[T

3 445k 055572 4

vy A :}ilngn.-\_.ﬂ“}{







ORNL /TM~-7090
Distribution
Categories UC~90c, -h

Contract No. W-7405-eng—26

METALS AND CERAMICS DIVISION

NONDESTRUCTIVE INSPECTION OF PLASMA-SPRAYED METALLIC COATINGS FOR
COAL CONVERSION EQUIPMENT

G. W. Scott, S, D. Snyder, and W. A. Simpson, Jr.

Date Published: December 1979

NOTICE This document contains information of a preliminary nature,
It is subject to revision or correction and therefore does not represent a
final report.

0AK RIDGE NATIONAL LABORATORY
Oak Ridge, Tennessee 37830
operated by
UNION CARBIDE CORPORATION
for the
DEPARTMENT OF ENERGY

OAK RIDGE NATIONAL LABORATORY L| E5

ARRERTAY

i







CONTENTS

ABSTRACT o o o o o o o o o 2 o o o o o s o 5 o ¢ o o s o s o o o o o
INTRODUCTION o o o o o o o 5 o o o ¢ ¢ o s o o 5 o o s o o o o o s o
MATERIALS AND SPECIMENS o o 4 ¢ o o ¢ s o o o o s o o s o ¢ o s o o
LIQUID~PENETRANT TESTING ¢ 4 o o ¢ o s o o 2 o o ¢ o s o 5 o ¢ o o @

O N =

Experimental Work « o o o o ¢ o o o o o s o o o o o« s o o o s o 9
DiscuSSI0m o o o o o o« o o o o s o o s o o s s s o o o ¢ & o o 11
Conclusions « + o+ o s o s o ¢ s o o s o o o o 6 s s » o s o s o 12
RADIOGRAPHY & o o o o o o o o o o o o o o o 5 o o o ¢ » s o s o o o 12
ThEOLY « o v o o s o s o o o o o o ¢ o s o o o o o s o o o » o 13

Material Difference Between the Coating
and SubSLrate « « o o s o o s o s o ¢ s s s o o o o o« 13

Porosity in the Coating Material o o« o o o o o ¢ o o & o o« 15

Factors Affecting Definition ¢« ¢« o« o ¢« ¢ ¢« o o o o o« o « o 16

The Effect of Unsharpness on Contrast . o o o o o s o s « 17
Experimental Work o o o » o o o o s o o o o « o « o ¢ ¢ « s o o« 18
Other RAadiography¥ « « o o o o o o o o o o o o s o s s » & 21
ConcluSionS o« « o o o o o 2 s o s o s o s o s o o o o o o 23

X~RAY FLUORESCENCE TESTING « o o o o s 2 o o o o o s o o o o o o2 o o 23
THEOTY & o o o o o o s o o o o s o ¢ o o s o ¢ o o s s o o o o 24
Fluorescence from MIXEULES s o o o o o o o o o o o o o v » 24
Fluorescence from LAYELS o o o o o s o » o o o o o o o o & 2D

Energy and Emission Analysis of the CoCrAlY Coating
Alloy B00 Substrate SYStem .« o o o o o s o s o o s « o o o o 20

Experimental Work o o o o o o o o o o o o o o o o o o » o o » o 28
Calibration . « « o o o » o s o o s o s » o & o ¢ s s o o 28
Sensitivity TESES o 4 o o « s o s o s o o s o o s o o o o 29

DisSCUSSION o o o o = o o o o o o o o s o o o ¢ o o » ¢ s o = o 30

ConclusSions « o o o o o o o s » o s o o s s s s o o o s o o o o 30

EDDY~CURRENT METHODS +« o o o o o » 6 o o o o o o s o o o s o o » « » 30

Multiparameter TESES o o o o o o o o o o o o o s o » o o o « o 33

Single~Frequency Test Design + « ¢ ¢ o ¢ o o o o o o s o« o« o & 35

Electrical and Magnetic Property Measurements . « o« « « » » o o 38

iii



Simulation of Eddy-Current Iastrument Response

Experimental Measurements « « o« o o &

Property Calculations =« « « « o« + « &
Independent Thickness Measurements . .

ReSULLS « o o o o o o o o o o o o o s o s o
Discussion « + ¢ « o « o ¢ o & o ¢ s o o
Conclusions « « o o o o o o o ¢ o o o s s o
THERMAL-TINSPECTION METHODS ¢ o o o« ¢ o o o o o &
Theory « o o ¢ ¢ o o ¢ o o o o s o o o o »
Experimental WorkK « o o ¢ ¢ ¢ ¢ ¢ o o o o @

ConcluSions v o o ¢ o o s o o o o o s o o @

CURRENTLY AVAILABLE INSPECTION TECHNOLOGY: SUMMARY

AND ASSESSMENT v & ¢« o o o o o o « o o s o s &
Limitation of Reported Work « ¢« o ¢ & « + &
Crack and Hole Defection .« + ¢ o o o o o &
Thickness Measurement « « s o o o o o o o o
Detection of Unbond Areas and Delaminations
Conclusions and Recommendations « « « « o &

ACKNOWLEDGMENTS &« ¢ ¢ o o ¢ o ¢ o o o s o o o o
REFERENCES o « o o o o ¢ o o o o s o a o s o o

iv

42
45
46
47
47
49
50
50
51
52
55

55
55
56
56
57
58
58
58



NONDESTRUCTIVE INSPECTION OF PLASMA-SPRAYED METALLIC COATINGS FOR
COAL CONVERSION EQUIPMENT

G. W. Scott, S. D. Snyder,* and W. A. Simpson, Jr.

ABSTRACT

This report describes the results of a project to develop
nondestructive inspection techniques for metallic wear- and
process~resistant coatings used in coal system components.
Physical properties, especially porosity, and the nominal
0.25 mm (0.010 in.) thickness complicate the inspection of
these coatings. The class of coatings selected for laboratory
evaluation were CoCrAlY (cobalt-chromium—~aluminum—-yttrium)
types; the specific material used was a Union Carbide spray
powder, UCAR LCO-7, which is Co—~22.87% Cr—12.9% Al~0.6% Y,
sprayed onto alloy 800 substrates.

The desired inspection techniques were to: (1) detect
cracks or holes in the coating; (2) measure the coating
thickness from the coated side; and (3) detect lamellar flaws
or separations within the coating layer or between the coating
and the substrate. Surface methods (such as liquid penetrant),
eddy currents, and radiography were investigated for crack and
hole detection; eddy currents, x-ray fluorescence, and ultra-
sonics were investigated for thickness measurement; and
ultrasonics and infrared thermography were investigated for
lamellar flaw detection.

In general, we determined that significant development
effort was required to adapt even the more common and highly
developed techniques to the coating inspection problems.
Significant progress was made in a number of the investiga-
tions undertaken, but financial restraints prevented comple-—
tion of the planned work.

INTRODUCTION

In January 1976, the ORNL Nondestructive Testing Group began work
on a project, Inspection Techniques for Wear- and Process~Resistant
Coatings, sponsored by the Materials and Power Generation Branch under

the Assistant Administrator for Fossil Energy, U.S. Energy Research and

*Now in Engineering Technology Division.



Development Administration (now the Department of Energy). The objec—
tive of this project was the development of nondestructive methods to
inspect coatings applied to components of coal gasification systems. An
earlier reportl discussed the general inspection problem in detail.

During FY 1978, the project scope was narrowed to concentrate on
metallic plasma-sprayed coatings. Specifically, for CoCralY (cobalt-
chromium~aluminum-yttrium) alloy coatings we investigated methods that
would: (1) detect cracks or holes in the coatings, (2) measure the
coating thickness from the coated side (of a workpiece), and (3) detect
lack of bonding (unbonds) between the coating and the substrate.

Plasma~sprayed coatings typically contain porosity, which may
coalesce to produce channels that penetrate the coating to the
substrate. To seal and densify the CoCrAlY coatings and thus improve
their corrosion resistance, they may be sintered, shot—peened, or hot-
pressed. The project plan was to develop methods applicable first to
the as—sprayed coatings and then determine their applicability to
further processed coatings.

After reviewing known nondestructive methods for applicability and
liklihood of success, we selected for investigation a primay method and
two backup methods for each of the inspection requirements listed above.
Table 1 itemizes the selected methods.

The diverse areas of expertise required by the investigation dic-
tated division of the task, as indicated by the section author
identifications. Available resources occasionally dictated deviation
from strict priority ranking of effort. The two ultrasoanic tasks suf-
fered thus, but earlier workl indicates a possible outcome for detection
of unbonds. The thermometric and thermographic work was a natural and
efficient extension of the earlier work. The electric current work was

eliminated by lack of time.
MATERIALS AND SPECIMENS

Materials selections were initially based on results from material
screening experiments at Argonne.2™ After termination of the program

there, alloy 800 was retained for coating substrates as a "typical”



Table 1. Candidate Methods for Nondestructive Inspection of CoCrAlY Coatings

Method Selected for Each Inspection Requirement

hoi
Choice Detection of Crack or Hole One—-Side Measurement Detection of Coating-Substrate
in Coating of Coating Thickness Unbond Flaws
i Surface methods: 1liquid Eddy current Ultrasonics
penetrant
2 Eddy current X-ray fluorescence Thermometric or thermographic
3 Transmission radiography; Ultrasonics Electric current: four-

film on coating side

point probe




high-temperature metal that coatings might be used to protect. It has
been used for many coal equipment applications.

The CoCrAlY alloy family of coatings was specificed by the contrac-
tor.® Two suppliers of CoCrAlY powder were identified: Alloys Metals,
Inc., (AMI) of Troy, Michigan, and the Coating Service of Union Carbide
Linde Division. Alloy Metals showed little interest in supplying the
relatively small quantities required. The high—aluminum powder was
selected for its increased brittleness, on the assumption that tensile~
crack specimens (described below) could be made from it more easily.

