequently, the
magnetic signals were analysed by using the MMM software.

Sensor 2 -

Sensorl —

Wheel

Figure 3: The MMM scanning device

\

Figure 4: The MMM sensor rolled through the scanning line on the specimen
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Fatigue crack growth equation

The logarithmic plot of da/dN and AK shows that the complete fatigue life
and the fatigue regions were separated by the AK value. The value of the
stress intensity reflected the severity of the cracks. Region | was located
below the fatigue crack growth threshold AKy value. In this region, the crack
growth did not generally occur and the crack growth rate was at the lowest.
Region Il was seen to correspond to the stable macroscopic crack growth as
displayed by a straight line in the log-log plot [13]. The relationship of the
da/dN and AK in the stable crack growth region can be written based on the
Paris law as shown in Equation (1)

da/dN =C(AK)",AK,, < AK <K, 1)

where AKi is the fatigue threshold, and K. is the fracture toughness of the
material. C and m are material constant values. Region Il is the final failure
region where the crack growth rates were the highest [13].

Results and Discussion

Material properties determination

The monotonic properties of the SAE 1045 medium carbon steel were
obtained using the tensile test as shown in Table 2. The yield and ultimate
tensile strengths obtained in this experiment were compared to the same type
of material used in previous studies [14]. It was found that the percentage
difference between the experimental values and the reference values was 5 %
for the yield strength value and 12 % for the ultimate tensile strength value.
Therefore, the monotonic properties value can be accepted. In addition, the
crack growth coefficient, crack growth exponent, threshold, and fracture
toughness was obtained from a previous study reported by Pugno et al [14] as
shown in Table 3. These values were important and used for subsequent
fatigue crack growth analysis.

Table 2: Material properties of SAE 1045 steel from tension test

Properties Tension test
Yield strength (MPa) 363.5
Ultimate tensile strength (MPa) 709.6
Modulus Young (GPa) 206.7
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Table 3: Fatigue crack growth properties of SAE 1045

Crack .QFOW”‘ Crack growth  Threshold Fracture

coefficient exponent (MPavm) toughness

(micycle) P (MPavVm)
8.20E-13 3.5 7.1 80

Fatigue crack growth behaviour

Figure 4 presents the results obtained by the fatigue test which shows an
increase in the crack length due to the application of a number of cycles for
every test condition. The crack growth rate, da/dN was obtained from the
slope of the curve. As shown in the figure, the number of cycles at failure for
R =0.1, 0.2, and 0.3 were 68,025, 66,038, and 60,936 cycles, respectively.

0.050 -
0.040 -

g 0.030 -

2 S BR=0.1

< 0.020 M R=02
0.010 - *R=03
0.000 . . . .

0 20,000  40.000  60.000  80.000

N, cycles

Figure 4: Crack length versus the number of cycles for each R value

The results shows that the fracture life for R = 0.3 was shorter than R
= 0.2 and 0.1. As stated in Table 1, the maximum loading for R = 0.3 was
higher than R = 0.2 and 0.1. This shows that the stress ratio could cause an
increase in the maximum load. The number of cycles to failure were seen to
be dependent on the magnitude of the stress applied. Therefore, with an
increase in the stress ratio, there was an increase in the crack growth rate and
a decrease in the fracture life [15].

Figure 5 presents the log-log plot for da/dN and AK which describes
the fatigue crack growth behaviour for every stress ratio. The figure shows
that the resultant sigmoidal curve was divided into 3 regions. This study
primarily focused on Region 2 which represented the stable crack
propagation region. The determination of Region | and Region Il was based
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on the threshold values obtained from an earlier study [3] as shown in Table
3. The properties for fatigue crack growth are shown for R = 0.

