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

I-. 

G. W. S c o t t ,  S. D. Snyder," and W. A. Simpson, Jr. 

This  r e p o r t  d e s c r i b e s  t h e  r e s u l t s  of a p r o j e c t  t o  develop 
n o n d e s t r u c t i v e  i n s p e c t i o n  t echn iques  €or  m e t a l l i c  war-  and 
p r o c e s s - r e s i s t a n t  c o a t i n g s  used i n  c o a l  system components. 
Phys ica l  p r o p e r t i e s ,  e s p e c i a l l y  p o r o s i t y ,  and t h e  nominal 
0.25 mm (0.010 i n . >  t h i c k n e s s  compl ica te  t h e  i n s p e c t i o n  of 
t h e s e  c o a t i n g s .  The class of c o a t i n g s  s e l e c t e d  for l a b o r a t o r y  
e v a l u a t i o n  were CoCrAlY (cobalt-chromium-aluminum-yttrium) 
t y p e s ;  t h e  s p e c i f i c  material used w a s  a Union Carbide s p r a y  
powder, UCAR LCO-7, which i s  Cc-22.8% Cr--12.9% A 1 4 l e 6 X  Y, 
sprayed  onto  a l l o y  800 s u b s t r a t e s .  

c r a c k s  o r  h o l e s  i n  t h e  c o a t i n g ;  ('2) measure t h e  c o a t i n g  
t h i c k n e s s  from t h e  coa ted  s i d e ;  and ( 3 )  d e t e c t  lamellar f l a w s  
o r  s e p a r a t i o n s  w i t h i n  t h e  c o a t i n g  l a y e r  o r  between t h e  c o a t i n g  
and t h e  s u b s t r a t e .  Su r face  methods ( such  as l i q u F d  p e n e t r a n t ) ,  
eddy c u r r e n t s ,  and rad iography were i n v e s t i g a t e d  f o r  c rack  and 
h o l e  d e t e c t i o n ;  eddy c u r r e n t s ,  x-ray f l .uorescence,  and u l t r a -  
s o n i c s  w e r e  i n v e s t i g a t e d  f o r  t h i c k n e s s  measurement; and 
u l t r a s o n i c s  and i n f r a r e d  thermography were inves t ig i l t ed  f o r  
lamellar f l a w  d e t e c t i o n .  

I n  gene ra l ,  w e  determined t h a t  s i g n i f i c a n t  development 
e f f o r t  was requ i r ed  t o  adapt  even t h e  more common and h i g h l y  
developed t echn iques  t o  t h e  c o a t i n g  i n s p e c t i o n  problems. 
S i g n i f i c a n t  p rogres s  was made i n  a number of t h e  inves t iga -  
t i o n s  under taken ,  bu t  f i n a n c i a l  r e s t r a i n t s  prevented comple- 
t i o n  of t h e  planned work. 

The d e s i r e d  i n s p e c t i o n  techniques  were to :  (1) d e t e c t  

INTKODUCTIUN 

In Janua ry  1976,  t h e  OKNI, Nondes t ruc t ive  T e s t i n g  Group began work 

on a p r o j e c t ,  I n s p e c t i o n  Techniques f o r  Wear- and Process-Res is tan t  

Coatings, sponsored by the Materials and Power Genera t ion  E)KanCh under 

t h e  A s s i s t a n t  Admin i s t r a to r  €or  F o s s i l  Energy, U. S. Energy Research and 

*Now i n  Engineer ing  Technology Divis ion ,  
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Development Adminis t ra t ion  (now t h e  Department of Energy). The objec- 

t i v e  of t h i s  p r o j e c t  was t h e  development of nondes t ruc t ive  methods t o  

i n s p e c t  c o a t i n g s  a p p l i e d  t o  components of c o a l  g a s i f i c a L i o a  systems. An 

e a r l i e r  r e p o r t  d i scussed  t h e  gene ra l  i n s p e c t i o n  problem i n  d e t a i l .  

During FY 1978, t h e  p r o j e c t  scope was narrowed t o  c o n c e n t r a t e  on 

meta l l ic  plasma-sprayed coa t ings .  S p e c i f i c a l l y ,  f o r  C o C r A l Y  ( c o b a l t -  

chromium-aluminum-yttrium) a l l o y  c o a t i n g s  we i n v e s t i g a t e d  methods t h a t  

would: 

c o a t i n g  th i ckness  from t h e  coa ted  s i d e  (of  a workpiece) ,  and ( 3 )  d e t e c t  

l a c k  of bonding (unbonds) between t h e  c o a t i n g  and t h e  s u b s t r a t e .  

( 1 )  d e t e c t  c r acks  o r  h o l e s  i n  the c o a t i n g s ,  ( 2 )  measure , the  

Plasma-sprayed c o a t i n g s  t y p i c a l l y  c o n t a i n  p o r o s i t y ,  which may 

coal-esce t o  produce channels  t h a t  p e n e t r a t e  t he  c o a t i n g  t o  t h e  

s u b s t r a t e .  To seal  and d e n s i f y  t h e  C o C r A l Y  c o a t i n g s  and thus  improve 

t h e i r  c o r r o s i o n  r e s i s t a n c e ,  t hey  may be s i n t e r e d ,  shot-peened, o r  ho t -  

p ressed .  The p r o j e c t  p l a n  was t o  develop methods a p p l i c a b l e  f i r s t  t o  

t h e  as-sprayed c o a t i n g s  and then  determine t h e i r  a p p l i c a b i l i t y  t o  

f u r t h e r  processed coa t ings .  

A f t e r  reviewing known nondes t ruc t ive  methods for a p p l i c a b i l i t y  and 

l i k l i h o o d  of success ,  w e  s e l e c t e d  f o r  i n v e s t i g a t i o n  a primay method and 

two backup methods f o r  each of t h e  i n s p e c t i o n  requirements  l i s t e d  above. 

Tab le  1 i t e m i z e s  t h e  s e l e c t e d  methods. 

The d i v e r s e  areas of expertise r equ i r ed  by t h e  i n v e s t i g a t i o n  d i c -  

t a t e d  d i v i s i o n  of t h e  t a s k ,  as i n d i c a t e d  by t h e  s e c t i o n  au tho r  

i d e n t i f i c a t i o n s .  Ava i l ab le  ~ ~ S O U K C ~ S  o c c a s i o n a l l y  d i c t a t e d  d e v i a t i o n  

from s t r i c t  p r i o r i t y  ranking  of e f f o r t .  The two u l t r a s o n i c  t a s k s  suf-  

f e r e d  thus  

of unbonds. The thermometric and thermographic work was a n a t u r a l  and 

e f f i c i e n t  extensi-on of t h e  ear l ie r  work. The e lec t r ic  c u r r e n t  work w a s  

e l i m i n a t e d  by l a c k  of t i m e .  

bu t  ea r l ie r  work1 i n d i c a t e s  a p o s s i b l e  outcome f o r  d e t e c t i o n  

MATERIALS AND SPECIMENS 

Materials s e l e c t i o n s  were i n i t i a l l y  based on r e s u l t s  from m a t e r i a l  

Screening  experiments  a t  Argonne. 2-5 

there, a l l o y  800 w a s  r e t a i n e d  Eor c o a t i n g  s u b s t r a t e s  as a “typical.“ 

A f t e r  t e rmina t ion  of t h e  program 



Table 1. Candidate Methods €or Nondes t ruc t ive  I n s p e c t i o n  of CoCrAlY Coat ings 

Method Se lec t ed  f o r  Each Inspec t ion  Requirement 

Choice Detec t ion  of Crack or  Hole One-Side Measurement Detec t ion  of Coat ing-Substrate  
i n  Coat ing of Coating Thickness  Unbond Flaws 