Tables 2 and 3 list the compositions assumed for specimen marerials
in test or design calculations. These are based on published nominal

values or actual analyses, as indicated.

Table 2. Assumed Compo-
sition for Alley 800
Coating Substrates

Element wt %
Fe 45.50
Ni 32.00
Cr 20. 50
Mn 0.75
Si 0.35
Cu 0.30
7i% 0.30
a1¢ 0.30

C 0.04
S 0,007
a;

For some computations,

light metals were ignored, or
substituted by irom to get a

"worst case.”



Table 3. Composition of UCAR
LCO~7 CoCrAlY Alloy Spray
Powder, Lot 13%

Element wt %
Co 63.7
Cr 22.8
Al 12.9
Y 0.6

ZChemical analysis from
Union Carbide Linde Division
Coatings Service, courtesy of
A. T. Taylor. The computed
theoretical density was 7.124
Mg /m3.

Three types of specimens were planned: £free-standing layers, for
property measurements; controlled-thickness layers, for development of
thickness measurement methods; and tensile—crack specimens, developed
for surface method studies.’ A specimen similar to that shown in Fig. 1
fulfills the first two requirements; the ones shown in Fig. 2 were used
for the third.

As the first group of CoCrAlY specimens was sprayed, a black depos—
it, assumed to be oxide, formed on the exposed surface after each spray
pass. Wire brushing removed the deposit, and the spraying continued.

We later designed an attachment for the torch head to increase the gas
shielding of the specimen surface around the deposition area heated by
the torch.

We initially sprayed three large tensile specimens (Fig. 2) and one

disk specimen similar to that shown in Fig. l. The specimen design in
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Figs. 1 evolved from machining experience with the first disk specimen,
described below. The backing material was type 304 stainless steel,
sandblasted before coating.

The machining of the first disk specimen (disk 1) resulted in
several significant observations. Conventional single-point tools could
not machine the oversprayed coating on the uppermost rim; instead,
carbide—tipped or diamond tools are required. When the last thin section
of backing material was machined loose as a disk and removed, part of
the coating in the center was found crumbled (Fig. 3), and none of the
coating adhered to the backing. The crumbled volume apparently came
from the first spray pass. It did not penetrate the rest of the coating
layer. The crumbling was not traceable to machining; the final
machining was performed on a jeweler's lathe, and care was taken to
avoid both excessive radial chuck pressure and axial tool pressure.

The type of failure observed in this specimen is not among those
enumerated in the work statement for this project, although its presence
night produce a subsurface defect indication, an unbond indication, or
both. Coating specimens in ongoing coal program experiments may develop
undetected defects of this type or may have had them before insertion in
the experiments.

Additional disk blanks were machined with (nominal) 0.79-, 1.6~-,
and 3.2-mm (1/32-, 1/16~, and 1/8-in.) backing thicknesses. Our intent
was to determine the minimum backing thickness that would tolerate the
heat from the spray—-coating operation without objectionable deformation.

Disk 2 (Fig. 4), with a l.6~mm backing for the sprayed layer, was
coated with CoCrAlY and machined to smooth the oversprayed rim and
remove the metal backing.

Although the specimen and manufacturing process were designed with
the intent of producing flat coating layers, heating by the spray torch
forced the substrate of disk 2 to bow in the center; the coating was
thus deposited on a convex substrate. During cooldown, the substrate
contracted more than the coating, returning to its original flatness and
leaving the coating layer slightly bowed. This difference in contrac-

tion also apparently caused the coating and substrate to pull apart, so
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that the coating layer was actually freestanding before the substrate
was machined away. The stresses resulting from contraction of the outer
(thicker) ring of the substrate apparently caused the coating layer to
crack along a segment of its circumference (see Fig. 4).

The lumplike structures on the sprayed surface have not been
analyzed; they are assumed to be either powder material or trapped

fragments of tungsten electrode material from the spray torch.

LIQUID-PENETRANT TESTING
S. Ds Snyder

As this program advanced, the inspection of thin plasma-sprayed
CoCrAlY intermetallic protective coatings for coal conversion and utili-
zation equipment became of greater interest than the ceramic or cermet
coatings previously considered.8 This change necessitated an evaluation
of the liquid-penetrant inspection techniques already developed for the

ceramic and cermet coatings when applied to the intermetallic coating.
Experimental Work

Three test specimens were prepared according to the design
described in Fig. 2, p. 6. Specimens 22 and 23 had 0.5-mm—thick
(0.020 in.) plasma-sprayed CoCrAlY coatings on an alloy 800 substrate,
and the specimen 24 had a 0.25-mm—thick (0.010 in.) coating. The three
specimens were cracked under tensile stress with cracks occurring at
loads as follows: specimen 22 at 18 kn (4000 1b), specimen 23 at 16 kn
(3550 1b), and specimen 24 at 17 kn (3775 1b).

Radiographs showed that specimen 23 had one major crack (large
enought to be seen without magnification) across the full width of the
specimen throat (i.e., the point of minimum cross—-sectional area) and
several smaller cracks extending into the specimen from the edge of the
throat. Specimens 22 and 24 each had one crack visible under micro-
scopic examination. These cracks were narrower than the major crack in

specimen 23.
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Specimen 23, having both wide and narrow cracks, was used for the
tests with liquid penetrant. Since the cracking behavior of the inter-
metallic coating was similar to that of the cermet coating, ZL-22A
liquid fluorescent penetrant was used, following the interim drying

9 and cracks were

equilibrium augmentation (IDEA)-based procedure,
detected by the reversal process just as with the cermet coating.8 The
Z1-22A was brushed on the coating and, after a 20-min dwell was strip-—
washed for 2 min with a 26°C 0.2 MPa (30 psi) water spray followed by
forced air drying. Then the remaining penetrant was emulsified for

2 min, spray washed for 2 min, and dryed with forced air. Inspection
under ultraviolet light immediately after the drying showed that suf-
ficient penetrant was removed from the major and minor cracks to provide

adequate contrast with the fluorescence from the penetrant remaining in

the surrounding porous, uncracked coating for detection of these cracks.
Discussion

Apparently, the intermetallic coating is somewhat less penetrant-
retentive than the cermet because several emulsification steps were
required to produce similar contrast in the cermet coating. It was
shown for the cermet coating and appears to be true for the inter-
metallic that each emulsification step removes a "layer” of penetrant
from the cracks in a larger amount than from the surrounding porous
areas, making the process depend more on frequency (of emulsification)
than on time. Thus, in practice the inspector would merely observe the
surface after each emulsification, wash, and drying step. The number
of emulsifications preceding crack appearances would provide a qualita-
tive measure of crack sizes, since the wider cracks would appear after
one or two emulsification steps and the narrower ones after several
additional steps. This process also differs from many conventional
methods by not using a developer. The work completed does not indicate

that a developer is required or desirable.
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Conclusions

As was determined in the earlier work on ceramic and cermet
coatings,8 the porosity of plasma-sprayed coatings poses unique
problems for surface inspection methods, especially those using liquids
applied to the surface. These problems require significant alterations,
such as IDEA, to traditional techniques, and, as in this case, modified
methods of artifact detection and image interpretation. On the basis of
the limited work done, liquid penetrant inspection of CoCrAlY coatings

appears possible if modifications of traditional methods are used.

RADIOGRAPHY
G. W. Scott

Radiography might seem to be a poor substitution for simpler tech-
niques that operate on or very near the coated workpiece surface. It is
not generally accepted as a suitable method for crack detection,
although it is acceptable for the detection of holes or other volumetric
artifacts. Several factors favor its use for this application.

First, the as—-sprayed metallic coatings are rough and porous.
Surface inspection methods, such as liquid penetrant (liquid penetrant
was the primary selection) are strongly affected by the porosity (see
previous section, "Liquid Penetrant Testing”). Surface methods cannot
detect cracks or voids inside the coating layer if they are not open to
the surface.

Second, CoCrAlY coatings are moderately ferromagnetic (see "Eddy-
Current Methods” later in this report). Eddy-current methods, the other
backup selection, require at least two discrete driving current frequen-
cies to compensate for permeability and conductivity variation in the
coating and substrate while measuring coating thickness. To detect
defects, the effect of coating thickness would also have to be compen-
sated for, and a third frequency would be required, making the design

and use of the test somewhat complex.
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Third, radiography is independent of those material properties that
interfere with the other two methods. It is unaffected by the electri-
cal conductivities and magnetic permeabilities of the coating and the
substrate. It is also less sensitive to gradual variations in the
thickness of the coating, in the pore size, and in the volume fraction
of porosity than to abrupt or step—type changes. Radiography would not
be affected by any mechanical operations, such as peening, which might
cover the opening of a defect to the surface, unless the shape or orien-
tation of the defect were changed. Defects in a coating placed directly
against an x-ray film acquire some contrast enhancement resulting from
scatter (or buildup) in the surrounding coating and suffer minimal
unsharpness because of their proximity to the film.

The primary objectives of this work were to: (1) evaluate the
effectiveness of various radlographic techniques in detecting coating
flaws, (2) determine the limits of sensitivity for radiography, (3)
optimize the technique. The secondary objective was to identify any
existing codes or standards, such as ASTM or ASME, that could be applied
to radiographic inspection of coatings. Because of time and budgetary

restrictions, not all these objectives were realized.

Theory

Coating inspection requires a technique optimized for detail sen-
sitivity. (The other common type of technique is that optimized for
thickness latitude.) Contrast and definition should be maximized. For
experimental work, a methocd of determining sensitivity is also required.
Current efforts have been directed toward techniques that place the
coating film—side. If useful sensitivity can be demonstrated for these
techniques, then techniques that place the coating source-side and

possibly double-wall techniques should be investigated.

