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Abstract. In this paper we present some experimental results of the influence of the fatigue 
on the energy loss due to hysteresis of the rotating sample made from ferromagnetic steel in 
the fatigue testing. By measuring and calculating the energy loss per cycle due to hysteresis, 
we discover the energy loss increase depending on number of fatigue cycles. The results are 
used for evaluating the fatigue state, the working life, and technical diagnosing for rotating 
samples. 

1. INTRODUCTION 

Most machine parts are subjected to variation in applied loads, causing fluctuation in 
stresses in the parts. If the fluctuating stresses are of sufficient magnitude, even though the 
maximum applied stress may be considerably less than the static strength of the material, 
failure may occur when the stress is repeated a sufficient number of times. This failure is 
called the fatigue failure. The important effect of the fatigue in metals is to change the 
mechanical properties of metal as shown in [1] . 

It has been recognized for sometime that the magnetic characteristics of a material 
are related to its composition and it s mechanical properties. The object of this work is 
to establish the influence of the mechanical fatigue on the magnetic properties of ferro­
magnetic sample used. There are many methods of magnetic analysis that are used t o 
measure the magnetic properties. It has been found that alternating current method have 
several advantages and are most suitable for material of uniform cross section. In this 
method the sample under observation forms the core of a coil or a solenoid. The various 
characteristic of the core cause the shifts in the phase angle between the current and the 
voltage of the induced current and give the hysteresis loop, the energy loss per cycle. 
By measuring the energy loss per cycle due to hysteresis, we can evaluate the change in 
magnetic characteristics of the sample, and make predictions on its working life. 

In order to find the influence of the mechanical fatigue on the magnetic properties of 
AISI 1045 steel sample we performed several experiments on t he rotating beam testing 
machine. The experimental researches show that the fatigue makes the change in the 
energy loss per cycle due to hysteresis. 

2. BASIS OF THEORY 

2.1. Ampere's law 

One of the basic theorems in the electromagnetic is the Ampere's law which relates 
the magnetic produced by an electric current to the current passing through a conductor. 
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Ampere's law states that the line integral of the magnetic field H taken around a 
closed path is equal to the total current enclosed by the path: 

f Hdl= I>· (2.1) 

For a uniform field, H is a constant and we have: 

Hl =Li. (2.2) 

Or if H is constant over sections, with different section having different H , then: 

LHl= L i. (2 .3) 

2.2. Magneto-motive force (mmf) 

Magneto-motive force is the flux producing ability of an electric current in a magnetic 
circuit: 

mmf<;S =Li. (2 .4) 

Consider a coil having N turns. It will link the flux path with each turn, so that total 
current linking with the flux would be 

Li= Ni . (2.5) 

Thus from Ampere 's law, the mmf produced by the coil of N turns would be 

Ni= HZ. (2.6) 

2.3. Magnetic flux density 

The magnetic flux H gives rise to a magnetic flux ¢, which has a magnetic flux density 
B for a given area A . The relationship between B and His given the permeability of the 
mediumµ. 

B=µH , (2.7) 
where 

µ = µoµr, (2 .8) 

µr is the relative permeability which can vary from about 2.000 to about 100.000 dependant 
on the material. 
µ 0 = 47r x 10- 7 H/m: permeability of air is generally taken to be equal to that of free 
space in practice. 

¢=BA. 

Unit of permeability is henry per meter (H/m). 
Unit of magnetic flux density is tesla (T). 
Unit of magnetic flux is weber (Wb) 

(2.9) 
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Unit of magnetic field is ampere per meter (A/m). 

2.4 .. Reluctance of a magnetic path 

.A magnetic material presents a reluctance S to the flow of magnetic flux when an mmf 
is applied to the magnetic circuit . 

Thus mmf =Reluctance x flux . 

S' = S.¢. 

For a uniform field: S' = Ni = H l. 
From (2.7) and (2.8), we have: ¢=BA= µHA. 
From (2 .10),we have: Hl = SµHA. 

l 
S= µA ' 

where l: length, A: area of the cross section. 
Unit of magnetic reluctance is 1/henry (H-1). 

Magnetic permeance A is the inverse of ~he magnetic reluctance. 
Thus 

A=~= µA. 
s l 

Unit of magnetic permeance is henry (H). 

2.5 . Self inductance 

(2.10) 

(2.11) 

(2 .12) 

While the reluctance is a property of the magnetic circuit, the corresponding quantity 
in the electrical circuit is the inductance. 

From the Faraday's law of electromagnetic induction, induced emf: 

e =Nd</>= L di 
dt dt' 

(2 .13) 

N <f> =Li,. 

