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RÉSUMÉ

Nous avons mis au point une technique permettant de déterminer le mode et
la profondeur de pénétration de la corrosion localisée en combinant l'ana-
lyse «etallograph!que et l'analyse d'image de coupons corrodés. On a mis
au point deux techniques dans lesquelles intervient soit le profilage dans
le plan horizontal soit le profilage dans le plan vertical. Dans la tech-
nique de profilage dans le plan horizontal, on a exécuté des rectifications
de surface et analyses d'image successives jusqu'à ce que le corrosion n'a
plus été visible. On a ainsi déterminé la répartition des points corrodés
de la surface ainsi que l'étendue totale de la surface corrodée en fonction
de la profondeur de pénétration dans l'échantillon. Dans la technique de
profilage dans le plan vertical, la rectification de surface a présenté des
profils transversaux successifs de la région corrodée. L'analyse d'image
du profil transversal a permis de quantifier la répartition des profondeurs
de pénétration dans la partie corrodée et d'obtenir une répartition tri-
dinensionnelle des profondeurs de pénétration.

Pour mettre au point ces techniques, nous nous sommes servis d'échantillons
de titane de nuance 2 fissurés artificiellement et corrodés dans des
solutions salines contenant diverses quantités de chlorure et maintenues à
diverses températures fixes (105 à 150 °C) à l'aide d'une technique de cou-
plage galvanique mise au point antérieurement. Nous examinons certains
résultats de ces essais pour expliquer comment on peut appliquer les tech-
niques mises au point à un vrai système corrodé.
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IMAGE-ANALYSIS TECHNIQUES FOR INVESTIGATING

LOCALIZED CORROSION PROCESSES

by

M.J. Quinn, M.G. Bailey, B.M. Ikeda and D.V. Shoesmith

ABSTRACT

We have developed a procedure for determining the mode and depth of pene-
tration of localized corrosion by combining metallography and image analy-
sis of corroded coupons. Two techniques, involving either a face-profiling
or an edge-profiling procedure, have been developed. In the face-profiling
procedure, successive surface grindings and image analyses were performed
until corrosion vas no longer visible. In this manner, the distribution of
corroded sites on the surface and the total area of the surface corroded
vere determined as a function of depth into the specimen. In the edge-
profiling procedure, surface grinding exposed successive cross sections of
the corroded region. Image analysis of the cross section quantified the
distribution of depths across the corroded section, and a three-dimensional
distribution of penetration depths vas obtained.

To develop these procedures, we used artificially creviced Grade-2 titanium
specimens that vere corroded in saline solutions containing various amounts
of chloride maintained at various fixed temperatures (105°C to 150°C) using
a previously developed galvanic-coupling technique. We discuss some
results from these experiments to illustrate how the procedures developed
can be applied to a real corroded system.
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1. INTRODUCTION

The decision on vhether a material is acceptable for a particular engineer-
ing application is made on the basis of its physical and mechanical proper-
ties (e.g., density, strength, ductility and veldability) and its corrosion
resistance to the environment to which it will be exposed. Consequently,
the required thickness of a metallic construction material in a specific
application is typically based on structural requirements, with an addi-
tional thickness specified as a corrosion allowance. Using this approach,
the anticipated lifetime of a structure can be determined from calculations
based on mechanical properties and an estimate of how long corrosion takes
to penetrate the corrosion allowance.

For general (or uniform) corrosion, predicting the time to penetrate the
corrosion allowance is a relatively simple procedure. However, for a mate-
rial subject to localized corrosion (e.g., pitting, crevice corrosion,
stress corrosion cracking) making such a prediction is notoriously diffi-
cult. In such cases, it is necessary to know the geometric mode of corro-
sion penetration and its dependence on the environmental parameters that
affect the corrosion process.

Ve have chosen to develop image-analysis techniques as one method of deter-
mining how localized corrosion processes propagate. In this report, we
discuss the details of these developments, we outline the fundamental prin-
ciples of image analysis, and we describe the procedures we developed for
determining the distribution of corrosion sites on a corroded surface of a
defined area and the geometric profile of penetration into the corroded
specimen.

The procedures we developed for determining the distribution of corrosion
sites on a corroded surface of a defined area were refined during the study
of crevice corrosion on Grade-2 titanium. This material has been chosen as
the reference material for nuclear fuel waste containers in the Canadian
Nuclear Fuel Waste Management Program; crevice corrosion is expected to be
the primary degradation process leading to container failure. To illustrate
the usefulness of the procedures developed, a few results of the crevice
corrosion of Grade-2 titanium in hot saline solutions are discussed.

2. FUNDAMENTAL PRINCIPLES OF IMAGE ANALYSIS

This section contains & brief discussion of image-analysis fundamentals.
For more information, there are two excellent reviews [1,2].

Television-based image analysers were originally developed for use in the
field of metallurgical quality control. The required measurements were
area fractions of different phases in metallurgical specimens as well as
grain size estimations in metals. A typical manual determination of the
relative areas of two phases required carefully cutting out the black areas
of a photomicrograph of a metallurgical specimen, weighing these cutouts,
and comparing their weight with the weight of the whole photomicrograph to
get an area fraction of that particular phase. Because TV-based image
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analysers can quantify the area fraction in a matter of seconds, it is
clear that automatic image analysis offers two major advantages over manual
methods: speed of measurement and greater confidence in the quantitative
results. The main steps in image analysis can be thought of as including
image capture, segmentation, object detection, measurement and analysis.
All commercially available image-analysis software packages use these
steps. We will briefly describe the functions of each stage.

2.1 IMAGE CAPTURE

Images suitable for image analysis can be generated in many ways. Images
may be generated from optical microscopes, scanning electron microscopes,
or stored electronic images such as those used in medical diagnostics. In
our case, visible-light images, captured using a TV camera, are converted
into electronic signals suitable for digital processing and storage. The
task is to transform the optical image into discrete digital data contain-
ing both the spatial and tonal information from the objects. The image is
divided into a square or rectangular grid of picture elements (pixels) to
define it spatially. In terms of tone, 64 or 256 intensity levels (some-
times called grey levels) are generally used.

It is important to optimize conditions at the image-capture stage to pro-
duce the best possible digital image. This usually involves appropriate
sample preparation, correct illumination and, occasionally, electronic
image enhancement to bring out more detail or to sharpen the areas of
interest or both. Subsequent processing of a crisp, sharp image is sim-
pler, more precise and usually much faster than attempting to process a
fuzzy, poorly illuminated image.

2.2 SEGMENTATION

The segmentation step separates the "regions of interest" from the "back-
ground" of an image, and then produces a two-level or "binary" image, con-
sisting of pixels in one of two states: pixels turned on (regions of inter-
est) or pixels turned off (background). The operator chooses the regions
of interest on the basis of the analysis at hand. Three main methods of
segmentation are possible: thresholding, which defines a threshold; edge-
finding, which finds an edge; and region-growing, which involves expanding
a region.

Thresholding, the most effective segmentation technique in situations where
controlled light sources evenly illuminate the specimen across the whole
field of view (also referred to as "the frame"), was the most useful tech-
nique for our purposes. Defining a threshold involves specifying a grey
level or grey tone above which values are considered white and below which
they are considered black.

The image-analysis system may treat black as "of interest" and white as
"background" or vice versa. Modern image analysers usually allow two
thresholds to be set, taking a "slice" of grey tone as "of interest" with
the darker and lighter tones below and above the slice as "background."
Our analyser uses 64 grey tones (or levels), scaled from 0 to 100%, so that
black is 0% and white is 100%.
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The edge-finding segmentation technique is most useful in applications
where the strength of light (daylight or artificial) can vary greatly.
This method picks out regions in an image where the grey tone changes
rapidly since these areas are likely to indicate edges of objects or, at
least, regions of interest. This capability is utilized in some commer-
cially available image enhancers to improve both image contrast and detail.

