Submitted to IEEE Trans. Magnetics on Oct. 15, 20Q¥

Characterization of Surface Breaking Crack
Using OneTangential Component of Magneti
Leakage Field
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negligible (Fig. 1). It is also assumed that the investigated

Abstract An inversion procedure is proposed for full cracks are straight along their length and the crack walls are
characterization of rectangular surface breaking cracks based on perpendicular to the metal surface. Rermore, small

measurements ofonly one tangential component of the magnetic jrregularities in the depth (the bottom of the crack) are ignored
field in the magnetic flux leakage (MFL) technique. The gjnce they have negligible effect on the MFL respoffe

parameters of interest include orientation, length and depth of the :
cracks. We assume thatthe length and the depth of the gt‘;;ﬁ?ﬁ;ﬁe parameters of interest are the lengtil depth

investigated cracks are much larger than the crack width such . . .
that the variation of the MFL response with respect to the width The location of the peaks in timrmal z-component (Fig.

is negligible. The proposed procedure employs fast direct methods 1) of the magnetic field gives a proper approximation of the
which provide reliable estimation of the crack parameters in three length of a crack which is along the direction of the applied
separate consecutive steps. Brising and correction techniques  field [4][7]-[9]. However, in practice cracks may have
are proposed as well. The accuracy of the proposed estimation grpjtrary orientationg g in Fig. 1) More importantly,the z-
m:tﬂggs’(;’z %i@'gfe‘ﬂ ;?;T“é?;g:tsalbﬁﬁd dg?athe finite element oo mponent of the magnetic fielsl often notavailable.

P ' Regarding the depth,alibration d the MFL signals in

Index Term$ non-destructive testing, magnetic flux leakage terms of defect depth has been studied both through-finite

technique, crack sizing, inversion element modeling[8]-[12] gnd thrpugh analytical methods
[7]1[13]. However, the obtained calibration curves do not take
I INTRODUCTION into account the effect of the crack length on the signal

strength Here, we show thateglecting the crack length in

HE ABILITY to accurately assess the geometry of a defect In : . . 2

) e AR constructing the calibration curves may lead to significant

a ferromagnetic material is of critical importance for the . o

. X . o . errors in depth efshation.
nortdestuctive testing (NDT) ofoil and gas pipelireusing

the magnetic flux leakage (MFL) inspection. The MFLt In this paper, wepropose a direct methodology éstimate
techniqueinvolves magnetizing the pipe in the axial the € crack parametersnly from the measuredy-component

circumferential direction and detecting theorresponding (Fig. 1) of the magnetiteakagefield in accordance with the

magnetic leakage fields using Haknsors (Fig. 1). A flawed ava_1|lab!e e?pﬁrlrrentarl] seg. Ln ?;deL toh achl_eve "?‘CC”“;’“?]
region in the background metal acts as a region of higer‘?t'm"’lt'Ono the length and the depth, the orientation of the

magnetic reluctance causiag increasedeakage field. Thus, ¢rack (¢ in Fig. 1)is estimated first Unlike the method
the MFL response due to the defatinecan be obtained by presented iri14], where allthree components of the magnetic

subtracting the background signal from the tateasured field are usedo estimatetheorientation,qurrr_wethoduseso_nly
signal[1]. The ultimate objective of MFL data analysis is tg"€ Y-component.Thus, our method implies much simpler
predict the maximum safe operating pressure for the pipe. I[tT¥asurement apparatus.

related t o t[2[8] adl el$ats ergibhte-widthe pt h

ratio [4][5]. The latter contributes to the local stress z Hall
concentrations in the neighborhood of the defétte most element
critical defects associated with pipelines areckile defects

(welding cracks, fatigue cracks, stress corrosion cracks,
hydrogeninduced cracks, and sulfide corrosion cra¢gd.