L= N <f> . 
i 

The self inductance L of a winding is the flux linkage produced in the same winding 
due to unit current flowing through it . For a coil of N turns, if the flux in the magnetic 
circuit is ¢ . The flux linkage with the coil would be N ¢. 
Also since Ni= S<f> 

N 2 N 2µA 
L = -= - -

S l 
(2 .14) 

Thus the inductance of a coil of N turns can be determined from the magnetic circuit. 
Note that the inductance of a coil is directly proportional to the permeability of the 

medium inside the core of the coil. By using a ferromagnetic material such as iron as the 
core, the inductance can be increased significantly given the large relative permeability of 
a ferromagnetic material. 
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Fig. 1. The solenoid and its core Fig. 2. The hysteresis loop 

2 .6. Energy loss dtie to hysteresis 

For the solenoid with non-ferromagnetic core, the electrical energy converted to energy 
in the magnetic field during the rise of the current is all reconverted into electric energy 
when the current decrease to zero. If the core material is ferromagnetic, however, some 
of the magnetic energy is converted irreversibly into heat as a result of the hysteresis . 
behavior. The amount of electrical energy in one hysteresis cycle, which is converted to 
magnetic energy but is not reconverted to electrical energy, is called energy loss in one 
cycle due to hysteresis. Let us now compute this amount of this electrical energy. 

Let e present the instantaneous emf of self-induction set up in the solenoid, as shown 
in Fig. 1, due to the rate of change of i, where i is the instantaneous current flowing in 
the solenoid. Also, let dW represent the element of energy which is transferred from the 
electric circuit to the magnetic field of the solenoid in an element of time dt. When i is 
increasing in magnitude, e is in an opposite sense to that of i, and electrical energy is being 
converted into magnetic energy so dW is positive during an increase in the magnitude of 
i. When i is decreasing in the magnitude, e is the same sense as i, and magnetic energy is 
being converted into electrical energy so dW is negative during a decrease in the magnitude 
of i . For any infinitesimal length of time dt , we have 

dW = iedt. (2.15) 

But, from Faraday's law of electromagnetic induction (13) , 

e =Nd¢= NA dB 
dt dt' 

(2.16) 

where ¢ is the instantaneous value of the total magnetic 'flux through the core, B is the 
instantaneous magnetic flux density, A is the area of, cross section of the core. 

Put (2.16) into (2.15) and we have 

dW=NAidB. (2.17) 

From (6), Ni= Hi. Put this value of Ni into (2.17) and 

dW = AlHdB. 
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However, Al = v, where v is the volume of the core, so 

dW=vHdB (2.18) 

Let W represent the net energy input to the magnetic field during one cycle, i.e, W is 
the energy is not recovered by the electric circuit . Then 

W=v f HdB. (2 .19) 

Break the integral of (2.19) into the following parts for evaluati.on 

Br B!,,. B~ Em f HdB = J HdB+ J HdB+ J HdB+ J HdB . (2.20) 

Bm Br Bin B~ 

The energy represented by the area enclosed in the hysteresis loop shown in Fig. 2 is 
fed from the electric circuit into the magnetic but is not returned to the electric circuit, 
thus (2.19) becomes. 

W = v . (area enclosed in the hysteresis loop). (2.21) 

If the frequency of the ·alternatin.g current flowing in the coil is f, the core material 
goes through t he hysteresis cycle of changes f times per second and the power loss due to 
hysteresis is 

P = v f (area enclosed in the hysteresis loop). (2.22) 

Thus, for evaluation of the energy loss W or the power loss P due to hysteresis in the 
core of a solenoid or a transformer, we must determine the area enclosed in the hysteresis 
loop. In order to calculate the area enclosed in the hysteresis loop, we can perform as the 
following procedure: 

• Using measuring device system, we have the hysteresis loop for one cycle. 

• Determining the area enclosed in the hysteresis loop in terms of square millimeters 
or some similar area unit. 

• , Multiply the area by the scale factor, to determine the area in unit of B times H . 

• Substitute this area into (2.21) or (2 .22), thereby determine the energy loss W or 
the power loss P due to hysteresis . 

In order to research the influence of the mechanical fatigue on the energy loss per 
cycle of ferromagnetic samples by the magnetic method, we performed the following ex­
periments. 
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3. EXPERIMENTAL METHODS 

3. 1. Experiment set up 

The purpose of the experiment is to detect the change in the energy loss per cycle of 
the ferromagnetic sample in the rotating beam fatigue test. 

The samples were made from AISI 1045 steel with the following chemical composition 
(%): C = 0.45, Si = 0.30 , Mn = 0.70 , S = 0.04.The mechanical parameter of this steel 
is tensile strength= 650 N/mm2 . The shapes and dimensions of the samples are given in 
Fig. 3. The fatigue testing machine is shown in Fig. 4. The samples was subjected to the 
magnetic field with the frequency f = 50 Hz, and the voltage u = 6 __, 24 V created by 
AC supply and a transformer shown in Fig. 5. 

Fig. 3. The testing sample Fig. 4. The fatigue testing machine 

The experiment conditions for each sample are constant such as the applied force , the 
speed, the frequency and the voltage of AC supply, and the measurement method. The 
sample time is 105 revolutions of the rotating sample. The schematic of measurement 
device system is shown in Fig. 6. It consists of the following devices: 

• Load cell + Digital force indicator. 