The region-growing segmentation technique is useful in the analysis of
sequential images where successive images must bear a strong relationship
to their immediate predecessors. This technique merges pixels of a certain
classification if they are sufficiently similar. This technique will also
establish a boundary line to separate dissimilar regions.

Other segmentation methods include

(i) erosion—where image boundaries are contracted;

(ii) thinning—where each binary object is reduced to a single
pixel axis;

(iii) disconnection—where junction points between regions or
objects are broken; and

(iv) inversion—where the state of all the pixels in the binary image
is reversed. This is useful in cases where the "region of
interest" is in the opposite pixel state for analysis, e.g.,
black for an analyses that counts white objects.

Many image analysers allow interactive modification of the binary image to
further detail the areas of interest. This operation, called "binary
edit," is extremely useful in our particular application, where we have
imperfect lighting that results in certain grey tones being both natural
"background" lighting in one region of a coupon and a corroded area in
another region. These naturally lit regions must be converted to back-
ground segmentation levels by editing. Binary editing is also useful in
removing known experimental artifacts from the image, e.g., holes or edges
on the specimen.

2.3 OBJECT DETECTION

Object detection is used to identify each of the individual areas of inter-
est (the objects) within a frame. This is a data-reduction step that pro-
vides a compact description of each object by avoiding the need to record
every pixel coordinate for each object. Two common descriptive techniques
are

1. run-length encoding—recording the starting point along the
raster scanning line and the line length of each continuous run
of pixels; and

2. boundary chain coding—recording information needed to trace out
the boundary of each object.
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After all the objects are identified, a set of descriptions characterizing
each object is stored in computer memory and only used in the measurements
that follow.

2.4 MEASUREMENTS

To accurately measure an object, the object boundaries should be as well-
defined as possible. To obtain a clearly defined boundary, some of the
previous steps may need to be repeated; thus it is important to fully exam-
ine the image before moving the specimen. A review of illumination, focus
and other image manipulations may improve both the image and boundary
delineation. The measurements available to us are

(i) area—total area of the object, regardless of internal structure
(see Figure l(a)), i.e., the total number of pixels within the
object boundary;

(ii) detected area—total number of nonzero (i.e., "on") pixels in the
object (see Figure l(b));

(iii) perimeter—sum of distances between midpoints of each vector
joining each point on the object boundary (see Figure l(c));

(iv) height—length of the object projected onto the y axis (see
Figure l(d));

(v) width—length of the object projected onto the x axis (see
Figure l(d));

(vi) length—maximum chord length (see Figure l(e));

(vii) orientation—angle between longest chord and y axis (see
Figure l(e));

(viii) centre of gravity—the x and y coordinates of the centre of the
object (computed using a digital version of the calculus formula
for centre of gravity [3]);

(ix) field area—area of the measurement frame (field);

(x) number of objects—a count of objects wholly or partially
measured within the frame; and

(xi) integrated density—the total integrated optical density within a
feature.

2.5 ANALYSIS

Image-analysis software packages contain analysis routines that can perform
various mathematical manipulations of the measured data, e.g., statistical
analyses of object size distribution. Analysis can be done in a number of
different ways, depending on the application. These types of results gen-
erally are used to make decisions or to classify values. In our case, we
extract any measurements required directly from the object listing provided
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by the image analyser then, vith some data manipulation, ve generate the
results discussed later in this report.

3. EXPERIMENTAL PROCEDURES

3.1 GENERAL OUTLINE

Figures 2(a) and (b) shov the arrangement and condition of the crevices
before and after a typical crevice-corrosion experiment. Details of the
crevice-corrosion experiment have been described elsewhere [4]. For this
work, it is important that the dimensions of each coupon be accurately
measured before the experiment is begun. Of particular interest is the
measurement of the coupon thickness, which is measured to an accuracy of
±5 /jm.

After the crevice-corrosion experiment was completed, the coupons were
dried and weighed, and then separated and weighed again. A separated
crevice pair is shown in Figure 2(c). One of the coupons was then selected
for image analysis. Since the corroded coupon surface was above the ori-
ginal coupon surface, the excess corrosion product on the coupon surface
was ground away carefully until the measured coupon thickness was within
±5 jum of the original coupon thickness. A coupon, ready for image analy-
sis, is shown in Figure 2(d).

The coupon was then cast in epoxy resin (Struers Epofix HQ) in such a way
that the corroded surface was exposed (Figure 3(a)). The resin was cured
for 12 h at room temperature, and then the bottom of the cast was machined
to make it parallel to the coupon surface. Figures 3(b) and (c) show the
cast before and after machining. The bottom of the cast was usually dished
(Figure 3(b)), and machining was necessary to remove the meniscus and to
ensure a flat working surface. The thickness of this cast was measured and
used as the reference thickness defining the position of the original
surface. Ve will refer to this as the zero depth. Subsequent thickness
measurements provided an indication of depth as well as the evenness of the
grinding.

Beginning at zero depth, the corroded surface was photographed and examined
by image analysis. A layer of the corroded surface was then ground away,
and the thickness of the coupon cast was measured again. This surface was
photographed and examined by image analysis; the procedure was repeated
until the point of deepest corrosion was exceeded. Image analysis of the
corroded surface was typically done at 100- to 200-/jm intervals. It is
important, however, to note that the surface was visually examined every 10
to 20 urn to ensure that sudden changes in the pattern of attack did not
occur.

The image analyser was calibrated daily and after each change in the magni-
fication or focal plane of the image.
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3.2 MATERIALS

The composition of the Grade-2 titanium plate material used in these
crevice-corrosion experiments vas as follows:

wt.Z wt.g

Fe 0.02 Ni <0.003
H 0.0030 Ho <0.002
0 0.16 Ti Bal

3.3 EQUIPMENT

Image analysis was carried out on a Joyce Loebl Micromagiscan Image Analy-
sis System (Version 2.5), consisting of a host IBM/XT computer equipped
with an 8087 math co-processor and 640 kbytes of RAM. The software con-
sists of two programs: MENU, which performs the manipulations necessary to
prepare an image for measurement, and then performs the measurements; and
RESULTS, which analyses the results from MENU.

A BOSCH TYK 9A video camera was used to generate a 525 line standard TV
video image. A Data Translation DT 2803 framegrabber board was installed
in the IBM to digitize and store video images. The framegrabber board has
6-bit digitization, 64 kbytes of data storage as a 256 x 256 array of
pixels, both fixed and programmable lookup tables to enhance the video
output, and an on-board microprocessor for, most importantly, control of
image-transfer routines. An RS-170/CCIR composite RGB monitor was used to
display the image residing in the framegrabber memory. Occasionally, it
was necessary to enhance the digital image using a Reece CE-1 contrast
enhancer.

The video image can be thought of as an array of square picture elements
that are digitized by the framegrabber board. Most framegrabber boards
digitize an image into an array of rectangular pixels, each with a height
1.38 times greater than the width. The MENU software compensates for this
by multiplying the width of each pixel by 1.38 to transform the rectangular
pixel back into a square element; consequently, a pixel has an area of 1.38
(pixel units2). To determine the number of pixels in an object, the pixel
area must be divided by 1.38.

Because of the differences in TV image-generation standards in Europe and
North America, we can only utilize 240 of the 256 vertical pixel elements.
The remaining 16 x 256 pixels are stored in the framegrabber memory but
mapped off the bottom of the video display; hence, the pixels that are not
generated by the camera are also not displayed by the monitor. The digital
image should be 256 x 240 pixels. Using MENU, we have measured the image
and found the digital image to be 254 x 254 pixels. Ve have shown that the
excess vertical pixels can be accessed (since they exist in the framegrabber
memory) but cannot be seen on the monitor. This discrepancy in the digital-
image area can be important in detected area measurements. Ve assume that
the lost pixel is used in the software to form a border or a frame around
the image.
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The detected area (DARE) is determined by an algorithm in MENU, which
counts the number of pixels that are either on or off. For objects filling
less than half the screen, the "on" pixels are counted; for objects filling
more than half the screen, the "off" pixels are counted. Our version of
MENU incorrectly calculates the number of on-pixels from the number of off-
pixels, requiring us to correct the data for objects with areas greater
than half the screen (see Appendix A for further details). This correction
is performed using RESULTS. Figure 4, an area calibration plot, shows the
switch in the algorithm counting method and demonstrates the error in the
area calculation. The solid line should be the calibration line for
detected area, but the points at high area do not fall on this line;
instead, these high points fall on a second line (shown as a dotted line in
Figure 4), indicating a switch in the method of calculation.

