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Chapter 1 Introduction

A new method utilizing alternating current potential drop (ACPD) for experimental determination of the
Mode I stress intensity factor, K1, has been proposed by Saka et al. (1990). The major advantage of this tech-
nique is measuring the potential drop on the specimen surface, not near the crack tip. Since high frequency A-C
current flows on the specimen surface and around the crack tip due to the skin effect, the potential drop which
changes with the load gives significant information about K. )

However the model of the change in potential drop due to load has not successfully been proposed. The model
1s needed to devise an effective way of the application of this technique and to clarify the mechanism of the chan-
ge in potential drop. The purpose of this study is to model the change in potential drop due to load. Addition-
ally the effects of the magnetic flux, the demagnetization and the crack length on the change in potential drop

are examined.

Chapter 2 Model of the Change in Potential Drop Due to Load

The model of the change in potential drop due to load for ferromagnetic and paramagnetic materials is pro-
posed for two limiting cases of the measuring system ; one is without magnetic flux in the air and the other is
with a large amount of the magnetic flux.

In the case without magnetic flux in the air, the measuring system may be considered as an electric circuit
shown in Fig. 2-1, where Liis the internal self-inductance of the specimen, L3 the self-inductance of the leads
for measuring potential, L3 the self-inductance of the leads for current supply, R theresistance of the specimen,
Z the impedance of the lock-in amplifier, I the total current and I1 the current flowing through Z, The measured

potential drop E between A and B shown in Fig. 2-1 is
E=y R%+ (wLi)I (2-5)



where Iy is the amplitude of ], w angular frequency of the A-C current. From Eq. (2-5), the changein poten-

tial drop due to load may be caused by the changes in R and L.
In the case without magnetic flux in the air for paramagnetic materials, the changes in K and L; are caused

by the change in the current on the specimen surface.
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Fig. 2-2 (b} Unfolded two-dimensional crack and coordinates

Let us consider an unfolded infinite two-dimensional crack with length ¢ and introduce a Cartesian coordinate
system (x, ) asshownin Fig. 2-2 (b), where [is the distance between a current supply point and the crack
mouth, Since ACPD is governed by the Laplace equation, the current input and output points can be considered

as a source and a sink, respectively. Then the current density on the specimen surface is obtained as

_Io { x+ita x—l—a }
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where Jx and Jy are the components of the current density in the x and y directions, respectively. The current
density at y= 0 and near the sink, for example, is
Io 1

Jx=——
2rx—Il—a

(2-17)



If a tensile load is applied to the cracked specimen, elongation due to elastic strain occurs particularly near the
crack tip. The current density at a fixed distance x from the crack tip will change due to elastic strain as

Lo 1
B Z_;le +b

where x1 is [+a—x and b the elongation due to elastic strain, which is governed by Kj. It is found from Eq. (2-

x

(2-10)

10) that the current density on the x axis decreases with increasing load. In the case without magnetic flux in
the air, the magnetic flux through the surface made by the skin depth and the x axis decreases with increasing
the load and hence L; decreases. Therefore the change in potential drop decreases with increasing the tensile load
for paramagnetic materials.

In the case without magnetic flux in the air for ferromagnetic materials, the changes in R and L; are caused
by the change in electromagnetic properties near the crack tip. It is well-known that the magnetization increases
with increasing tensile load for steel specimen. With increasing the magnetization, R and L increase. Therefore
the change in potential drop increases with increasing the load for ferromagnetic materials.

The measuring system with a large amount of magnetic flux can be considered as an electric circuit shown in
Fig. 2-4, where L is the self-inductance of the specimen, L. the external self-inductance of the specimen,
M the mutual inductance between L1 and L3, Mg the mutual inductance between Ly and L3 and M3 the

mutual inductance between L and Ly. The measured potential drop E between C and D shown in Fig. 2-4 is

E=‘/ Ri+{w (Li+Le+Mi1+My+M3)}2i, (2-1D

From Eq. (2-17), the change in potential drop due to load may be caused by the changes in R, Li, L, M1,
M3y and M3. Since R and L; in the case with a large amount of magnetic flux are much less than L., M1, M2
and M3, these terms can be neglected. If the leads for measuring potential drop and current supply are fixed on
a plate so that their positions do not change even when a load is applied to the specimen, the mutual inductance
M3 will not change due to load. The change in potential drop is mainly caused by the changes in L., M and

M3 which depend on the change in the current on the specimen surface.
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Fig. 2-4 Electric circuit model for the case with a large amount of magnetic Flux in the air