• A hydraulic jack to 2 tons. 

• A coil with 10.000 turns. 

• An electric circuit. 

• A revolution counter set. 

• Amplifier and Filter set. 

• FFT (Fast Fourier Transformer). 

• A computer. 
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Fig. 5. Schematic of measuring 
device system 

3.2. The measurement method 

Fig. 6. The electric circuit and the testing 
sample 

The measured data were displayed on the FFT: 

• Channel A: the induced emf signal uc(t) as shown in Fig7 

1 J NA The induced emf: uc(t) = RC edt = RCB(t) . 

Thus uc(t) is proportional to the magnetic flux density B(t). 

• Channel B: the iR0 voltage signal as shown in Fig. 8. 

19 

This is the voltage through the resistor Ro. This voltage is proportional to the 
induced current. Thus it is also proportional to the magnetic field H(t). 

• Combine two signals , we obtain the hysteresis loop on the FFT as shown in Fig. 9. 

• The measured data are transmitted to the comput.er. 

• Using the software as shown in Fig. 9, the area of the hysteresis loop is determined. 

Note that the hysteresis loop area = the energy loss per cycle of the sample. 

Fig. 7. The induced emf signal Fig. 8. The iR0 voltage signal 
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Fig. 9. The shift in phase angle 
Between two signals 

Fig. 10. The hysteresis loop 
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Fig. 11. The software for calculating the area of the hysteresis loop 

3 .3. Experimental results 

The experimental results were stored in two ways: 
* FFT: the measured data from channel A & B were stored in the floppy disk 1.4MB, 

and transmitted to the computer. 
* Computer: the data were stored, constructed, and calculated the hysteresis loop 

area responding to the sample time. 
In order to evaluate the change in the energy loss per cycle of the sample versus the 

number of cycles, we constructed the plot that shows the relative energy loss per cycle 
m 

6.D versus fatigue accumulation = I.: 7jJ- . 
. i=l ' 

Where !J..D = D 1 - Do 
Dr energy loss per cycle spent number of cycle ni· 

D0 : energy loss per cycle spent number of cycle no = 0. 
The way in which the energy loss for one cycle changes depending on the number of 

fatigue cycles was performed for several experiments with various the applied force and 
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speed conditions. 

For illustration we present one of the experimental results as shown in Figures 11 -
13. This sample was performed in the experimental conditions: applied force = 20 KG, 
speed = 1500 rpm, channel A:ac/5v, channel B :ac/2v, fatigue failure cycles = 3.5 million 
revolutions. The Figures present the change in the shape and the area of the hysteresis 
loop versus number of fatigue cycles of this sample. 

The experimental results reveal that the influence of the mechanical fatigue makes 
increase the energy loss due to hysteresis of the ferromagnetic sample made from AISI 
1045 steel. 

1 2 00 .00 

1000 .00 

800 .00 

~ 
G 0 0 .00 

;:; 

4 0 0 .0 0 

2 0 0. 00 

0.00 
0 .00 0 .5 0 1.00 1 .5 0 

Ni I N 

y = 174 5x• - 723 4 xl + 115 0 7x 4 - S l 63 3 •' 
+ 2 8 l49x l + $014S x+ 945 

R l~ 0 .9 9 91 

Fig . 12. The change in the energy loss per cycle versus the number of cycles 
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Fig. 13. The change in the hysteresis loop versus the number of cycles 

Energy loss due to hysteresis is work, which is done in aligning the Amperian current 
loops and domain in the core (sample) of the solenoid. In the core there is a kind of 
internal friction against the alignment . From the research results in [1] when the sample 
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rotates there is an energy dissipation due to internal friction , as the result of the relative 
motion between particles of the steel during deformation. This energy dissipated increase 
depending on number of fatigue cycles. This leads to increase the energy loss due to 
hysteresis is as the experimental results above. 

4. CONCLUSIONS 

This work leads to the following conclusions : 

• The change in mechanical properties of the sample in the fatigue test has connection 
with its magnetic properties. 

• The energy loss per cycle due to hysteresis increase depending on number of fatigue 
cycles. 

• The results are used for evaluation the fatigue state, and diagnosing the working 
condition of the rotating samples. 

This publication is completed with financial support from the National Basic Research 
Program in Natural Sciences. 
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Bai bao trlnh bay ket qua thvc nghi~m ve anh hm'.tng cl'i.a hi~n tm;mg m6i den t6n hao 
nang luqng do tu tre cua mau che t<itO bhg sat tu trong thi nghi~m moi. Bl1ng each do 
thvc nghi~m va tfnh toan bang phan mem, da phat hi~n qui lu~t t6n hao nang hrqng do 
tir tre phi.i thu9c vao so chu ky lam vi~c . Ta c6 th~ ap di.ing ket qua nghien cuu nay d~ 
danh gia tr'itng thai moi , tuoi th9 lam vi~c va chan doan ky thu~t doi v&i mau hay tn,1c 
may. 
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