A Zeiss SR stereomicroscope, with available magnifications from 5 to 100X,
was used to obtain optical images. A 150-mm objective lens was most com-
monly used to provide the necessary magnification at 5X. A Schott KL 1500
light source and ring illuminator provided the required even illumination
over the coupon surface. For closer examination of the deepest corrosion
penetration, a higher magnification was obtained using a 100-mm objective
lens. A Zeiss brightfield illuminator was used to obtain the best illumi-
nation and view of a small corroded area on the highly reflective titanium
surface. Two Baling Scientific translation stages, each with 25-mm travel,
mounted at 90° to each other, were used to precisely move the coupon in two
directions within the field of view. Figure 5(a) is a photograph of the
system arrangement.

Photographs of the coupon surfaces were taken with a Polaroid MP-4 Land
camera on Polaroid 667 or 55 film. Slide photographs of the surfaces were
taken with a Canon AE-1 SLR camera using commercially available slide film.

Grinding of the coupons to various depths was accomplished using 600-grit
emery paper and water as the lubricant on a Buehler Ecomet IV grinder
polisher, shown in Figure 5(b). Fine polishing was done with Buehler 6-/im
and l-/zm diamond pastes. The etchant used was Kroll's #192 reagent
(6:3:100 mixture by volume of HN03, HF and H20).

Thickness measurements were made with a Mitutoyo digital micrometer cali-
brated using a length standard traceable to the NRC national length
standard and calibrated to a tolerance of ±0.005 mm.

3.4 IMAGE-ANALYSIS PROCEDURE

Ve have used two methods to measure the extent and depth of crevice corro-
sion on titanium. We have termed them "face-profiling" and "edge-
profiling." Following a discussion of a general procedure, applicable to
both methods, we discuss each method separately to detail specific tech-
niques, measurements and data analyses.

3.4.1 System Calibration

The image analyser was calibrated in millimetres by placing a metric ruler
in the microscope field and measuring the distance between two marks on the
ruler, usually 2.5 cm apart (Figure 6(a)). It was important that the ruler
be focussed in the same plane as the epoxy-cast coupon to be analysed.
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This was accomplished by setting the ruler on shims to the same height as
the coupon. The working distance was adjusted until the coupon image just
filled the full width of the monitor screen, with the image as sharp as
possible (Figure 6(b)). The image size could usually be adjusted to
within 2 pixels; the calibration distance on the ruler could be estab-
lished with a precision of ±2.5 pixels (regardless of the calibration
length). A complete calibration procedure typically yielded a scale
factor of 0.0725 mm/pixel at 5X magnification and 0.0273 mm/pixel at 12.5X.

The accuracy of the detected area measurements was verified by comparing the
detected area measurements of a series of specimens with their independently
measured areas (see Figure 4). Clearly, the measurement is not linear over
the entire range, and correction is required for areas covering greater than
50% of the screen. Further details are provided in Appendix A.

An additional test-of-measurement accuracy for areas covering less than 50%
of the screen was performed by comparing the weights of graph paper, cut
out in various sizes, with the detected area measured for each size of
paper. The correlation is good, as shown in Figure 7(a). From the cali-
bration plot (Figure 7(b)) of measured area vs. area we find that

measured area = 0.950 ± 0.005 (true area) + 1.623 ± 0.002 mm2

with a correlation coefficient of 0.9999. This confirms that the data are
correlated and that the measurement can be performed with precision. The
error in the slope suggests that the precision of the area measurement is
0.5%; however, the nonunity slope indicates the accuracy of the measurement
is ~5% for large areas. For small areas (<100 mm2) considerable error will
be encountered because of the finite intercept.

The deviation from unity is a result of the analyser measurement scheme.
The detected area measured in Figure 7 is not equal to the area (as mea-
sured by the image analyser) even for a solid object. When measured in
pixels [3],

area = detected area - perimeter/2 . (1)

If we assume that the calibration areas are squares, we can solve this
quadratic for the length of a side as a function of the detected area in
pixels (Dp):

\1 + Dp - 1 . (2)p

Using the scale factor k (in mm/pixel), we can convert areas and detected
areas from pixels to millimetres and Equation (1) becomes

a = D + 2k2 - 2kjk2 + D . (3)

The right-hand side of Equation (3) can be used to correct the detected
area. With this correction, the calibration plot yields

Measured area = 0.94 ± 0.13 (true area) + 0.78 ± 0.06.
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This gives a unity slope, although with larger error, probably arising from
the assumption that the calibrated objects were perfect squares.

Finally, the surface areas of a series of reference coupons vere measured
(Table 1). The coupon dimensions were measured using a micrometer. The
reported error in these lengths is based on a 99.52 confidence interval for
a series of 5 measurements of 2 different lengths and agrees well with the
tolerance. These dimensions were then measured using the image analyser in
the calibration mode. The reported error is based on a 99.5% confidence
interval for a series of 2 or 3 measurements of 6 objects. A third set of
dimensions was obtained from the image analyser in the analysis mode. The
measured areas were also determined at that time. Clearly, the areas agree
well; the largest deviation is -1%, but the measured areas are consistently
larger than the true area. This is also true of the distance measurements
and reflects the fact that the images were not extensively edited to ensure
sharp, straight edges. Thus the edges could be in error by 1 or 2 pixels,
resulting in high values for height and width, but the area measurement is
sufficiently flexible, so that these small oversights do not produce large
errors; for example, in trial 3 the calculated area is 25.80 x 12.97
= 335 mm2. This is much greater than the analysed area of 322.7 mm2. The
latter value agrees well with the dimensioned area of 318.79 mm2. The
analysis of the areas indicates that the image analyser has an accuracy of
~1Z, with a tendency to produce consistently high measurements. With
extreme care in editing an image, better accuracy is possible.

To determine the reproducibility of our area measurements following the
binary-edit process, 10 stored images were chosen at random and the area
ratios remeasured. To ensure that the same frame size was used, the
matched task files were recalled for each remeasurement. This was neces-
sary because the frame size is set dynamically, i.e., using a live image.
The frame cannot be set using a stored image; therefore, the frame area
cannot be established using a stored image. The segmentation levels and
any image-edit functions were performed using the photograph of each sur-
face as the reference. Table 2 shows that although the measured values
vary over a wide range, the difference between any pair of measurements is
small. If the measurement errors are normally distributed, then the vari-
ance (a) for each pair of values can be pooled to provide a better estimate
of the error than that obtained from any pair of measurements [5]. In this
analysis, there are 10 degrees of freedom for 2 measurements (number of
measurements, n = 2 in Table 2). At the 99.5% confidence level, the
Student t-test tables estimate that the true detected area should lie in a
range ±1.86 (as a percent) of the measured value, or at the 90% confidence
level, it should lie within ±0.94 (as a percent) of the measured value.
Repeating this procedure using the fractional error, i.e., a/average, the
fractional error at the 90% confidence level is 6%. This provides a guide
for the expected variability in the measured area fraction.

