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Abstract: The permeability testing technology are new testing and evaluating method, which based on the electromagnetic 

induction principle, can realize the test and evaluate high sensitively of stress concentration and fatigue damage for 

ferromagnetic specimen. Taking Q235 and 45 steel for examples, the relationships of the detection signal and the tensile stress, 

residual stress, fatigue damage are studied from experiments. The results indicate that permeability testing technology can be 

used effectively to measure the stress state of specimen and the maximum stress suffered before. According to the residual stress 

signal after suffer tensile, the maximum stress to be suffered before can be determined with high sensitively. It shows that 

detection sensitivity of the fatigue damage is less than that of stress concentration. The detection sensitivity of fatigue damage for 

Q235 steel is greater than that of steel 45 steel. The results indicate that the permeability testing technology has a broad 

application prospect. 
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1. Introduction 

In modern industry, a large number of steel components are 

used in the aerospace, railway, power, pressure vessels and 

other industries. Steel components may lead to stress 

corrosion, function aging and fatigue fracture easily in their 

using due to undergo stress concentration and fatigue damage 

and loading [1]. Major accidents and disasters may take place 

due to role of internal media and external environment which 

ultimately will bring disaster to the country and the people [2]. 

Therefore, in the non-destructive testing for the component, 

detecting the stress concentration and fatigue damage of 

critical areas quickly, accurately and conveniently is of 

significance in the prevention of the fracture failure of 

components and the occurrence of a major disaster [3-4]. 

Magnetic permeability testing technology is a kind of 

evaluation method for detecting stress concentration and 

fatigue damage [5-7]. This method has very high detecting 

sensitivity [8-12]. It not only can detect the degree of stress 

concentration and the fatigue damage status for ferromagnetic 

material specimen, but can also detect martensite-austenite 

transformation, mechanics toughness-brittleness transition, 

dislocation defect density, cementite and ferrite 

transformation, etc [13-14]. 

2. Detection Principle 

The structure of detection probe is shown in Figure 1, 

which comprises a detection coil and an excitation coil and 

was wound on a tubular plastic frame, and it is suitable for 

detecting rod-shaped ferromagnetic specimen. When being 

tested, the test specimen was put into the tube of the sensor, 

the excitation coil was connected with an Alternating voltage, 

and a closed magnetic circuit was formed by the 

ferromagnetic specimen and the external environment. The 

stress concentration leads to the change of magnetic 
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permeability, which and then leads to the change of the 

magnetic resistance and flux for the closed magnetic circuit. 

By detecting the inducing signal and permeability changed 

for the specimen, the status of stress distribution and degree 

of fatigue damage were measured. 

 

Figure 1. Sensor structure diagram. 

A constant voltage source was selected as the source of 

excitation. According to the principle of electromagnetic 

induction, the output signal of the detection coil changes with 

the change of magnetic flux density on tube center region. By 

the induction coil voltage value can reflect changes in the 

permeability of ferromagnetic materials. The method realizes 

the detection of stress concentration and fatigue damage of 

ferromagnetic specimens.  

Based on magnetic circuit loop theorem and magnetic 

Ohm's Law: i=ΦRm, i express current density of the solenoid, 

Rm express the magnetic resistance of full magnetic circuit, 

and Φ express the magnetic flux. Therefore, Φ= i/Rm, Rm 

consist of Rm out and Rm in, which expressed the magnetic 

resistance of air part and magnetic resistance of specimens 

respectively in the magnetic circuit. Rm out magnetic 

resistance of air part is constant. Therefore, Φ= i/Rm= i/(Rm 

out+Rm in), Φ==i/[Rm out+L/(µS)], µ express permeability of 

specimen, L is the length of specimen, S express the average 

equivalent cross-sectional area. According to Maxwell 

second equation:  
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N2 express number of turns of the detecting coil. formula 

(1) indicates that when the permeability µ of the specimen to 

be changed, the output signal can change Correspondingly. 

Negative express the phase relation of current and voltage. 

Due to stress concentration, fatigue damage can affect the 

permeability, so the structure status of stress concentration 

fatigue damage for specimen can be judgment and evaluate 

by output signal voltage amplitude.  

To determine the specimen, µ is determined, the measuring 

value of di/dt is constant. Formula (1) can be expressed 

uout=aµ/(µ+b), a and b are constant. Based on test data, the 

constant of a and b can be obtained.  

3. Test Equipment and Test Methods 

At room temperature, the electronic tensile test equipment 

of DW-100 was used for experiment, which was conducted at 

constant velocity tensile loading, specimen of Q235 steel and 

45 steel. The maximum tensile force can not exceed 100kN, 

and loading rate of 2mm/min. 