1 

~~~ 

Surface  methods: liquid Eddy c u r r e n t  
pene t r an t  

U l t r a son ic s  

2 Eddy c u r r e n t  X-ray f luo rescence  Thermometric o r  thermographic 

3 Transmission radiography; U l t r a s o n i c s  Elecrric c u r r e n t  : four-  
f i l m  on coa t ing  s i d e  po in t  probe 

W 



4 

high-temperature  iue t aP  that c o a l i n g s  might be used t o  p r o t e c t .  It has 

been used f o r  many c o a l  equipment a p p l i c a t i o n s .  

The CoCrAlY a l l o y  f ami ly  of c o a t i n g s  was s p e c i f i c e d  by t h e  contrac-  

t o r .  Two s u p p l i e r s  of CoCrAlY powder were i d e n t i f i e d :  Alloys Metals, 

Lnc., (AMI) of Troy, Michigan, and the Coating S e r v i c e  of Union Carbide 

Linde Divis ion.  Alloy Metals showed l i t t l e  i n t e r e s t  i n  supplying t h e  

r e l a t i v e l y  s m a l l .  q u a n t i t i e s  required.  The high-aluminum powder was 

s e l e c t e d  f o r  i t s  inc reased  b r i t t l e n e s s ,  on t h e  assumption t h a t  t e n s i l e -  

c r a c k  specimens ( d e s c r i b e d  below) could be made from i t  mor2 e a s i l y .  

Tab le s  2 and 3 l i s t  t h e  compositions assumed for  specimen materials 

i n  t es t  o r  d e s i g n  c a l c u l a t i o n s .  These are based on publ ished nominal 

v a l u e s  o r  a c t u a l  a n a l y s e s ,  as i n d i c a t e d .  

Tab le  2. Assumed Compo- 

Coat ing S u b s t r a t e s  
s i t i o n  f o r  Alloy 800 

E l e m  ent W6 % 

F e  45.50 

N i  32.00 

C r  20,50 

Mn 0.35 

S i  0.35 

- ^ ~  

c u  

T i a  

0.30 

0.30 

A l a  0.30 

C 0.04 

S 0.007 

+os some computations,  
l i g h t  metals were ignored,  or 
s u b s t i t u t e d  by i r o n  t o  gee: a 
' *wors t  case." 

_____I_-_ _II______ 



5 

Table 3. Composition of UCAK 
LCO-7 CoCrAlY Al loy  Spray 

Powder, Lot 1y 

E 1 ement w t  % 

co 
C r  

A 1  

Y 

63.7 

22.8 

12.9 

0.6 

“Chemical a n a l y s i s  f rom 
Union Carbide Linde D i v i s i o n  
Coa t ings  Se rv ice ,  c o u r t e s y  of 
A. T. Taylor .  The computed 
t h e o r e t i c a l  d e n s i t y  was 7.124 
Mg /m3 e 

Three types  of specimens w e r e  planned: f r ee - s t and ing  layers,  for 

p r o p e r t y  measurements; c o n t r o l l e d - t h i c k n e s s  l a y e r s ,  f o r  development of 

t h i c k n e s s  measurement methods; and t e n s i l e - c r a c k  specimens,  developed 

f o r  s u r f a c e  method ~ t u d i e s . ~  

f u l f i l l s  t h e  f i r s t  two requi rements ;  t h e  ones shown i n  Fig.  2 w e r e  used 

f o r  t h e  t h i r d ,  

A specimen similar t o  t h a t  shown i n  F ig .  1 

A s  t h e  f i r s t  group of C Q C r A l Y  specimens w a s  sprayed,  a b lack  depos- 

i t ,  assumed t o  be oxide ,  formed on t h e  exposed s u r f a c e  a f t e r  each s p r a y  

pass. Wire brushing  removed the d e p o s i t ,  and t h e  sp ray ing  cont inued.  

We l a t e r  des igned  an  a t tachment  f o r  t h e  t o r c h  head t o  i n c r e a s e  t h e  g a s  

s h i e l d i n g  of t h e  specimen s u r f a c e  around t h e  d e p o s i t i o n  area hea ted  by 

t h e  to rch .  

We i n i t i a l l y  sprayed t h r e e  l a r g e  t e n s i l e  specimens (Fig.  2) and one 

d i s k  specimen similar t o  t h a t  shown i n  Fig.  1. The specimen des ign  i n  
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(a 
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Fig. 1. Steps in Preparing Free-Standing Coating Layer Specimens. 
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Fig. 2. Tensile-Crack Specimen for Surface Inspection Method Testing. 
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Fig.  1 evolved from machining exper ience  with t h e  f i r s t  d i s k  specimen, 

d e s c r i b e d  below. The backing material w a s  type  304 s t a i n l e s s  s tee l ,  

s andb las t ed  be fo re  coa t ing .  

The machining of t h e  f i r s t  d i s k  specimen ( d i s k  1) r e s u l t e d  i n  

s e v e r a l  s i g n i f i c a n t  obse rva t ions .  Convent ional  s ing le -po in t  t o o l s  could  

n o t  machine t h e  oversprayed c o a t i n g  on t h e  uppermost r i m ;  i n s t e a d ,  

ca rb ide - t ipped  o r  diamond t o o l s  are requi red .  When t h e  l a s t  t h i n  s e c t i o n  

of  backing material w a s  machined loose  as a d i s k  and removed, p a r t  of 

t h e  c o a t i n g  i n  t h e  c e n t e r  v a s  found crumbled (Fig.  3 ) ,  and none of the  

c o a t i n g  adhered t o  t h e  backing. The crumbled volume a p p a r e n t l y  came 

from t h e  f i r s t  s p r a y  p a s s .  It d id  not  p e n e t r a t e  t h e  rest: of t h e  c o a t i n g  

l a y e r .  The crumbling was no t  t r a c e a b l e  t o  machining; t h e  f i n a l  

machining w a s  performed on a jeweler's l a t h e ,  and care was t aken  t o  

avo id  both e x c e s s i v e  r a d i a l  chuck p res su re  and axial  t o o l  pressure .  

The type of f a i l u r e  observed i n  t h i s  specimen is  no t  among those  

enumerated i n  t h e  work s t a t emen t  f o r  t h i s  p r o j e c t ,  a l t hough  i t s  presence 

might produce a subsu r face  d e f e c t  i n d i c a t i o n ,  a n  unbond i n d i c a t i o n ,  o r  

both.  Coat ing specimens i n  ongoing c o a l  program experiments  may develop 

unde tec t ed  d e f e c t s  of t h i s  type  o r  may have had them be fo re  i n s e r t i o n  i n  

t h e  experiments .  

A d d i t i o n a l  d i s k  b lanks  w e r e  machined wi th  (nominal)  0.79-, 1.6-, 

and 3.2-mm (1/32-, 1/16-, and 1/8- in . )  backing th i cknesses .  Our i n t e n t  

was t o  de te rmine  t h e  minimum backing t h i c k n e s s  t h a t  would t o l e r a t e  t h e  

h e a t  from the spray-coa t ing  o p e r a t i o n  wi thout  o b j e c t i o n a b l e  deformation. 

Disk 2 (Fig.  4 ) ,  wi th  a 1.6-mm backing f o r  t h e  sprayed l a y e r ,  was 

coa ted  wi th  CoCrAlY and machined t o  smooth t h e  oversprayed r i m  and 

remove t h e  m e t a l  backing. 

Although t h e  specimen and manufactur ing p rocess  were des igned  w i t h  

t h e  i n t e n t  of producing f l a t  c o a t i n g  l a y e r s ,  h e a t i n g  by t h e  s p r a y  t o r c h  

f o r c e d  t h e  s u b s t r a t e  of d i s k  2 t o  bow i n  t h e  c e n t e r ;  t h e  c o a t i n g  was 

t h u s  d e p o s i t e d  on a convex s u b s t r a t e .  During cooldown, t h e  s u b s t r a t e  

c o n t r a c t e d  more than  t h e  coa t ing ,  r e t u r n i n g  t o  i t s  o r i g i n a l  f l a t n e s s  and 

l e a v i n g  t h e  c o a t i n g  l a y e r  s l i g h t l y  bowed. This  d i f f e r e n c e  i n  cont rac-  

t i o n  a l s o  a p p a r e n t l y  caused t h e  c o a t i n g  and s u b s t r a t e  t o  p u l l  apart, s o  
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10 mm 

F i g .  3 .  Disk Specimen 1. (a) Sprayed s u r f a c e .  ( b )  Back. 
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t h a t  t h e  c o a t i n g  l a y e r  was a c t u a l l y  f r e e s t a n d i n g  be fo re  t h e  s u b s t r a t e  

w a s  machined away. The stresses r e s u l t i n g  from c o n t r a c t i o n  of t h e  o u t e r  

( t h i c k e r )  r i n g  of t h e  s u b s t r a t e  a p p a r e n t l y  caused t h e  c o a t i n g  l a y e r  t o  

c r a c k  a long  a segment of i t s  c i rcumference  ( s e e  Fig. 4 ) .  

The lumplike s t r u c t u r e s  on t h e  sprayed s u r f a c e  have not  been 

ana lyzed ;  t h e y  are  assumed t o  be e i t h e r  powder material or  t rapped  

f ragments  of t ungs t en  e l e c t r o d e  material from t h e  sp ray  torch.  

LIQUID-PENETRANT TESTING 

S .  D. Snyder 

A s  t h i s  program advanced, t h e  i n s p e c t i o n  of t h i n  plasma-sprayed 

CoCrAlY i n t e r m e t a l l i c  p r o t e c t i v e  c o a t i n g s  f o r  c o a l  convers ion  and u t i l i -  

z a t i o n  equipment became of g r e a t e r  i n t e r e s t  than t h e  ceramic o r  cermet 

c o a t i n g s  p r e v i o u s l y  cons idered .  Th i s  change n e c e s s i t a t e d  an e v a l u a t i o n  

of t h e  l i q u i d - p e n e t r a n t  i n s p e c t i o n  t echn iques  a l r e a d y  developed f o r  t h e  

ceramic and cermet c o a t i n g s  when a p p l i e d  t o  t h e  i n t e r m e t a l l i c  coa t ing .  

Exper imenta l  Work 

Three  test specimens were prepared  acco rd ing  t o  t h e  des ign  

d e s c r i b e d  i n  Fig.  2 ,  p. 6. Specimens 22 and 23 had 0.5-mm-thick 

(0.020 i n . )  plasma-sprayed CoCrAlY c o a t i n g s  on a n  a l l o y  800 s u b s t r a t e ,  

and t h e  specimen 24 had a 0.25-mm-thick (0.010 i n . )  coa t ing .  The t h r e e  

specimens were cracked  under t e n s i l e  stress wi th  c r a c k s  occur r ing  a t  

l o a d s  as fol lows:  specimen 22 a t  18 kn (4000 l b ) ,  specimen 23 a t  16 kn 

(3550 l b ) ,  and specimen 24 a t  1 7  kn (3775 l b ) .  

Radiographs showed t h a t  specimen 23 had one major c rack  ( l a r g e  

enought t o  be seen  wi thout  magn i f i ca t ion )  a c r o s s  t h e  f u l l  width of t h e  

specimen t h r o a t  (i.e., t h e  p o i n t  of minimum c r o s s - s e c t i o n a l  a r e a )  and 

s e v e r a l  smaller c r a c k s  ex tending  i n t o  t h e  specimen from t h e  edge of t h e  

t h r o a t .  Specimens 22 and 24 each had one c rack  v i s i b l e  under micro- 

s c o p i c  examination. These c r a c k s  w e r e  narrower than t h e  major c rack  i n  

specimen 23. 



Y-156538 

1 2 cm 

Y-I  56539 - .- 

F 

1 2 cm 

Fig. 4. Free-Standing CoCrAlY Coating Layer, Disk Specimen 2. (a)  Sprayed s i d e .  (b) Back, a f t e r  
backing metal was machined away. 
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Specimen 23, having both wide and narrow c r a c k s ,  w a s  used f o r  t h e  

tests w i t h  l i q u i d  p e n e t r a n t .  S ince  t h e  c r a c k i n g  behavior of t h e  i n t e r -  

m e t a l l i c  c o a t i n g  w a s  similar t o  t h a t  of t h e  cermet c o a t i n g ,  ZL-22A 

l i q u i d  f l u o r e s c e n t  p e n e t r a n t  w a s  used, fo l lowing  t h e  i n t e r i m  d ry ing  

e q u i l i b r i u m  augmentation (IDEA)-based procedure,  

d e t e c t e d  by t h e  r e v e r s a l  p rocess  j u s t  as wi th  t h e  cermet coating.8 

ZL-22A w a s  brushed on t h e  c o a t i n g  and, a f t e r  a 20 ln in  dwel l  w a s  s t r i p -  

washed f o r  2 min wi th  a 26°C 0.2 MPa (30  p s i )  water s p r a y  followed by 

f o r c e d  a i r  drying. Then t h e  remaining p e n e t r a n t  w a s  e m u l s i f i e d  f o r  

2 min, s p r a y  washed f o r  2 min, and dryed wi th  fo rced  a i r .  I n s p e c t i o n  

under u l t r a v i o l e t  l i g h t  immediately a f t e r  t h e  d ry ing  showed t h a t  suf-  

f i c i e n t  p e n e t r a n t  w a s  removed from t h e  major and minor c racks  t o  provide  

adequa te  c o n t r a s t  w i th  t h e  f l u o r e s c e n c e  from t h e  pene t r an t  remaining i n  

t h e  sur rounding  porous,  uncracked c o a t i n g  f o r  d e t e c t i o n  of t h e s e  cracks.  