From the experiments, the minimum stress intensity factor range
values for R = 0.1, 0.2, and 0.3 were 27.64, 26.74, and 27.16 MPaVm,
respectively. According to previous studies, however, the threshold value for
this material is 7.1 MPaVm. This is because the recommended testing process
for obtaining the complete range of the sigmoidal curve is to perform the
constant amplitude test and AK-decreasing test. The AK-decreasing test was
used for generating the fatigue crack growth data from Region | to the middle
of the stable crack growth region. Meanwhile, the constant amplitude test
was performed to acquire the fatigue crack growth data from the middle of
Region 1l to Region 1l [16]. In this study, the only test conducted was the
constant amplitude test. The determination of Region Il and Region Il was
based on the fracture toughness of the material. Referring to the experimental
results, when the value of AK exceeds the fracture toughness value at 80
MPavm, the da/dN value rapidly increased. The final value of AK recorded
by the COD device was 102.39 MPavm for R = 0.1, 98.07 MPaVm for R =
0.2 and 85.04 MPavm for R = 0.3.

1E-04
1E-05
3 I
g‘ 1E-06
a8 “R=0.1
£ 1E07 R=02
S OR=0.3
1E-08
1E'09 T 1
L ARy 1.000
AK, MPavm

Figure 5: Fatigue crack growth behaviour for each value of R

The values of C and m were determined from the steady crack
growth region based on the Paris law equation described in Figure 6. The
values of da/dN and AK were taken at the crack length of 1 mm to 18 mm,
determined as Region II. For the three curves, the crack growth exponent
values were the same at 3.5. Although the test was conducted at different
stress ratios, the crack growth exponent value was still the same as it
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represented the material constant [13]. The crack growth coefficient was the
intercept value of the log da/dN axis. Figure 6 shows that the crack growth
coefficient value for R = 0.1, 0.2 and 0.2 were 8.444E% 8.773E™S, and
9.830E%, respectively. Although no big difference was observed noted
between the curves from the figure, the obtained crack growth coefficient
values indicated a difference in the crack growth rate. With the increase of
stress ratio value, the fatigue crack growth rate, da/dN will also increase [15].

1E-05 -
da/dN=8.444E-13(AK)*%; R = 0.1
da/dN=8.773E-13(AK)*5; R = 0.2
da/dN=9.830E-13(AK)*5; R = 0.3
2 1E-06 -
5
E
z
£ 1E-07 -
R=01
R=02
O R=03
1E-08 .

10 100

AK, MPavVm

Figure 6: Determination of fatigue crack growth coefficient

Analysis of the stress concentration zone

The magnetic signals were obtained via two sensors. Nevertheless, from the
analysis, it was seen that Sensor 2 provided better signals in comparison to
Sensor 1. This was due to the difference in the distance of the sensors from
the initial crack length. Sensor 1 was less sensitive due to a larger distance
from the initial crack length when compared to sensor 2 [10]. Accordingly,
the analysis of the stress concentration zone in this study was based on the
signals from Sensor 2. The MMM scanning device used in this study detects
the normal component signals, H(y) and the magnetic flux gradient signals,
dH(y)/dx. However, only the dH(y)/dx signals have been presented because
the MMM gradient signals were more sensitive to the degree of damage in
comparison to the H(y) signals [17].
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Figure 7: Magnetic signal trends for R = 0.1 (dH2/dx), R = 0.2 (dH4/dx) & R
= 0.3 (dH6/dx) on the crack length of: (a) 4 mm, (b) 8 mm, (c) 12 mm, (d) 16
mm
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Figure 7 shows the variation of dH(y)/dx signals along the scanning
line. The y-axis was the dH(y)/dx signal values whereas the x-axis was the
scanning line distance (100 mm). When taking the magnetic signals, the
sensor was moved over the scanning line and the MMM signal was taken at
each crack length extension of 1 mm. Nevertheless, as a summary in Figure
7, the authors only shows the changes in magnetic signals obtained on the
crack length of 4 mm, 8 mm, 12 mm and 16 mm only for each stress ratio
value. It was observed that there were significant changes in the dH(y)/dx
signals for a scanning distance of 45 - 55 mm. The changes in the dH(y)/dx
values within these regions were as expected as the specimen notch was
present in this area [9]. The stress was mainly concentrated in the areas with
notches; therefore, the crack growth of originates here.

