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Abstract—The field of an arbitrary finite defect in a 3D semispace is calculated. This problem is solved
by reduction to a 2D case that yields an integral equation on the surface of the defect alone. Calculation
formulas for a spherical defect are presented. Results of calculations using these formulas for the case
of a uniform external field normal or tangential to the surface of a magnetic semispace are presented in
a graphical form.

Solving the magnetostatic problem for different models of bodies containing defects remains a challeng-
ing task for practical use of magnetic testing methods. The internal defect is approximated mainly by an
infinite elliptic cylinder placed either in an infinite magnetic space, in a semispace, or in a plate. (Such an
approximation is used owing to its simplicity.). The symmetry of the model enables significant simplifica-
tion of the problem, which can be reduced to a 2D case. Corresponding results can be found, e.g., in [5].

A solution of the magnetostatic problem for a defect with finite dimensions has only been found for an
infinite magnetic space containing a cavity (insert) with an ellipsoidal surface [5]. In continuation of [6], we
solve in this study the problem of a semispace containing a defect with finite dimensions. A technique was
used in [6] that allows reduction of the problem of finding the field of a defect with finite dimensions located
in a semispace to calculation of the value of the normal field component on the defect’s surface alone. Then,
the case of a spherical defect was considered where the external field was assumed to be uniform and
directed normally to the surface of the semispace. Publication [6] contains typographical errors. We apolo-
gize to the readers for them and briefly iterate the main stages of the study and the most important formulas
since, moreover, they are of importance for this study as well.

1. Let us use an integrodifferential approach to the magnetostatic problem. The equation for the strength
vector of the magnetic field has the form

H(r) - levjwdr' = H(r), (1)

where Q is the area occupied by a magnetic matter with magnetic permeability u, H(r) is the strength of
the field created by external sources, and R = |[r —r'|.

Using Eq. (1), let us consider the following problem: a defect characterized by a finite diameter and mag-
netic permeability |, = const and confined within smooth surface S is located in the semispace z < d (d > 0)
with i = const. The frame origin is placed at the center of the defect. In this case, area 2 in (1) is a semispace
containing the defect. Let us denote the area occupied by the defect as Q; and Q; = Q/€Q,,. The described
situation where the defect is approximated by a sphere is illustrated by Fig. 1. It is worth stressing that, for
the calculations made in the first part of this study to hold for a defect of any form, it only needs to be finite.
The result of the first stage is formulated as Eq. (7) applicable to solution of the problem for a defect of any
form. Moreover, Eq. (7) is preferable for practical usage since it requires the normal component of the mag-
netic-field strength to be known on the defect’s surface alone. (To this end, Eq. (8) is presented, which can
be deduced easily from (7).) In the second part of this publication, a spherical defect is considered, while
this part is devoted to deduction of the promised equations.

If the magnetic permeability is constant, divH = 0 and can be reduced by Ostrogradskii—Gauss’s theorem
Eq. (1) to

J H (p', d)dp' - H(r) -
Ap-p) +(z-d)

H(r)+ H—MdVJ'Hn(l")dS" ?)
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Q n#1

Fig. 1. Semispace with a defect.

where p = (x, y) is a 2D radius-vector, H, = (H, n,) is a projection of the field measured on surface S from
the interior of area (2, on normal n, set to the same surface also from area 2, and H, is a normal component
of the field on the semispace surface from the interior of ;.

Consider expression (2) while assuming that r € €. Having found the limit of the z component in both
parts of formula (2) when z — d, we arrive at

2 - H,(r')(d-z)dS'
H(p.d) = ?{Hﬁ(p’ D+ ] AT } ©
K Hal((p-p) +(d-2))
During deduction of (3), formula
.1 dp'
lim > [ LRI yp) )
22 (p-p) +E)
was used. The latter, in turn, can be proved easily by applying Parseval’s equality
[reedp = [Fa0zk)ak 5)

R
to functions f{(p") and &/((p — p")* + €2)*?, according to which an integral of the product of two functions f(p)
and g(p) is equal to the integral of their Fourier transforms ]A” (k) and g (k).