and c r a c k s  were 

The 

Di scuss ion  

Apparent ly ,  t h e  i n t e r m e t a l l i c  c o a t i n g  is somewhat less pene t r an t -  

r e t e n t i v e  than  t h e  cermet because s e v e r a l  e m u l s i f i c a t i o n  s t e p s  were 

r e q u i r e d  t o  produce s imilar  c o n t r a s t  i n  t h e  cermet coat ing.  It w a s  

shown f o r  t h e  cermet c o a t i n g  and appea r s  t o  be t r u e  f o r  t h e  i n t e r -  

metallic t h a t  each e m u l s i f i c a t i o n  s t e p  removes a " l a y e r "  of p e n e t r a n t  

from t h e  c r a c k s  i n  a l a r g e r  amount than  from t h e  sur rounding  porous 

areas, making t h e  p rocess  depend more on f requency  (o f  e m u l s i f i c a t i o n )  

t h a n  on t i m e .  Thus, i n  p r a c t i c e  t h e  i n s p e c t o r  would merely observe  t h e  

s u r f a c e  a f t e r  each e m u l s i f i c a t i o n ,  wash, and d ry ing  s t e p .  The number 

of e m u l s i f i c a t i o n s  preceding  c r a c k  appearances  would provide  a q u a l i t a -  

t i v e  measure of c r a c k  s i z e s ,  s i n c e  t h e  wider c racks  would appear  a f t e r  

one or  two e m u l s i f i c a t i o n  s t e p s  and t h e  narrower ones a f t e r  s e v e r a l  

a d d i t i o n a l  s t e p s .  This  p rocess  a l s o  d i f f e r s  from many conven t iona l  

methods by no t  u s i n g  a developer.  The work completed does not  i n d i c a t e  

t h a t  a deve loper  is r e q u i r e d  o r  d e s i r a b l e .  
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Conclusions 

A s  w a s  de zrmined i n  t h e  ear l ier  work on ce amic and cermet 

c o a t i n g s ,  t h e  p o r o s i t y  of plasma-sprayed c o a t i n g s  poses unique 

problems f o r  s u r f a c e  i n s p e c t i o n  methods, e s p e c i a l l y  those  us ing  l i q u i d s  

a p p l i e d  t o  the su r face .  These problems r e q u i r e  s i g n i f i c a n t  a l t e r a t i o n s ,  

such  as IDEA, t o  t r a d i t i o n a l  techniques ,  and, as i n  t h i s  case, modified 

methods of a r t i f a c t  d e t e c t i o n  and image i n t e r p r e t a t i o n .  On t h e  b a s i s  of 

t h e  l i m i t e d  work done, l i q u i d  pene t r an t  i n s p e c t i o n  of CoCrAlY c o a t i n g s  

appea r s  p o s s i b l e  i f  mod i f i ca t ions  of t r a d i t i o n a l  methods are used. 

RADIOGRAPHY 

G. W. S c o t t  

Radiography might seem t o  be a poor s u b s t i t u t i o n  f o r  s imple r  tech-  

n iques  t h a t  ope ra t e  on o r  very  nea r  t h e  coa ted  workpiece sur face .  It is  

n o t  g e n e r a l l y  accepted  as a s u i t a b l e  method f o r  c rack  d e t e c t i o n ,  

a l though  i t  i s  accep tab le  f o r  t h e  d e t e c t i o n  of ho le s  o r  o the r  volumetr ic  

a r t i f a c t s .  Severa l  f a c t o r s  favor  i t s  use f o r  t h i s  a p p l i c a t i o n .  

F i r s t ,  t h e  as-sprayed m e t a l l i c  coa t ings  are rough and porous. 

Sur face  i n s p e c t i o n  methods, such as l i q u i d  pene t r an t  ( l i q u i d  pene t r an t  

w a s  t h e  primary s e l e c t i o n )  are s t r o n g l y  a f f e c t e d  by t h e  p o r o s i t y  (see 

p rev ious  s e c t i o n ,  "Liquid Pene t r an t  Tes t ing") .  Sur face  methods cannot 

d e t e c t  c r acks  o r  vo ids  i n s i d e  t h e  c o a t i n g  l a y e r  i f  they  are not  open t o  

t h e  sur face .  

Second, CoCrAlY c o a t i n g s  are moderately fe r romagnet ic  (see "Eddy- 

Curren t  Methods" l a t e r  i n  t h i s  r e p o r t ) .  Eddy-current methods, t h e  o t h e r  

backup s e l e c t i o n ,  r e q u i r e  a t  least  two d i s c r e t e  d r i v i n g  c u r r e n t  frequen- 

c ies  t o  compensate f o r  pe rmeab i l i t y  and c o n d u c t i v i t y  v a r i a t i o n  i n  t h e  

c o a t i n g  and s u b s t r a t e  whi le  measuring c o a t i n g  th ickness .  To d e t e c t  

d e f e c t s ,  t h e  e f f e c t  of c o a t i n g  th i ckness  would a l s o  have t o  be compen- 

s a t e d  f o r ,  and a t h i r d  frequency would be r equ i r ed ,  making t h e  des ign  

and use of t h e  t e s t  somewhat complex. 
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Third ,  radiography i s  independent of those  material p r o p e r t i e s  t h a t  

i n t e r f e r e  with t h e  o t h e r  two methods. It i s  una f fec t ed  by t h e  e lectr i -  

cal  c o n d u c t i v i t i e s  and magnetic p e r m e a b i l i t i e s  of t h e  c o a t i n g  and the  

s u b s t r a t e .  It i s  a l s o  less s e n s i - t i v e  t o  gradual  v a r i a t i o n s  i n  t h e  

t h i c k n e s s  of t h e  coa t ing ,  i n  t h e  pore s i z e ,  and i n  t h e  volume f r a c t i o n  

oE p o r o s i t y  than  t o  ab rup t  o r  s tep- type changes. Ebdiography would n o t  

be  a f f e c t e d  by any mechanical ope ra t ions ,  such as peening, which might 

cove r  t h e  opening of a d e f e c t  t o  t h e  s u r f a c e ,  u n l e s s  t h e  shape o r  or ien-  

t a t i o n  of t h e  d e f e c t  were changed. Defec ts  i n  a c o a t i n g  placed d i r e c t l y  

a g a i n s t  a n  x-ray f i l m  a c q u i r e  some c o n t r a s t  enhancement r e s u l t i n g  from 

scatter ( o r  bu i ldup)  i n  t h e  sur rounding  c o a t i n g  and s u f f e r  minimal 

unsharpness  because of t h e i r  p roxlmi ty  t o  t h e  f i lm.  

The pr imary o b j e c t i v e s  of t h i s  work were to:: (1) e v a l u a t e  t h e  

e f f e c t i v e n e s s  of va r ious  r ad iog raph ic  techniques  i n  d e t e c t i n g  c o a t i n g  

f l a w s ,  ( 2 )  determine t h e  l i m i t s  of s e n s i t i v i t y  f o r  radiography,  ( 3 )  

opt imize  t h e  technique.  The secondary o b j e c t i v e  w a s  t o  i d e n t i f y  any 

e x i s t i n g  codes or s t a n d a r d s ,  such as ASTM or ASME, t h a t  could  be a p p l i e d  

t o  r ad iog raph ic  i n s p e c t i o n  of coa t ings .  Because of t i m e  and budgetary 

r e s t r i c t i o n s ,  n o t  a l l  t h e s e  o b j e c t i v e s  were r e a l i z e d .  

The OK y 

Coat ing i n s p e c t i o n  r e q u i r e s  a technique opt imized f o r  d e t a i l  sen- 

s i t i v i t y .  (The o t h e r  common type  of technique  i s  that optimized for 

t h i c k n e s s  l a t i t u d e .  ) Cont ra s t  and d e f i n i t i o n  should be mximized.  For  

exper imenta l  work, a method of de te rmining  s e n s i t i v i t y  i s  also requi red .  

Curren t  e f f o r t s  have been d i r e c t e d  toward techniques  t h a t  p l ace  t h e  

c o a t i n g  f i lm-side.  If u s e f u l  s e n s i t i v i t y  can be demonstrated f o r  t h e s e  

t echn iques ,  then  techniques  t h a t  p l ace  t h e  c o a t i n g  source-s ide  and 

p o s s i b l y  double-wall  t echniques  should be i n v e s t i g a t e d .  

Material Di f f e rence  Between t h e  Coat ing  a i d  S u b s t r a t e  

Pr imary und i s tu rbed  r a d i a t i o n  pass ing  through a homogeneous medium 

i s  a t t e n t u a t e d  accord ing  t o  Lambert ' s  lawlo 
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where 

Io = t h e  i n c i d e n t  i n t e n s i t y ,  

1~ = t h e  l i n e a r  a t t e n u a t i o n  c o e f f i c i e n t ,  and 

x = t h e  th i ckness  of material. 

Equat ion (1) always a p p l i e s  t o  narrow-beam geometry. Radia t ion  f a l l i n g  

on f i l m  i n  a n  x-ray s e t u p  a l s o  inc ludes  t h a t  p o r t i o n  s c a t t e r e d  wi th in  

t h e  specimen and i s  expressed by t h e  bui ldup f a c t o r  [ B ( ? J x ) ] .  

beam i n t e n s i t y  i s  

‘llie broad- 

where 

I = t he  t o t a l  t r a n s m i t t e d  r a d i a t i o n ,  and 

B(\rre) = t h e  bui ldup  f a c t o r .  

The change i n  d i r e c t  r a d i a t i o n  caused by a f l aw  (as shown i n  Fig.  

5 )  i s  ob ta ined  by d i f f e r e n t i a t i n g  E q .  (1) :  

A I  = --p acC . u 

Radiographic  c o n t r a s t  i s  t h e  r a t i o  of t h e  change i n  d i r e c t  r a d i a t i o n  

produced by a change i n  th i ckness  t o  t h e  t o t a l  r a d i a t i o n ,  

c = ‘ A l g j I  . 
For  t h e  two-layered absorber  shown i n  Fig .  5 ,  the c o n t r a s t  i s  given by 

F o r  a c o a t i n g  l a y e r  much t h i n n e r  than  i t s  s u b s t r a t e ,  3c1 = x arid bui ldup  

i n  t h e  c o a t i n g  becomes n e g l i g i b l e  (32 X 1>, so 

( 3 )  

( 4 )  
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p1 

4A 

Fig.  5. I d e a l i z e d  F l a w  Considered i n  X-Ray A t t e n t u a t i o n  Equa t ions .  

Thus c o n t r a s t  depends on bui ldup  i n  t h e  s u b s t r a t e  and (311 a t t e n u a t i o n  and 

t h i c k n e s s  change i n  t h e  coa t ing .  

_I P o r o s i t y  i n  t h e  Coat ing  Material 

The mass a t t e n u a t i o n  c o e f f i c i e n t  (y,) f o r  an a l l o y  i s  given byll 

where 

p; = d e n s i t y  of element i, and 

w i  = weight f r a c t i o n  of element i i n   he mixture.  

The p r o p e r t y  p / p  i s  independent of t h e  dens i ty .  

Plasma-sprayed c o a t i n g s  t y p i c a l l y  c o n t a i n  a s i g n i f i c a n t  void f r a c -  

t i o n .  

s u b s c r i p t  z e r o  r e f e r s  t o  bulk ,  o r  fully dense,  m a t e r i a l )  r e g a r d l e s s  of 

the c o a t i n g  dens i ty .  The exponen t i a l  f a c t o r ,  w, can a l s o  be w r i t t e n  as 

For them, p / p  remains cons t an t  and equa l  t o  ~ i o / p o  (where t h e  

Oi/p)(px), which equa l s  ( V Q / P ~ ) ( W ) ,  

Theref  o r e  
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where 

a = P/Po . 
Lambert ' s  Law i s  then  c o r r e c t e d  t o  

f o r  t h e  c.oating and t h e  c o n t r a s t  [Eq .  (611 becomes 

where 

~ 2 0  = t h e  bulk l i n e a r  a t t e n u a t i o n  f o r  material 2. 

The equivalent.  t h i ckness  of t h e  c o a t i n g  r e l a t i v e  t o  ano the r  

mater ia l ,  such as t h e  s u b s t r a t e ,  can be approximated by s e t t i n g  t h e  

e x p o n e n t i a l  f a c t o r s  i n  Lambert ' s  Law equa l  so  that 

and f o r  t h e  case  of v a r i a b l e  d e n s i t y  ( p o r o s i t y ) ,  

Th i s  expres s ion  should be used only  f o r  approximating t h e  e f f e c t  of a 

t h i n  l a y e r ,  such as the  coa t ing ,  s i n c e  i t  does not  i nc lude  bui ldup.  

F a c t o r s  A f f e c t i n g  D e f i n i t i o n  

D e f i n i t i o n  d e s c r i b e s  t h e  a b i l i t y  of t h e  viewer t o  d i s c e r n  t h e  edges 

of a n  image area t h a t  c o n t r a s t s  wi th  i t s  surroundings.  Unsharpness and, 

t o  a lesser  e x t e n t ,  f i l m  g r a i n i n e s s ,  de te rmine  t h e  d e f i n i t i o n  of an 

image. 

F i l m  unsharpness  Up depends on f i l m  type ,  f i l m  process ing ,  and 

t h e  i n c i d e n t  x-ray photon energy. For a h i g h - s e n s i t i v i t y  technique ,  one 

chooses a slow, f i n e  g r a i n  f i l m  and low x-ray energy. Experimental 

measurements of Uf are a v a i l a b l e  i n  t h e  l i t e r a t u r e .  l 2  