Material Difference Between the Coating and Substrate

Primary undisturbed radiation passing through a homogeneous medium

is attentuated according to Lambert's lawlO



14

. = —pi
I (1)
_[D Oe s
where
IO = the incident intensity,
U = the linear attenuation coefficient, and
r = the thickness of material.

Fquation (1) always applies to narrow-beam geometry. Radiation falling
on film in an x-ray setup also includes that portion scattered within
the specimen and is expressed by the buildup factor [B(ux)]. The broad-

beam intensity is

~Jx
I = IBGme ", (2)
where
I = the total transwmitted radiation, and
B(ux) = the buildup factor.

The change in direct radiation caused by a flaw (as shown in Fig.

5) is obtained by differentiating Eq. (1):

AT,y = b Tge (3)
Radiographic contrast is the ratio of the change in direct radiation
produced by a change in thickness to the total radiationm,
¢ = iAlb/I’. (4)
For the two-layered absorber shown in Fig. 5, the contrast is given by
Tl (5)

" B Gy VB, [y @ = %))

For a coating layer much thinner than its substrate; x| ~ & and buildup

in the coating becomes negligible (B ~ 1), so

C = —Uy Mx/By(uix) (6)
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Fig. 5. 1Idealized Flaw Considered in X-Ray Attentuation Equatiouns,

Thus contrast depends on buildup in the substrate and on attenuation and

thickness change in the coating.

Porosity in the Coating Material

The mass attenuation coefficient (um) for an alley is given byll

u Uy
bo== =) L., (7
n - 7
I p ) Oi
where
0, = density of element 7, and
w; = welght fraction of element 1 in the mixture.

The property u/p is independent of the density.

Plasma~sprayed coatings typically contaln a significant wvoid frac-
tion. For them, 1/p remains constant and equal to UO/OQ (where the
subscript zero refers to bulk, or fully dense, material) regardless of
the coating density. The exponential factor, jx, can also be written as
(1/p)(px ), which equals (ug/pg)(px).

Therefore

e = poor (8)
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where
o = O/OO .

Lambert's Law is then corrected to

I = 1y exp(yy0@)
for the coating and the contrast [Eq. (6)] becomes
¢ = —woox/B (yx) , (9)
where
u20 = the bulk linear attenuation for material 2.
The equivalent thickness of the coating relative to another

material, such as the substrate, can be approximated by setting the

exponential factors in Lambert's Law equal so that

x, = (up/pley
and for the case of variable density (porosity),
x, = 10
9 ulxllauzo . (10)

This expression should be used only for approximating the effect of a

thin layer, such as the coating, since it does not include buildup.

Factors Affecting Definition

Definition describes the ability of the viewer to discern the edges
of an image area that contrasts with its surroundings. Unsharpness and,
to a lesser extent, film graininess, determine the definition of an
image.

Film unsharpness, Qf, depends on film type, film processing, and
the incident x~ray photon energy. For a high—sensitivity technique, one
chooses a slow, fine grain film and low X-ray energy, Experimental

measurements of Qf are available in the literature.12
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Geometric unsharpness is caused by the finite size of the radiation
source (e.g., tube target, source pellet). The edge of any artifact
creates a penumbral region where the film is exposed by radiation from
only part of the source. In general, geometric unsharpness is given

byl3

Ug = 5T/f (11)

S = the source dimension in the plane of the beam, measured
parallel to the plane of the film;

7 = the object~to-film distance, which may include the entire spec-
imen thickness and does include specimen~to-f£ilm spacing;

f = the source-to-film distance.

For coating radiography with the coating film-side, one may choose
to ignore the unsharpness of images resulting from artifacts in the
substrate. In this case, the specimen—to-film spacing becomes signifi-~
cant. Although the Ug values for coating artifact images will be small,
variations in coating-to-film spacing may increase them greatly.

Film and geometric unsharpness are not simply additive and many
formulas have been developed for combining them. A commonly used

empirical one isl4
Up = (U% + U§)1/3

UT is called the "total” unsharpness.
Film graininess affects definition, but its interaction with
unsharpness has not been exactly quantified. It remains constant when

film type, density, and development are specified.

The Effect of Unsharpness on Contrast

Under certain conditions, the penumbral region of unsharpness in

the projected image of an artifact can expand and cover the umbral
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region of the image. The resulting penumbral image has less contrast
than the corresponding umbral image would have. A prenumbral image

occurs when

w < Sz/f (12)

where

the dimension of the artifact, measured parallel to the film
plane and

<
Il

x = the distance from the artifact to the film plane.

Halmshaw!? shows rhat the resulting contrast is given by

C” = Ccw/Ug . (13)

For fine cracks or small holes, w will almost certainly be less than
G, and z is always less than f, so loss of contrast can be expected,
even for those fortuitously oriented cracks or segments of cracks that
are optimally iwmaged. The best one can do is keep x as near T as
possible and adjust f to reduce Ug as far as other factors, such as

exposure, allow,
Experimental Work

Initial experiments were directed toward determining the effects of
buildup on contrast [as expressed in Eq., (14)]. We made test radio—
graphs to determine the optimum exposure and developmenft conditions for
3.2-, 6.4~, and 9.5-mma (0.12~-, 0.25-, and 0.38-in.) thicknesses of alloy
800. The most common method of determining sensitivity or assuring its
consistency uses an image-quality indicator, commonly called a penetra-
meter, sc placed on the specimen that its image appears in the radio-
graph. American industry most often uses the so—called “"plaque" pene-
trameter, which is a thin shim of radiographically similar material with

right-cylindrical holes drilled through it.
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We qualified type 304 stainless steel for use as a penetrameter
with alloy 800 in accordance with ASTM Standard E 142,15 although con-
siderable radiographic experience shows alloy 800 more radiographically
dense than type 304 stainless steel. Exposure at 130 and 140 kV each
yielded the required range of film densities and density differences
(see Table 4).

Table 4., Penetrameter Test for Type 304
Stainless Steel and Alloy 800 at
6¢35-mm (0.25~1in.) Thickness

X-Ray Film Density
Tube on
Voltage Type
Stainless Steel Alloy 800
(kv)
130 1.91 1.78
140 2.33 2.17

We evaluated these test radiographs to determine the thickness or
contrast sensitivity attainable for relatively thin alloy 800 plates.
All radiographs were made with a 300~kV tungsten—target tube having a 5-
mm focal spot at a 1.37-m (34~in.) film focus distance, Kodak 5M10
lead-pack film was used. The film was processed in one of two ways:

(1) by normal development, as recommended by the manufacturer, or (2) by
the maximum overdevelopment allowable to increase contrast.

Image quality was controlled by a set of experimental
penetrameters,!® 0.075-, 0,10-, and 0.13-mm—thick (0.003-, 0.004~, and
0.005-in.) type 304 stainless steel. Fach of these penetrameters con-
tains actual 17, 27, and 47 holes; for example, the 0.075-mm penetra-
meter has hole diameters of 0,075, 0.15, and 0.30 mm. Because these
penetrameters are thinner than the minimum thickness of commonly avail-

able ASTM penetrameters, they are not certified, although they have been
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dimensionally inspected. The tube voltage and exposure (tube current X
time) were adjusted for optimum image quality.

Sensitivity was measured by observing penetrameter holes on each
radiograph and converting to Equivalent Penetrameter Sensitivity by the

ASTM—recommended formula:17

where
0 = equivalent penetrameter sensitivity (%),
x = specimen thickness,
T = penetrameter thickness, and
h = penetrameter hole diameter.

The results are shown in Table 5. A sensitivity of 1% may be a a prac-

tical lower limit; 27 sensitivity is a typical industrial standard.

Table 5. Equivalent Peneltrameter Sensitivity for
Alloy 800 Plates

X-Ray X-Ray Penetrameter Visibility Equivalent
Voltage Exposﬁre Development Film Penetrameter
(kV) (mA/win) Density Smallest Thickness Sensitivity
! lole (um) (%)

6.4-mmn—thick (0.25-in.) Alloy 800 Plate

130 35 Forced 3.59 17 10 1.13

140 49 Normal 2.21 47 75 1.4

130 75 Normal 2,30 47 75 1.4
9.5-mm—thick (0.38-in.) Alloy 800 Plate

145 180 Forced 3.90 17 10 0.76

130 180 Forced 3.30 17 13 1.07

130 180 Normal 2,22 47 10 0.94

We computed mass attenuation coefficients for nominal compositions
of alloy 800 and CoCrAlY coating material to estimate relative thickness
sensitivities. The data in Table 6 cover the photon energy range of
most commercial x-ray sources likely to be used for radiography of sec—

tions between 6.4 and 25 mm (0.25 and 1 in.) thick. Since the mass
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attenuation coefficients differ by less than 10%, the equivalent penetra-
meter sensitivites will differ by less than 10%, so that the CoCrAlY
coating and alloy 800 substrate can be treated as equivalent for

radiographic evaluation.

Table 6. Mass Attenuation Coefficients for
Nominal Compositions of Alloy 800
and CoCrAlY Coatings

Photon Mass Attenuation Coefficient, mz/kg
Energy
(keV) CoCralY Alloy 800

80 0.0557 0.0616

100 0.0352 0.0383

150 0.0189 0.0200

200 0.0142 0.0147

300 0.0108 0.0111

If the lower limit of thickﬁess sensitivity is 1%, then a defect
such as a crack completely penetrating a 0.25-mm (0.010-in.) coating
could possibly be radiographically detected through a maximum substrate
thickness of 25 mm (1 in.). Unfavorable orientation, crack width, and
unsharpness, which must yet be iﬁvestigated, will likely reduce that

value significantly.