The electronic fatigue test equipment (INSTRON 8801) 

was employed at room temperature. Related parameters of 

fatigue test are as follows： stress ratio of 0.1, sine wave, 

loading frequency of 15Hz, static load of 15.4kN, dynamic 

load of 12.6kN. Test specimens of steel rod, diameter of 

10mm and length of 250mm, were measured. 

4. Experiment and Analysis 

The experiment of static load stretching and unload were 

performed for Q235 steel and 45 steel. Static load stretching 

can determine the relation of detection signal and the tensile 

stress. However, unload can determine the relationship 

between the detection signal and the residual stress. The 

residual stress is caused by the loading stress, which is the 

stress state of the specimen after the loading stress to be 

canceled.  

4.1. Yield Strength and Tensile Strength 

Yield strength and tensile strength of the specimen can be 

obtained by measuring the stress-strain curve. Figure 2 

represent the stress-strain curve of the specimens. Figure 2 (a) 

shows that the yield strength of Q235 specimen is 266MPa 

and the tensile strength is 416MPa. Figure 2 (b) shows that the 

yield strength of 45 steel specimen is 382MPa and the tensile 

strength is 603MPa. 

4.2. Relationship Between the Rate of Change of 

Permeability and Tensile Stress  

The sensor was fixed on the specimen surface and the 

specimen was fixed on stretcher. With stress increasing 

constantly, the relationship between the rate of change of 

permeability and the tensile stress is shown in Figure 3. 

Figure 3 shows the curves of the rate of change of 

permeability with the tensile stress. Figure 3 (a) and Figure  3 

(b) respectively show the relationship between the rate of 

change of permeability of Q235 and 45# steel specimens with 

the tensile stress. Figure 3 (a) shows that the rate of change of 

permeability is slightly increased in the early stage of the 

tension and is reduced slowly when the stress was near the 

yield strength (248MPa). When tensile stress is at the range of 

248MPa to 388MPa, the permeability is reduced rapidly. 

When stress is near tensile strength, the rate of change of 

permeability can reach -7.5%. Figure 3 (b) shows when tensile 

stress is at the range of 75MPa, the permeability is slightly 

increased. When tensile stress is at the range of 75MPa to 

382MPa, the permeability decreases slowly with tensile stress 

increasing. At the range of 382MPa to 603MPa, the 

permeability decreases quickly with the increasing in stress. 

When stress is near tensile strength, the rate of change of 
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permeability can reach -7.5%. In the initial stage of tensile 

stress, the change of permeability is mainly caused by the 

action of the specimen and the drawing machine. It shows that 

the stress state of the rod material specimen can be effectively 

measured based on the permeability measurement technique.

 

(a) stress-strain curve for Q235 steel specimen                     (b) stress-strain curve for 45 steel specimen 

Figure 2. Stress -Strain curves for specimens. 

 

(a) rate of change of permeability versus tension stress for Q235 steel   (b) rate of change of permeability versus tension stress for 45 steel 

Figure 3. Tensile stress dependence of rate of change of permeability. 

Figure 3 shows that the detection signal related to stress 

state of the specimen. The change in detection signal can 

reflect the change of permeability, the stress state of the 

specimen can be judged by measuring permeability. The 

absolute changing amount of signal is 0.33V for Q235 steel 

and the relative rate of change of signal could reach 7.5%. For 

45 steel, the absolute signal variation is 0.3V and the relative 

rate of change of signal could reach 7.5%. 

4.3. The Influence of Tension Residual Stress on 

Permeability 

Figure 4 express the relationship between the rate of change 

of permeability and the residual stress of the tension which is 

the stress state of the specimen after the loading stress to be 

canceled, and the effects of stress and residual stress on 

permeability have been compared and analyzed. Figure 5 (a) 

and Figure 5 (b) indicate the influencing features of stress and 

residual stress on permeability respectively for Q235 and 45 

steel. 

Figure 4 shows that the detection signal of the residual 

stress is more sensitive than that of tension stress. The rate of 

change of permeability is more suitable for testing residual 

stress of the specimen. In the residual stress test, the changing 

absolute value of the signal of Q235 steel is 0.8V and the 

relative change of signal can reach 20%. The absolute signal 

change is 1V and the relative signal change can reach 26% for 

45 steel. Figure 4 (a) and figure 4 (b) show that the stress load 

status of 45 steel and Q235 steel are very different from that of 

stress unload state. The detection signal varies greatly with the 

increase of the residual stress, which is obviously larger than 

the that of detection signal caused by stress. It is shown that 

the change of permeability caused by residual stress is larger 
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than that caused by tension. The detection technique has 

higher testing sensitivity of measuring residual stress than that 

of measuring tension. For Q235 steel and 45 steel, when the 

tensile stress is less than the yield strength, at the elastic 

deformation range, residual stress of unloading and the 

detection signal near remained constant. When the tensile 

stress is greater than the yield strength, the detection signal 

decreases obviously with the increasing of residual stress. 