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Geometric unsharpness  i s  caused by t h e  f i n i t e  s i z e  of t h e  r a d i a t i o n  

s o u r c e  (e.g., t ube  t a r g e t ,  sou rce  p e l l e t ) .  The edge o f  any a r t i f a c t  

creates a penumbral r eg ion  where t h e  f i l m  is  exposed by r a d i a t i o n  from 

o n l y  p a r t  of t h e  source .  In  g e n e r a l ,  geometr ic  unsharpness  i s  given 

by13 

where 

S = t h e  sou rce  dimension i n  t h e  p lane  of t h e  beam, measured 
p a r a l l e l  t o  t h e  p lane  of t h e  f i l m ;  

1' = t h e  ob jec t - tu - f i lm  d i s t a n c e ,  which may i n c l u d e  t h e  en t i r e  spec- 
imen t h i c k n e s s  and does i n c l u d e  specimen-to-fi lm spac ing ;  

f = t h e  source- to-f i lm d i s t a n c e .  

F o r  c o a t i n g  rad iography wi th  t h e  c o a t i n g  f i lm-s ide ,  one may clioose 

t o  i g n o r e  t h e  unsharpness  of images r e s u l t i n g  from a r t i f a c t s  i n  t h e  

s u b s t r a t e .  I n  t h i s  case, t h e  specimen-to-fi lm spac ing  becomes s i g n i f i -  

c a n t .  

v a r i a t i o n s  i n  coa t ing- to- f i lm spac ing  may i n c r e a s e  them g r e a t l y .  

Although t h e  Us v a l u e s  f o r  c o a t i n g  a r t i f a c t  images w i l l  be small, 

F i l m  and geometr ic  unsharpness  are not  s imply a d d i t i v e  and many 

formulas  have been developed f o r  combining them. A commonly used 

e m p i r i c a l  one i s 1 4  

U i s  c a l l e d  t h e  " t o t a l "  unsharpness .  T 
Film g r a i n i n e s s  a f f e c t s  d e f i n i t i o n ,  but  i t s  i n t e r a c t i o n  wi th  

unsharpness  has  no t  been e x a c t l y  q u a n t i f i e d .  It remains constant.  when 

f i l m  type, d e n s i t y ,  and development are s p e c i f i e d .  

The E f f e c t  of Unsharpness on Con t ra s t  

Under c e r t a i n  c o n d i t i o n s ,  t h e  penumbral r eg ion  of unsharpness  i n  

t h e  p r o j e c t e d  image of an  a r t i f a c t  can expand and cover t h e  umbral 
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r e g i o n  of t h e  image. The r e s u l t i n g  penumbral image has  less c o n t r a s t  

t h a n  t h e  corresponding umbral image would have. A prenurnbral image 

occur s  when 

( 1 2 )  

where 

w = t h e  dimension of t h e  a r t i f a c t ,  measured p a r a l l e l  t o  t h e  f i l m  
p l a n e  and 

z = t h e  d i s t a n c e  from t h e  a r t i f a c t  t o  t h e  EiIm plane.  

H a l m s h a w 1 2  shows t h a t  the r e s u l t i n g  c o n t r a s t  i s  given by 

c' = cw/lJq . (13) 

For f i n e  c r a c k s  o r  small h o l e s ,  I*, w i l l  almost c e r t a i n l y  be less than 

S ,  and z is  always less t h a n  f, so l o s s  of c o n t r a s t  can be expected,  

even f o r  t h o s e  f o r l u i t o u s l y  o r i e n t e d  c r a c k s  o r  segments of c r a c k s  t h a t  

a r e  o p t i m a l l y  imaged. The b e s t  one can do i s  keep x as near T as 

possib1.e and a d j u s t  f t o  reducc IJg as f a r  as other  f a c t o r s ,  such as 

exposure,  a l low.  

Experimental  Work 

I n i t i a l  experiments  were d i r e c t e d  toward determining t h e  e f f e c t s  of 

bu i ldup  on c o n t r a s t  [ a s  expressed i n  Eq.  (1411. We mde tes t  r ad io -  

graphs t o  determine the optimum exposure and development c o n d i t i o n s  f o r  

3 . 2 - ,  6.4-,  and 9.5-ma (0.12-, 0.25-, and 0.38-in.) t h i c k n e s s e s  of a l l o y  

800. T'ne most common method of determining s e n s i t i v i t y  or  a s s u r i n g  i t s  

c o n s i s t e n c y  uses  an  image--quality i n d i c a t o r ,  commonly c a l l e d  a pene t r a -  

m e t e r ,  so placed on t h e  specimen that i t s  image appea r s  in the radio-  

graph. American i n d u s t r y  most: o f t e n  u s e s  t h e  so -ca l l ed  "plaque" pene- 

trameter, which i s  a t h i n  s h i m  of r a d i o g r a p h i c a l l y  similar material with 

r i g h t - c y l i n d r i c a l  h o l e s  d r i l l e d  through it. 
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We q u a l i f i e d  type  304 s t a i n l e s s  s tee l  f o r  use  as a pene t rameter  

w i t h  a l l o y  800 i n  accordance wi th  ASTM Staiidard E 1 4 2 , 1 5  a l though  con- 

s i d e r a b l e  r ad iog raph ic  exper ience  shows a l l o y  800 more r a d i o g r a p h i c a l l y  

dense  than  type 304 s t a l n l e s s  steel .  Exposure a t  130 and 140 kV each  

y i e l d e d  t h e  r e q u i r e d  range of f i l m  d e n s i t i e s  and d e n s i t y  d i f f e r e n c e s  

(see Table  4 ) .  

Tab le  4. Penet rameter  Test f o r  Type 304 
S t a i n l e s s  Steel  and Al loy  800 a t  

6.35-mm (0.25-in. ) Thickness  

x-Ra y Fi lm Dens i ty  

Tube 
Type 304 

Vo 1 t a g e  Al loy  800 (kV) S t a i n l e s s  S t e e l  

130 1.91 1.78 

140 2.33 2.17 
- 

We eva lua ted  t h e s e  test rad iographs  t o  determine t h e  th i ckness  or 

c o n t r a s t  s e n s i t i v i t y  a t t a i n a b l e  f o r  r e l a t i v e l y  t h i n  a l l o y  800 p l a t e s .  

A l l  r ad iographs  were made wjith a 300-kV tungs ten - t a rge t  t ube  having  a 5- 

mm f o c a l  s p o t  a t  a 1-37-m (54-in.) film focus d i s t a n c e .  Kodak 5M10 

lead-pack f i l m  was used. 

(1) by normal development, as recommended by t h e  manufacturer ,  o r  ( 2 )  by 

The f i l m  w a s  processed i n  one of two ways: 

t h e  maximum overdevelopment a l lowab le  t o  i n c r e a s e  c o n t r a s t .  

Image q u a l i t y  was c o n t r o l l e d  by a set of exper imenta l  

pene t r ame te r s ,16  0.075-, 0. lo-, and 0.13-mm-thick (0.003-, 0.004-, and 

0.005-in.) type  304 s t a i n l e s s  s teel .  Each of t h e s e  pene t rameters  con- 

t a i n s  a c t u a l  U ,  22, and 4T h o l e s ;  f o r  example, t h e  0.075-mm penet ra -  

meter h a s  h o l e  d i ame te r s  of 0.075, 0.15, and 0.30 mm. Because t h e s e  

pene t r ame te r s  are  t h i n n e r  than  t h e  minimum t h i c k n e s s  of commonly a v a i l -  

a b l e  ASTM penet rameters ,  t h e y  are n o t  c e r t i f i e d ,  a l though  t h e y  have been 
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d imens iona l ly  in spec ted .  'l'he tube  v o l t a g e  and exposure ( t u b e  c u r r e n t  x 

t ime)  were a d j u s t e d  f o r  optimum image q u a l i t y .  

S e n s i t i v i t y  w a s  measured by observing penetrametcr  h o l e s  on each 

r ad iog raph  and conve r t ing  t o  Equ iva len t  Penetrameter  S e n s i t i v i t y  by the 

ASTM-recommended formula: l 7  

where 

~1 = equi-valent penetrameter  s e n s i t i v i t y  (%I9 
x = specimen t h i c k n e s s ,  

T = penetrameter  t h i c k n e s s ,  and 

h = penetrameter  h o l e  diameter.  

The r e s u l t s  are  shown i n  'Table 5. A s e n s i t i v i t y  of 1% may be a a prac- 

t i c a l  lower l i m i t ;  2% s e n s i t i v i t y  i s  a t y p i c a l  i n d u s t r i a l  s tandard.  

Tab le  5. Equivalent  Penetrameter  S e n s i t i v i t y  f o r  
Al loy  800 P la t e s  

..... _I_. ...... ..... ____.- .....__-_I__ .... 
Penetrameter Visibility Equivalent 

~ . _ _ _ _ ~  Penetrameter 
Density Smallest Thickness Sensitivity 
Film X-Ra y x-Ra y 

(kV) (mi i / i n in )  
Voltage Exposure Development 

Xole  (pm) ( % >  

.1_1_ 6.4-mm-thick (0.25-in.) .... A l l o y  800 Plate 

130 35 Forced 3.59 12' 10 1.13 
140 4 9  Normal 2.21 4T 75 1.4 
130 75 No rma 1 2.30 4T 75 1.4 

-I__ 9.5-mu-thick (0.38-in:) Alloy 800 _.-__ Plate 

145 180 Forced 3.90 1T 10 0.16 
130 180 Forced 3.30 1T 13 1.07 
130 180 Normal 2.22 4T 10 0.94 

_....____ __.. ____l_l.. .... ....- 

We computed mass a t - t enua t ion  c o e f f i c i e n t s  f o r  nominal compositions 

of a l l o y  800 and CoCrAlY c o a t i n g  material t o  estimate. r e l a t i v e  t h i c k n e s s  

s e n s i t i v l t i e s .  The d a t a  i n  Table  6 cover  t h e  photon energy range of 

most commercial x-ray sources l i k e l y  t o  be used f o r  radiography of sec- 

t i o n s  between 6.4 and 25 mm (0 .25  and 1 i n . )  t h i c k .  Since t h e  mass 



a t t e n u a t i o n  c o e f f i c i e n t s  d i f f e r  by less t h a n  lo%,  the e q u i v a l e n t  pene t r a -  

meter s e n s i t i v i t e s  w i l l  d i f f e r  by less than I O % ,  so that  t h e  CoCrAlY 

c o a t i n g  and a l l o y  800 s u b s t r a t e  can  be t r e a t e d  as  e q u i v a l e n t  €or 

r a d i o g r a p h i c  e v a l u a t i o n .  

Tab le  6. Mass A t t e n u a t i o n  C o e f f i c i e n t s  f o r  
Nominal Compositions of Alloy 800 

and CoCrAlY Coat ings 

Photon Mass Attenuation Coefficient, rn’/kg 
Energy x_ 

( k e V )  C o C r A l Y  A l l o y  800 

~ 

80 

190 

150 

200 

300 

0.0557 0.0616 

0.03.52 0.0383 

0.0189 0.0200 

0.0142 0.0147 

0.0108 0.0111 

I f  the lower l i m i t  of t h i c k n e s s  s e n s i t i v i t y  i s  1%, then  a d e f e c t  

such  as a c r a c k  completely p e n e t r a t i n g  a 0.25-mm (0,010-in.) c o a t i n g  

c o u l d  p o s s i b l y  be r a d i o g r a p h i c a l l y  d e t e c t e d  through a maximum s u b s t r a t e  

t h l c k n e s s  of 25  mm ( 1  in . ) .  Unfavorable o r i e n t a t i o n ,  c r a c k  width,  and 

unsha rpness ,  which must ye t  be i n v e s t i g a t e d ,  w i l l  l i k e l y  reduce t h a t  

v a h e  s i g n i f i c a n t l y .  

Other  Radiography 

To e v a l u a t e  the t e n s i l e  c r a c k  specimens ( s e e  Fig.  2, p. 6) used for: 

l i q u i d  p e n e t r a n t  experiments ,  we r o u t i n e l y  radiographed them with t h e  

f i l m  on t.he c o a t i n g  s i d e .  F igu re  6 i s  an example. A f e w  t r i a l s  wi th  

f i l m  on t h e  s u b s t r a t e  s i d e  were made but y i e l d e d  u n s a t i s f a c t o r y  r e s u l t s ,  

No a t t e m p t  was made t o  determine penetrarneter s e n s i t i v i t y  i n  these 

rad iog raphs  ( i n  most cases no penetrarneters were used)  and developriient. 

w a s  nonstandard.  A number of comparisons between radiographs and v i s u a l  

i n s p e c t i o n s  were made, a l though  no formal scheme w a s  employed, and only 

d e s c r i p t i v e  r e c o r d s  were kept .  In most cases radlography showed more 
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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 

F luorescence  from Mixtures 

The i n t e n s i t y  of a s p e c i f i c  x-ray emiss ion  l i n e  f o r  a s p e c i f i c  ele- 

ment i n  a mixture  depends upon: ( 1 )  t h e  c o n c e n t r a t i o n  of t h e  element,  

( 2 )  t h e  a v a i l a b i l i t y  of e x c i t i n g  r a d i a t i o n ,  ( 3 )  t h e  f l u o r e s c e n c e  y i e l d  

of t h e  element,  and ( 4 )  t h e  a b i l i t y  of emi t t ed  r a d i a t i o n  t o  l e a v e  t h e  

specimen and r each  t h e  d e t e c t o r .  I n  compiling t h i s  l i s t i n g ,  we assume a 

uniform specimen and uniform o r  c o r r e c t a b l e  energy response  by t h e  

d e t e c t o r .  

Atoms r e c e i v i n g  s u f f i c i e n t  e x c i t a t i o n ,  t h a t  i s ,  equa l  t o  or  g r e a t e r  