For these surface breaking cracks, the lehgtid the deptd 7\

N
are typically much larger thathe crack widttw such that the  Ho 4 , _
variation of the MFL signal with respect to the width is Qgg“ﬁimagneuc

Steel slab
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Fig. 1. lllustration of the MFL technique.
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The proposed inversion procedure consists of the following f
separatedirect estimation steps, which must be carried out /
consecutively:1) estimation of orientation?) estimation of /
length, and) estimation of depth (Fig. 2). :

In the first step, the estimation of the orientation is based
on thefact that the maximum MFLsignalis alwaysalong the
crackandits direction is across the crack mouth

In the second step, wese the fact thahe locatios of the o8
peaks in the first derivative of the MFL response along the
crack mouthcoincide approximaté/ with the beginning and
the ending offte crack. Having these locations, the estimation  Steel Slab
of the crack length is straightforward. Since this derivative
approach is very sensitive to noise especially faar
orthogonalcrack orientations where the signiednoise ratiais @
small we utilize a sim@ and robust wavelet d®ising
algorithmapplied to thederivativecurves Wavelet denoising
especially with soft thresholding[15], has been widely
employed with MFL signals [5]-[19] to eliminate high
frequency noiseHere, since we are only interestéd the
positiors of the major peaks in the derivative, we set all the
wavelet coefficients corresponding to hifjaquency
components to zero. This eliminates #@bguoustask of
determining proper thresholds. S

In the third step, in order to estimate the crack depth, we
construct a calibration surface. This surfatescribesthe
maximum amplitude of the MFL signat the crackas a
function of the length and the depthif the crack. Once this
surface is constructed, the lengtimated in the previous step, (b)
together with the maximum amplitude of the associated MFL
signal are employed to extract the crack depth. It is worthig. 3. 3D view of the simulated model in Maxwell v. 11.1.1: (a) structure, (b)
noting that the calibration surface is counsted for cracks that FEM mesh on the surface of the metal swith enforced refinement of
are parallel to thex-axis. For other crack orientations, we®'€ments in the region around the crack.

glrﬁ%c():seean appropriate coefficient that adapts the Ca"brat'ogvhereng, J andA are the magneticpermealdity of vacuum

We examine the accuracy of the proposed method Vi current density and the magnetivector potential,
simulations based on the finite element methdeMJFas well respectively.The magnetizatiorM is a nonlinear function of

Magnetizes

as available experimental MFL data. H. Therefore, equatiofl) is solved iteratively
A nonlinear structuraFEM using Maxwellv. 11.1.1[21]
Il.  SIMULATION OF MFL RESPONSEJSING FEM is used dr simulating threelimensional (2D) magnetic field

. ) . around and inside surfacecrackin a steeklab. Fig.3 shows
In MFL-type NDT, we deal witha highly nonlinear system o - model geometry. Steel 1013 selected from the

involving a permanent magngitm,3R{ oasidesnbttriallypditrpe sMa gaye! | 0
equations in a nonlinear permanent magnet syktachto[20]: In order to decrease thecomputatioal time and still

D3 bR mE ) (1) Maintain goocaccuracy, theteel slais magnetized using two
parallel magnetgFig. 3). NDFe35is selected athe magnet
material. Itmagnetize the steel platen they-direction(Fig. 3)
with a coercivity suchthat the opeating point is inthe knee
area of the B-H curve for Steel 1010. This is desirable
becauseit leads to the maximum sigrgd-noise ratio for

Direct estimation of orientatioy

gt obtaining the leakage crack sigifi20].
Direct estimation of length We note that the FEM simulations do not nhatihe
absolute values of the magnetic field distribution obtained

through measurements. However, they match reasonaiily w
with the normalized field distributions.