Other Radiography

To evaluate the tensile crack specimens (see Fig. 2, p. 5) used for
liquid penetrant experiments, we routinely radiographed them with the
film on the coating side. TFigure 6 is an example. A few trials with
film on the substrate side were made but yielded unsatisfactory vesults.
No attempt was made to determine penetrameter sensitivity in these
radiographs (in most cases no penetrameters were used), and development
was nonstandard. A number of comparisons between radiographs and visual
inspections were made, although no formal scheme was employed, and only

descriptive records were kept. In most cases radiography showed more
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Y-165518

Fig. 6. Contact Print from Radiograph of Tensile Tested Specimen
Showing Crack in CoCrAlY Coating.
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cracks than were visible to the eye, even when aided by magnifying
optics and special illumination, such as side or polarized lighting.
Some cracks that were apparently very tight showed under liquid

penetrant inspection but not under visual inspection. Again, detailed

comparisons were not made between the three methods, but it appears that
radiography and penetrant showed similar degree of detail, and both were
superior to visual inspection. Figure 6 is a contact print made from one

of these crack radiographs.

Conclusions

The theoretical analysis indicates that with properly controlled
exposure conditions, single-wall radiography with the coating film—-side
will successfully image small artifacts in thin coatings. The experi-
mental data, though incomplete and not accurately documented for our
"routine" applications, show that for relatively thin substrates cracks

in the coatings can be imaged.

X—-RAY FLUORESCENCE TESTING
G. W. Scott

X-ray fluorescence (XRF) testing has been extensively applied as a
substitute for wet chemical analysis of mixtures and, to a lesser
degree, as a nondestructive technique for measuring the thickness of
single—-element coatings on substrates containing a single element or a
large proportion of a single element. Measurement of the thickness of
an alloy coating on an alloy substrate presents a combination of the
mixture and layer-measurement problems.

Our investigation of this problem included a brief survey of avail-
able theoretical results, calibration work on our own new equipment,

and some preliminary tests.
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Theory

Fluorescence from Mixtures

The intensity of a specific x-ray emission line for a specific ele-
ment in a mixture depends upon: (1) the concentration of the element,
(2) the availability of exciting radiation, (3) the fluorescence yield
of the element, and (4) the ability of emitted radiation to leave the
specimen and reach the detector. In compiling this listing, we assume a
uniform specimen and uniform or correctable energy response by the
detector.

Atoms receiving sufficient excitation, that is, equal to or greater
than that of the XK absorption edge, preferentially emit K-series x-ray
lines, with the highest yield for Ka lines. For elements having atomic
number, 7, equal to or less than about 50, higher order lines are dif-
ficult to measure, so the X lines are exclusively used for XRF analyses.
This 7 range includes all significant alloy constitutents of alloy 800
and CoCrAlY coatings.

To illustrate the types of interactions that must be examined, we
assume that a three-component mixture of elements A, B, and C, wnere
Zp > 4y > Zg, 1s irradiated with incident photons of energy Eo, where

Ey > Kédge’ the X absorption edge for element A. (We know that Kédge >
Kgdge > Kgdge and that KQA > KoB > KaC, where Ko indicates the energy of

a Ko emission line. Spin-state differences, such as Kol vs Ka2, are
ignored.)

At the specimen surface, all atomic excitations result from
impinging photons (EO). Inside the material, other interactions are
possible., If Kah > K%dge» atoms of element B can be excited by emissions
from element A in addition to the B atoms excited by source photons
(Eg), and the same is true for element C. Thus we have A-B and A-C
interactions, called "mutual"l8 or "interelement"19 effects. Although
the KaA photons are outnumbered by the E photons, their effects may be
comparable because the absorption cross-section, ug, of element B may be
much larger for photons of energy Ko® than for those of energy Ep.

Shermanl8 has calculated these effects for three—~component mixtures
and verified the results by experiment., He distinguishes the interele-

ment effects as follows:
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1. The Xa® line has one component, resulting from the Ep-A
interaction.
2. The ko B line has one primary component, #g—8, and one mutual

component, A-B (actually EFp~A-B).

3. The Xa© line has the primary component, Ep~C, two mutual com-
ponents, A~C and B~C (Actually Z-A-C and E3-B-C), and one "third-order”
component, A-B-C (or Ey-A-B-C).

An exception to this scheme, the absence of the A-B component of
KoB, can occur if ko < K%dge’ Sherman's results form the basis of many
computational schemes for extracting the composition of mixtures from KO

intensity data (see ref. 19).

Fluorescence from Layers

Birks20 treats the problem of measuring a specific element in a
mixture and specializes it to the case of thin layers. In this case,
the measured Xo intensity is proportional to the quantity of the element
in mass per unit area.

Birks' Egs. (5-1) to (5-5) can be combined to yield a single-
element result for a structure consisting of two mixed layers. The

emergent intensity for element 7 is given by

1~ e SR + . . " " £
;o [ xp(u,P,B) 10, 4 Pis exp[—(u p, + w0 )t] O
i = 9o i ; ,
HP, U Py
where
Q. = excitation constant for 7 (equivalent to fluorescence
v yield),
Ibk = the incident intensity at wavelength A,
U; and ug = absorption coefficients for the coating and substrate,

respectively, corrected for incoming and outgoing radi-
ation energies and appropriate factors for broad or
narrow beam geometry,

Py and Pip = the densities of the cdating and of element < in the
coating, repectively,

p and p = corresponding values for the substrate, and

t = the coating (outer) layer thickness.
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If element 7 is present only in the coating, then Prg = 0 and the second
term drops out. A curve fitting this equation was obtained for measure-

ments of Zr Ko fluorescence from a Zr0j coatingl

().

of varying thickness

The response term QiIOA could be determined experimentally from a
specimen of pure element 7; U; and u; may be measurable by using a
series of analyzed specimens. The various ps can be determined from
analysis; P, will require an estimate of coating porosity. Equation (1)
would have to be incorporated into a complex scheme of equations invol-
ving all the constitutents and a simultaneous solution i1f discrimina-

tion against the effects of composition and coating porosity variation

is desired.

Energy and Emission Analysis of the CoCrAlY Coating
Alloy 800 Substrate System

Resources did not permit the application of a complete analysis
using the schemes previously discussed,lg"zo sc a qualitative energy
method was substituted. Figure 7 shows the relations between the
various x-ray energies involved. Table 7 summarizes the significant
sources of the various line intensities.

This analysis assumes: (1) that all fluoresence yields for the

various elements are approximately equal, with X, yields much less than

Ko yields, and (2) absorption (excitation) probaiility depends on rela-
tive element concentration, whether located in the coating or the
substrate.

With these assumptions, the following estimates or predictions may
be made.

1. Nickel and iron line intensities decrease with increased
coating thickness.

2. Cobalt intensity increases with coating thickness up to some
limiting (i.e., effectively infinite) thickness.

3. Chromium line intensity either remains constant or decreases
slowly with increased coating thickness. The ratios of other line
intensities to that of chromium may provide improved thickness

sensitivity.
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Fig. 7. Energy Level Diagram Showing Possible Mutual and Third-
Order X-Ray Interaction in CoCrAlY Coatings on an Alloy 800 Substrate.
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Table 7. Mutual and Third-Order Excitation
Sources for Significant Emission Lines

Line Mutual Third-Order
Excitation Sources Excitation Sources

Ni Ko None None

Co Ko None None

Fe Ko Ni Ko None

Cr Ko Ni Ko Fe Ko
Co Ko
Fe Ko

Al Ko Ni Ko Fe Ko,
Co Ko Cr Ka
Fe Ko,
Cr Ko

4, Aluminum line intensity increases with coating thickness, but
its limiting thickness is likely to be very small because of its low

emission energy.
Experimental Work
Two types of experiments were performed: (hose necessary to
calibrate the system for the coating application and those to determine
the sensitivity for this application.

Calibration

The source holder and detector shield for our system* uses a ring-

shaped source,? which produces a ring-shaped intensity distribution in

*Model NER-496, New England Nuclear, Atomlight Place Billerica,
Maine.

TIsotopes 109¢q4 or 1534,
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planes near the source. For coating tests, it was necessary to locate a
plane over which the area seen by the x-ray detector received approxi-
mately uniform illumination.

First, the intensity distribution of the sources was determined by
autoradiography. The sources were placed against a sheet of x-ray film.
The developed images showed the relative intensity distribution for
various locations around the source rings. Both sources were nonuni-
form, so they were marked to ensure that they were inserted in the same
orientation each time.

The intensity distributions for potential sample locations were
determined by placing x-ray film in the sample plane and exposing. The
developed images were measured along various scan directions with a den-—
sitometer to determine the intensity variation across areas seen by the

detector. Satisfactory specimen locations were determined.

Sensitivity Tests

We ran sensitivity tests using known thicknesses of tool steel

(>70% Fe) shim material. The results are shown in Table 8.

Table 8. Fluorescence Response of
Tool Steel Shims to 123¢d
Excitation

Shim Thickness Counts in Each Peak(z

(mm) (in.) Fe Ko Fe KB
0.20 0.008 38914 6664
38956 6700
38724 6604
0.28 0.01{7 40142 6883
40341 6929
40221 6969

a
Concurrent 100-s counts, cor—
rected for background.

bO.ZO—mm shim plus 0,08-mm shim
behind; front shim at same distance as
before.
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Discussion

The sensitivity test results are likely somewhat optimistic, since
the tool steel contains a higher percentage of iron than either the
coating or substrate materials under consideration. Some tool steels
contain significant percentages of other elements, such as cobalt, vana-
dium, and tungsten, so some interelement effects may be present. There
are no effects of step changes in element concentrations, as would be
present in coated specimens.