Based on the results, there was an increase in the dH(y)/dx values as
the crack length increases. A similar change in the dH(y)/dx signals was
noted for all the three R values. This shows that the dH(y)/dx signal values
can be used for detecting the stress concentration zone. The effect of stress
on the ferromagnetic material can result in spontaneous magnetic signals,
which can probably be applied for evaluating the degree of damage [16]. The
ferromagnetic theory shows that the magnetization was irreversible. When
the load was removed, there was an increase in the specimen’s magnetic
permeability, and which could not revert to its original value. There was an
increase in the specimen’s magnetism due to the loading cycle which is
associated with the load magnitude [18].

Based on Figure 7, although the dH(y)/dx signals were correlated to
the fatigue crack growth process, some other dH(y)/dx signals were also
being detected by the MMM scanning device sensors at a scanning distance
of 0 — 25 mm and 75 — 100 mm, as shown in Figures 7(a) — 7(d). However,
these signals were not analysed in our study because no significant changes
were noted. These signals were detected by the sensor based on the effects of
the initial magnetic field from the fatigue testing machine clamps and
environmental magnetic field [17,19].

Relations of crack growth parameter and magnetic parameter

It was observed from the analysis of the fatigue crack growth behaviour that
the crack length within the stable crack propagation region ranged between 1
- 18 mm. Therefore, dH(y)/dx values at the crack length of 1 — 18 mm for
each stress ratio value were shown in Table 4.
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Table 4: Changes in the magnetic signals by the elongation of the crack

Crack length dH(y)/dx value
(mm) R=01 R=02 R=03
1 2 2 3
2 3 3 3
3 3 4 4
4 4 5 6
5 5 6 7
6 7 7 8
7 8 8 9
8 9 10 10
9 10 11 10
10 12 13 11
11 15 14 14
12 16 15 15
13 18 17 16
14 19 18 18
15 20 19 19
16 22 20 21
17 28 23 29
18 32 26 34

In Figure 8, the relation between the log da/dN and the log dH(y)/dx
within the stable crack growth regions was observed. Generally, it was
observed that for the three values of R, there was an increase in the dH(y)/dx
value with increasing values of da/dN [20]. The graph of da/dN against
dH(y)/dx in Figure 8 shows a similar pattern as seen in the graph of da/dn
against AK in Figure 6, especially for the stable crack growth region. It was
noted that the coefficient of determination R? for the three R values ranged
between 0.9405 - 0.9746. Since the R? valued is closed to 1, this shows that
the fatigue crack growth behaviour could be explained based on the magnetic
parameters.

In a study by Dubov [9], the MMM methodology can be used to
identify the stress concentration zones. Based on the concept of fracture
mechanics, the stress intensity factor range parameter is being used in the
analysis of fatigue crack growth. The ability of the MMM signals to replace
the values of AK for analysing the fatigue cracks can be determined based on
the graph of log dH(y)/dx versus log AK, as described in Figure 9. It was
noted that the coefficient of determination R? obtained for the three R values
ranged between 0.9286 - 0.9788. The results shows that the relation between
the dH(y)/dx signals and the AK was acceptable. Hence, the dH(y)/dx signals
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can be proposed as an alternative for replacing AK when analysing fatigue
crack growth.
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Figure 8: Relationship of da/dN versus dH(y)/dx in second region of fatigue
crack growth
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Figure 9: Relationship between dH(y)/dx signals and AK
Conclusion

In this study, the fatigue crack growth behaviour of SAE 1045 medium
carbon steel was studied using the MMM method. The crack growth
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parameter was characterised by the magnetic flux gradient, dH(y)/dx signals
obtained from the MMM method. As the result, the stress concentration zone
of the specimens can be detected and analysed by the MMM signals. For
each value of R, the values of the dH(y)/dx signals increased with increasing
values of da/dN. The relationship between the dH(y)/dx and AK was
established with the correlation of determination R? obtained were between
0.9286 - 0.9788. It is concluded that the dH(y)/dx signals can serve as an
alternative parameter for analysing the fatigue crack growth within the stable
region.
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