 

(a) Q235 steel specimen                              (b) 45 steel specimen 

Figure 4. Rate of change of permeability versus tension stress and residual stress. 

Figure 4 (a) shows that the detection signal exist a dramatic 

change at the 250MPa near of yield point, which be caused by 

sharp increase of residual stress for elastic deformation of the 

material. When the tensile stress was greater than 300MPa, the 

performance of the detection signal expression a slow decline 

until the fracture was caused by tensile stress. The necking 

stage, the sample begins to undergo uneven plastic 

deformation, with atomic slip blocking the accumulation of 

defects, the residual stress increasing sharply. 45 steel and 

Q235 both have similar laws. 

4.4. Effect of Fatigue Damage on the Detection Signals 

The fatigue damage experiment is similar that of static load 

tensile. The data were measured and record by subjecting the 

specimen to some hundred thousand cycles until the specimen 

was pulled off. 

 

(a) Q235 steel specimen                                            (b) 45 steel specimen 

Figure 5. Rate of change of permeability as a function of number of cycle. 

Figure 5 shows the relation between the detection signal 

and the number of fatigue cycles. Figure 5 (a) and Figure 5 (b) 

indicate experimental laws of Q235 and 45 steel respectively. 

Figure.5 (a) indicates the relation of rate of change of 

permeability versus number of cycles, with the maximum 

tensile strength of 356MPa greater than the yield strength of 

266MPa, which reacting the law of the low cycle fatigue. 

Figure 5 (b) express the rule of the high cycle fatigue of 45#, 

with the maximum tensile strength of 356MPa lower than the 

yield strength of 382 MPa. 

As it can be seen from Figure 5, the detection signal 

sensitivity of fatigue damage detection is lower than the stress 

concentration detection. Throughout the test of fatigue 

damage process, the relative variation of signal for Q235 was 

0.13V, and the relative change is 3.3%. The relative variation 

of signal for 45 steel only was 0.035V, and the relative change 
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is 0.6%. The results showed that the detection sensitivity of 

fatigue damage for Q235 is higher than that of 45 steel. 

Figure 5 (a) and experimental data show that the detection 

signal slowly decreases before the 160 thousand cycles, the 

signal change is 33mV, the variation accounted for 25% of the 

total variation. The detection signal variation of 25% is caused 

by 75% of cycles of fatigue. When the number of cycles of 

fatigue ranged from 160 thousand times to 220 thousand times, 

the detection signal was sharply decreased, the signal 

variation reached 97mV. It can be observed that the detection 

technique is feasible for testing of fatigue damage and 

assessment of residual life for Q235. 

Figure 5 (b) and experimental data show that for the fatigue 

before the 180 thousand cycles, the detection signal decreases 

slowly, that the signal has a change of 10mV, and that the 

detection signal variation of 29% is caused by 95% of cycles 

of fatigue. When the number of times of fatigue ranges from 

180 thousand times to190 thousand times, the detection signal 

decreases sharply, and the signal variation can reach 25mV. 

The detection signal variation of 75% is caused by 71% of 

cycles of fatigue.  

4. Conclusion 

Permeability detection technique is a foreseeing detection 

method for ferromagnetic specimen with high accuracy. The 

testing method can predict stress concentration condition, 

degree of fatigue damage and aging degeneration features in 

some areas based on the changes of magnetic induction 

intensity in the probe. In the closed magnetic circuit, the 

microscopic structural change of specimen, must result in the 

changes of permeability for components. Through the 

experimental study for Q235 and 45# steel specimens, the 

following conclusions can be obtained: 

Based on the permeability measurement technique, the 

stress concentration condition and degree of fatigue damage of 

the rod ferromagnetic specimen can be effectively measured. 

(2) Based on the remaining residual stress, the maximum 

stress can be determined that the component had bored and 

supported the stress condition before. 

(3) It shows that the detection of residual stress has higher 

detection sensitivity than the measured stress, and the 

detection of stress concentration has a higher detection 

sensitivity than that of fatigue damage. 

(4) When testing stress concentration, if the stress is less 

than the yield strength, the change of the detection signal with 

the stress is smaller. When the stress is greater than the yield 

strength, the detection signal with the stress changes 

obviously. 

(5) When the residual stress is measured caused by tensile, 

if the stress is less than the yield strength, the detection signal 

almost unchanged with the changing of stress, and when the 

stress is greater than the yield strength, the changing of the 

detection signal is sharply with the stress. 

Testing sensitivity of stress concentration and fatigue 

damage are related with the kind of steel and the carbon 

content of the steel. 
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