The data indicate that a 25—ym (0.001l-in.) change in shim thick-
ness would produce approximately 1% change in total counts for the Fe
line. Detection of thickness changes would thus require detections of
small changes in large numbers. If n is the total number of counts,
statistical counting errors are proportional to vu. To reduce statisti-
cal errors to 10%Z of the count change per 25 ym (1 mil) would require
n ~ 100 counts, which at the count-rates obtained would take 2.5 x 103 ¢

to accumulate,
Conclusions

The sensitivity obtained with a single—-element line count indi-
cates that a 0.25-mm (0,010-in.) coating of elements with atomic number
7Z near that of iron on a substrate of similar composition would be near
the useful limits of the XRF method. The testing of actual coated spec-
imens would be useful. The investigation of more sophisticated analy-
tical schemes for XRF measurement of coating thickness would be highly

desirable.

EDDY~CURRENT METHODS
G, W. Scott

All eddy-current methods are based on the response of workpiece
materials to electromagnetically induced electric currents. The genera—

tion of those currents in a workpiece depends on several factors:
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(1) the strength, frequency, and geometry of the inducing field; (2)
electrical resistivity and magnetic permeability of the workpiece
material; and (3) any gaps, flaws, layers, or other artifacts producing
rapid changes in electrical properties within a small volume of the
material. The response of the workpiece is measured either as an impe—
dance change in the inducing (driver) coil or as currents induced from
the material into a second (pickup) coil.

Eddy currents were first used nearly 100 years ago for sorting
metals. Since then, they have been used to measure electrical proper-—
ties, to measure thicknesses of single and multiple layers of conduc-
tors, and to detect defects. HEddy-current measurements can indicate
other conditions that correlate well with electrical properties, such as
heat treatment in steels. The eddy-current method was selected as the
primary one for coating thickness measurement and as a backup for crack
and hole detection.

Early eddy-current inspection procedures were developed by trial
and error and other empirical methods; many are still developed this
way. Modern methods of inspection development and equipment design use
solutions to the electromagnetic field equations generated by digital
computers from analytical approximations. These methods apply to new
instrument designs and can also be used to optimize the application of
existing commercial instruments. The inspection problem can be opti-
mized by designing special equipment, such as coils, or by selecting the
best operating conditions for existing instruments.

The phase—sensing unbalanced bridge instruments?1:22 and induc-
tively coupled reflection-type probe coil (Fig. 8) developed at ORNL
have repeatedly demonstrated the ability to wmeasure the thicknesses of
single conductors and metallic coatings or claddings on wetal substrates
with high accuracy.23’24 Defect detection in multiconductor systems has
also been accomplished. A well-established methodology exists for the
design of probe coils, instruments, and testing schemes , 22 However, the
design of a test to measure the thickness of CoCrAlY coatings does pre-
sent some challenging problems.

First, modern computer—aided design optimization requires at least

base line estimates of electrical resistivity and magnetic permeability
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Fig. 8. Physical Arrangement and Electrical Schematic of a
Reflection-Type Eddy-Current Coil System.

of the coating material. Few measurements have been made and reported
on plasma-sparayed materials, and none for CoCrAlY were located by our
literature search.

Second, simple magnetic attraction tests showed that the plasma-
sprayed CoCrAlY is ferromagnetic. Pure cobalt has a relative
permeability,26 H,, of 60; it is the only ferromagnetic constituent ele-
ment of the spray powder. Since the powder contains about 63% Co we
anticipated that the coating should have a permeability between 1 and
60. The occurrence of ferromagnetism in the coating material created
two uncertainties: (1) the choice of a value of W, that would be
effective for the eddy-current situation and (2) the effect of per-
meability on our progammed equations, which heretofore had been used
only on paramagnetic or diamagnetic materials, always assuming W, = 1.
Although a number of inspection problems on ferromagnetic materials have
been solved,27"'“29 computer-aided design and instrument simulations were

not directly applied.



33

Multiparameter Tests

The impact of added conductor layers and defect occurrence on fthe
complexity of eddy-current tests is best understood in terms of multi-
parameter test theory. Each conductor is defined to have three
properties: electrical resistivity (p), magnetic permeability (1), and
thickness. 1f defects are introduced into a stack of conductors having
parallel planar boundaries, each defect can be characterized by its
radial location relative to the probe coil axis, its vertical location
relative to the houndary planes, and its volume. (Volume is reduced to
the radius of a sphere having equal volume.) Thus, defects alsoc have
three properties. For cylindrical reflection coils and coaxial
transmission coils with axes normal to the conductor planes lift-off
(spacing between the coil and the conductor) must also be considered; it
is treated as an additional single property.

Thus, a system of n conductors has 3n conductor properties, 3n
defect properties (assuming one defect per conductor), aand the lift-off
for a total of &m + 1 properties. A coated metal system, including two
conductors, has 13 possible properties. Each property requires one
independent measurement for its determination or to discriminate against
its effects, and each discrete test frequency yields two independent
measurements (a magnitude and phase of pickup coil output voltage).
Therefore, a system of n conductors required 3 + 1 test frequencies
(leaving one measurement unused). A two-conductor system would require
7 discrete measurement frequencies.

Clearly, some degree of simplification is necessary to make even
simple systems manageable with existing equipment. There are two alter—
natives: (1) controlling specific properties so that either no
variation occurs or the exact value is always known or (2) ignoring the
possible variation in certain properties. Alternative (2) is not
equivalent to omitting a property measurement from a test; in a valid
test design, all variable properties must be included, even if they are
not to be measured, so that adequate discrimination can be achieved.
When the possible variation in a property is ignored, the designer
gambles that it will not occur and accepts the risk that its occurrence
can interfere with measurement of or discrimination against other pro-

perty variations.
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In many cases, material characteristics assist the designer. Non-
magnetic materials have permeabilities sufficiently close to unity that
variations can be safely ignored. Very thick substrates (lowermost
conductors) can be treated as infinitely thick and therefore constant in
thickness.

When defects are confined to a single layer (ignoring those in
other layers), their radial location relative to the coil axis can be
set constant.30 Experience shows that for defects small relative to
coil dimensions defect response is typically a linear fuunction of
volume,30 so only a single value of defect size may be needed.

Some property-control methods are available. Saturating devices
built into the probes can hold permeability constant and sometimes
reduce it to unity in thin-wall tubes and thin coatings.31

The combination of several assumptions and control methods can

drastically reduce the complexity of a test, as shown in Table 9.

Table 9. Property Variation with Successive Simplifying
Assumptions in a Two—Conductor
(Coating—~Substrate) System

a Remaining Test
Case Assumptions Variable Frequencies
Properties Required
1 None 13 7
2 Constant substrate 12 6
permeability (u; = 1)
No defects in the substrate 9 5
4 Constant radial location for 8 4
coating defects
5 Infinitely thick substrate 7 4
6 Magnetically saturated 6 3
coating (ug = constant)
7 Constaat substrate 5 3
resistivity (p) = constant)
8 No defects in the coating 3 2
9 Constant coating 2 1

resistivity (pp = constant)

9Fach successive case incudes all the assumptions listed
down to that point.
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Single~Frequency Test Design

Before any coating materials or specimens were available, we
elected to investigate the response of a thin coating to a single-
frequency test, and so considered several examples of Case 9. The
design was to be governed by the following constraints:

1. The coating thickness range was 0.13 to 0.51 mm (0,005
0.020 in.); we solved the desin problem for thicknesses of 0.13, 0.25,
and 0.5]1 mm.

2. The inspection would use an ORNL reflection coil design, shown

schematically in Fig. 9.

ORNL~-DWG 72— 10908

Fig. 9. ORNL Reflection Coil Design and Geometrical Parameters
Used for Calculations.
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3. Existing coils are available in discrete sizes; the smallest
coil has a mean driver coil radius, r, of 0.51 mm (0.020 in.).

4, The maximum frequncy at which a reflection coil has been suc-
cessfully operated is 20 MHz; oscillators in existing equipment are
scaled in 1, 2, 5 sequence (e.g., 100, 200, 500 kHz).

The resistivity of the alloy 800 substrate, P;, was approximated as
1 uQ m (100 U cm) (reported measurements are 0,98-0.99 uQ m). The
resistivity of the coating, p), was estimated as 10 U2 m (1000 uQ cm);
values of 5 and 40 Ul m were included. We assumed that p; and pj vary
less than 1%. Coating and substrate permeability variation was ignored;
we initially assumed u; =ug = L.

Figure 9 describes, in addition to the probe coil, the two—-layer
conductor problem that must be solved. For computation, all actual
dimensions are normalized in terms of the mean radius of the driver

(outside) coil, which is given by
r = (r; +7r)/2. (1)

Capital letters indicate normalized dimensions (R) = Pl/?, Ll = Zl/;’
etc). A significant parameter recurring in the calculations is gpor”,
where w = angular frequency (w = 2rf, with f in Hz). Another parameter
is ¢, the normalized coating thickness (thickness/?).

We have a large backlog of data accumulated from computer—aided
exact solutions to the eddy-current field equation. Most of these solu-
tions have been verified by experiment, so the computer data form a use-
ful basis for the optimized design of new test systems.,

For single~ and multiple-layer measuring applications, phase-
sensing methods are superior to amplitude—sensing ones, because they can
discriminate against errors caused by variations in lift-off. A two-~
layer system has an optimum value of ¢ for each value of the conduc—
tivity ratio, 0]/09. Figure 10 shows the phase shift (instrument
response) for a 10% change in coating thickness vs ¢ when g; = 0.1
(e.ge, 1/oy = 10 @ m and 1/59 = 1.0 u2 m). This figure also shows the
values of wuloliz for maximum sensitivity to coating thickness variation
as a function of (. We have similar graphs for 01/02 = 0,025 (1/o0y =

40 uQ m).
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Fig. 10. Instrument Response (Phase Shift) and Optimum Values of
wulgl;z vs Normalized Coating Thickness for 0;/0y = 0.1,

The optimum value of ¢ in Fig. 10 is about 0.6. For an actual
coating thickness of 0.25 mm (0.010 in.), the optimum coil size would be
r = 0.25/0.6 = 0.42 mm (0.017 in.). The smallest coil we have has v =
0.51 mm (0.020 in.), for which ¢ = 0.5. The phase shift maximum is
broad, so performance would be acceptable for ¢ = 0.5.