Let us consider a measuring system, the current density in the hatched region between the points of the current
supply and coordinate system as shown in Fig. 2-5. It can be found from Eq. (2-6) that the absolute value
of J, decreases with increasing the load. If the magnetic flux in the directions of 1 and 2 through Surfaces A,
and Ay shown in Fig. 2-5 increases, Le, M1 and Mj; increase. Since the magnetic flux through Surface A in
the direction 2 increases with decreasing the absolute value of Jy, the inductances Le, M1 and M 3 increase. Thus

the change in potential drop increases with increasing the load in the case with a large amount of magnetic flux.
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Fig. 2-5 A measuring system and change in current density due to load

Chapter 3 Method of Experiment

In order to verify the proposed model, the specimens and measuring systems were prepared to carry out the
corresponding experiments, The specimens were made of steel (JIS G4013 SNCM439) as an example of fer-
romagnetic materials and aluminum alloy (JIS H4000 A2017) as an example of paramagnetic materials. The
specimens were prepared with different total crack lengths, whose values were 6.1, 9.5 and 13.1 mm for steel
and 6.1, 10.4 and 12.8 mm for aluminum alloy. For the measurement of potential drop, A-C curent of 1 A
with a frequency 10 kHz was used. Four kinds of the measuring systems designated SYSTEM 1 to SYSTEM 4
were made. In SYSTEM 1, the magnetic flux outside the specimen was removed by using the characteristic of
the coaxial transmission line, In SYSTEM 4, the amount of the induced electromotive force was largely increas-
ed by extending the potential measuring lines to the vicinity of the current supply points and also winding the
potential measuring lines as a coil,

Some specimens were demagnetized by decreasing slowly the amplitude of A-C current supplied to an electro-
magnet from 15 A-20 V to zero. Four kinds of the experiments designated Case A to Case D were carried out for
each measuring system. In Case A and Case B, ACPD was measured by increasing and decreasing the load, res-
pectively, applied to the specimens which were not demagnetized. In Case C and Case D, ACPD was measured
by increasing and decreasing the load, respectively, applied to the demagnetized specimens. The specimens were

demagnetized only at the state that the initial load had been applied to the specimen.

Chapter 4 Experimental Results

The relationship between the change in potential drop and that in K was not linear in SYSTEMSs 1 and 2 for
steel. The change in potential drop obtained with SYSTEMs 1 and 2 for aluminum alloy decreased linearly with
increasing Ki. The amount of the change in potential drop due to the change in K; in SYSTEMs 1 and 2 was
less than 1 4V for the range of K1 examined. The relationship between the changes in potential drop and that
in K1 was linear in SYSTEMs 3 and 4 for respective materials. Also, the amount of the change in potential
drop was largely increased. From these results, two facts can be found. First, the relationship between the
change in potential drop and that in K\ is linear without any treatment in the case of the measuring system with
a large amount of magnetic flux, Second, if the amount of the magnetic flux in the measuring system is in-
creased, a large amount of the change in potential drop can be measured.

The relationship between the change in potential drop and that in K, was linearized by demagnetization in the
case of the measuring system without or with a little amount of magnetic flux in the air for steel. However de-
magnetization had almost no effect on the amount of the change in potential drop in the case of the measuring

system with a large amount of magnetic flux in the air.



The changes in potential drop per unit change in K: for all measuring systems were independent of the crack

length for the respective materials.

Chapter 5 Model and Experiment
In order to verify the proposed model, the results obtained from the experiment were explained based on the

model. The model can explain all the experimental results and hence it is valid.

Chapter 6 Application of the ACPD Technique to the Experimental Determination of K,

For the application of the ACPD technique to the experimental determination of Ki in actual structures, it is
needed to increase the amount of the change in potential drop due to load. To obtain a large amount of the
change in potential drop, the measuring system should have a large amount of magnetic flux in the air. The
additional necessary conditions required for the measuring system with a large amount of magnetic flux are
making the area of the current supply points as small as possible, fixing the current supply points on the specimen
surface and extending the measuring probe lines to the vicinity of the current supply points. A measuring system
such as SYSTEM 4 is suitable for determining Kiexperimentally because SYSTEM 4 has a large amount of

magnetic flux and satisfies all these three additional necessary conditions.

Chapter 7 Conclusions

In order to devise an effective way of the application of ACPD technique to determining K experimentally and
to clarify the mechanism of the change in potential drop due to load, the change in potential drop due to load
was modeled for two limiting cases. To verify the proposed model, corresponding experiments were carried out.

The model can explain all the experimental results and hence it is valid. The change in potential drop is
remarkably increased with increasing the magnetic flux of the measuring system. The change in potential drop
was independent of the crack length. Demagnetization has almost no effect on the change in potential drop in the
case with a large amount of the magnetic flux. An effective way of the application of ACPD technique to the
experimental determination of K: was found. That is increasing the magnetic flux of the measuring system such
as SYSTEM 4. The cause of the change in potential drop was clarified. The cause of the change in potential
drop due to load in the case with a large amount of magnetic flux was the change in the current on the specimen

surface, which was caused by the elastic strain near the crack tip.
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