3.4.2 General Procedure

Following calibration of the image analyser in millimetres, the illumina-
tion level and microscope aperture were set to best display the areas of
corrosion on the monitor image. These settings were noted for future
reference. After the best possible image was obtained, the measurement
frame was set. The measurement frame, the rectangular area of the monitor
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image within which various measurements are made (outlined in red, Figure
6(c)), can only be set on a live image. This "frame set" routine is useful
for positioning the coupon so that it will line up properly inside the
frame. The frame can be set reproducibly since the frame size is displayed
continuously in calibrated units as part of the frame set routine. Any
size frame may be utilized for image analysis. Ve have occasionally used a
frame slightly smaller than the normal frame for this work, e.g., the
measurement frame was set 1 mm inside the coupon length and width. This
application will be discussed briefly later in this report.

A task list is then defined. This simply establishes how the image will be
processed, including the various operations performed on the image, the
selection of objects for measurement, and the types of measurements per-
formed. A detailed description is provided in Appendix B.

For measuring the corroded areas on the titanium coupons (i.e., for measur-
ing the image), we performed the tasks i.: the following order: recalled the
saved image only, segmented the image, edited the binary image, and made
the measurement (see Appendix B). The results were gathered in the form of
data files within the image-analysis system software; these results may be
displayed as a "statistics summary" that lists the minimum, maximum, mean
and standard deviation for each measurement parameter made. Also displayed
are the number of objects measured and the number of images processed.
Examples of statistics summaries are shown in Table 3.

More detailed data analysis was done using the RESULTS program provided as
part of the image-analysis system software. Each of the two methods consi-
dered in this report required a somewhat different approach to data analy-
sis and are best discussed separately (see Sections 3.4.3 and 3.4.4).

Commercially available spreadsheet (Open Access from Software Products
International) and plotting (PLOT from Gradient Software) software were
used for any further data manipulation necessary to produce the results
presented in this report.

3.4.3 Pace-Profiling Method

Using the face profiling method, a single titanium crevice coupon was cast
in epoxy with the corroded surface (or "face") exposed. The photographs in
Figure 8 show a typical coupon before and after casting. Note that the
direction of each successive grind was "into" the coupon, i.e., into the
corroded surface.

The specimen was positioned under the microscope and was focussed at 5X
magnification, so that the full image just filled the width of the monitor
screen (Figure 9(a)). The measurement frame was set to outline the coupon
image on the screen, and the frame was saved as part of the task file.
This measurement frame is typical of those set on all coupon images ana-
lysed by the face-profiling method. Figure 9(b) is a photo of the same
image, with the frame in place and the corroded areas segmented and
measured.

As discussed in Section 3.4.2, the measurement frame can be set repro-
ducibly, in any position in the field of view. A series of measurements
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vas made on several titanium coupons in vhich the frame vas decreased by
1 mm in each dimension, as shown in Figure 9(c) and (d). Figure 9(c) shows
the focussed and unframed image of a coupon surface; Figure 9(d) shows the
smaller frame with the corroded areas segmented and measured. This latter
procedure was used when excessive corrosion was observed on the edges of
the coupon. Corrosion of the edges, an artifact of the coupon design used
in this work, does not reflect the rate of corrosion on the coupon face.
Setting the frame 1 mm in from the edge eliminates this "edge-effect."

Regardless of the frame size, the following measurements were made on the
coupon surface at each grinding stage: area (AREA), detected area
(DARE = TARE), width (WDTH), height (HGHT) and perimeter (PERI). The frac-
tional area segmented, i.e., DARE/field area x 1001 (% TAR) is automa-
tically reported for each image. These results are displayed in a
"Statistics Summary," as shown in Table 3(a). This provided us with a
measure of the corroded area as a function of depth into the coupon. To
determine the presence and location of any small corroded area(s) near
maximum depth, a finer surface polish (better than 600 grit) was required.
The following polishing sequence was used: 6-/xm diamond paste followed by
1-jum diamond paste, with polishing times of 6 min each; also, a 20-s etch
in Kroll's #192 reagent was used to increase the contrast between corroded
areas and bare metal. Microscopic examination using the brightfield illu-
minator was the last step in determining the presence of small corroded
areas. The absence of pits indicated that we had exceeded the maximum
corrosion depth.

Using the data analysis software, corrections were made to the detected
area (as described in Section 3.3), and the following values were extracted
from each data file: detected area, field (frame) area, and number of
objects in the field. Spreadsheet and plotting routines were then used to
generate depth profiles; i.e., the area of the titanium surface corroded
(expressed as a percentage) as a function of the depth to which the face
has been ground.

3.4.4 Edge-Profiling Method

The face-profiling method produces a distribution of corroded areas paral-
lel to the face of the corroded coupon. The edge-profiling method, on the
other hand, generates a distribution of corroded areas perpendicular to the
face of the coupon. The edge-profiling method also provides a check on the
maximum pit depth measured by face-profiling. Both methods should find
similar maximum depths.

As in the face-profiling method, the coupon was ground to zero depth before
being cast in epoxy. The edge-profiling method also requires the coupon to
be ground as close as possible to the original coupon width. This was done
before casting. A single coupon, before and after casting in epoxy, is
shown in Figure 10. An uncorroded titanium coupon was mounted flush with
the corroded coupon surface (Figure 10(c)) as a guide for coupon posi-
tioning and as an approximate locator for the zero depth.

The calibration procedure was the same as noted earlier. A microscope mag-
nification of 12.5X, with a 150-mm objective lens, was used. This magnifi-
cation provided the largest possible image of the corroded area, thereby
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minimizing the error in measuring the corrosion depth. Since image analy-
sis was used to measure depth (in the face-profiling technique relative
areas were measured), it was important to calibrate the field of view as
carefully as possible. Care was taken for both the on-screen steps and the
microscope setup steps. With the higher magnification, small changes in
the position of the focal plane will affect the image size; therefore, when
calibrating the image size, it is important to place the ruler in the plane
of the coupon surface. When the calibration was complete, the coupon was
positioned, and the illumination level and microscope aperture were set.

The frame-set routine was used to position the coupon, so that the top edge
(corroded surface) was as horizontal as possible. This allowed analysis of
the edge in three separate sections, with only minimal repositioning of the
coupon. A numbered scale was placed near the bottom of the coupon to
delineate the relative position of the field of view along the edge length
(Figure 11 (a)). This scale was a computer-generated line and number plot
with lines <u.5 mm wide and 2 mm apart. This scale was only used a,- a
positional reference to enable the alignment of the coupon when changing
the field of view. The set frame was saved as part of the task file that
was matched to the image, and the image was then saved. A typical frame
for edge-profiling is shown in Figure ll(b). Figure 11 (a) shows the scale
set on the coupon, ready for edge-profiling.

The surface (coupon edge) was then ground in increments of 200 to 500
working across the corroded surface. After each grinding stage, the cross
section was photographed, the image captured, and the coupon thickness was
measured. Analysis of the saved image was performed later a'; a convenient
time. The sequence was repeated several times and could be repeated across
the entire width of the coupon if desired.

A vertical-lines plot was stored as a video image for use in the edge-
profiling procedure. This xy plot was also computer-generated, with the
lines <0.5 mm wide and 2.5 mm apart, Figure ll(c). Using a video camera
with a zoom lens and ambient lighting conditions, a full screen image of
the line plot was captured. This image can be captured reproducibly under
these specific conditions. The resulting plot image consisted of 28 verti-
cal black lines, with each line 2 pixels wide and the lines 7 pixels apart.

Our image-analysis system allows the superimposition of one image on
another (Section 3.4.2) using grey image operators. The vertical lines
plot was superimposed on the magnified image of the coupon edge using the
grey image operator "difference." This results in the black lines being
subtracted from the white corroded areas, and thus breaking up the corroded
areas into 28 separate elements. Using segmentation, these elements were
identified as individual objects and statistical analysis was performed
using each element as a single sample. The minimum and maximum heights of
each element were measured giving a corrosion depth as a function of length
of coupon edge.