The optimum value of wulcl%z can be determined from Fig. 10 (or
similar graphs) when ¢ is kuown. Since all the factors except w are
known, the operating frequency can be calculated. We looked up the
wulclfz values from appropriate graphs and computed the resulting
frequencies; the usable frequencies are listed in Table 10.

Several conclusions cculd be drawn from Table 10. First, tests for
coatings significantly less than 0.25 mm (0.10 in.) thick may be
impossible to optimize. Second, tests for thinner coatings with

resistivities greater than 10 ufl m would be difficult to optimize. If
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Table 10. Optimum Eddy—-Current Frequencies for
Coating Thickness Measurement

o £ .
|, Coating Frequency, MHz, for Each Normalized

Resistivity 01/02a Coating Thickness, C
2 m) 0.25 0. 50 1.00
40 0.025 520" 520° 9.8

10 0.1 5207 16 2.9

5 0.2 >20” 8.6 1.8

YSubstrate resistivity, pp = l/ogp = 1.0 0 m.

Normalized to mean coil radius, » = 0.5 mm
(0.020 in.); ¢ = (actual thickness)/r.

cBeyond limit of available equipment.

postspraying densification (e.g., by peening) decreases resistivity by a
greater fraction than it decreases thickness, some improvement in
inspectability may occur.

The next step would have been to compute errors caused by conduc—
tivity and lift-off variations. We deferred this step until the conduc-

tivity and permeability of the coating were estimated.
Electrical and Magnetic Property Measurements

The first available free-standing CoCrAlY coating—layer specimen
(No. 2) when tested for magnetic attraction displayed ferromagnetic
behavior. The single ferromagnetic constitutent, cobalt, has a handbook

value of 60 for relative permeability, U so 60 was used as the upper

P’
limit for calculations.

A review of standard methods32 for measuring permeability produced
19 different definitions of effective permeabilities that can be

measured in materials under various testing conditions. This variety
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results because magnetization is not a linear function of magnetizing
force in ferromagnetic materials, and the relationship differs between
differeat types of ferromagnetic materials. (Effective permeability is
the instantaneous rate of change of magnetization with magnetizing
force.) The various standard methods were all eliminated from con—
sideration because of specimen requirements, magnetization conditions,
or insufficient ranges of test frequencies.

During some radiographic testing of alloy 800, we noted a mottling
of the metal's image on the film. We located other specimens of alloy
800 for comparison and found that their radiographs did not show
mottling. We compared the two groups of specimens with an approximate
eddy-current conductivity measurement using interpolation of the
response between values obtained from known standard materials.
Specimens with clear radiographs had resistivities of around 1.06 pQ m,
while the resistivities of those with mottled radiographs were around
1.02 y@ m. Both values are greater than those published in the tech-
nical literature, 0.98 to 0.99 2 m (98 to 99 2 cm). We have no data
to show whether or not the observed variation is typical of alloy 800,
Therefore, the conservative approach to eddy—curreat design must allow
for variation in the substrate (alloy 800) conductivity. Two frequen-
cies will be required either to measure coating thickness or to detect
defects in the coating, because the substrate conductivity varies, If
permeability variations appear, a third frequency may be required.

Conductivity can be measured with a single—frequency eddy—current
instrument when specimen thickness is known and the material is non-
magnetic. When the material is ferromagnetic, the thecretical problem
requires two frequencies for solution unless both specimen thickness and
probe lift—off can be rigidly controlled. In practice, some effort
toward thickness and lift-off control combined with a two-frequency
measurement can significantly improve confidence in the results.

Resistivity and permeability can, in theory, be measured indirectly
and simultaneously by an instrument having well-characterized geometric
and circuit parameters. Because resistivity and permeability changes

affect eddy-current response much less than changes in lift-off, the
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elimination or control of lift—off effects is highly desirable in
electrical property measurement. The fixed coil spacing in the through-
transmission configuration (Fig. 11) assures that the sum of lift—off
and specimen thickness remains constant; accurate measurement of the
specimen thickness yields comparable accuracy in the value of 1lift-off.
The axial position of the specimen between the coils does not affect the
response, and the remaining parameters of the instrumentation can be
measured with sufficient accuracy that the error contributions can be
ignored.

The measurement of amplitude and phase of the voltage across the
receiving (pickup) coil provides two numbers and allows the calculation
of the unknown material properties. Corroborative data can be obtained
by repeating the measurement at various frequencies. We elected to
attempt development of a technique to use measurements taken at two fre-
quencies to compute permeability and resistivity; this method would not
require measurements of either the coil spacing or the specimen

thickness.,
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Fig. 11. Physical Arrangement and Electrical Schematic of a
Through-Transmission Eddy—-Current Coil System.
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The design and application of an eddy—current method to simulta-
neously measure electrical resistivity and magnetic permeability offered
the prospect of getting the property data required for a reflection-coil
thickness test design and the opportunity to test parts of our
reflection—coil simulation programs for W, > 1. The design and simula-
tion computations for a through-transmission system use rthe same basic
field equations as the reflection~coil computations, but combine inter-
mediate results differently. The through-trausmission program, MULTRU,
was developed as part of a family of programs for solving induction
problems involving cylindrical coils parallel to structures cf planar
conducting layers; details of its structures and use are documented
elsewhere.30 The through-transmission coil arrangement (Fig. 1l1) offers
control over lift-off, sensitivity to material properties, and noise
immunity superior to that of the reflection coil, but the systems use
identical modular electronic components, so no special modifications
were required.

Measurement of unknown material properties forced a change in the
strategy of program use. In most design problems, the properties are
known, so nominal wvalues and small ranges of expected variation are
inserted into the programs. The calculations are then repeated with
various coil designs, circuit parameters, and operating frequencies to
optimize the hardware design for the given testing requirement. To
measure unknown properties, we started with rough estimates of suitable
colil sizes and circuit parvameters, and then simulated circuit behavior
for a number of frequencies and property values. Coumparison of computed
tabulations with measurements at various frequencies yielded rough esti-
mates of the range in which the actual properties lay. Interpclation
between tabulated computations proved too time—consuming, so a section
was added to the program to store least squares curve fits between simu-
lated instrument responses and conductor properties and accept manually
inserted instrument measurements from which actual property values are

calculated.
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Simulation of Eddy—Current Instrument Response

Computations that simulated the response of the instrument were
performed on a digital minicomwputer. The MULTRU program accepts the
following inputs:

1. coil dimensions and dc resistances,

2. passive circuit component values,

3. frequency and magnitude for each input driving voltage,

4, amplifier gains for each frequency,
5

. permeability, resistivity, and thickness values for each conducting
layer,

[=))
.

values of lift-off between the driver coil and conductor stack, and

7. miscellaneous control parameters indicating the numbers of values
for each variable, number of conductors, etc.

Coil characteristics are measured during fabrication and maintained
on a disk data file, which is accessed by the computer program. Circuit
components are known and can be adjusted by insertion or replacement of
packaged components. Frequencles are selected on the basis of
experience and accumulated design data from earlier work. Input voltage
magnitudes and amplifier gains are arbitrary and selected for con-
venience, for reasouns discussed below. Property and lift-off values are
chosen according to the ranges expected in the experiments; we attempt
to bracket the expected value of a property with multiple input values
for it.

The MULTRU program computes the following quantities, either as
direct output or in intermediate steps:

1. inductances of the probe coils in air (i.e., away from conductors
and each other);

2. real and imaginary components of individual coil impedances and
mutual coupling between coils for each distinguishable combination
of conductor properties and driver coil lift—off and for one
selected thickness of air (gap) between the coils;

3. amplitude and phase, relative to the driver voltage, of pickup coil
(or amplifier) output voltage for each case listed in (2). The
basic instrument circuit is shown in Fig. 12,
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Fig. 12. Simplified Circuit Diagram for the Probe Coils and
Instrument Interface in a Through-Transmission Eddy-Current System,

The program options chosen for this work adjust the response of the
program in two ways. First, the spacing between the coils is adjusted
Lo compensate for changes in conductor thickness. The results are com—
puted as though each coil is always in intimate contact with its side of
the conductor stack unless a fixed lift-off is specified. Secondly, the
voltages and phases are normalized to the voltage and phase obtained
with a specified air gap. The size of the air gap chosen corresponds to
the maximum total conductor stack thickness. To normalize, each cow—
puted output voltage magnitude is divided by the air gap output voltage
magnitude, and the phase of the air gap voltage 1s subtracted from each
of the computed output voltage phases. The output thus obtained is a
tabulation of normalized magnitudes and phases of the output voltage, by
frequency, for each combination of conductor properties and driver coil
lift-off. When normalization is used, the effects of the actual values

of input voltage and amplifier gain cancel out.
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To mathematically relate conductor properties to instrument output,
the program includes a least squares design section, which constructs
functions of the computed readings (i.e., output voltage magnitudes and
phases), compares them with a particular property, and determines the
set of function coefficients that best fits the functions. Four types
of reading function are selectable: linear (polynomial, integral
powers), logarithm, exponential (positive exponent), and inverse
(polynomial, negative integral powers); some cross terms can also be
constructed. The quality of the fit can be evaluated by computing a
residual sum—-of-squares in the property value and by inserting known
variations in the readings and computing the root-mean-square (rms)
variation in the property value.