t h a n  t h a t  of t h e  K a b s o r p t i o n  edge, p r e f e r e n t i a l l y  e m i t  K-series x-ray 

l i n e s ,  wi th  t h e  h i g h e s t  y i e l d  f o r  Ka l i n e s .  

number, 2, e q u a l  t o  o r  less than  about  50, h i g h e r  o r d e r  l i n e s  are d i f -  

f i c u l t  t o  measure, so  t h e  K l i n e s  a r e  e x c l u s i v e l y  used f o r  XRF ana lyses .  

Th i s  Z range  i n c l u d e s  a l l  s i g n i f i c a n t  a l l o y  c o n s t i t u t e n t s  of a l l o y  800 

and CoCrAlY c o a t i n g s  . 

For elements having atomic 

To i l l u s t r a t e  t h e  types  of i n t e r a c t i o n s  t h a t  must be examined, we 

assume t h a t  a three-component mixture  of elements A, B, and C ,  wnere 

ZA > ZB > Zc, i s  i r r a d i a t e d  wi th  i n c i d e n t  photons of energy E o ,  where 

Kedge > Xedge and t h a t  ~a~ > ~ c l B  > K ~ C ,  h e r e  ~a i n d i c a t e s  t h e  energy of 

a Ka emiss ion  l i n e .  

ignored . )  

A > K;dge, t h e  a b s o r p t i o n  edge f o r  element A. (We know t h a t  Kedge > 
3 C 

Sp in - s t a t e  d i f f e r e n c e s ,  such as K a l  v s  Ka2, are 

A t  t h e  specimen s u r f a c e ,  a l l  atomic e x c i t a t i o n s  r e s u l t  from 

impinging photons ( E O ) .  

p o s s i b l e .  

from element A i n  a d d i t i o n  t o  t h e  B atoms e x c i t e d  by source  photons 

( E o ) ,  and t h e  same i s  t r u e  f o r  element C. Thus we have A-B and A-C 

i n t e r a c t i o n s ,  c a l l e d  "mutual"l8 o r  " in t e re l emen t"19  e f f e c t s .  

t h e  hA photons are outnumbered by t h e  Eo photons ,  t h e i r  e f f e c t s  may be 

comparable because t h e  a b s o r p t i o n  c r o s s - s e c t i o n ,  pB, of element B may be 

much l a r g e r  f o r  photons of energy  KaA t h a n  f o r  t hose  of energy Eo. 

I n s i d e  t h e  material, o t h e r  i n t e r a c t i o n s  are 

I f  KaA > K:dge, atoms of element B can  be e x c i t e d  by emiss ions  

Although 

Sherman1 has  c a l c u l a t e d  t h e s e  e f f e c t s  f o r  three-component mixtures  

and v e r i f i e d  t h e  r e s u l t s  by experiment. H e  d i s t i n g u i s h e s  t h e  i n t e r e l e -  

ment e f f e c t s  as fol lows:  
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1. 

i n t e r a c t i o n .  

TheKaA l i n e  has  one component, r e s u l t i n g  €rom t h e  Eo-A 

2. The Ka l i n e  has  one p r i m a r y  component, Eo-B, and one mutual 

component, A-B ( a c t u a l l y  EO-A-B). 

3. The K a C  l i n e  has  t h e  primary component, Eo-C, two mutual com- 

ponents ,  A-C and R-C (Ac tua l ly  Eo-A-C and EO-B-C),  and one " th i rd -o rde r "  

component, A-B-C ( o r  EO-A-B-C). 

An excep t ion  t o  t h i s  scheme, t h e  absence of t h e  A-B component of 

K ~ B ,  can ( x c u r  if ~ c l A  < KBedgee Sl-terman's r e s u l t s  form t h e  basis of many 

computa t iona l  schemes f o r  e x t r a c t i n g  t h e  composi t ion of mixtures  from Ka 

i n t e n s i t y  data ( s e e  r e f .  19). 

P luoreseence  from Layers  

Bi rks20  t rea ts  t h e  problem o f  measuring a s p e c i f i c  element i n  a 

mixture  and s p e c i a l i z e s  i t  t o  t h e  case of t h i n  l aye r s .  In  r h i s  ca se ,  

t h e  measured Ka i n t e n s i t y  i s  p r o p o r t i o n a l  t o  t h e  q u a n t i t y  of t h e  element 

i n  mass p e r  u n i t  area. 

R i r k s '  E q s ,  (5-1) t o  ( 5 - 5 )  can he combined t o  y i e l d  a s i n g l e -  

element r e s u l t  f o r  a s t r u c t u r e  c o n s i s t i n g  of two mixed l a y e r s ,  The 

emergent i n t e n s i t y  f o r  element i i s  given by 

where 

= e x c i t a t i o n  c o n s t a n t  f o r  i ( e q u i v a l e n t  t o  f luo rescence  

= t h e  i n c i d e n t  i n t e n s i t y  a t  wavelength A ,  

= a b s o r p t i o n  c o e f f i c i e n t s  for the c o a t i n g  and s u b s t r a t e ,  
r e s p e c t i v e l y ,  c o r r e c t e d  for incoming and outgoing r ad i -  
a t i o n  e n e r g i e s  and a p p r o p r i a t e  f a c t o r s  f o r  broad o r  
narrow beam geometry, 

c o a t i n g  , repec t i v e l  y , 

y i e l d )  
Qi 

I O A  
F.l: and p" ' 

p, and pic = t h e  d e n s i t i e s  of t h e  c o a t i n g  and of element i i n  t he  

and p .  = corresponding  va lues  f o r  the s u b s t r a t e ,  and 
p, 2s 
t .-- t h e  c o a t i n g  ( o u t e r )  l a y e r  t h i ckness .  



I f  element i is  p r e s e n t  on ly  i n  t h e  c o a t i n g ,  t hen  p = 0 and t h e  second 

t e r m  drops out .  A curve  f i t t i n g  t h i s  equa t ion  was obta ined  f o r  measure- 

ments of Z r  Ka f luo rescence  from a Z r 0 2  coa t ing '  o f  vary ing  th i ckness  

is 

($1. 
The response tyrm &.JoX could  be determined expe r imen ta l ly  from a 

)I 

specimen of pu re  element i; Dc and 1-1; may be measurable by us ing  a 

series of ana lyzed  specimens. The va r ious  ps  can be determined from 

a n a l y s i s ;  p w i l l  r e q u i r e  an  estimate of c o a t i n g  po ros i ty .  Equat ion (1) 

would have t o  b2 inco rpora t ed  i n t o  a complex scheme of equa t ions  invol -  

v ing  a l l  t h e  c o n s t i t u t e n t s  and a s imultaneous soLution i f  d i scr imina-  

t i o n  a g a i n s t  t h e  e f f e c t s  of composi t ion and c o a t i n g  p o r o s i t y  v a r i a t i o n  

i s  des i r ed .  

c 

Energy and Emission Analys is  of t h e  CoCrAlY Coat ing 
Al loy  800 S u b s t r a t e  System 

Resources  d i d  n o t  permit  t h e  a p p l i c a t i o n  of a complete a n a l y s i s  

u s i n g  the schemes p r e v i o u s l y  d i scussed ,  18-20 8 0  a q u a l i t a t i v e  energy 

method w a s  s u b s t i t u t e d .  F igure  7 shows t h e  r e l a t i o n s  between t h e  

v a r i o u s  x-ray e n e r g i e s  involved. Table 7 summarizes t h e  s i g n i f i c a n t  

s o u r c e s  of t h e  v a r i o u s  l i n e  i n t e n s i t i e s .  

Th i s  a n a l y s i s  assumes: (1) t h a t  all f lun resence  y i e l d s  f o r  t h e  

v a r i o u s  elements  are approximate ly  equa l ,  wi th  K y i e l d s  much less than 

Ka y i e l d s ,  and ( 2 )  a b s o r p t i o n  ( e x c i t a t i o n )  p r o b a b i l i t y  depends on rela- 

t i v e  element c o n c e n t r a t i o n ,  whether l oca t ed  i n  t h e  c o a t i n g  o r  t h e  

s u b s t r a t e .  

B 

With t h e s e  assumptions,  t h e  fo l lowing  estimates o r  p r e d i c t i o n s  may 

be made. 

1. Nicke l  and i r o n  l i n e  i n t e n s i t i e s  decrease  wi th  inc reased  

c o a t i n g  th i ckness .  

2. Cobal t  i n t e n s i t y  i n c r e a s e s  wi th  c o a t i n g  th i ckness  up t o  some 

l i m i t i n g  ( i . e . ,  e f f e c t i v e l y  i n f i n i t e )  t h i ckness .  

3. Chromium l i n e  i n t e n s i t y  e i t h e r  remains cons t an t  o r  dec reases  

s1owl.y wi th  inc reased  c o a t i n g  th ickness .  The ratios of o t h e r  line 

i n t e n s i t i e s  t o  t h a t  of  chromium may provide  improved th i ckness  

s e n s i t i v i t y .  



EN E Fd GY (keW PRIMARY 

27 

MUTUAL 

ORN L-DWG 79-1 87 17 

THIRD ORDER 

17.837 Y EDGE 

8.333 Ni EDGE 
8.263 KP 

7.709 Co EDGE 
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Fig. 7. Energy Level D i a g r a m  Showing Possible Mutual. and ’I’hird- 
Order  X-Ray Interact ton i n  C o C r A l Y  Coatings on an Alloy 800 Substrate. 
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Table  7. Mutual and Third-Order E x c i t a t i o n  
Sources  f o r  S i g n i f i c a n t  Emission TAnes 

Mutual Third-Order 
Line E x c i t a t i o n  Sources  E x c i t a t i o n  Sources 

N i  Ka None None 

Co Ka None None 

Fe Kcl N i  Ka None 

C r  Ka N i  Ka Fe Ka 

I_--_ 

Co Ka 

Fe Ka 

N i  Ka 

Co Ka 

F e  Ka 

C r  Ka 
I_._-- 

A 1  Ka P e  ,Ya 

C r  Ka 

4. Aluminum l i n e  i n t e n s i t y  i n c r e a s e s  wi th  c o a t i n g  t h i c k n e s s ,  but  

i t s  l i m i t i n g  t h i c k n e s s  i s  l i k e l y  t o  be ve ry  s m a l l  because of i t s  low 

emiss ion  energy. 

Experimental  Work 

Two types  of experiments  were performed: those  necessa ry  t o  

c a l i b r a t e  t h e  system f o r  t h e  c o a t i n g  a p p l i c a t i o n  and those  t o  determine 

t h e  s e n s i t i v i t y  for  t h i s  a p p l i c a t i o n .  

C a l i b r a t i o n  

The source  ho lde r  and d e t e c t o r  s h i e l d  f o r  our system" u s e s  a r ing-  

shaped s o u r c e , t  which produces a ring-shaped i n t e n s i t y  d i s t r i b u t i o n  i n  

*Model NER-496, New England Nuclear ,  Atomlight P l ace  Bi l ler ica ,  
Maine. 

tISOtOpeS 109Cd or  1 5 3 ~ d ,  
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p l a n e s  nea r  t h e  source.  For c o a t i n g  tests, it. was necessa ry  t o  l o c a t e  a 

p lane  over  which t h e  area seen by t h e  x-ray d e t e c t o r  r e c e i v e d  approxi -  

rnately uniform i l l u m i n a t i o n .  

F i r s t ,  t h e  i n t e n s i t y  d i s t r i b u t i o n  of the sources  was determined by 

au toradiography.  The sources  were placed a g a i n s t  a s h e e t  of x-ray f i l m .  

The developed images showed the r e l a t i v e  i n t e n s i t y  d i s t r i b u t i o n  f o r  

v a r i o u s  l o c a t i o n s  around t h e  sou rce  r i n g s .  Both sou rces  were nanuni- 

form, s o  t h e y  were marked t o  ensure  t h a t  t h e y  were i n s e r t e d  i n  t h e  same 

o r i e n t a t i o n  each  t i m e .  

The i n t e n s i t y  d i s t r i b u t i o n s  f o r  p o t e n t i a l  sample l o c a t i o n s  were 

determi-ned by p l a c i n g  x-ray f i l m  i n  t h e  sample p lane  and exposing. The 

developed images w e r e  measured a long  va r ious  scan d i r e c t i o n s  wi th  a den- 

s i t o m e t e r  t o  determine  t h e  i n t e n s i t y  v a r i a t i o n  a c r o s s  a r e a s  seen by t h e  

d e t e c t o r .  S a t i s f a c t o r y  specimen l o c a t i o n s  were determined. 

S e n s i t i v i t y  Tests 

W e  r a n  s e n s i t i v i t y  tests u s i n g  known t h i c k n e s s e s  of t o o l  steel  

( > T U X  Fe) shim material. The r e s u l t s  are shown i n  Table 8. 

Table  8. F luo rescence  R e s  onse of 
Tool S t e e l  Shims t o  i53Gd 

E x c i t a t i o n  

a 
Shim Thickness Counts i n  Each Peak 

(m) ( i n . )  Fe Ka Fe Kf3 

0.20 0.008 38914 6664 
38956 6700 
38724 6604 

40 142 6883 
40341 6929 
40221 6969 

b 0.28 0.011 

u 
Concurrent 100-5 coun t s ,  cor- 

0.20-mm shim p lus  0.08-mm shim 

r e c t e d  f o r  background. 

behind;  f r o n t  shim a t  same d i s t a n c e  as 
befo re .  

b 



Discuss i o n  

The s e n s i t i v i t y  test r e s u l t s  are l i k e l y  somewhat o p t i m i s t i c ,  s i n c e  

t h e  t o o l  steel c o n t a i n s  a h ighe r  percentage  of i r o n  than  e i t h e r  t h e  

c o a t i n g  o r  s u b s t r a t e  materials under cons ide ra t ion .  Some t o o l  steels 

c o n t a i n  s i g n i f i c a n t  percentages  of o t h e r  eleiiients, such as c o b a l t ,  vana- 