The vertical lines plot was superimposed on the stored image just before
the segmentation step of image analysis. Once segmentation and binary
editing rendered a satisfactory image (Figure ll(b)), the following mea-
surements were made: centre of gravity along the x axis, centre of gravity
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along the y axis, width, height, and length and orientation. The measure-
ments are displayed in a "Statistics Summary,11 as shovn in Table 3(b). The
coupon vas repositioned (to the next portion of the coupon edge) using the
numbered scale as a positional reference. Image and task files were again
saved and measurements were made. A third coupon repositioning vas neces-
sary to capture the final portion along the coupon edge length. Image and
task files vere saved and measurements completed. These three separate
cycles cf position, image save, task save, and measurement vere required for
each grinding stage, producing three separate data files for each stage.

The data analysis routine, discussed in Section 3.4.3, vas used to extract
the corrosion depths from each data file. It vas then possible to produce a
plot of depth of corrosion along the coupon length at each grinding stage
across the corroded surface using the spreadsheet and plotting softvare.
The illustrations in Figure 12 shov the grinding stages and the output plot.

3.4.5 Comparison of Methods

Each of the image-analysis methods discussed is a different approach for
obtaining the same information.

Face-profiling provides a relatively fast analysis of a corroded area and,
through a series of grinding steps, ultimately follovs the deepest corrosion
penetration to its maximum depth. Although there is alvays some uncertainty
regarding maximum depth, careful polishing and microscopic examination of
the coupon surface can minimize this uncertainty. Because this method
analyses images of the vhole coupon, any single image represents a complete
viev of the coupon surface at some given depth. Saving these images
requires a fairly large, but not unvieldy, amount of computer storage space.

A clear picture of the extent of crevice corrosion and its change vith depth
is presented through the face-profiling method. Because face-profiling is
centred on corroded areas and not their positions relative to the coupon
surface, this method provides little information on the morphology of
crevice corrosion or its variation vith depth.

Edge-profiling, a very much slower method of crevice-corrosion analysis,
requires three or four times more computer storage space for image saving.
Because the depth of corrosion penetration may be as little as tens of
microns, accurate measurement of such depths is limited by the image magni-
fication. The magnification, in turn, is influenced by considerations of
both analysis time and image storage space. This is a limitation of the
method.

However, this method can provide an actual profile of corrosion attack over
the coupon surface in a single 3-D graphics plot (see Figure 12). Edge-
profiling gives an immediate indication of corrosion depth and, again,
through a series of grinding steps, describes corroded areas. Finding the
maximum depth of corrosion penetration will be achieved only through care-
ful grinding and observation. If grinding steps fall either before or
after the deepest part of a particular corroded area, a viev of the maximum
penetration may be lost.
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Although edge-profiling is a relatively slov process for analysis of more
severely corroded coupons, it may be appreciably faster for analysis of
small» well-separated corroded areas. A single section of such a corroded
coupon close to a corroded area, followed by one or two careful grinding
steps, would provide a relatively quick, and certainly clear, profile of
the area. Measurement of the depth of corrosion in this case could require
as little as one analysis step.

3.4.6 System Limitations

Although the image-analysis procedure discussed here has been successful,
we have found some limitations in both the method and the system. In the
area of sample preparation, it appears that prolonged grinding may smear
the titanium surface and distort the size of some corroded areas, espe-
cially the smaller ones. Shorter grinding times with coarser grit paper
may alleviate this problem. Investigating a different method of material
removal (milling, microtoming) may be worthwhile in the future.

Obtaining even illumination, an important requirement, requires a careful
combination of ring or spot lighting and aperture setting to produce an
optimum image for analysis. In spite of careful attention to lighting,
there are usually extraneous light areas or dark areas or both that must be
manually erased or drawn in the edit stage. Because this step increases
the analysis time, we need to improve the method of obtaining even illumi-
nation over the whole coupon surface, so that this particular edit step
could be eliminated. Future development work with other light sources or
some type of background subtraction software may help.

The image-analysis system discussed in this report also has some drawbacks.
First, a slightly distorted monitor image is usually an indication of the
quality of the lens system. . We believe this distortion does not compromise
our results significantly but does make setting the frame somewhat more
difficult. Second, we have had some difficulty in setting the initial
segmentation level because the image is displayed on a split screen, making
it impossible to see the whole coupon. Corroded areas outside of the split
screen image may not be segmented correctly and cannot be adjusted until
the execution stage. If the segmentation cannot be set properly at that
stage, it may mean returning to the original image to change the light
balance or contrast or both. Third, this particular version of software
has been found to be restrictive in some instances. Because the analysis
path is fixed, it is not possible to repeat steps if an error is made—
entry to and exit from the program is limited and, in some cases, has
unnecessarily lengthened analysis time. Upgraded software or perhaps a
different software approach may be useful.

4. APPLICATIONS OF IMAGE ANALYSIS TO THE STUDY OF CREVICE CORROSION

OF GRADE-2 TITANIUM

The purpose of this section is not to discuss the crevice corrosion of
titanium alloys in exacting detail because the majority of our results have
been discussed elsewhere; rather, it is to illustrate how a combined metal-
lographic and image-analysis procedure has helped in the interpretation of
corrosion and electrochemical results.
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4.1 EFFECT OP CHLORIDE CONCENTRATION

Figure 13 shows a plot of the fraction of the total area within the arti-
ficially creviced area that has corroded versus the penetration depth for
artificially creviced specimens exposed at 150°C to solutions containing
various concentrations of sodium chloride. All these experiments were
performed in sealed titanium autoclaves containing approximately the same
amount of oxygen in all cases; crevice corrosion vas allowed to proceed
until the oxygen was exhausted.

Except for the experiment performed in 5.0 mol-L'1 NaCl, all these depth
profiles have the same form. A significant fraction of the creviced area
is corroded to a depth of -100 /;m, with a much smaller area penetrated to
greater depths. This suggests that, for all chloride concentrations except
5.0 mol-L'1, localized corrosion penetrations precede a general corrosion
front within the crevice. The "apparent" residual fraction of corroded
area at the point of maximum penetration depth is an artifact produced by
the progression of crevice corrosion around corners on the edge of our
machined specimens. In preceding sections, we have termed this the edge
effect.

It is apparent in Figure 13 that the maximum depth of penetration within
the creviced area decreases with increasing chloride concentration. This
dependence is shown in Figure 14. Figure 15 shows the maximum penetration
depth as a function of the total amount of crevice corrosion (measured by
the weight change of the specimen). Such a relationship between the total
amount of corrosion and the maximum depth of penetration justifies the use
of weight-change data in the determination of crevice-propagation rates.

These decreases, in the extent of crevice corrosion and in depth of pene-
tration with increases in chloride concentration, may be due to an increase
in importance of chloride complexation of dissolved titanium at the higher
chloride concentrations. Complexation will inhibit the hydrolysis of
titanium, thereby inhibiting the development of the acidic conditions
necessary for active pit propagation. The dramatic difference in the
behaviour at 5.0 mol-L'1 suggests that additional influences are involved
at such high concentrations.

4.2 HOPE OF PENETRATION VITHIN AN ACTIVE CREVICE

For the development of a realistic model for crevice corrosion, it is
essential to know the mode of penetration in an actively propagating crev-
ice. The data discussed in the previous section showed that propagation
was proceeding in the form of a general corrosion front preceded by local-
ized penetration (Figure 13). To determine whether this mode of penetra-
tion remains unchanged, we measured depth profiles on creviced specimens
under identical conditions, except for the total amount of available oxy-
gen. This was achieved by performing one experiment in a 1-L autoclave and
the other in a 2-L autoclave. The depth profiles for specimens exposed to
0.27 mol-L'1 NaCl at 150°C are shown in Figure 16. The shapes of the pro-
files are the same, indicating that the mode of penetration remains the
same for both experiments. For the experiment in the 1-L autoclave, the
general corrosion front is -100 /im deep and preceded by a localized pene-
tration -550 /in» deep. For the experiment in the 2-L autoclave, the general
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front is -300 /im deep preceded by a localized penetration ~700 /*m deep. We
can define a localized corrosion factor as the maximum depth of corrosion
divided by the depth of the general corrosion front. This factor is 6.5 in
the 1-L autoclave, compared vith 3.3 in the 2-L autoclave. Although more
data are required, it would appear that crevice corrosion will propagate as
a general front preceded by localized penetrations, and that the more
extensive the propagation, the more general it will become.