Substituting (3) into the left-hand side of (2), we obtain

- udV{ H,(r)
d

dp' (d-2z")
H(r) + P R }

2,32

)
ds'+ = [dS"H,(r")
2“! iJ(p_p')%(z—d)z((p'—p”)2+(d—z"))

(6)

0 Al '
0 r 7\'VJ' Hz(pad)dp

where A = (L — 1)/(1 + 1). If the notations t=p'— p, t=p" —p, a=|z—d|, and b = d - 7" are introduced,
the internal integral in the second term in the braces can be written as
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b
2"J I DG

The internal integral in the expression above can be calculated analytically with expression (5). Having
calculated Fourier transforms of the factors and using tables of integrals [1, pp. 967, 721], we arrive at J =

VN (a+ b)2 . With allowance for this result, expression (6) can be rewritten in the form

H H ,d
H(r)+ TRy } H'(r) - 2= Vj “’ EEGELOp] )

- udv{ H,(r)

where R* = J/(p—p')+ (|d—zl +d—2')* and Ry= J(p—p)+ (z—d)’.
A review of the procedure used to deduce (7) shows that the applied technique suits not only the case of

a semispace but the case of any other body containing a defect provided that the problem not involving
defects can be solved analytically and the integral calculated for (6) can be represented in an analytical form.

Equation (7) is only needed to find the value of normal field component H, on surface S of a defect. Then,
the result obtained is substituted into (7) and the field can be calculated at any point in the space. Let us
multiply expression (7) by n; and then find the limit of the product for surface S by use of the formulas of
the classical potential theory [2]. In this way, we obtain the required equation for normal field component

H, onS:

H, (r)+ J.H ') (il)dS' J'H (r )a—FdS’

1

®)

2y 0
—de{Hﬂ, 5 jH(md)a }

R

wherer € S, A, = (L — W,)/(L + W,). The second term in the left-hand side of (8) is the value of the normal
derivative of the potential of a simple layer on surface S [2]. Kernels 1/R* and 1/R,, are regular on S, and

R* = J(p-p)’ +(2d-z-2)".
2. Continuing further, let us now specify the shape of the defect. Let us consider a spherical defect that
has radius ryand P, = 1. Let d be the distance from the center of the sphere, where the frame origin is located,

to the surface of the semispace (Fig. 1). In the spherical system of coordinates, H, =-H,, 8% = —% , and
Eq. (8) takes the form
A (91 s NER ,
H - [0 (57) dsgfn (em5) . as
s s
©)
0 '
= (l—k){H,(r) JH( a’)(a Ro)r rdp } res.
The last equation can be presented in the followmg shorthand form:
(I+AW)H, - A\*WaH, = (1-A){H, -AW3H'}, (10)

where 1 is the unit operator, and the form of operators W; (k = 1, 2, 3) becomes clear when comparing
expressions (10) and (9).
Below, the well-known expansion is used repeatedly:
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57 1o ) 2 V(6. 9)VE(0', 0, (an

Ie—r rI

where r, 0, and ¢ are spherical coordinates of radius-vector r (primed spherical coordinates refer to vector
r'), r' < r, and spherical harmonics Y,,(0, ¢) are defined as follows [3]:

Vin(6.0) =[Sl P (cose)e™

P/'(cos®) = (=sinB)"d"P(1)/dl"|,_ cose» m>0, (12)
P, (cos®) = (_1)‘""(1 ||’"||§'P,’"( cosB), m<O0,
P,(t) are Legendre polynomials, and [ =0, 1, ..., |m| < I. Each spherical harmonic depends on 0 and ¢

(angular coordinates of a vector). Below, if notation Y,,(r) is used, then, of course, we will obtain the angular
coordinates of a given vector in a form that uses independent variables.

Let us consider the action of operators contained in (10).