dium, and tungs t en ,  s o  some in t e re l emen t  e f f e c t s  may be p re sen t .  There 

a r e  no e f f e c t s  of s t e p  changes i n  element c o n c e n t r a t i o n s ,  as would be 

p r e s e n t  i n  coa ted  specimens. 

The d a t a  i n d i c a t e  t h a t  a 2571" (0.001-in.) change i n  shim t h i c k -  

n e s s  would produce approximate ly  1% change i n  t o t a l  counts  f o r  t h e  Fe  

l i n e .  De tec t ion  of t h i c k n e s s  changes would thus  r e q u i r e  d e t e c t i o n s  of 

s m a l l  changes i n  l a r g e  numbers. If n i s  t h e  t o t a l  number of counts ,  

s t a t i s t i c a l  coun t ing  e r r o r s  are p r o p o r t i o n a l  t o  &. 
ca l  e r r o r s  t o  10% o f  t h e  count  change p e r  25 pm (1 m i l )  would r e q u i r e  

E x IO6 coun t s ,  which a t  t h e  count - ra tes  ob ta ined  would take 2.5 x lo3  s 
t o  accumulate.  

To reduce s ta t i s t i -  

Co nc l u s  i on s 

The s e n s i t i v i t y  ob ta ined  wi th  a s ingle-element  l i n e  count  i nd i -  

cates t h a t  a 0.25-mm (0.010-in.) c o a t i n g  of e lements  wi th  atomic number 

Z n e a r  t h a t  of i r o n  on a s u b s t r a t e  of similar composi t ion would be n e a r  

t h e  u s e f u l  l i m i t s  of t h e  XRF method. The t e s t i n g  of a c t u a l  coa ted  spec- 

imens would be use fu l .  The i n v e s t i g a t i o n  of more s o p h i s t i c a t e d  analy-  

t i c a l  schemes f o r  XIRF measurement of c o a t i n g  th i ckness  would be h i g h l y  

d e s i r a b l e .  

EDDY-CURRENT METHODS 

G e  W. S c o t t  

A l l  eddy-current  methods are based on the response of workpiece 

materials t o  e l e c t r o m a g n e t i c a l l y  induced electric c u r r e n t s .  

t i o n  of t h o s e  c u r r e n t s  i n  a workpiece depends on s e v e r a l  f a c t o r s :  

The genera- 
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(1) t h e  s t r e n g t h ,  f requency ,  and geometry of t h e  inducing  f i e l d ;  ( 2 )  

e l e c t r i c a l  r e s i s t i v i t y  and magnetic p e r m e a b i l i t y  of the workpiece 

material;  and (3) any gaps,  f laws ,  Layers ,  o r  o t h e r  a r t i f a c t s  producing 

r a p i d  changes i n  e l ec t r i ca l  p r o p e r t i e s  w i t h i n  a small volume of t h e  

material .  The response  of t h e  workpiece i s  measured e i t h e r  as an impe- 

dance change i n  t h e  inducing  ( d r i v e r )  c o i l  o r  as c u r r e n t s  induced from 

t h e  material i n t o  a second (pickup)  c o i l .  

Eddy c u r r e n t s  were f i r s t  ltsed n e a r l y  100 y e a r s  ago f o r  s o r t i n g  

metals. S ince  then ,  t h e y  have been used t o  measure e l ec t r i ca l  proper- 

t i e s ,  t o  measure t h i c k n e s s e s  of s i n g l e  and m u l t i p l e  l a y e r s  o f  conduc- 

t o r s ,  and t o  d e t e c t  d e f e c t s .  Eddy-current measurements can i n d i c a t e  

o t h e r  c o n d i t i o n s  t h a t  c o r r e l a t e  w e 1 1  with e lec t r ica l  p r o p e r t i e s ,  such as 

h e a t  t rea tment  i n  steels. The eddy-current  method w a s  s e l e c t e d  as t h e  

pr imary  one f o r  c o a t i n g  t h i c k n e s s  measurement and as a backup f o r  c rack  

and h o l e  d e t e c t i o n .  

E a r l y  eddy-current  i n s p e c t i o n  procedures  were developed by t r i a l  

and error  and o t h e r  e m p i r i c a l  methods; many are s t i l l  developed t h i s  

way. Modern methods of i n s p e c t i o n  development and equipment des ign  use 

s o l u t i o n s  t o  t h e  e l ec t romagne t i c  f i e l d  equa t ions  genera ted  by d i g i t a l  

computers  from ar ia lyt  i ca l  approximations.  'These methods app ly  t o  new 

ins t rumen t  des igns  and can  a l s o  be used t o  opt imize  the a p p l i c a t i o n  of 

e x i s t i n g  commercizil ins t ruments .  The in . sp rc t ion  problem @an be o p t i -  

mized by des ign ing  s p e c i a l  equipment, such as c o i l s ,  o r  by s e l e c t i n g  t h e  

b e s t  o p e r a t i n g  c o n d i t i o n s  f o r  e x i s t i n g  ins t ruments .  

The phase-sensing unbalaiicecl b r idge  instruments21 22 and induc- 

t i v e l y  coupled r e f l e c t i o n - t y p e  probe c o i l .  (Fig.  8) developed a t  ORML 

have  r e p e a t e d l y  demonstrated the a b i l i t y  t o  measure t h e  t h i c k n e s s e s  of 

s i n g l e  conduc to r s  and metall ic c o a t i n g s  o r  c l add ings  on metal s u b s t r a t e s  

w i t h  high 24 D e f e c t  d e t e c t i o n  in mul t i canduc to r  systems has 

a l s o  been accomplished. A wel l - e s t ab l i shed  methodology exis ts   OS t h e  

d e s i g n  of probe c o i l s ,  i n s t rumen t s ,  and t e s t i n g  schemes. 25 

d e s i g n  of a tes t  t o  measure t h e  t h i e k n e s s  o f  CoCrAlY c o a t i n g s  does pre- 

s e n t  some c h a l l e n g i n g  problems. 

However, t h e  

F i r s t ,  modern computer-aided des ign  o p t i m i z a t i o n  r e q u i r e s  a t  least  

base l i n e  estimates of e l ec t r i ca l  r e s i s t i v i t y  and magnetic pe rmeab i l i t y  
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Fig.  8. Phys ica l  Arrangement and Electr ical  Schematic of a 
Reflection-Type Eddy-Current Coi l  System. 

of  t h e  c o a t i n g  material. Few measurements have been made and r epor t ed  

on plasma-sparayed materials, and none f o r  C o C r A l Y  were loca ted  by our 

l i t e r a t u r e  search .  

Second, s imple  magnetic a t t r a c t i o n  tests showed t h a t  t h e  plasma- 

sprayed  CoCrAlY i s  ferromagnet ic .  Pure c o b a l t  has  a r e l a t i v e  

pe rmeab i l i t y ,26  Pp, of 60; i t  i s  t h e  only  fe r romagnet ic  c o n s t i t u e n t  ele- 

ment O E  t h e  s p r a y  powder. S ince  t h e  powder c o n t a i n s  about 63% Co we 

a n t i c i p a t e d  t h a t  t h e  c o a t i n g  should  have a pe rmeab i l i t y  between 1 and 

60. The occurrence  of ferromagnetism i n  t h e  c o a t i n g  material c r e a t e d  

two u n c e r t a i n t i e s :  

e f f e c t i v e  f o r  t h e  eddy-current s i t u a t i o n  and (2)  t h e  e f f e c t  of per- 

m e a b i l i t y  on our  progammed equa t ions ,  which h e r e t o f o r e  had been used 

o n l y  on paramagnetic or diamagnet ic  materials, always assuming l~ = 1. 

Although a number of i n s p e c t i o n  problems on fe r romagnet ic  materials have 

been so lved ,  27-29 computer-aided des ign  and ins t rument  s imula t ions  were 

n o t  d i r e c t l y  app l i ed .  

(1) t h e  cho ice  of a va lue  of 1-1, t h a t  would be 

r 
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Mult iparameter  Tests 

The impact of added conductor  l a y e r s  and d e f e c t  occurrence on the 

complex i ty  of eddy-current t e s t s  i s  bes t  understood i n  terms of r n d t i -  

parameter  test theory.  Each conductor  i s  defi-ned t o  ha-ve t h r e e  

p r o p e r t i e s :  e lec t r ica l  r e s i s t i v i t y  (p ) ,  magnetic p e r m e a b i l i t y  (U), and 

t h i c k n e s s .  I f  d e f e c t s  are in t roduced  i n t o  a s t a c k  of conductors  having 

p a r a l l e l  p l a n a r  boundaries ,  each d e f e c t  can be c h a r a c t e r i z e d  by i t s  

r a d i a l  l o c a t i o n  r e l a t i v e  t o  t h e  probe c o i l  ax is ,  i t s  v e r t i c a l  l o c a t i o n  

r e l a t i v e  t o  t h e  boundary p l a n e s ,  and i t s  volume. (Volume i s  reduced t o  

t h e  r a d i u s  of a s p h e r e  having e q u a l  volume.) Thus, d e f e c t s  a l s o  have 

t h r e e  p r o p e r t i e s .  For c y l i n d r i c a l  r e f l e c t i o n  c o i l s  and c o a x i a l  

t r a n s m i s s i o n  c o i l s  w i t h  axes normal t o  the  conductor  planes l i f t - o f f  

( s p a c i n g  between the c o i l  and t h e  conduc to r )  must also be cons ide red ;  i t  

i s  t r e a t e d  as an a d d i t i o n a l  s i n g l e  property.  

Thus, a system of n conduc to r s  has  3n conductor  p r o p e r t i e s ,  3n 

d e f e c t  p r o p e r t i e s  (assuming one d e f e c t  pe r  conduc to r ) ,  and the l i f t - o f f  

f o r  a t o t a l  of 6n -t- 1 p r o p e r t i e s .  A c o a t e d  metal system, i n c l u d i n g  two 

conduc to r s  , has 13 p o s s i b l e  p r o p e r t i e s .  Each p r o p e r t y  r e q u i r e s  one 

independent  measurement f o r  i t s  de te rmina t ion  o r  t o  d i s c r i m i n a t e  a g a i n s t  

i t s  e f f e c t s ,  and each d i s c r e t e  test frequency y i e l d s  two independent 

ineasurements (a magnitude and phase of pickup c o i l  ou tpu t  v o l t a g e ) .  

The re fo re ,  a system of n conduc to r s  r e q u i r e d  % -4- 1 test  f r e q u e n c i e s  

(1-eaving one measurement unused).  

'7 d i s c r e t e  measurement f r e q u e n c i e s .  

A two-conductor system would r e q u i r e  

C l e a r l y ,  some degree of s i m p l i f i c a t i o n  i s  necessa ry  t o  make even 

s i m p l e  systems manageable wi th  e x i s t i n g  equipment. There are two a l t e r -  

n a t i v e s :  (1) c o n t r o l l i n g  s p e c i f i c  p r o p e r t i e s  s o  t h a t  e i t h e r  no 

v a r i a t i o n  occur s  o r  t h e  exact v a l u e  i s  always known or ( 2 )  i g n o r i n g  t h e  

p o s s i b l e  v a r i a t i o n  i n  c e r t a i n  p r o p e r t i e s .  A l t e r n a t i v e  ( 2 )  i s  not  

e q u i v a l e n t  t o  o m i t t i n g  a p r o p e r t y  measurement from a t e s t ;  i n  a v a l i d  

t es t  des ign ,  a l l  v a r i a b l e  p r o p e r t i e s  must be inc luded ,  even i f  t h e y  are 

n o t  t o  be measured, so  t h a t  adequate  d i s c r i m i n a t i o n  can be achieved,  

When the p o s s i b l e  v a r i a t i o n  i n  a p r o p e r t y  i s  ignored,  the des igne r  

gambles t h a t  i t  w i l l  n o t  occur  and a c c e p t s  t h e  r i s k  t h a t  i t s  o c c u r r e ~ ~ c e  

c a n  i n t e r f e r e  w i t h  measurement of o r  d i s c r i m i n a t i o n  a g a i n s t  o t h e r  pro- 

p e r t  y v a r i a t i o n s .  



I n  many cases, material c h a r a c t e r i s t i c s  assist t h e  des igner .  Non- 

magnet ic  materials have p e r m e a b i l i t i e s  s u f f i c i e n t l y  c l o s e  t o  u n i t y  t h a t  

v a r i a t i o n s  can be s a f e l y  ignored.  Very t h i c k  s u b s t r a t e s  (lowermost 

conduc to r s )  can be t r e a t e d  as i n f i n i t e l y  t h i c k  and t h e r e € o r e  cons t an t  i n  

t h i ckness .  

When d e f e c t s  are conf ined  t o  a s i n g l e  l a y e r  ( ignor ing  those  i n  

o t h e r  l a y e r s ) ,  t h e i r  r a d i a l  l o c a t i o n  r e l a t i v e  t o  t h e  c o i l  a x i s  can be 

set  constant .30 

c o i l  dimensions d e f e c t  response i s  t y p i c a l l y  a l i n e a r  f u n c t i o n  of 

volume,30 s o  on ly  a s i n g l e  va lue  of d e f e c t  s i z e  may be needed. 

Experience shows t h a t  f o r  d e f e c t s  small r e l a t i v e  t o  

Some p rope r ty -con t ro l  methods are a v a i l a b l e .  S a t u r a t i n g  devices  