Some additional boundary conditions are set to enforce
the magnetic field inside the metal be parallel to thg-axis.
SThese boundary conditions are: (a) zero normal component of
the magnetic field to all faces of the magnetizers except the
faces, which are parallel to thez plane; (b) zero tangential

Direct estimation of deptt

Fig. 2. Inversion procedure faurface breaking cracks using direct method
for estimation of orientation, length, and depth.
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components of the magnetic field at tliaces of the The reason is that the sigftatnoise ratio (SNR) of the
magnetizers, which are parallel to tlkez plane; (c) zero MFL signal is the highest when the crack is perpendicular to
normal component of the magnetic field at the faces of thee applied fieldH, (¢ =0% and it decreases ag tends to
steel, which are parallel to tlyez plane. 90". The relative increase of the noise level with the increase
of g is clearly seen in Figes5(a), 6(a), and 7(a).
Ill. DIRECT METHOD FORESTIMATION OF ORIENTATION

We assume that only thiel, field component is available. IV. DIRECT METHOD FORESTIMATION OF LENGTH
We integrate H, along a line L(g) which is within the In order to estimate the crack length, we employ the
imaged area and is titled at an anglevith respect to the-  directional derivative of the magnetic field along the crack.
axis as (Fig. 4): We use the estimated orientation of the crack in the previous
- step to monitor the MFL signal along the crack. The position
f(g)= nH,dL (@ ofthe peaks inhis derivative gives a proper approximation of
L@ the start and end points of the crack.

We refer to f(g) as the g -line integral We evaluate This method can be applied directly to lowise signals.

f(g) for all anglesO¢ g @83 and solve the optimization However, since the derivative approach could be sensitive to
problem: noise in different measurement setups or differerack

orientations we propose a dmoising algorithm based on the
g =arg maxt (q. (3 wavelet decomposition to discern the desired major peaks in
7 the derivatives from the spurious ones.
The validity and the accuracy of our technique are tested - —
with data acquired through simulations. This is because all A. Denoising the Derivatives of MFL Response
available measurements are associated with negry0" Both simulated and experimental MFL respenseay
orientations. Figures 5(a) to 7(a) show the MFL signalsuffer from highfrequency noise such that their derivatives
distributions in thex-y plane monitored at a lifoff distance contain a large number of peaks, which are much sharper than
(d in Fig. 1) of 3.5 mm above the metal surface for crackée peaks of interest at the two ends of the crack. Therefore,
with 1=25 mm, d=2.2 mm, and actual orientations ofwe utilize wavelet deoising [15]-[19] to reduce these
g =0, 60% and 8. We clearly observe that the maxim spurious peaks. The derivative of the MFL response monitored
of the H, leakage field component follows the crack. Thisalong the crack islecomposedat level 3, using a Coiflet
implies that theg -line integralattains a maximum value whenwavelet After setting all the wavelet coefficients
the line L(g) tracks the crack mouth. corresponding to the detsilo zerg we reconstruct the signal
Figures 5(b) to 7(b) showthe variation of the again. The reconstructed signal does not contain spurious
correspondingq -line integras. As predicted, the angle atpeaks and possessasly a positive and a negative peak at the
which the g -line integralis maximum coincides with the two ends of the crack.
actual orientation of the crackhe accuracy of the orientation .
estimaton is practically independent of the crack length and B- Results of the Length Estimation
depth and the results for other cracks are very similar to the Figures 8 to @ show the MFL responses and their
ones shown in Figures 5to 7. corresponding derivativefr threemeasured cracks along the
Table | summarizes the results of the estimation of theaxis (g =0"). These figures also show the same plots
orientationg” for a range ofictual orientationgy =0" to 85.  obtained from FEM simulations. Here, the MFL signals do not
We observe that the estimation errors are less @lamhen require denoising because of the high sigiiainoise ratio.
the actual orientation is in the range @=0"to 70. The The small discontinuities in the derivatives are due to the
estimation suffers larger errors (betwe@hand 17%) ‘when spatial sampling rate of the measured signal which is 1.5 mm.
the actual orientation is in the range @& 70" to 80° The We have monitored the simulated signals with the same
estimation results are unreliable for actual orientations of mos@mpling rate.
than 80" It is clear that the accuracy of the estimated Table Il summarizes the length estimation results for both
orientation decreases for larger angles simulations and measurements for some sample cracks. In both
cases, the estimation errors are below 30 percent.
Ty We investigate the robustness of the direct length
H

estimation method for different crack orientations. Figures 11
Y, to 13show the spatial derivativef the simulated MFL signals

4 along the crackswith 1=25 mm, d=2.2 mm, and actual

q X orientations of g =20", 60" and 8(. Here, we deal with

noisy derivatives and employ the-deising algorithm. Table

Il summarizes the results for the length estimatidhese

results show that length estimation could be achieved with

good accuracy for orientations in the range frofrto 75"

v

L(9)

Fig. 4. Schematic of the-line integration ofH, along L(g) .