A 1 (01 \
(a) W.H, = —ﬁjHr(r )(Efﬁ)wﬂods' (13)
s
Calculating the derivative and using (11), we obtain
Ylm(e (P) ' ' % ' ' '
,ZI 21 s [ H (1, 0, 9077 (6, ¢)dS), (14)
i 5,

where S, is a unit sphere. Expression (14) takes into account that, if L = const, .[S H,(r)dS' =

(b) WaH, = J.H( )(arR*) ds'. (15)

=Ty

To calculate this integral, notations r; = (x, y, —z) and D = (0, 0, 2d) are adopted; in that case, R* =|r'—r; — D).

4an - using formula (11), it is taken into account that |r' — r|| < D, ¥,,(D) =

9, 0~/(21+ 1)/4m, and the expansion theorem [3] is applied

l c
Al ' 1 ll7 Al
o' Yp(r —r) = 2VARQIT D) YL Y “ T g ap™ " Yop()Y o p(r).

When expanding kernel

a=0f=-0
Ca—BCcH[} !
T _ g/\/ l i ’ mo M i _ o).
wpii-ob = W Gas D2I-20+ 1) " mla_my O = Mm@ l-0)
We obtain
-1 o
WaH, 28’”2 Y Tapi-opYap(6 0) [Holry, 0, 0)Yi o 5(6', 0)dS). (16)
=2 oa=1B=-c s,
PO 10 H(P,d)
© Wl = {2n8r.‘. R, ap’
R r=ry

Kernel 1/R, also can be handled using expansion (11) and taking into account that ' > r = ry if r' =
', ¥, d) = (p', d). We arrive at the following expression
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S0 e I Y,(0,9) (HL(p', d) YO, ),
WiH, = 2y ——" N dp', (17)

Im| <1

where r' = A/p'2 +d’ and cos®' = d/r.

Results obtained in this section can be used to solve the problem of a semispace with a spherical cavity
wherein different models of the external-field sources can be chosen.

3. Let us now specify the problem. Let us assume that an external field is directed normally to the semi-

space surface; i.e. H = ¢ = H°os0 and the calculations using expression (17) yield

W3H§ = H'o0s0. In the considered case, the solution to Eq. (10) does not depend on angle ¢ as a result of
H,(6)
(1-2)°H’

the symmetry of the problem. Let us introduce new function 4(0) = and rewrite Eq. (10) for this

function:

(T+ AW h - A Woh = cos®. (18)

Solution of (18) can be found in the form of a series in spherical harmonics. Since s = h(0), this series
reduces to a series of the Legendre polynomials

|
h(0) = 52(2n+ 1)h,P,(cosB), h, = Jh(t)Pl(t)dt. (19)

n=1 -1
Formulas (14) and (16) yield, respectively, Wi h = %Zleh,Pl(cose) and Wah =

Z}Z 281+ ] Zi: Jhi_o T oPo(cosB), where T) , = —2—%—1C7. Therefore, having substituted obtained expres-

sions into (18), we arrive at an infinite set of equations for coefficients i, [ =1, 2, ...:

-1

22(2l+1+7\.)hP(cose) A ZEZHZTZ JJ_oPy(cos0) = P,(cosH). (20)

=1 =2 oa=1

Multiplying both sides of (20) by P,(cos8),n =1, 2, ..., integrating by ¢ = cos0 from —1 to 1, and taking
into account the orthogonality of the Legendre polynomlals and their normalization ||P, ||> = 2/(2n + 1), we
obtain a set of equations

2{21’1'{'1'{'7\‘8""1_7\'2814”"1}]1’” — 26/11; n = 1,2,,

n
m=1 1)
Aw=(5) Ciom

By introducing new variables x,, = h,, |2 + L+2 ,m=1,2, ..., system (21) can be reduced to a form that
m
is easier to comprehend. Then,
N A8 KX, = 28,1/ B+, n=1,2,..;

m=1

2 A (22)
K =

" J 1+7~J 1+
m
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Thus, the solution to Eq. (22) yields coefficients {x,} _, and, hence, {h,} _, . In that case, the field
on the defect’s surface is determined using (19):