b u i l t  i n t o  t h e  probes can hold  pe rmeab i l i t y  cons t an t  and sometimes 

reduce  i t  t o  u n i t y  i n  thin-wabl tubes  and t h i n  c o a t i n g s .  31  

The combinat ion of s e v e r a l  assumptions and control .  methods can 

d r a s t i c a l l y  reduce t h e  complexi ty  of a t e s t ,  as shown i n  Table  9. 

Table  9. P rope r ty  V a r i a t i o n  wi th  Success ive  S impl i fy ing  
Assumptions i n  a Two-Conductor 

(Coat ing-Subs t ra te )  System 

-I--- 

R e  ma i n i n g  Test 

P r o p e r t i e s  Required 

a 
Case Assumptions V a r i a b l e  Fr e quenc i e  s 

1 None 13 7 

2 Constant  s u b s t r a t e  
p e r m e a b i l i t y  ( p i  = 1) 

12 6 

3 No d e f e c t s  i n  t h e  s u b s t r a t e  9 5 

4 Constant  r a d i a l  l o c a t i o n  f o r  8 
c o a t i n g  d e f e c t s  

4 

5 I n f i n i t e l y  t h i c k  s u b s t r a t e  7 4 

6 M a g n e t k a l l y  s a t u r a t e d  

7 Constant  s u b s t r a t e  5 3 

8 No d e f e c t s  i n  t h e  c o a t i n g  3 2 

9 Constant  c o a t i n g  2 1 

c o a t i n g  $2 = c o n s t a n t )  

r e s i s t i v i t y  ( P I  = c o n s t a n t )  

r e s i s t i v i t y  (p2 = c o n s t a n t )  
._.I. . _ _ ~ - s _ _ _  

aEach s u c c e s s i v e  case incudes  a11 t h e  assumptions l i s t e d  
down t o  t h a t  po in t .  
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Single-Frequency T e s t  Design 

Before any  c o a t i n g  materials o r  specimens were a v a i l a b l e ,  we 

el.ecte?d t o  i n v e s t i g a t e  t h e  response  of a t h i n  c o a t i n g  t o  a s i n g l e -  

f r equency  test ,  and s o  cons ide red  s e v e r a l  examples of Case 9. The 

d e s i g n  w a s  t o  be governed by the fo l lowing  c o n s t r a i n t s :  

1. The c o a t i n g  t h i c k n e s s  range was 0.13 t o  0.51 mrn (0.005- 

0.020 2x1.); w e  so lved  t h e  d e s i n  problem f o r  t h i c k n e s s e s  of 0.13, 0.25, 

and 0.51 mm. 

2. The i n s p e c t i o n  would use  an ORNL r e f l e c t i o n  c o i l  des ign ,  shown 

s c h e m a t i c a l l y  i n  Fi.g. 9. 

ORML- DWG 72- 10908 

Fig.  9. ORNL, R e f l e c t i o n  C o i l  Design and Geometr ical  Parameters  
Used f o r  Ca lcu la t ions .  
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3. E x i s t i n g  c o i l s  are a v a i l a b l e  i n  d i s c r e t e  s i z e s ;  t h e  smallest 
- 

c o i l  has  a mean d r i v e r  c o i l  r a d i u s ,  r ,  of 0.51 mm (0.020 in.). 

4 .  The maximum f requncy  a t  which a r e f l e c t i o n  c o i l  has  been suc- 

c e s s f u l l y  opera ted  i s  20 MHz; o s c i l l a t o r s  i n  e x i s t i n g  equipment are 

s c a l e d  i n  1, 2 ,  5 sequence (e.g., 100, 200, 500 kHz). 

The r e s i s t i v i t y  of t h e  a l l o y  800 s u b s t r a t e ,  PI, was approximated as 

1 ~ I R  m (100 1.152 c m )  ( r e p o r t e d  measurements are 0,98-0.99 VR m). The 

r e s i s t i v i t y  of t h e  c o a t i n g ,  p2, w a s  e s t ima ted  as 10 pR m (1000 yR cm); 

v a l u e s  of 5 and 40 We assumed t h a t  p 1  and p2  vary  

less t h a n  1%. Coat ing and s u b s t r a t e  pe rmeab i l i t y  v a r i a t i o n  w a s  ignored;  

w e  i n i t i a l l y  assumed ~1 = ~2 = 1. 

m were included.  

F igu re  9 d e s c r i b e s ,  i n  a d d i t i o n  t o  t h e  probe c o i l ,  t h e  two-layer 

conductor  problem t h a t  must be solved. For computat ion,  a l l  a c t u a l  

dimensions are normalized i n  terms of t h e  mean r a d i u s  of t h e  d r i v e r  

( o u t s i d e )  c o i l ,  which i s  given by 

C a p i t a l  le t ters  i n d i c a t e  normalized dimensions (R1 = rl/?, L1 = l l /G,  
-2 

e t c ) .  

where w = a n g u l a r  f requency (o = mf, wi th  f i n  Hz). Another parameter 

i s  C , t h e  normalized c o a t i n g  th i ckness  (thickness/:). 

A s i g n i f i c a n t  parameter  r e c u r r i n g  i n  t h e  c a l c u l a t i o n s  i s  qlor , 

We have a l a r g e  backlog of d a t a  accumulated from computer-aided 

e x a c t  s o l u t i o n s  t o  t h e  eddy-current f i e l d  equat ion.  Most of t h e s e  so lu-  

t i o n s  have been v e r i f i e d  by experiment ,  so t h e  computer d a t a  form a use- 

f u l  b a s i s  f o r  t h e  opt imized des ign  of new test systems. 

For  s ing le -  and mul t tp l e - l aye r  measuring a p p l i c a t i o n s ,  phase- 

s e n s i n g  methods are s u p e r i o r  t o  ampli tude-sensing ones,  because t h e y  can 

d i s c r i m i n a t e  a g a i n s t  e r r o r s  caused by v a r i a t i o n s  i n  l i f t - o f f .  A two- 

l a y e r  system has  an  optimum va lue  of [: f o r  each va lue  of t h e  conduc- 

t i v i t y  r a t i o ,  01/02. 

r e sponse )  f o r  a 10% change i n  c o a t i n g  th i ckness  vs  C when a1 = 0.1 

(e.g., 1/01 = 10 pR m and 1 / 0 2  = 1.0 UR m). 

v a l u e s  of o P f o r  maximum s e n s i t i v i t y  t o  c o a t i n g  th i ckness  v a r i a t i o n  

as  a f u n c t i o n  o f  C. 

40 pR m). 

F igure  10 shows t h e  phase s h i f t  ( ins t rument  

This f i g u r e  a l s o  shows t h e  
-2 

11  
We have similar graphs f o r  01/02 = 0.025 ( l /al  = 
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Fig.  10. Instrument  Response (Phase S h i f t )  and Optimum Values of 
wll 0 r2 vs Normalized Coat ing Thickness  f o r  0 1 / 0 2  = 0.1. 

1 1  

The optimum va lue  of C i n  Fig.  10 i s  about 0.6. For  an a c t u a l  

c o a t i n g  t h i c k n e s s  of 0.25 nim (0.010 i n . ) ,  t h e  optimum c o i l  s i z e  would be 

P = 0.25/0.6 = 0.42 mm (0.017 i n . ) .  

0.51 mm (0.020 i n . ) ,  f o r  which C = 0.5. 

broad ,  s o  performance would be a c c e p t a b l e  f o r  C = 0.5. 

I 

The s m a l l e s t  c o i l  we have has r = 

The phase s h i f t  maximum is  

-2 
The optimum v a l u e  of W J ~  0 1? can  be determined f r o m  F i g .  10 ( o r  

S ince  a l l  t h e  f a c t o r s  except  u) are 
1 1. 

similar graphs)  when C i s  known. 

known, t h e  o p e r a t i n g  f requency  can be c a l c u l a t e d .  We looked up t h e  

0 r2 va lues  from a p p r o p r i a t e  graphs and computed the r e s u l t i n g  
1 1  

Frequencies ;  t h e  u s a b l e  f r equenc ie s  are l i s t e d  i n  Table  10. 

S e v e r a l  conc lus ions  could  be drawn from Table  10. F i r s t ,  tests f o r  

c o a t i n g s  s i g n i f i c a n t l y  less than  0.25 mm (0.10 i n . )  t h i c k  may be 

imposs ib l e  t o  opt imize.  Second, t es t s  f o r  t h i n n e r  c o a t i n g s  w i t h  

r e s i s t i v i t i e s  g r e a t e r  t han  10 ufi m would be d i f f i c u l t  t o  opt imize.  If 
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Table 10. Optimum Eddy-Current Frequencies  f o r  
Coat ing  Thickness  Measurement 

Frequency, MHz, f o r  Each Normalized 
a Coating Thickness  Cb 1, Coating 

R e s i s t i v i t y  o 1/02 

0.25 0.50 1.00 

40 0.025 >20" >20e 9.8 

10 0.1 >20e 16 2.9 

5 0.2 >20e 8.6 1.8 

a 

h 
S u b s t r a t e  r e s i s t i v i t y ,  p 2  = 1/02 = 1.0 pQ m. 

Normalized t o  mean c o i l  r a d i u s , ?  = 0.5 mm 
(0.020 in . ) ;  C = ( a c t u a l  th ickness) /? .  

Beyond l i m i t  of a v a i l a b l e  equipment. 
e 

pos t sp ray ing  d e n s i f i c a t i o n  (e.g., by peening)  dec reases  r e s i s t i v i t y  by a 

g r e a t e r  f r a c t i o n  than  i t  dec reases  t h i c k n e s s ,  some improvement i n  

i n s p e c t a b i l i t y  may occur.  

The nex t  s t e p  would have been t o  compute e r r o r s  caused by conduc- 

t i v i t y  and l i f t - o f f  v a r i a t i o n s .  We d e f e r r e d  t h i s  s t e p  u n t i l  t h e  conduc- 

t i v i t y  and p e r m e a b i l t t y  of t h e  c o a t i n g  were es t imated .  

Electr ical  and Magnetic P rope r ty  Measurements 

The f i r s t  a v a i l a b l e  f r ee - s t and ing  CoCrAlY coa t ing - l aye r  specimen 

(No. 2 )  when t e s t e d  f o r  magnetic a t t r a c t i o n  d i sp layed  fe r romagnet ic  

behavior .  The s i n g l e  fe r romagnet ic  c o n s t i t u t e n t ,  c o b a l t ,  has  a handbook 

v a l u e  of 60 f o r  re la t ive  pe rmeab i l i t y ,  p F ,  so  60 w a s  used as t h e  upper 

l i m i t  f o r  c a l c u l a t i o n s .  

A rev iew of s t anda rd  methods32 f o r  measuring pe rmeab i l i t y  produced 

19  d i f f e r e n t  d e f i n i t i o n s  of e f f e c t i v e  p e r m e a b i l i t i e s  t h a t  can be 

measured i n  materials under  va r ious  t e s t i n g  cond i t ions .  This v a r i e t y  



r e s u l t s  because magnet iza t ion  i s  nol: a l i n e a r  f u n c t i o n  of magnet iz ing 

f o r c e  i n  fe r romagnet ic  materials,  and t h e  r e l a t i o n s h i p  d i f f e r s  between 

d i f f e r e n t  t ypes  of ferrornagnet ic  m a t e r i a l s .  ( E f f e c t i v e  pe rmeab i l i t y  i s  

t h e  i n s t a n t a n e o u s  Kate of change of magnet iza t ion  wi th  mzignetizing 

f o r c e . )  The v a r i o u s  s t a n d a r d  methods were a l l  e l imina ted  from con- 

s i d e r a t i o n  because of specimen requi rements ,  magnet iza t ion  c o n d i t i o n s ,  

o r  i n s u f f i c i e n t  ranges  of tes t  f r equenc ie s .  

During some rad iog raph ic  t e s t i n g  of a l l o y  800, we n0te.d a m o t t l i n g  

of t h e  meta l ' s  image on t h e  f i lm.  We l o c a t e d  o t h e r  specimens o f  a l l o y  

800 f o r  compari.son and found t h a t  t h e i r  rad iographs  d i d  not  show 

mott l i .ng.  We compared t h e  two groups of specimens wi th  an approximate 

eddy-current  c o n d u c t i v i t y  measurement us ing  i n t e r p o l a t i o n  of t h e  

response  between va lues  ob ta ined  from known s t anda rd  materials. 

Specimens with clear  rad iographs  had r e s i s t i v i t i e s  o€ around 1.06 UR m, 

w h i l e  t h e  r e s i s t i v i t i e s  of t hose  wi th  mot t led  rad iographs  were around 

1.02 uCIR m. Both va lues  are g r e a t e r  than  those  publ i shed  i n  t h e  tech-  

n i c a l  l i t e r a t u r e ,  0.98 t o  0.99 US-2 m (98 t o  99 lla cm). We have no d a t a  

t o  show whether  o r  n o t  t h e  observed v a r i a t i o n  i s  t y p i c a l  of a l l o y  800. 

Theref  o r e ,  t h e  c o n s e r v a t i v e  approach t o  eddy-current des ign  must a l low 

f o r  v a r i a t i o n  i n  t h e  s u b s t r a t e  ( a l l o y  800) conduc t iv i ty .  TWQ frequen- 

c ies  w i l l  be r e q u i r e d  e i t h e r  t o  m ~ a s u r e  c o a t i n g  th i ckness  o r  t o  d e t e c t  

d e f e c t s  i n  t h e  c o a t i n g ,  because t h e  s u b s t r a t e  c o n d u c t i v i t y  va r i e s .  I f  

p e r m e a b i l i t y  v a r i a t i o n s  appear ,  a t h i r d  frequency may be requi red .  

Conduc t iv i ty  can  be measured with a s ingle- f requency  eddy-current 

i n s t rumen t  when specimen t h i c k n e s s  i s  known and t h e  material i s  non- 

magneti-c.. When t h e  material i s  fe r romagnet ic ,  t h e  t h e o r e t i c a l  problem 

r e q u i r e s  two f r e q u e n c i e s  f o r  s o l u t i o n  u n l e s s  both specimen th i ckness  and 