Submitted to IEEE Trans. Magnetics on Oct. 15, 200¥

9000 T T T T T T T

8000
400
7000
300+

1on

6000

(=)
=3
=3
L

5000

MFL response

.
k=)
=1
S

Value of integrati

3000

2000

I I I i i I i 1
(m) -0.04  -0.04 10000 20 40 60 80 100 120 140 160 180
i ¥y (m) @ (degree)

@) (b)

Fig. 5. (a) Simulated two dimensional distribution of the MFL signal for a crack 2% mm,d=2.2 mm, andg=0", (b) the variation of they-line integral.
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Fig. 6. (a) Simulated two dimensional distribution of the MFL signal for a crackl w2 mm,d=2.2 mm, andg =60", (b) the variation of they-line integral.
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Fig. 7. (a) Simulated two dimeiogal distribution of the MFL signal for a crack with25 mm,d=2.2 mm, andg =85", (b) the variation of they-line integral.
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Fig. 8. Normalized MFL response and its derivative for a cracklwitB mm,d=2.2 mm, andg =0": (a) simulation, (b) measurement.
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Fig. 9. Normalized MFL response and its derivative for a cracklw26 mm,d=2.2 mm,and ¢ =0": (a) simulation, (b) measurement.
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ESTIMATION OF ORIENTATION FORSIMULATED MFL SIGNALS FOR ACRACK

TABLE |

WITH L=25MM AND D=2.2MM

Actual angle Estimated Angle
g (degree) g (degree)
0 0
20 18
60 54
70 61
75 65
80 63
85 68
TABLE Il
ESTIMATION OF LENGTH USING DERIVATIVE APPROACH
Estimated length Estimated length
Crackparameters (mm) I” (mm) I” (mm)
with simulation with measurement
d=1.2 ,1=13 15.6 12.6
d=2.2 ,1=13 15.4 16
d=3.3,1=13 15.6 10.4
d=1.2,1=25 254 22
d=2.2,1=25 242 21
d=3.3,1=25 25.8 32
d=1.2,1=50 50.6 56
d=2.2,1=50 51 62
d=3.3 I=50 50 56
TABLE Il

ESTIMATION OF LENGTH FOR ACRACK WITH L=25MM, D=2.2MM, AND
DIFFERENTORIENTATIONS

Actual angle Estimated length
g (degree) I (mm)

0 28
20 28
60 28
70 28
75 28
80

85

TABLE IV

ESTIMATION OF LENGTH FOR ACRACK WITH L=25MM AND D=2.2MM
SCANNED AT DIFFERENTLIFT-OFF DISTANCES

Lift -off distance

Estimated length

d (mm) I (mm)
0.5 28
1 28
25 28
4 27
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For orientations abov80®, the signato-noise ratio is not
large enough and the desired peaks in the derivative could not
be discerned from the spurious ones. We next investigate the
effect of the liftoff distance d on the accuracy of the
proposed length estimation methddblelV summarizeghe
results for length estimation with different {dff distances.

The results confirm the robustness of the length estimation
method to variations of tHédt -off distance.

V. DIRECTMETHOD FORDEPTHESTIMATION

In order to estimate the crack depth directly, we use a
calibration surface, which describes the maximum of the MFL
response with respect to the length and depth of the crack. We
construct this surfae using measurement results for a sample
set of artificially manufactured cracks. In order to evaluate this
surface for other cracks with different lengths and depths, we
employ appropriate interpolation and extrapolation technique.