H.(0) = %(1 “AH'Y (204 1)h,P,(cos6). (23)

n=1

This result can be used to find field H? created by the defect above a metal: HY = H — H¢, where H is the
field created by the semispace with a defect and H¢ is the field created by the same semispace without it.
After the normal component has been found using formula (23), both vectors can be calculated using
expression (7): H corresponds to p; = 1 and H* to 1, = i (no defect). Since R* = R for z > d, we obtain the
following expression from (7):

M1+A) o rHAr)

d —
H) = a0 R
S

ds'. (24)

Then, this formula is used to deduce expressions for the normal and tangential components of H? on the
outer surface of semispace z = d. Owing to the symmetry of resulting field H? in the considered case, it is
sufficient to provide formulas for y = 0:

HI(E y=0) = M1=-2)H"Y (en) *h{(I+ HnP(M) - (1 -n*)P(m)},
- (25)
Hy(& y=0) = M1=-2)H"Y (en) *J1-n"h{(I+ DHP, M) + NP (M)},

=1

where E=x/d,=1/1 + §2 , and € = ry/d. During performance of the numerical calculations based on (25),

formula P;(n) =1(1 —=M?)~{P,_,(m) —nP,(M)} may be of use and the values of the Legendre polynomials
can be computed reliably using recursion relations [1].

4. Let us now consider the case of a uniform external field tangential to the semispace’s surface. If the
ox axis is directed along this field, H® = (H°, 0, 0); then VVgHS =0and H? = H%in0Bcos @. Let us introduce
H,(6,9)

new function A(0, @) =
? (1-M)H"

and rewrite Eq. (10) for this function:

(I+AW1)h—A*Wah = sinBcos@. (26)
The solution to this equation is sought in the form of a series in spherical harmonics:

oo

1
0, 9) = 3 Y hiyYin(0,9) hy, = [h(6, 9)Yi(6, 9)dS). @7)

I=0m=-I s,

Formulas (14) and (16) yield, respectively, Wik = 27’:12 li— lz;z_,hzm Y,(0, @) and Wk =

27’: 5 gt Zix;l . Zg - Tix, B: -0, pMi— o, pYa p(0, @). Substituting these expressions into (26), we arrive at

0 l o0 -1
7\’ 2 I+1 l
2(1 + 2[+ 1) z hlelm(e, (P) _7\/ 28 2 TUvBQI—(X,Bhl—OL,BYO(,B(e’ (p)

I=1 m=-1 =2 a=1
Bl<o

= _ @(Y“(e, )Y, _1(6,9)).
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This formula shows that /,,, # 0 only when m = £1. Therefore, multiplying this equation by Y}, (6, ¢),
integrating it over §;, and taking into account the orthogonality relations between spherical harmonics

,[Sl Y, (0, 9) Y5, (8, 9)dS, =§,9,,, we again arrive at an infinite set of equations for coefficients £, ,,
n=12,...:

c 2n+1+k 2 o .
z(ﬂ(2n+l) nm 7\« SAH’”)hm,il = :F/\/;—Snla n = 1,2, cees

_ (&Y' nm
Aum = (2) Coem (n+1)(m+1)2n+1)2m+ 1)

(28)

The form of system (27) allows the conclusion that it is sufficient to find only 4, | since h,, | =—h,, ;.

Introducing new variables x,, = &,, , l%’ﬁi—l—ﬁ\' , we find after some transformations that
ANm(2m+ 1)

21
Z(Snm nm Xm = — msnl, n = 1,2, ceey

7\‘28n+m+ lcn+ (29)
Knm — n+m

ron (1)1 D2 22 a0 122

Solution of this set yields {/,, },_, and, with allowance for (12), the field on the defect’s boundary as
well:

B o, [2[+1
H.(rp,0,9) = (1-\H z_zlh“ mpl(cose)cosm. (30)

To calculate the defect’s field on the surface of semispace z = d, expressions (30) should be substituted
into (24):

+1 1, P)(cos0)cos@
Jrl(l+ D21+ 1)