4.3 EFFECT OF TEMPERATURE ON CREVICE CORROSION

Figure 17 shows a plot of both weight change and maximum penetration depth
caused by crevice corrosion in 0.27 mol-I.'1 NaCl as functions of tempera-
ture ranging from 105 to 150°C. With the exception of the results from the
experiment at 115°C, the total weight change is almost independent of
temperature, despite the fact the rates of crevice corrosion vary markedly
with temperature over this range. (Although not shown here, this variation
in crevice propagation rate is apparent from the coupled currents measured
in our electrochemical experiments [6]). This observation is unsurprising
because the weight change is a measure of the total extent of crevice cor-
rosion to the point when the oxygen content in the autoclave is exhausted.
This oxygen content is approximately the same at all temperatures.

The increase in the maximum depth of penetration with decrease in tempera-
ture is opposite to what might be expected. Figure 18 shows the depth
profiles for experiments at 105 and 150°C. At 150°C, corrosion is more
general across the creviced surface, and localized penetration is limited.
By contrast at 105°C, corrosion is not so generally distributed but pene-
trates to greater depths at a larger number of localized sites.

Photomicrographs of the corroded specimens (Figure 19) show that the dis-
tribution of active sites is random at the higher temperature but clustered
around the periphery of the creviced area at the lower temperature. This
clustering leads to an increase in local current density at these sites,
and hence to deeper penetration at the lower temperatures.

5. SUMMARY AND CONCLUSIONS

In this report, we have described the development of an image-analysis
procedure and its application to crevice-corrosion penetration measurements
for titanium. Techniques for examining the corrosion front from both
cross-sectional and face views were developed. For extensive crevice cor-
rosion, as observed on Grade-2 titanium, the face-profiling technique is
preferred over the edge-profiling technique; for situations where little
corrosion is observed, the edge-profiling is preferred.

To obtain accurate measurements, it is important to obtain a high-quality
image, and this requires careful attention to the lighting of the specimen.
Under uniform illumination, it is a simple matter to obtain a wide range of
measurements—the most important measurement in this application is the
corroded area. Area measurements with a precision of 1£ and an accuracy of
5% can be readily obtained. For the images obtained in this work, the area
measurements are reproducible to within 5% on repeated measurements. The
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speed of processing information and the reliability of the measurement make
this a desirable technique for investigating the mode of attack for crevice
corrosion of titanium.

The determination of corrosion rates by either electrochemical or immersion
testing gives a penetration rate that is averaged over the entire corroded
surface. For localized processes such as crevice corrosion this average
can be a good estimate of the penetration, e.g., vhen the process is not
highly localized as in the pitting corrosion of carbon steels or a very bad
estimate, e.g., as in the pitting of stainless steels. To adequately pre-
dict a corrosion lifetime, it is necessary to determine if the penetration
rate can be estimated by using an average corrosion rate or if the penetra-
tion rate must be determined explicitly. The measurement of a corroded
area as a function of penetration depth gives a depth profile with a char-
acteristic shape depending on the degree of localization of the corrosion
process. For crevice corrosion of Grade-2 titanium at 150°C, the profile
is indicative of a uniform corrosion front preceded by localized penetra-
tions. The maximum penetration depth vas also found to be proportional to
the weight change. This indicates that at 150°C, the weight change of a
crevice-corrosion coupon can be used to estimate the maximum penetration
due to crevice corrosion.

Examination of the depth profiles can provide indications of the change in
localization of corrosion. The depth profiles for the specimen exposed to
5 mol/L NaCl at 150°C and for the specimen exposed to 0.27 mol/L NaCl at
105°C are both distinctly different from the profile for the specimen
exposed to 0.27 mol/L NaCl at 150°C; the mode of attack on the former two
specimens is more localized than on the latter specimen.

The examination of penetration rate and the determination of corrosion
penetration profiles can be done by sequentially removing the corroded
surface and measuring the corroded area or by counting the number of pits
as the surface is removed. This measurement of the corrosion depth, either
as a distribution of pit depths or as a measure of corroded area, can be
performed easily by image analysis.
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TABLE 1

CALIBRATION MEASUREMENTS OF REFERENCE COUPONS

Measurement

Width/mm
Height/mm

Micrometer

25
12
.337 ±
.582 i

0.009
0.009

Trial 1

Calib.

25.4 ± 0.3
12.6 ± 0.3

25
12

Trial

Calib.

.2 ± 0.3

.3 ± 0.3

2

Menu

25.52
12.66

25
12

Trial

Calib.

.4 ± 0.

.6 ± 0.

3

3
3

Menu

25.80
12.97

Area/mm2 318.79 ± 0.25 321 320 323

Trial 4 Trial 5
Measurement

Micrometer Calib. Menu Micrometer Calib. Menu

Width/mm 25.341 ± 0.009 25.4 ± 0.3 25.67 12.576 ± 0.009 12.6 ± 0.3 12.66
Height/mm 6.963 ± 0.009 6.9 ± 0.3 7.54 6.960 ± 0.009 6.9 ± 0.3 7.07

Area/mm2 176.44 ±0.24 178 87.52 ± 0.13 87.9
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TABLE 2

RESULTS OP CONFIDENCE TEST FOR DETECTED AREA

INVOLVING TEN REMEASUREMENTS OF PREVIOUSLY ANALYSED SURFACES

CONFIDENCE TEST (IA SYSTEM)

Trial 1
Area Fraction

<*)

55.55
26.34
22.50
0.35
0.04
1.24
7.00
2.15
30.87
84.73

Trial 2
Area Fraction

(*)

54.35
26.20
22.61
0.42
0.03
0.99
7.02
2.28
32.27
82.03

Average
(*)

54.95
26.27
22.56
0.39
0.03
1.12
7.01
2.22
31.57
83.38

a

0.85
0.10
0.08
0.05
0.00
0.18
0.02
0.09
0.99
1.91

(Diff)2

1.44
0.02
0.01
0.00
0.00
0.06
0.00
0.02
1.97
7.29

10.81

level

t*

Confidence**

99.5

3.58

1.86

90

1.81

0.94

2N

confidence: ±ts/J n"1

for 10 degrees of freedom, N = 10
for 2 replicate measurements, n = 2
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TABLE 3

DISPLAYS OF "STATISTICS SUMMARY" FOR

(a) PROFILING METHOD OF ANALYSIS AND FOR

(b) EDGE PROFILING METHOD OF ANALYSIS'

(a)

AREA
DARE
WDTH
HGHT
PERI
*TAR
TARE
Obtained

MINIMUM

1 . 380E+OOb

1.380E+00
1.380E+00
l.OOOE+00
l.OOOE+00
5.043E+01
3.097E+04
from

MAXIMUM

3.216E+04
2.779E+04
3.436E+02
1.770E+02
3.510E+03
5.043E+01
3.097E+04
95 objects

TOTAL

3.535E+04
3.097E+04
9.591E+02
6.120E+02
5.203E+03
5.043E+01
3.097E+04
over

MEAN

3.721E+02
3.260E+02
1.010E+01
6.442E+00
5.477E+01
5.043E+01
3.097E+04
1 field(s).

