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ESTIMATION OF ERRORS IN DETERMINING CORROSION GRAIN
SIZES BY ANALYSIS OF DIFFUSE LIGHT REFLECTION SIGNAL
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The approaches to estimation of lower boundary of the inverse problem solution error
concerning the sizing the corrosion microdefects inside the submillimeter corrosion spots are
proposed. It is assumed that mentioned error depends on random location of the corrosion
spots. The method based on comparison of two estimations of light diffusion reflectance sensor
signal discrepancy is proposed. The first estimation is based on the standard deviation for the
discrepancy caused by randomly located corrosion spots. The second one is based on corrosion
grains size deviation. Also, it is found that the discrepancy based on deviations of the signal
peaks positions provides a more stable solution for the corrosion micro defects sizes.
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OIIIHIOBAHHS TIOXUBEOK BUSHAUYEHHS PO3MIPIB KOPO3IMHUX
3EPEH HA OCHOBI AHAJII3Y JU®Y3HOI'O BI/IBUBAHHS CBITJIA

I. Bb. IBacis

®dizuxo-mexaHiynui iHcTuTyT iM. I'. B. Kapnenka HAH Yxkpainu, JIbBiB

3anponoHOBAaHO MiAXOAW AJS OLIHKH HIDKHBOI MEXi MOXHOKH pO3B’s3Ky OOEpHEHOI 3amadi
OLIIHKH CepeTHbOr0 PO3Mipy KOPO3iHHUX MiKPOYIIKOPKEHB, 10 MAIOTh BUTJISL 3€PeH MPOIYyK-
TiB KOpO3ii, 30CepeKeHIX y CyOMIITIMETPOBUX KOPO3iMHUX IUIsiM. BBakanu, o BkasaHa Io-
XH1OKa MOBHICTIO 3yMOBJIEHA BHIIAJKOBUM XapaKTepOM PO3MIlIEHHs! KOPO3iiHUX IUIIM. 3arpo-
MMOHOBAHO METOJUKY OIIHIOBAHHS ITi€1 MOXHOKH, 110 0a3yeThCsl HA MOPIBHIHHI OI[IHOK BiAXHIIB
CHUTHAITy CeHCOpa MU(Y3HOTO BiNOWBAHHS CBITJA, 3yMOBJIECHHX, 3 OJHOTO OOKY, BHIIQJIKOBHUM
po3TalryBaHHIM KOPO3IMHUX UM, a 3 1HIIOTO — BIAXHIJICHHSIM PO3Mipy 3epeH Kopo3ii Bix HO-
MiHAJILHOTO 3HaueHHs. HaiiMeHIe 3HaueHHs BiAXHWIICHHS PO3MIpY, AJS SKOTO BiIXWJ CHTHAITY
MepeBaka€ CTATUCTHYHY OLIHKY BiJXHITy, 3yMOBJIEHOTO BHUIIaJKOBUM DPO3MIIICHHSM KOPO3iii-
HUX IUISIM, 1 OyJie IIyKaHOO HIKHBOIO OI[IHKOIO MOXHUOKHU po3B’s3Ky. [IIs OIiHIOBaHHS CTaTHC-
TUYHHUX XapaKTePHCTHK PO3KUIY CUTHATIB CEHCOpPA, 3yMOBJICHOTO BHIAJKOBUM pO3TallyBaH-
HSIM KOpPO3iMHMX IUISM, BUKOPUCTOBYBAJIM €KCIIEPUMEHTANIbHI JIaHi, OTPUMaHi Ha iMiTaTtopax
HOBEPXHi 3 FETEPOreHHUMHU KOPO3iHHUMH IUIIMaMH, A€ SIK 3epHa KOpO3ii BAKOPUCTAHO 4acTOY-
KM Topouiky Mifi. Pi3Hi peasnizamii BUMaAKOBOro po3TanlyBaHHs KOPO3iHHMX UM 3abe3mnedy-
BaJId PI3HUMH TOJOKEHHSAMH 1IMIiTAaTOpa IIOJ0 IEHTPa 30HAYBAJIBHOTO ITydKa CBITJIA Ha poOO-
4iif moBepxHi ceHcopa. XapaKTEePUCTUKU PO3KUIY CUTHAIIIB CEHCOpa, 3yMOBIICHI Pi3HUM PO3Mi-
POM 3epeH KOpOo3ii, MOAETIOBATIH I CPEPHUYHUX MIJHHX PO3CiIOBadiB CyOMIKPOHHUX PO3Mi-
piB, 30cepe/KeHHX Yy BHIAJKOBO PO3TALIOBAaHMX KOPO3IMHMX IUIIMax i3 po3MipaMu Ta KOH-
LEHTpALI€lo, IO BiANOBiANM iMiTaTopy. MOAENbOBaHI Ta EKCIIEPUMEHTANIbHI CUTHAIIK TIOPiB-
HIOBaJIM Ha OCHOBI BOX MeTpHK. [lepiia 3 HUX € 3BUYAHOIO EBKJIIZIOBOIO METPHKOIO BEKTOPA
3HAUeHb CHTHANYy Ha YYTJMBUX elleMeHTax (oTouiniliku. pyra meTpuka 6a3zyBanach Ha pis-
HHIIi TTOJIOKEHb eKCTPEeMyMiB 00BiZIHOI cHrHaNy. BHsBIIeHO, 1110 METpHKa CUTHAIY, [IOB’sI3aHa 3
MOJIOKEHHSIM E€KCTPEMYMIB HOTO OOBiJHOI, /la€ CTIHMKIIII OLMIHKH pO3MIpy 3€peH MOPIBHSIHO 3i
3BUKJIOI0 €BKJIIZIOBOI0 METPUKOIO BEKTOpPa aMIUTITYAHHX 3HAUYCHb CHIHATY.
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The problem of estimating the characteristics of corrosion damage of metal sur-
face in the form of submillimetre corrosion spots formed by agglomeration of corro-
sion products on the elements of the surface microstructure [1-4] is considered (Fig. 1).
With time, such spots can develop to pitting corrosion. Therefore, it is important not
only to know the total surface concentration of corrosion spots, but also the average
grain size of corrosion products within these spots, which allows a more accurate
evaluation of the nature of corrosion defects and prediction of their development. It is
proposed to evaluate these characteristics on the base of signal of the developed sensor
of diffuse light reflection [5]. A detailed analysis of the benefits and principles of the
mentioned sensor are given in [5]. In particular, the average grain sizes of corrosion
products are estimated by on-the-photodiode-linear-array distribution of the light inten-
sity reflected diffusely by the mentioned corrosion defects of the metal surface [5].