Two additional subroutines were incorporated into the original
MULTRU program for use in this work. The first, called TPOLRY, stores
polynomial coefficients generated by the fitting process; the second,
TPRCAL, accepts manually inserted instrument readings from specimens,
recovers the polynomial function coefficients, and computes selected
properties from the readings.

Property values for initial insertion into the program were
generated from a combination of experimental constraints and estimates.
Specimens were conveniently producible with coating thicknesses in the
range 0.25 to 0,50 mm (0.010—0.020 in.), so we included the range 0.13
to 0.64 mm (0.005-0.025 in.) in the program and used step values 0.13,
0.30, 0.46, and 0.64 mm (0.005, 0.012, 0.018, and 0.025 in.).

As noted earlier, the relative permeability, b, was expected to be
between ! and 60, so calculations were done in two sets: w, =1, 5, 10,
20; andlﬁ, = 30, 40, 50, 60. Resistivity values were also inserted in
two sets: p = 1,00, 2.00, 3.00, 4.00 Y2 m and p = 5,00, 6,00, 7.00,
8.00 12 m.

We attempted experimental 1lift~off control by maintaining positive
probe pressure against the specimen with holding devices. One increment
of lift~cff was included to allow for possible effects of specimen

curvature; the values were zero and 38 ym (0,0015 in.).
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Frequency selection included several considerations. First, a
ratio of at least 5 between frequencies in a dual-frequency test assures
useful sensitivity, and a ratio of 10 is better. Second, lower frequen-
cies are somewhat less demanding of the instrument; phase measurements
above 1 MHz impose difficult timing requirements. Third, the initial
calculations for |, = 60 at 500 kHz showed phase shifts between 180 and
360°, 1If the phase shift resulting from insertion of a specimen
(compared with an air gap the same thickness) exceeds 360°, then the
phase reading beccmes ambiguous, and attempts to construct function fits
between instrument readings and conductor properties yield meaningless
results. Since least squares fits of functions were not planned until
experiment data helped to narrow the property ranges, initial calcula-
tions were done for seven frequencies on a single program run: 5, 10,
20, 50, 100, 200, and 500 kHz.

We have not attempted to optimize coil sizes for through-
transmission applications, but many of the principles associated with
the selection of reflection coil sizes are expected to apply. The best
coils available in our inventory had 1.0-mm (0.040-in.) radii, and a
matched set was available, so calculations using their characteristics
were performed.

The high-frequency noise that occurs in the pickup of reflection
coil systems does not get transmitted through metallic specimens, so
resonant frequencies of the coil circuits (Fig, 12) are not critical.
The only requirement is to keep them well above the operating frequen-—
cies. The circuit component inputs were simplified insofar as possible.
The shunt capacitances, Cg and Cy7, approximated the cable capacitances
only, and no add-on components were used. We set Ry at 2000 Q to mini-

mize lift-off effects.

Experimental Measurements

Measurements on specimen (Fig. 4, p. 10) were made with a single~
channel phase-sensing eddy—-current instrument. The probe coils were
matched 40-A reflection probes, of which only the driver coils were
used. The colls were supported by a C-shaped fixture, which maintained
coaxial alignment and allowed axial motion for insertion and removal of

the specimens.
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Frequencies available by selection included a 1, 2, 5 sequence from
1 kHz to 2 MHz. The instrument reads out the absolute magnitude of the
amplifier output voltage (Fig. 12) and its phase relative to that of the
input voltage. The digital panel meter (DPM) indicating phase is
calibrated for 0.100 V/deg; its range of t+ 13 V allows display of a
range of only about 260°, although a balance control allows this range
to be set up over any interval between —360 and +360°.

Experimental measurements were made at each selected frequency by
the following procedure:

1. The probes were spaced to 0.64 mm (0,025 in.) by insertion of a
plastic shim.

2. The phase was set by using the balance control to the value
computed by the MULTRU program for a 0.64-mm (0.025~in.) air gap and
recorded.

3, The magnitude of the output voltage for the air gap was
measured.

4. The probes were moved apart to a point where the output voltage
reached a low level and stopped decreasing with coil separation. This
voltage was recorded.

5. The magnitude and phase of the output voltage were measured at
four points on the coating specimen with the driver and pickup coils
pressing against opposite sides of the free—standing layer.

To correct the data for comparison with computed results, the
"noise” voltage magnitude (step 4 above) was subtracted from each of the
other magnitude measurements. Then the remaining specimen voltage
magnitudes were each divided by the 0.64-mm (0.025-in.) air gap voltage
magnitude. Each of the phase measurements on the specimen was

subtracted from the air-gap phase value.

Property Calculations

Preparatory to the computations from experimental measurements, the
program (MULTRU) was set up for two frequencies at a time, in pairs

corresponding to the experimental measurements. After the least squares
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fits were calculated, the experimental measurement values were manually
inserted into the program via CRT terminal keyboard, and the resulting

property values were calculated.

Independent Thickness Measurements

To provide a comparison with computed results, the thickness of the
coating layer was measured with a micrometer caliper. Because of the
slight bow in the coating layer the micrometer was equipped with onme ball
and one flat anvil; the flat anvil was placed on the convex surface of

the coating.

Results

Tables 11 and 12 include samples of the results obtained. Table 11

lists the coefficients of the varicus terms in the functions used to

Table 11. Polynomial Functions for Least Squares Fits of
Simulated Eddy-Current Instrument Readings to
Specimen Propertiles

Resistivity Relative Thickness
(p m) Permeability (mm)
Property values used 7, 8, 9, 10 3, 4, 5, 6 0.127, 0.3048,
in £fit? 0.4572, 0.635
Terms of empirical 26.22 —8.330 0.7062
equationd 217.2 log My -1.451 log My  3.851M
17.73P; 1.273 exp(P])  0.03863F
—238.5 log My 1.454 log My 4,191
—0.4526P9 —0.833P 2.503 exp(Py)
RMS residual 0.543 0,634 0.0414
RMS drift® 0.227 0.078 0.00139

aEquations were fit Lo computed readings for the 64 possible
combinations of the resistivity, permeability, and thickness values.

le output voltage, P; phase at 100 kHz; M), FPp, at 1 MHz; all
relative to values with no specimen (air gap).

“Drift is generated by sequentitally introducing a 1% change
into each M and a 0.01° change into each P then computing the rms
difference from the corresponding function value with no drift.



Table 12. Summary of Measurements and Calculations of Property Values for
Free-Standing CoCrAlY Coating Layers

Instrument Reading;,b ¢
Location Computed Property Values Measured
on Thickness
Specimena 100 kHz 1 MHz Resigtivity . RelaEJ’i_\ir? Thickness (mm)
i Py My Py (u§? m) ermea ity (mm)
A 0,930 -—-2.02 0.885 —19.88 12.78 2.68 0.500 0.439
B 0.935 —1.86 0.887 —18.38 18.27 —3.706 0.559 0.401
C 0.890 —2.25 0.891 —21.63 —16.70 1.116 0.312 0.447
D 0,969 —1.71 0.933 -—17.21 13.39 2.79 0.461 0.406

%5ee photo, Fig. 4(a), p. 10.

b
Y

magnitude; P1 = phase; both readings normalized with respect to air—gap readings.

cBy using fitting functions listed in Table 1l.

Ball flat-anvil micrometer caliper.

8%
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compute the property values from the instrument readings. Table 12
lists the instrument readings for each point measured on the specimen,
the property values computed for those poiats (by using the functions
listed in Table 11), and the thickness values determined from the inde-

pendent micrometer measurement.

Discussion

At this stage of the work we cannot evaluate the accuracy of all the
computed property values in Table 12, Clearly, the negative values for
resistivity and permeability are meaningless and serve to indicate the
instability of the functions used with respect to certain instrument
variations. Examination of many sets of readings, without the use of
fits, indicates that the resistivity falls between 7 and 9 nl m and the
permeability falls between 3 and 5.

The preferred method of "fine tuning” the system for this type
problem includes making a set of instrument readings from known stan-
dards, for which property values are measured independently. Thea the
fitting functions are determined by computing fits befween the known
property values and the actual instrument readings. This wethod elimi-
nates the effects of variations in instrument linearity and coil imped-—
ance (caused by real winding errors), which cannot be readily determined
or introduced into the idealized design computations.

During the experiments we discovered a nonlinearity in the response
of the 1-MHz pickup amplifier. Its effect may be responsible for the
apparently bad property values computed from the instrument readings.
The effect of this nonlinearity might have been removable by construc-
ting the property fits from readings and data on standards.

We have not yet developed resistivity standards to fit the range of
values this problem appears to require. Permeability standards repre-
sent another problem, since their independent measurement can be quite
difficult. However, if enough different values of perweability are pre-
sent in standards, together with known variations in thickness and

resistivity, the fits developed for thickoness may discriminate against
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the permeability variations. This technique may be extendable to the
reflection coil design also. Tests in the through—transmission mode

should be conducted first to establish the discriminatory capability.

Conclusions

The work under way and described above was halted by termination of
the project. The absolute measurement of resistivity and permeability
by through-transmission eddy-current methods appears feasible, although
it has not been conclusively demonstrated. Results obtained thus far
indicate that computer-aided design of a multifrequency eddy-current

test for the thickness of ferromagnetic coatings is also possible.

THERMAL-INSPECTION METHODS

W, A, Simpson, Jr.

Thermal inspection problems and methods were discussed in an

earlier report;1

part of that discussion 1is included here for
completeness.

Thermal inspection methods are based on local variations in the
rate of heat transfer through a workpiece. These variations are
detected by measuring temperatures on the workpiece surface. A passive
workpiece is interrogated by the injection or removal of heat across
some portion of its surface. Thermometric methods measure instantaneous
temperatures at points, simultaneously or in a sequential or scanning
mode. Thermographic methods generate an instantaneous image of a finite
area on the workplece surface and depict temperature as some property of
the image, such as brightness, color or isothermal contours. Scanning
thermometric methods with continuous recording can also generate images
that represent the entire part. FEither method may use contacting or
noncontacting detectors.