STANDARD
DEVIATION

3.280E+03
2.834E+03
3.557E+01
1.832E+01
3.578E+02
O.OOOE+00
O.OOOE+00

(b)

COGX
COGX
WDTH
HGHT
LENG
ORNT
ZTAR
TARE
Obtained

MINIMUM

1.030E+02
8.900E+01
1.380E+00
2.000E+00
1.704E+00
9.437E-01
1.473E+01
6.527E+02
from

MAXIMUM

3.250E+02
9.100E+01
2.346E+01
1.100E+01
2.346E+01
2.321E+00
1.473E+01
6.527E+02
19 objects

TOTAL

4.081E+03
1.717E+03
1.904E+02
9.200E+01
1 . 995E+02
2.892E+01
1.473E+01
6.527E+02
over

MEAN

2.148E+02
9.037E+01
1.002E+01
4.842E+00
1.050E+01
1.522E+00
1.473E+01
6.527E+02
1 field(s).

STANDARD
DEVIATION

6.742E+01
6.657E-01
3.976E+00
1.871E+00
4.102E+00
2.967E-01
O.OOOE+00
O.OOOE+00

• Note: The system is calibrated in pixels; thus the units are pixels

b The results are printed using computer floating point format;
for example, 3.216E+04 is equivalent to 3.2 x 104.
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FIGURE 1: The Image-Analysis Measurements Discussed in This Report, (a) Area (including holes)—total
object area regardless of internal structure; (b) Detected Area (excluding holes)—total
number of nonzero (i.e., "on") pixels in the object; (c) Perimeter—sum of distances between
vector midpoints for each point on the object boundary; (d) Height—measured along y axis,
Width—measured along x axis; and (e) Length—maximum chord length, orientation—angle between
maximum chord length and y axis.
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(a) (b)

(c) (d)
FIGURE 2: The Typical Titanium Crevice Coupon Configuration and the Condi-

tion of the Coupons: (a) before Crevice-Corrosion Experiment,
(b) after Experiment was Complete, (c) with Creviced Pair Sepa-
rated, and (d) Single Coupon Ready for Image Analysis with Excess
Corrosion Product Removed
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(a)

(b) (c)

FIGURE 3: Photographs of Coupons Cast in Epoxy Resin, Showing (a) Corroded
Surface of Coupon Facing up, (b) Back Surface of Cast after Cur-
ing Is Complete (note meniscus), and (c) Ready-to-Measure-Cast
after Back Surface Has Been Machined Parallel to Front Surface
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FIGURE 4: Plot of Detected Area (Measured) in Pixels vs. Actual Object
Area. Solid line ( ) represents count of "on" pixels; dashed
line (- - -) represents count of "off" pixels; and arrow (—>)
denotes switch point.
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(a)

FIGURE 5: Photographs Showing (a) Image-Analysis System and (b) Polisher/
Grinder . -
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(a)

(b)

(c)

FIGURE 6: Monitor Images Shoving (a) Scale Placed under Microscope and
Measured, (b) Cast Coupon with Focus Set to Just Contain Coupon
Width, and (c) Cast Coupon with Image-Analysis Measurement Frame
Outlined in Red
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FIGURE 7: Detected Area of Various Sizes of Graph Paper, (a) As a function
of the weight of each size (slope = 11.25 ± 0.12 min2/ing,
intercept = -0.21 ± 0.06 mm2, and correlation = 0.99951); (b) As
a function of the area (slope = 0.950 ± 0.005 mm2/mg, intercept =
1.623 ± 0.002 mm2 , correlation = 0.9999).
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(a)

(b)
FIGURE 8: Photographs of Corroded Titanium Coupons, Showing (a) Coupon

Ground to Zero Depth, Ready for Casting and (b) Coupon Cast in
Epoxy Resin (note grinding direction)



(a) (b)

(c) (d)

FIGURE 9: Monitor Images Shoving (a) Titanium Coupon Positioned Before Measurement; (b) Coupon with
Frame, Segmentation (blue objects with red boundary) and Measurement Completed; (c) Focussed,
Unfrained Coupon Image; and (d) Frame Moved in 1 mm from Coupon Edges, Segmented and Measured.
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j Grinding Direction '

(a) (b)

(c)

FIGURE 10:, Coupon-Mounting Configuration for Edge-Profiling Analysis,,
Showing (a) Single Coupon Before Casting, (b) Coupon Cast in
Epoxy with Guide Coupon (note grinding direction), and (c) Top
View of Mounted Coupons
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(b) (c)
FIGURE 11: (a) Photograph of Numbered Scale Used for Image-Positioning

During Edge-Profiling Procedure (note position of scale just
belov corroded area), (b) Photograph of Vertical Lines Plot
Superimposed on Coupon Edge, Red Line Is the Measurement Frame.
The numbered scale is just off the bottom of the photograph,
(c) Sample of Vertical Lines Plot (actual size) Used for Edge-
Profiling.
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(a)

Grinding Stages

(b)

FIGURE 12: Illustrations of Edge-Profiling Procedure, Showing (a) Stages
and Direction of Grinding and (b) Resultant Three-Dimensional
Plot of Corrosion Depth along Length and Vidth of Coupon
Generated from Edge-Profiling Measurements
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150°C 105°C

FIGURE 19: The General Distribution of Active Sites Within the Creviced
Area at 150°C and the More Localized Distribution at 105°C.
Both specimens crevice corroded in a 0.27 mol-L'1 NaCl solu-
tion. The 150°C specimen is shown after polishing to a depth
of 56 /zm; the 105°C specimen to a depth of 60 /im.
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APPENDIX A

CALCULATION OF DETECTED AREA
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To determine the detected area (DARE), the number of pixels that are turned
on are counted. The speed of the algorithm is increased if tvo cases are
considered: one for greater than half the screen on and one for greater
than half the screen off. The tvo routines should complement each other.

For a video image with less than half of the pixels turned on, the detected
area (D0) is simply

D0 - 1.38P0 (A.I)

where P0 is the number of pixels turned on, and the factor 1.38 accounts
for the rectangular nature of the pixel (Section 3.3). When more than half
the pixels are turned on, it is more efficient to count the pixels that are
turned off. The detected area for the case where the off-pixels are
counted (Dn) is given by

PT = PO + *n <A-2>

Dn - 1.38(PT - PD) (A.3)

where PT is the total number of pixels, and Pn is the number of pixels
turned off. For a video image consisting of 256 x 256 or 65 536 pixels,
Equation (A.I) becomes

Dn = 90 439.68 - 1.38Pn . (A.4)

The number of pixels in the full screen can be calculated from maximum
height and width measurements. Using the analyser to measure the length
and width of the image area, we found that the size of the image screen for
this image analyser was 64 516 or 254 x 254 pixels. This revises
Equation (A.4) to

Dn = 89 032.08 - 1.38Pn . (A.5)

From Figure 4, it is clear that the algorithm used in MENU is incorrect.
The last detected area measurement that falls on the appropriate calibra-
tion line corresponds to 32 767 pixels (DARE 45 218.46) or one pixel less
than half the 256 x 256 screen. Adding one pixel to this area yields a
measured detected area of 90 438.30; that is, by adding one pixel to 32 767
on-pixels results in the software calculating 65 535 on-pixels. All on-
pixels produce a measured detected area of 46 626.06 (33 787 pixels).
Figure 4 indicates a linear relationship between the detected area and the
number of off-pixels. Using a general form of Equation (A.4)

Pnx + y = Dn/1.38 (A.6a)

then substituting values from Table À-1

32 767x + y = 90 438.30/1.38 = 65 535 (A.7a)

Ox + y = 46 626.06/1.38 = 33 787 (A.8a)
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x and y can be solved to give

x = 31 748/32 767 = 0.9689

y = 33 787 (A.9a)

or Dn = 1.38(33 787 + 0.9689Pn) (A.10)

instead of Equation (A.5). The detected area can also be determined in
terms of the number of on-pixels. Modifying Equation (A.I) to produce a
general equation in the form of (A.6a), and substituting values from
Table A-l leads to

P0x + y = D0 (A.6b)

32 768x + y = 90 438.30 (A.7b)

64 516x + y = 46 626.06 (A.8b)

which can be solved to give

x = -1.38

y - 98 303 = -iyi- - 1 = -i-£i- - 1 (A.9b)

or D0 = 1.38(98 303 - P0) (A.11)

instead of Equation (A.I). Equating Equations (À.10) and (A.11) gives

P0 = 64 516 - 0.9689Pn = (254)
2 - 0.9689Pn (A.12)

~ P2 - P~ T n

instead of Equation (A.2).