Fig. 1. Images of corrosion spots on the surface of the aluminum alloy for different magnification.

However, evaluation of the corrosion products’ grain sizes by the signal of diffuse
light reflection is a complex inverse problem [5] which solution depends significantly
on both the choice of informative signal parameters as well as the measurement errors.
In particular, the absolute values of the signal intensity on the elements of the photo-
diode linear array (or rather the difference between the values of signals from the sur-
face without defects and the surface with corrosion defects) [6] were chosen as the in-
formative parameters for building the metric and subsequent solving the inverse prob-
lem. Other informative parameters for inverse problem solving were the smoothness of
the signal envelop function, calculated by the given criteria, and also the positions of
the intensity distribution peaks for the diffusely reflected light on the photodiode linear
array (hereafter, PhDLA) [7]. Signal measurement errors can be caused, among other,
by accidental location of corrosion spots on the area of the investigated surface
illuminated by the probing light beam [5]. As a result, we get the significant sizing
errors for the grains of corrosion products (hereafter, corrosion grains).

Thus, the estimation of the influence of corrosion spots random location on the
errors of the corrosion grains sizing due to sensor signal deviations as well as
determination of the optimal metric for this signal are the important scientific and
practical tasks.

Stability of estimates of the average grain size of corrosion products in
regard to a random location of corrosion spots on the investigated surface. The
signal 1,(q) of the sensor of diffuse reflected light by the surface of the construction
with randomly located submillimeter corrosion spot-kind defects formed by agglome-
ration of corrosion products on the elements of the material microstructure is described
by expression [5]:
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where q is the linear coordinate of a PhDLA element, qq is coordinate (number of the
element of PhDLA) for the focal point of the probing beam, s, is the area of a single

element of PhDLA, N is the counting concentration of light scatterers (corrosion
grains) on the investigated surface, S; is the area of the i-th corrosion spot, Sjum is the

illuminated area of the investigated surface, f, (ei,eS;cs (v,d),n(d), g jk) is bidirectional

@)

reflectance distribution function for corrosion spots, 0' =0 (x,y,9), 8° =0°(x,Y,0q)
are directions for the incident and diffusely reflected rays, o¢(y,d) is differential
scattering cross-section for angle y and size of the scatterer (corrosion grain) d , n(d)

is disperse composition (distribution of the scatterers’ counting concentrations by
diameters), g;(r) are partial radial distribution functions, , y are the coordinates of a

point on the investigated surface, K(x,y,q) is the full instrument function of the

sensor. The second term of expression (1) is caused by scattering on the
microstructural inhomogeneities of the basic (undamaged) material. For it, the N, is the

counting concentration of light scatterers for the undamaged surface, o, ¢(v,d,),

ny(dy), 9y, jk(r) are the differential scattering cross-section for the size of the

scatterer (inhomogeneity) d,, disperse composition, and partial radial distribution
functions, respectively.