Thermal methods have enjoyed their greatest application to inspec—
tion of layered, bonded, or coated structures., They are most sensitive

to lamellar defects, which interrupt heat transmission over a finite
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area. Structures containing nonmetallic layers are scometimes easier to
inspect because heat transmission is less rapid and thermal "images" of
defects persist longer.

Early inspection equipment and procedures were developed experimen-—
tally. Experiments are still required, but they can be assisted by com—
putational techniques. Rapid computation of solutions to heat flow

problems can simulate some experiments and screen out unnecessary ones.

Theory

Transient solutions to one- or two—dimensional heat flow equations
can be combined to construct the response of a coating—substrate system
to a rapid-scanning or pused heat source. Any form of thermal excita-
tion can be decomposed into thermal wave components by Fourier transfor-

mation. Hach wave component obeys a dispersion law of the form

tw = kk? , (1)
where
w = the temperature oscillation frequency,
K = thermal diffusivity, and
k = the complex wave number.

Equation (1) leads to a phase velocity

vp = (2k)l/2 | (2)

which depends on the frequency, and its corresponding wavelength,

A = 2m(ek/w)l/2 (3)

The form of Eqs. (1) and (2) assures that any pulsed heat input will
change its pulse shape rapidly and may not be detectable as a pulse with
equipment based on current technology.

To detect a defect by scattered heat, the incident wavelength [Eg.

(3)] should be of the order of the defect size or smaller. The maximum
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thermal contrast at the surface of a coating layer from a defect at the
coating~substrate interface will follow the heat pulse by about theAtime
required for a wave of the corresponding frequency to make a round trip
through the coating layer.

Alternatively, one can separate a scanning heat source and detector
to establish quasi-steady-state heat flow conditions. When a source of
appropriate size is passed over a coating layer structure at the
appropriate speed, the temperature sensor will reach the point on the
surface above a flaw at the instant when the transient caused by the
flaw produces the maximum temperature difference. Defects will be
detected by the difference between the temperatures measured over a
defect and over a sound structure.

Scanning inspection devices use a heat source followed by one or
more thermometric detectors. By using two sequential temperature
measurements following heating, one can correct for emissivity
variations of the workpiece surface, 33 Typical heat sources are plasma
torches, hot gas jets, and eddy-current induction heaters. Radiometers
and low-mass (i.e., low thermal inertia) thermistors are used for detec-
tion. Continuous processing and recording, synchronized with the
scanner wotion, can produce a plan—view record of the quasi-steady-state

condition at all points in the scan pattern.
Experimental Work

We designed a thermistor probe for testing coated samples. An
earlier design, which was developed for a problem in tubing similar to
the present studies in coatings, is shown in Fig. 13. Although inductive
heating is depicted, other forms of heating, such as hot gas and radiant
energy, may be used. However, the inductive approach is generally pre-
ferred since it is easy to apply, easily controlled, and independent of
surface emissivity,

In operation, the probe scans along the surface of the sample. The
rate of scanning is adjusted to provide the optimum heat input, as
determined by computer calculation and experimentation, and depends upon
the degree of inductive coupling between the coil and the sample, elec-

trical conductivity of the sample, etc. The distance between the
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Fig. 13. A Representative Design of a Thermal Probe for Tubing
Inspection. Clearance shown is about 1.3 mm.

thermistor sensor and the center of the induction coil is also
adjustable to allow positioning the sensor to sample the surface tem-
perature distribution at the optimum time following heat injection; this
adjustment is also determined by ccmputer calculation and experimen-
tation. The close proximity of the sensor to the sample surface ensures
that the thermistor can follow the temperature variations encountered
while avoiding damage by contact with the rough surface.

Figure 14 shows the design of the coating probe. The therwmistor
sensor is a special low-mass device having a time constant of approxima—-
tely 0.1 s. This response should suffice for all anticipated test con-—
ditions. The ball-bearing face plate was chosen for the probe to
minimize wear and allow the probe to move easily over rough surfaces.

As the drawing illustrates, the sensor itself does not contact the test
surface but rides approximately 1.3 mm (0,05 in.) above the surface.
The small size of the gap ensures that the response time of the systen
is not seriously impaired. Furthermore, the gap itself protects the

thermistor.
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Because the thermistor is extremely small — 0.13 mm in diameter,
with a wire size of approximately 15 um — the final assembly of the
probe was contracted to an outside firm that specializes in fabricating
miniature electrical probes.

To convert the resistance variations of the thermistor into a
usuable measure of temperature variatiom, a bridge-type detector was
designed for the system and is shown in Fig. 15. The output of the
bridge is amplified by an operational amplifier and then displayed on a

chart recorder. The electronics must be capable of operating down to dec

ORNL-DWG 786322

AMPLIFIER

>—————4TO RECORDER

PROBE
ASSEMBLY

BRIDGE DETECTOR
7 7
74

Fig. 15. Schematic of Bridge Detector for Thermal Probe.
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in frequency, but the gain is not critical. If desired, an x-y recorder
could be substituted for the chart recorder and the sweep voltages
derived from the probe scan mechanism. This would produce a 1:1 mapping
of the scanned area onto the chart. A voltage comparator could then be
added to the pen—-1ift circuit of the recorder so that the temperature
variations that exceeded a selected value would record, thus producing a
plan-view recording of the temperature distribution on the sample sur-
face. This is a preliminary design, and the final configuration would be
determined by experimentation with the assembled probe.

Unfortunately, the project was terminated shortly after receipt of
the probe from the assembler and the planned experiments with it were

not carried out.

Conclusions

No experiments were performed, so no firm conclusions about the
capabilities or limitations of thermal coating inspection can be stated.
Cur speculation, based on earlier experiments with materials other than

metallic coatings, is that thermal coating inspection is feasible.

CURRENTLY AVAILABLE INSPECTION TECHNOLOGY:
SUMMARY AND ASSESSMENT

Our evaluation of the current state of the art in inspection of
plasma-sprayed metallic coatings is summarized below. Appropriate limi-

tations or restrictions are noted.

Limitation of Reported Work

Experimental work described herein did not, in general, reach the
stage at which absolute limits or sensitivity, resolution, etc. could be
determined or measured. Therefore, estimates of these quantities are

not included.
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Most of the work described here was conducted with a single
material, which has some properties characteristic of other CoCrAlY or
MCrAlY coatings and of metallic plasma—sprayed coatiungs in general.
Therefore some conclusions may be reached with respect to those common
properties, but some specifics may not be available.

The specimens used were made under what amounts to laboratory con-
ditions. Additional variability and sources of variability may appear

in coatings applied under industrial environmental conditions.

Crack and Hole Detection

Liquid penetrant testing (PT) comes closest to providing an off-
the~shelf method, although modifications to conventional techniques have
been demonstrated as necessary. The exact lower (crack size) limit of
sensitivity was not determined, but it appears to approach that of more
conventional PT techniques. There is also some potential for technique
variation to classify cracking by size range.

Radiography was not completely investigated under controlled
laboratory conditions but demonstrated a useful practical capability for
checking the condition of specimens known to have cracks, Some addi-
tional work would establish the sensitivity of techniques with the
coating placed film side. Double~wall or source-side techniques may be
worth investigating.

Eddy-current techniques were not developed to the point of
demonstrating flaw detectioun capability, but past experience indicates
strong potential for success without excessive development effort. Much
of the development required for crack and hole detection would parallel

that required for thickness measurement.
Thickness Measurement
Eddy—~current techniques appear to offer the quickest and most posi-

tive method to satisfy this requirement. Because of the ferromagnetic

properties of the CoCrAlY coating materrial used here and the 1liklihcod
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of similar properties in other candidate materials, some additonal
effort to develop methods to handle these materials would be a goed
investment. It appears that the more modern multifrequency eddy-current
fechniques will be required.

X-ray fluorescence (XRF) techniques are near their upper limit of
useful sensitivity at a coating thickness of 0.25 mm (0.010 in.), when
that coating contains low- to medium7Z (atomic number) elements. For
higher 7 elements, the limiting thickness for XRF measurement could be
much smaller. The method could be very useful for low— to medium—7
coatings less than 0,25 mm (0.010 in.) thick, particularly if such
coatings were deposited on higher Z substrates.

Ultrasonics has not been effectively investigated for this appli-
cation. Coating porosity can be expected to introduce some unusual
acoustic properties into the measurement problem., Significant develop-—

ment effort is likely to be required.
Detection of Unbond Areas and Delaminations

In general, definitive experiments were not performed in this area.
Earlier results on metallic coatings with ultrasonics3% indicate good
potential for the detection of missing or unbonded coating areas. The
assumption here is that the acoustic properties of metallic plasma-
sprayed coatings will be close to those of nonmetallic coatings already
examined.

Scanning thermometric techniques were brought to the point at which
useful experiments could have been performed. Here, alsoc, earlier work
provides an iadication of potential applicability.35 In this case,
however, a significant difference in thermal properties is likely. The
diffusion mechanisms involved in image formation will be accelerated,
and the increase in speed will have to be compensated for by modifica-
tions to equipment or the technique.

Electric current testing was not experimentally examined at all,
mainly because of its initial priority assignment and the late arrival

of equipment for it.
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Conclusions and Recommendations

Inspectioa techniques for cracks and holes open to the coating sur-
face have come closest to complete development. Some further develop-
ment of radiography would be profitable. Thickness measurement by
eddy~current techniques is closest to useful development and should be
completed. Ultrasonic and thermal unbond detection methods should have
about equal attention. The remaining methods should be considered only

if significant resources for development become available.
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