€2y

H'(r) = 2rou(1 - X)HOVi(%O)I

=1

In formula (31), we introduce Cartesian coordinates (then, cos® = z/r =1, cosQ@ = x/p, r = p2 +7°,and

p? = x? + y?); calculate the gradient; and, after having made some transformations, obtain formulas for the
component of the defect’s field on the outer surface of semispace z = d:

%ZG{M%PM [(I+ 1D)E =P}, E=0, {#0,
Hi(&,g): n
0 1+2 | 11+ 1) .
_k(1+k)HEh,,e ity §=8=0
HYE D) = nE D) 3/2H§G,{lnP,+l (1+2)P)}, E#0, {#0, .

0, £=(=0,
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ML+ ME
HIE Q) =4 & +)"

0, §=(=0,

where P,1 = P,1 (n) is a first-order associated Legendre function. In (32), notation G, =

H"z GIP,,,, &#0, {#0,

[+2

h;,(eM)
JrI(I+1)(21+ 1)

is used and new variables & = x/d and { = y/d are introduced. When performing numerical calculations with
(32), it is convenient to use the recurrence formula (/ + 1)P,1+ ,(M)=Q2I[+3)M P,]+ T -U+2) P,] m).

In this case, formulas (32) that determine components of the defect’s field (as well as (25)) contain the
ratio of defect’s radius r, and depth d at which its center is located (€ = ry/d). One of the problems to be

solved by nondestructive testing is the separate
determination of each of these parameters’ values.
The next section is devoted to this problem.

5. Initial stages of the numerical calculations in
both problems involve solving an infinite inhomoge-
neous system of equations of the form

z (6;1m_Knm)xm = bm n = 1927 (33)

m=1

A reduction method can be applied to such sys-
tems [4], which assumes replacement of the infinite
system with a finite system comprising N equations.
The value of N is increased until the required accu-
racy of the solution is attained. Both existence of a
solution and convergence of the procedure are

ensured if the twofold series Z:m:IKim con-

verges. It is not difficult to show that systems (22)
and (29) can be majorized as
2 A'e’

K _—22,
4(1-¢7)

n,m=1
thus allowing the conclusion that series
w 2
Zn, =1 Kum converges.

Codes have been developed that find a numerical
solution of systems (22) and (29) and then calculate
the defect’s field at the semispace’s boundary from
formulas (25) and (32), respectively. A numerical
experiment has shown that four significant digits are
stabilized for N = 200 when 0 <€ <0.99; N = 10 suf-
fices for smaller values of €.

The plots presented below show components of

the defect’s field that are normalized to H°. Figures
2a and 2b present plots of the coordinate dependence

of the normal (H’ f) and tangential (H f) components
of the defect’s field for A = 0.98 in plane £ = 0. These
fields are calculated for the problem when external
field H° = (0, 0, —H") is transverse to the semispace
surface. 3D figures are obtained by rotating the
obtained curves around the oz axis.

HY/H®
(a)

0.01

AN\

HY/H®

Fig. 2. Tangential component of a defect’s field in an
external field transverse with respect to the semispace’s
surface (a) and the normal component in an external
field parallel to the semispace’s surface (b) for A = 0.98.
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£=0

£=02;=-02
C=04:C=—04
{=0.6;=-0.6
£=08:C=-08
£=10,C=-10

<1 -‘:-ﬁ
=R
==

~0.04 1 1 1 1 ]

-0.04

-0.08

-0.12

Fig. 3. x, y, and z components ((a) to (c), respectively) of the defect’s field in an external field parallel to the semispace’s
surface for € = 0.5 and A = 0.98.

The next group of plots refers to the case of the external field H® = (HY, 0, 0) parallel to the semispace
surface. Figures 3a—3c show the dependences of the three Cartesian components of the defect’s field on
coordinates for A = 0.98 and € = 0.5 in the different planes { = const. The 3D distribution can be restored
easily with allowance for the symmetry of the solution that follows from formulas (32); namely,

H{(-£,0) = HU(E Q) = HYUE, -0), Hy (£ §) = —H)(E §) = H(E,-0),
HI(-E,0) = -HI(E,§), HIE-0) = HIE Q).