Since both the bidirectional reflectance distribution function and the sensor
instrument function depend on the coordinates on the illuminated area of the
investigated surface, it is obvious that the integrals in expression (1) depend on the
location of corrosion spots.

The influence of the random location of corrosion spots was investigated in [5] by
simulating the sensor signal according to formula (1) for 6 random realizations. The
result is shown in Fig. 2 [5].

Average
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Fig. 2. The sensor signal of light diffuse reflection for 6 implementations of 0.1 mm randomly
distributed heterogeneous spots (surface concentration 0.02) filled with
2 um copper particles [5].

The purpose of this work was to find a way to estimate how much scattering of
the sensor signals caused by the random location of corrosion spots can affect the
estimates of the average size of corrosion grains in these spots, to select such signal
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informative features that would provide the effective reproducing of the average size of
corrosion grains as well as providing high resistance to interference and fluctuations.

To achieve this goal, we propose an algorithm based on an assumption that if the
statistical estimate of the upper limit of the sensor signal informative parameters
deviation caused by the random location of corrosion spots does not exceed the
deviation of the signal informative parameters caused by some deviation of the average
corrosion grain size, this size deviation can be chosen as the estimate of the lower limit
of the solution error caused by random location of corrosion spots [8-10] in the inverse
problem of grain sizing. The given upper limit of the corrosion grains’ sizing error is
provided by the choice of the regularization method for the mentioned inverse problem
[8, 11] and depends on the found lower limit. Also, these errors significantly depend on
the choice of informative features of the sensor signal with the corresponding metrics
for calculation of the discrepancies in the regularized algorithms of inverse problems
solving [11].

Research technique.

The general research technique was as follows:

1. Sensor signals Ij(q) were determined for different realizations j of the random
location of corrosion spots on the illuminated area of the investigated surface (by
modeling or measurements). The baseline (average) signal was found for the obtained
set of signals. With respect to the baseline signal, the discrepancy Dy (lj(q)) was
determined for each signal according to the chosen metric. The standard deviation
o(D.) for the obtained set of deviations as well as the estimate of the maximum
deviation 2c(D,) were determined.

2. The sensor signal 1g(q) was determined for a given average size of corrosion
grains do. The signals for the deviations of the mean size Aid, which could take both
positive and negative values, were also determined. For those signals, the discrepancy
Ds(I(go+ia)(0)) relative to the baseline signal l4o(q) was calculated.

3. The deviation of the average size of corrosion grains A=d which corresponded
to the smallest discrepancy satisfying the condition Ds(lo+aixg)(0)) = 26(D) was
determined.

In this case, the results were compared for two types of informative features of the
sensor signal:

1) Amplitude deviations (see Fig. 3).
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Fig. 3. Comparison of signals based on the vector of amplitude values deviations.
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For this set of informative features, the difference between two signals
(discrepancy) corresponding to different grain sizes is determined by the following
metric:

DS :"(Ir)SizeZ _(Ir)SizelnRN ) 2

which is the Euclidean discrepancy in N-dimensional vector space of N-channel sensor
signal values, where Sisel, Sise2 are the different average diameters do of corrosion
grains.
2) The difference between the vectors of the signal extrema positions (see
Fig. 4).
0.4
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Fig. 4. Comparison of signals based on the difference of the vectors of the signal extrema positions.

For this set of informative features, the difference between two signals
corresponding to different grain sizes is determined by the following metric:

Ds = m%((xk)Sizez - (Xk)Sizel) , 3
which is the distance in a K-dimensional (K<<N) vector space of signal characteristics
(extrema positions X, of the signal envelop function).

In particular, earlier in [7, 12] several popular algorithms for determining the
subpixel positions of the signal peaks were described. And in this paper, it is proposed to
apply the algorithm of a 3-element centroid.

Also, to increase the informativeness of the signal 1.(q) during measurements, the
useful signal was calculated as the difference between the baseline values I, (q) of the
diffuse reflected signal for the surface without corrosion defects and the measured
values Iw(q) for the surface with corrosion defects

Ir(q) = IrBL(q) - IrM(q) (4)

Accordingly, instead of expression (1), we use the following expression for
modelling:
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Research and its results. The set of signals of the diffuse light reflection sensor
for the realizations of the random location of corrosion spots was obtained by performing
measurements on surface simulators with “spot” corrosion [5]. In particular, simulators
No.0 (for the baseline signal) and No.3 were used (Fig. 5).

e . S T e
e -

Fig. 5. Model of submillimeter (diameter 0.15 mm) corrosion spots filled with the grains of corrosion
products, where n is the counting concentration, s is the cover factor: a — simulator No.0:
n=0cm? s@ =0; b-simulator No.3: n = 326 cm™?, s® = 0.0576.