Table V shows the lgth and depth for the 9 measured
cracks. It is worth noting that the maximum amplitude of the
MFL response is considered after subtracting the background
signal [1]. Fig. 14 shows the constructed normalized
calibration surfacdor these 9 measured cracks. We use the
following two dimensional inter/extrapolation formula to
evaluate the calibration surfabkat any length and depth:

M(1,d)=AI0B+d OCld O 4

where A, B, C, and D are constants. The formula in (4)
requires four points (cracks) to define a surface elerivent
Since we have 9 cracks with length and depth values of all
combinations of =13, 25,50 mm andd =1.2, 2.2, 3.3 mm, we
define 4 surface elements for inter/extrapolation in different
parameter regions, each being described by a sét Bf C, D)
coefficients. Table VI shows the cracks that are used to define
the four different surfaces.

Once we have an estimation of the length of the cracks, we
can use the maximum of the measured signals and also the
calibration surface to obtain an estimation of the depth.
Generally, an optimization procedure can be employed for this
purpose. However, fmula (4) allows for a direct computation
of the depth from the estimated length and the maximum of the
MFL signal:

. _M-AD D
B+C D
where M is the maximum of the signak, B, C, andD are the

computed constants for the element in the parameter region,
and | is the estimated crack length.

©)

A. Results for the Depth Esation

Table VII summarizes the results for the depth estimation of
the same 9 measured cracks which were used to construct the
calibration surface. Column 2 shows the results when the
calibration surface employs all 9 cracks and thus consists of 4
surfece elements. We observe that there are errors in the depth
estimation despite the fact thidte estimatedcracks coincide



Fig. 11. Derivative of the simulated MFL signals for a crack Witli25 mm,
d=2.2 mm, and

Fig. 12. Derivative of the simulated MFL signals for a crack with25 mm,
d=2.2 mm, and

Fig. 13. Derivative of the simulated MFL signals for a crack Witl25 mm,

d=2.2 mm, and
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available.In this case, the highest estimation error is 70% for
the crack withl=13 mm andd=1.2 mm.On the other hand
when we ignore calibration fdarger depths the estimation
errors aretdll lower than28%. Thus our depth estimations are
fairly accuratewhen extrapolatinghe calibration surfacéor
deeper cracks When we ignore calibration points of
intermediate depthsd€2.2), the inversion errors are lower
than 19%.

B. Correction of Calbration Surface for Different Crack

Orientations

The calibration surface in Fig. 14 is provided for the case
where the orientation of the crack is perpendicular to the
external applied field ( ). However, when the crack has
any other orientation, the amplitude of the MFL signal
weakens and the provided calibration surface needs to be
corrected. We propose a simple technique similgi28) to
takeinto accounthis change in amplitude. As Fig. 15 shows,
when the crack has a naero orientation, we could find the
projection of the applied magnetic fieldl, on an axis
perpendicular to the crack ( in Fig. 15)as:

(6)

Therefore, we can predict that the maximum amplitude of
the crack signal changes with the same coefficient . Thus,
the calibrationsurface constructed for cracks with is
corrected using the factor

TABLE V
PARAMETERS OF THEMEASUREDCRACKS

Crack No. Length,| (mm)  Depth,d (mm)

Crack 1 13 1.2
Crack 2 13 2.2
Crack 3 13 3.3
Crak 4 25 1.2
Crack 5 25 2.2
Crack 6 25 3.3
Crack 7 50 1.2
Crack 8 50 2.2
Crack 9 50 3.3

with the nodes of # calibration surface. This is because the
calibration surface is constructed using the known (true) length

and depth of the cracks while the estimated depthis
obtained from the estiated length where, generally,

The highest inversion errors occur in the case of ignoring
calibration ford=1.2 mm.This corresponds to extrapolation

from known cracks with depths of 2.2 mm and 3.3 mmataolw

Fig. 14. Normalized calibration surface for the measured cracks.

smaller crack depths for which we assume the data are not TABLE VI