It is worth noting that the y component of the defect’s field vanishes on the o€ and ol axes, while the z
component of the field vanishes on the ol axes; the x component of the defect’s field attains a maximum at
the frame origin; the y component has equal maxima in the second and fourth quadrants of the ol frame.
(The minima have, in this case, the same absolute values as the maxima and are located in the first and third
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H,

Fig. 4. x, y, and z components ((a) to (c), respectively) of the defect’s field.

quadrants; a maximum of the z component is located on the o axis at § < 0 and a minimum, which has the
same absolute value as this maximum, is located symmetrically with respect to the frame origin.) These con-
clusions are illustrated more clearly by Fig. 4, which shows the topography of the components of a spherical
defect’s field schematically.

The absolute value of the defect’s field in a configuration where an external field is longitudinal with
respect to the semispace’s surface is about 20 times larger than that in the configuration with a transverse
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Hg’maX/HO H;i,maX/HO sz,maX/HO
(@) 04 ) ©
1 1
f ] T ] ]
0 0.5 1.0 0 0.5 1.0 0 0.5 1.0
€ € €

Fig. 5. Dependences of the maximum values of x, y, and z components ((a) to (c), respectively) of the defect’s field on € in
an external field parallel to the semispace’s surface for A = 0.98.

é(y),max — C@),max é(z),max
0.6 0.6
(a) (b)
04
0.4
| 02 | |
0 0.5 1.0 0 0.5 1.0
€ €

Fig. 6. Dependences of the maximum values of y and z components ((a) and (b), respectively) of the defect’s field on € in
an external field parallel to the semispace’s surface for A = 0.98.

field. (This can be seen clearly by comparing at least the absolute values of the field vectors at the frame
origin.) Therefore, a defect can be identified more easily in the case of a longitudinal field. This conclusion
is also supported by experimentalists.

A general scheme for solving the inverse problem (determination of a defect’s radius and location depth)
is proposed in [6]. No significant differences arise if the external field is a longitudinal. An actual defect is
not necessarily a sphere, but it may be approximated with a sphere if field components have a topography
similar to that described above (and illustrated in Fig. 4). Let us assume that such is the case. Apart from
this, it is necessary to somehow specify the value of the magnetic permeability since the problem has been
solved in a linear approximation. Therefore, some value adequate for experimental conditions should be
adopted as L.

A general scheme for the separate determination of defect’s radius r, and depth d at which its center is
located comprises the stages described below.

(i) With the use of experimentally found maximum values of the components of the defect’s field

(denoted as Hf’ " H 5’ " and H d ") and the theoretical curves plotted in Fig. 5, the value of parameter

¢ is found. If maximum values are measured for all three components of the defect’s field, € can be deter-
mined first for all three curves and then its average value may be calculated.

(i1) Theoretical extrema of the y component of the defect’s field are located symmetrically with respect
to the frame origin (see Fig. 4b) and &» ™ = {» ™ (These are the notations used for coordinates of the
y-component extrema; the location in the first quadrant alone is sufficient for this scheme.) In that case,
&»max s found from Fig. 6a for a given value of €.

(iii1) Let x* ™2 and y» ™** be experimentally measured coordinates of the point where the maximum of the
y component of the defect’s field is located. These values may differ, but the defect may be approximated
with a sphere if the difference is not very significant. The ratios d; = x* ™*/&» ™ and d, = y» ™/ ma gre
then calculated.
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(iv) Accuracy of the solution can be improved further by using the measured location of the point where
the extremum of the defect’s field z component is located. In this case, extrema are located on the ox axis
(or, otherwise, on the o{ axis), so that it is sufficient to determine {>™* alone using Fig. 6b. Ratio d; =
x&max/Ezma jg calculated.

(v) d is calculated as an average of d,, d,, and d;.

(vi) Finally, r, is determined: r, = &d.

Figure 6 also shows that the location of the maximum can be found theoretically most efficiently if
05<e<.
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