Particles of copper powder provided
the granular microstructure of such
“corrosion spots” (Fig. 6).

The random location of the spots was
provided by small (3 mm with 1 mm
step) displacements of the simulator No.3
along the X, Y axes relative to the stan-
dard position. Since the spots on the sur-
face of the simulator were placed chaoti-
cally, such displacements led to signifi-
cant changes in the spatial configuration
of the spots within the illuminated area
with a diameter of 4-5 mm. This corres-
ponds to real situations of measurements

Fig. 6. Microstructure of “corrosion spots”. in field conditions.
All signals obtained for the simulator
No.3 were subtracted from the baseline signal obtained for the simulator No.0.

The second group of data corresponding to the set of sensor signals for different
grain sizes in corrosion spots was obtained by simulation according to (5). The area of
corrosion spots S; was chosen equal to 7(0,15)* ~ 0,07 mm?, and their concentration
was 326 cm . It corresponds to the parameters of the simulator No.3. Corrosion grains
were modelled as spherical copper particles with a base radius of 1 um (or a base
diameter do = 2 um). Modelling for grain radii of 0.7 um, 0.8 um, 0.9 um, as well as
1.1 pm, 1.2 um, and 1.3 pm was also performed. That is, the maximum deviation from
the base size made 30%.

Before comparison, the amplitudes of the signals obtained by measurement and by
simulation were normalized by the difference between the largest and the smallest
values and shifted so that they have only positive values.

In addition, so long as the dimensions of the vectors (number of points) of the
signal for measurement and modelling were different, the discrepancies (2) obtained
for them were reduced to one sensor channel.

For the first type of informative features, the comparison of the discrepancies (2)
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(see Fig. 7) caused, on the one hand, by the random placement of the corrosion spots
(experiment on the simulator) (a), and, on the other hand, by grain size differences in

the corrosion spots (modelling) (b), gave the following results:

a) the double standard deviation (for 49 implementations) 2o(D,)/15 reduced to

one channel made 0.041 relative units;

b) the maximum discrepancy Ds(lo+aixa)(9))/26 reduced to one channel made
0.038 relative units. Thus, it approached the discrepancy estimate specified in the

previous paragraph only for a 30% deviation of the grain size.
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Fig. 7. Comparison of the discrepancies of normalized signal amplitudes reduced
to one channel for: random location of corrosion spots (experiment on a simulator) (a);

differences of grain sizes in corrosion spots (modelling) (b):

1-10um; 2-0.7um; 3-0.8 um; 4—-09 um; 5-1.1 pm; 6 - 1.2 yum; 7 — 1.3 um.

Thus, the utilization of the amplitude characteristic of the signal in case of chaotic
location of corrosion spots gives the lower limit of the corrosion grains sizing error
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greater than 30%.

For the second type of informative features, which corresponds to the discrepancy
(3), the comparison of the differences in the positions of the signal extrema (see Fig. 8)
caused, on the one hand, by the random location of corrosion spots (experiment on the
simulator) (a), and, on the other hand, by grain size differences in the corrosion spots
(modelling) (b), gave the following results:

a) the maximum deviation of the estimate of the signal extremum position caused
by the chaotic location of the corrosion spots, made 0.08 mm;

b) the minimum estimate of the normalized difference between the positions of the
signal extrema caused by the 10% deviation of the grain sizes made 0.7 mm for this study.
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Fig. 8. Comparison of differences in the positions of the signal extrema for: random location
of corrosion spots (experiment on the simulator) (a); differences of grain sizes in corrosion spots
(modelling) (b): 1 - 1.0 um; 2-0.7 um; 3-0.8 um; 4 - 0.9 um; 5—- 1.1 um; 6 — 1.2 um; 7 — 1.3 pum.

Thus, the scatter of the extrema positions caused by random location of the
corrosion spots is much smaller than the scatter of positions caused by 10%-deviation
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of grain sizes in the corrosion spots and, consequently, allows us to achieve higher
stability of sizing the corrosion products grains.

CONCLUSIONS

For the problem of sizing of the surface corrosion microdefects by the signal of
the diffuse light reflection sensor, the implementation of the algorithms that utilize the
metrics based on the signal extrema positions has significant advantage in comparison
with implementation which utilizes the metrics based solely on the signal amplitude in
terms of tolerance to fluctuations of microdefects location.

However, it is reasonable to investigate the tolerance of these metrics to electrical
noise and other interferences as well as to investigate the tolerance of the metrics based
on the signal smoothness functional.
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