Equation (À.11) can be used to correct the DARE obtained from the software.
The appropriate correction for DARE > 45 218.46 is

Dc = Dn/1.38 + 98 303 (A.13)

where Dc is the corrected detected area.

It is interesting that the Equations (A.7a) and (A.8a) use a 256 x 256
pixel image but that the actual screen is only 254 x 254 pixels. This
difference arises because of an overlap between Equations (A.I) and (A.11).
A 256 square of pixels contains 65 536 pixels; half a screen is 32 768
pixels, which corresponds to a D0 = 45 219.84 (Equation (A.I)). For 65 536
pixels on, or no pixels off, Equation (A.11) gives Dn = 45 218.46. There-
fore, for the algorithm used in MENU to calculate a unique DARE, this over-
lap requires that the number of pixels on the screen be decreased, and it
is arbitrary how many pixels are removed, but maintaining a square is
desirable. Also note that if the Dns used in Equations (A.7a) and (A.Sa)
were reversed, Equation (A.2) results.
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TABLE A-l

DETECTED AREAS AND PIXEL COUNTS

D Pixels On (P0) Pixels Off (Pn)

90 438.30 32 768 32 767.

46 626.06 64 516 0
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APPENDIX B

PROCEDURE FOR IMAGE ANALYSIS
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This appendix presents a detailed setup for the image analyses procedure
used to determine maximum penetration depths. This procedure is specific
to the Micronagiscan laage Analysis Systea Version 2.5 used in this proj-
ect. A system flow chart is given in Figure B-l shoving the order of steps
necessary to complete the procedure. The software procedure starts with
calibration and frame setting of the image.

The Calibration and Frame Set (size) are accessed from the software menu
option "Environment," displayed in Figure B-2(a). The other environment
operations are

Maximum Objects Image Sources Mouse

Sets a limit on the Allows a selection of Allows mouse or tablet
number of objects up to two images coming cursor control
measured. either from the video

camera or from the disc

For our final analysis, we selected images previously stored on disc and
set no limit on the number of objects measured. Image storing is discussed
in more detail below.

All of the parameters of the "Environment" are retained within the "Task
File." The task file retains not only the environment in which the mea-
surements are made but also all the other operations (or "tasks") required
to process a particular image. These tasks are selected in the "Set Up"
routine, as shown on the left of Figure B-2(b). Vith reference to Figure
B-2(b), the "video input" can be from the camera or from the disc. The
"Grey Image Operators" (Figure B-2(b); right) may be applied to improve an
image; for example, to bring out corroded areas. The first six operators
sharpen, smooth and detect edges. The last three allow the interaction of
two Images, and then hold the resulting image. The only operator used for
this work was "difference", discussed in Section 3.4.4.

The "Save Processed Image" operator provides an option of storing images in
computer memory. The images saved were typically microscope enlargements
of the coupon surfaces; however, nonmagnified video images, photographs,
negatives or transparencies may also be used. For this work, we used
microscope images and saved both the image and the matching measurement
frame (as part of the task file) at each grinding stage or depth. Saving
the matching frame for each image reduces the possibility of measurement
errors resulting from objects that are not of interest but that are in the
field of view. The "Save Processed Image" operation allows storage of a
number of images, so that detailed measurements may be made later; also,
several different coupons may be handled at one time using this operation.
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The setup of the "Binary Editor" and "Interactive Segmentation" options can
be toggled on if it is necessary to perform these tvo critical operations
as part of the measurement routine itself. They vill be discussed in more
detail shortly.

Segmentation of the image may be preset at this point and "Binary Image
Operators" (refer to section on segmentation) may also be used to bring out
the areas of interest. Our application required interactive, rather than
preset, segmentation and no binary-image operators.

"Object Selection" allows measurement of either all the segmented objects
in the frame or only those selected by size or shape. Any accurate des-
cription of the corroded areas of interest must not be affected by size or
shape limitations; thus ve measured all objects in the frame. Required
"Measurement" parameters, discussed in Sections 3.4.3 and 3.4.4, are set
depending on the image-analysis method.

Once the task setup is complete, the file may be saved for future use. An
example of a task file is shown in Figure B-2(c). Note that units, cali-
bration and image source are displayed but the frame size is not.

Corroded-area measurements proceeded through the following steps. After
recalling the saved image, we interactively segmented it. This latter
operation allows the operator to actively set the grey tone slice (or
range) before measurement takes place. The slice taken turns "on" pixels
in the dark (i.e., corroded) areas and turns "off" any others. This seg-
mentation provides a binary image that represents, as closely as possible,
the corroded areas of the coupon being examined. The segmentation level is
stored, for future reference, in the task file.

The "Binary Edit" option was then used as a final operation to detail, even
more closely, the areas of interest. Any extraneous on-pixels are erased.
These pixels may be in shadows, or features of the coupon, i.e., the cen-
tral holes, which should not be analysed as corroded areas. Pixels corre-
sponding to corroded areas that have not been turned "on" by the segmenta-
tion step are drawn in (or turned on) at this point. These pixels are
usually in brightly lit areas of the coupon. Exiting out of the "binary
edit" menu starts the measurement process. Each object is traced in red
(on the screen) as it is measured. Upon completion, a "Statistic Summary"
is displayed snowing the completed measurements (see Table 3a and 3b).
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Live Coupon Image

I
Set Focus

I
Calibrate (Note Scale Factor)

Adjust Settings for Best Image

No
Image OK? (Check Segmentation)

Yes
v

Save Image

Define Task List —> Set

— Scale Factor
— Image Source Disc

Binary Editor
— Segment - Interactive
— Measurements

— Area
— Detected Area
- Width
- Height
— Perimeter

I
Set Frame (Note Frame Units)

I
Save Task List

1
Execute —> - Identify Data File

- Recall Image
- Set Segmentation
- Binary Edit
- Exit

I
Measurements Complete

I
Statistics Summary
(Print if Required)

FIGURE B-l: A Flow Chart Showing the Sequence of Steps Used to Set Up an
Image Analysis Task
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i MAIN OPTIONS:
Environment

IENVIRONMENT~1
£9 Calibrate

Frame Set
Maximum Objects
Image Sources
Mouse
Exit

e Task List
List Management
te Task List

A.

SETUP"
Video Input Table

: M AIN OPTIONS:

I Grey image Operators
Save Processed Image
Binary Editor
Segment - Interactive
Segmentation
Binary Image Operators
Object Selection
Measurements
Exit

[Environment
e Task List
ListManageme
te Task List

~GREY OPERATORS
EX Gradient (3x3)

Y Gradient (3x3)
Mean (3 x 3)
Laplacian (5 x 5)
Gaussian (5 x 5)
Edge
Sum
Difference
Product
Restore Original
Exit

B.

Iviroj
PROGRAM MANAGEMENT

New Program
Load Program
Save Program
Display Program
Exit

- e:t4962.TSK '
Units: mm
Scale: 0.0739 mm per pixel
Second image: False
Image source: Disc

Grey Ops:

Edit binary, Int. segment
Slice threshold range: 2 to 67
Binary Ops:

Size: not selected
Elongation: not selected
Circularity: not selected
Measure: AREA DARE WDTH HGHT PERI

Comments: u'-496;2nd pol; 2L

c.
FIGURE B-2: Screen Displays Showing Main Options Menu, (a) "ENVIRONMENT"

and associated operations, including calibrate; (b) "SET UP"
and "GREY OPERATORS"; (c) "TASK FILE" with a list of opera-
tions for image analysis. See text for further discussion of
each display.
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