probe l i f t - o f f  can  be r i g i d l y  c o n t r o l l e d .  I n  p r a c t i c e ,  some e f f o r t  

toward t h i c k n e s s  and l i f t - o f f  c o n t r o l  combined wi th  a two-frequency 

measurement can  s i g n i f i c a n t l y  improve conf idence  i n  t h e  resalts. 

R e s i - s t i v i t y  and p e r m e a b i l i t y  can,  i n  theo ry ,  be measured i n d i r e c t l y  

and s imul t aneous ly  by a n  ins t rument  having we l l - cha rac t e r i zed  geometr ic  

and c i r c u l t  parameters .  Bet-ause r e s i s t i v i t y  and p e r m e a b i l i t y  changes 

a f f e c t  eddy-current  response much less  than  changes i n  l i f t - o f f ,  t h e  
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e l i m i n a t i o n  o r  c o n t r o l  of l i f t - o f f  e f f e c t s  is h i g h l y  d e s i r a b l e  i n  

e lec t r ica l  p r o p e r t y  measurement. The f ixed  c o i l  spac ing  i n  t h e  through- 

t r ansmiss ion  c o n f i g u r a t i o n  (Fig.  11) a s s u r e s  t h a t  t h e  sum of l i f t - o f f  

and specimen t h i c k n e s s  remains c o n s t a n t ;  a c c u r a t e  measurement of t h e  

specimen t h i c k n e s s  y i e l d s  comparable accuracy  i n  t h e  value of l i f t - o f f .  

The a x i a l  p o s i t i o n  of t h e  specimen between t h e  c o i l s  does no t  a f f ec t  t h e  

response ,  and t h e  remaining parameters of t h e  i n s t r u m e n t a t i o n  can  be 

measured wi th  s u f f i c i e n t  accuracy  t h a t  t h e  e r r o r  c o n t r i b u t i o n s  can be 

ignored.  

The measurement of ampl i tude  and phase of t h e  vo l t age  a c r o s s  t h e  

r e c e i v i n g  (pickup)  c o i l  p rovides  two numbers and a l lows  t h e  c a l c u l a t i o n  

o f  t h e  unknown material  p r o p e r t i e s .  Cor robora t ive  d a t a  can  be obta ined  

by  r e p e a t i n g  t h e  measurement a t  v a r i o u s  f r equenc ie s .  We e l e c t e d  t o  

a t t e m p t  development of a technique  t o  use  measurements taken a t  two fre- 

quenc ie s  t o  compute pe rmeab i l i t y  and r e s i s t i v i t y ;  t h i s  method would no t  

r e q u i r e  measurements of e i t h e r  t h e  c o i l  spac ing  o r  t h e  specimen 

th ickness .  

OHNL DWG 78 128 
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Fig, 11. Phys ica l  Arrangement and Electr ical  Schematic 
Through-Transmission Eddy-Current Coi l  System. 
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The des ign  and a p p l i c a t i o n  of an eddy-current method t o  s imul ta -  

neous ly  measure e l e c t r i c a l  r e s i s t i v i t y  and magnetic pe rmeab i l i t y  oft-ered 

t h e  prospec t  of g e t t i n g  t h e  p rope r ty  da t a  r equ i r ed  f o r  a r e f l e c t i o n - c o i l  

t h i c k n e s s  test  des ign  and t h e  oppor tun i ty  t o  tes t  p a r t s  of o u r  

r e f l e c t i o n - c o i l  s i m u l a t i o n  programs f o r  p > 1. The des ign  and s imula-  

t i -on computat ions f o r  a through-transmission system use  the  same bas i c  

f i e l d  equa t ions  as t h e  r e f l e c t i o n - c o i l  computat ions,  but combine i n t e r -  

media te  r e su l t s  d i f f e r e n t l y ,  The througl~- t ransmiss ion  program, MULTRU, 

was developed as p a r t  of a f ami ly  of programs f o r  so1ving induc t ion  

problems invo lv ing  c y l i n d r i c a l  c o i l s  para l le l  t o  s t r u c t u r e s  of p l ana r  

conduct ing  l a y e r s ;  d e t a i l s  o f  i t s  s t r u c t u r e s  and use arc  documented 

elsewhere.  30 

control  over  l i f t - o f f ,  s e n s i t i v i t y  t o  material p r o p e r t i e s ,  and n o i s e  

immunity s u p e r i o r  t o  t h a t  of t h e  r e f l e c t i o n  c o i l ,  but t h e  sys t ems  use  

i d e n t i c a l  modular e l e c t r o n i c  components, so  110 s p e c i a l  mod i f i ca t ions  

were requi red .  

P 

The through- t ransmiss ion  c o i l  arrangement (Fig.  11) o f f e r s  

Measurement of unknown material p r o p e r t i e s  fo rced  a change i n  t h e  

s t r a t e g y  of program use. I n  most des ign  problems, t h e  p r o p e r t i e s  are 

k n o w ,  SQ nominal va lues  and s m a l l  ranges of expected v a r i a t i o n  are 

i n s e r t e d  i n t o  t h e  programs. The c a l c u l a t i o n s  are then  r epea ted  with 

v a r i o u s  c o i l  des igns ,  c i r c u i t  parameters, and o p e r a t i n g  f r equenc ie s  t o  

opt imize  t h e  hardware des ign  €or  t h e  given t e s t i n g  requirement.  To 

measure unknown p r o p e r t i e s ,  we s t a r t e d  with rough estimates of s u i t a b l e  

c o i l  s i z e s  and c i r c u i t  parameters ,  and then  s imula ted  c i r c u i t  behavior  

f o r  a number of f r equenc ie s  and p rope r ty  va lues ,  Comparison of computed 

t a b u l a t i o n s  wi th  measurements a t  va r ious  f r equenc ie s  y i e lded  rough es t i -  

mates o f  t h e  range i n  which the  a c t u a l  p r o p e r t i e s  lay. I n t e r p o l a t i o n  

between t a b u l a t e d  computat ions proved too  time-consuming, so a s e c t i o n  

w a s  added t o  t h e  program to s t o r e  least  squares  curve  f i t s  between simu- 

l a t e d  ins t rument  responses  and conduczgr p r o p e r t i e s  and accept Jlzcznually 

i n s e r t e d  ins t rument  measurements from which a c t u a l  p rope r ty  va lues  are 

c a l c u l a t e d .  
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Simul.ation of Eddy-Current --- Ins t rument  _- Response I_.__- ~ _ . . . _  

Computations t h a t  s imula ted  t h e  response  of t h e  ins t rument  were 

performed on a d i g i t a l  minicomputer. The MULTRU program a c c e p t s  t h e  

fo l lowing  i n p u t s :  

1. 

2. 

3 .  

4 .  

5 .  

6 .  

7. 

c o i l  dimensions and dc r e s i s t a n c e s ,  

p a s s i v e  c i r c u i t  component va lues ,  

f requency and tnagnitude f o r  each inpu t  d r i v i n g  vo l t age ,  

a m p l i f i e r  ga ins  f o r  each frequency,  

pe rmeab i l i t y ,  r e s i s t i v i t y ,  and th i ckness  va lues  €or  each conduct ing 
l a y e r ,  

va lues  of l i f t - o f f  between the d r i v e r  c o i l  and conductor  s t a c k ,  and 

miscel laneoim c o n t r o l  parameters  i n d i c a t i n g  t h e  numbers of va lues  
f o r  each v a r i a b l e ,  number of conductors ,  etc.  

C o i l  c h a r a c t e r i s t i c s  are measured du r ing  f a b r i c a t i o n  and maintained 

on  a d i s k  d a t a  f i l e ,  which i s  accessed by t h e  computer program. C i r c u i t  

components are known and can  be a d j u s t e d  by i n s e r t i o n  or replacement of 

packaged components. Frequencies  are s e l e c t e d  on t h e  b a s i s  of 

expe r i ence  and accumulated des ign  d a t a  from ear l ie r  work. Input  v o l t a g e  

magnitudes and a m p l i f i e r  g a i n s  are a r b i t r a r y  and s e l e c t e d  f o r  con- 

venience ,  f o r  reasons  d i scussed  below. P r o p e r t y  and l i f t - o f f  va lues  are 

chosen accord ing  t o  t h e  ranges expected i o  t h e  experiments;  w e  a t tempt  

t o  b racke t  t h e  expected va lue  of a p r o p e r t y  wi th  m u l t i p l e  i npu t  va lues  

f o r  it. 

The NULTRU program computes t h e  fo l lowing  q u a n t i t i e s ,  e i t h e r  as 

d i r e c t  ou tput  o r  i n  i n t e r m e d i a t e  s t e p s :  

1. inductances  of t h e  probe coi1.s i n  a i r  ( i . e , ,  away from conductors  
and each o t h e r ) ;  

2. real  and imaginary components of i n d i v i d u a l  c o i l  impedances and 
mutual  coupl ing  between c o i l s  f o r  each d i s t i n g u i s h a b l e  combination 
of  conductor  p r o p e r t i e s  and d r i v e r  c o i l  l i f t - o f f  and f o r  one 
s e l e c t e d  t h i c k n e s s  of a i r  (gap)  between t h e  c o i l s ;  

3. ampl i tude  and phase,  r e l a t ive  t o  t h e  d r i v e r  vo l t age ,  of pickup coi.1 
( o r  a m p l i f i e r )  ou tput  vo l t age  f o r  each case l i s t e d  i n  (2). The 
b a s i c  ins t rument  c i r c u i t  i s  shown i n  F i g ,  12. 
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Simpl i f i ed  C i r c u i t  Diagram f o r  t h e  Probe C o i l s  and 
Ins t rument  I n t e r f a c e  i n  a Through-Transmission Eddy-Current System. 

The program op t ions  chosen f o r  t h i s  work a d j u s t  t h e  response of t h e  

program i n  two ways. F i r s t ,  t h e  spac ing  between t h e  c o i l s  i s  a d j u s t e d  

t o  compensate f o r  changes i n  conductor  th ickness .  The r e s u l t s  arc cam- 

puted as though each c o i l  i s  always i n  i n t i m a t e  c o n t a c t  with i t s  s i d e  o f  

t h e  conductor  stack un les s  a f i x e d  l i f t - o f f  i s  s p e c i f i e d .  Secondly,  t h e  

v o l t a g e s  and phases a m  normalized t o  t h e  v o l t a g e  and phase obta ined  

w i t h  a s p e c i f i e d  air gap. The s i z e  of t h e  a i r  gap chosen cor responds  t o  

t h e  maximum t o t a l  conductor  s t a c k  th i ckness .  To normalize,  each com- 

puted  ou tpu t  v o l t a g e  magnitude i s  d iv ided  by t h e  a i r  gap output  v o l t a g e  

magnitude, and t h e  phase of the a i r  gap vo l t age  i s  s u b t r a c t e d  from each 

o f  t h e  computed output  vo l tage  phases.  The output  thus  obta ined  i s  a 

t a b u l a t i o n  of normalized magnitudes and phases  of  the output  vo l tage l ,  by 

f requency ,  f o r  each combination of conductor  properties and d r i v e r  c o i l  

l i f t - o f f .  When norma l i za t ion  i s  used, t h e  e f f e c t s  o f  the a c t u a l  va lues  

of  i n p u t  v o l t a g e  and a m p l i f i e r  ga in  c a n c e l  out .  
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To mathemat ica l ly  re la te  conductor  p r o p e r t i e s  t o  ins t rument  ou tpu t ,  

t h e  program i n c l u d e s  a least  squa res  des ign  s e c t i o n ,  which c o n s t r u c t s  

f u n c t i o n s  of t h e  computed r ead ings  ( i . e * ,  ou tpu t  v o l t a g e  magnitudes and 

phases ) ,  compares them wi th  a p a r t i c u l a r  p rope r ty ,  and determines t h e  

s e t  of f u n c t i o n  c o e f f i c i e n t s  t h a t  b e s t  f i t s  t h e  func t ions .  Four types 

of r ead ing  f u n c t i o n  are s e l e c t a b l e :  l i n e a r  (polynomial ,  i n t e g r a l  

powers) ,  logar i thm,  exponen t i a l  ( p o s i t i v e  exponent) ,  and i n v e r s e  

(polynomial ,  n e g a t i v e  i n t e g r a l  powers);  some c r o s s  terms can a l s o  be 

cons t ruc t ed .  The q u a l i t y  of t h e  f i t  can be eva lua ted  by computing a 

r e s i d u a l  sum-of-squares i n  t h e  p r o p e r t y  va lue  and by i n s e r t i n g  known 

v a r i a t i o n s  i n  t h e  readings  and computing t h e  root-mean-square (rms) 

v a r i a t i o n  i n  t h e  p r o p e r t y  value.  

Two a d d i t i o n a l  s u b r o u t i n e s  were inco rpora t ed  i n t o  t h e  o r i g i n a l  

MULTRU program f o r  u s e  i n  t h i s  work. The f i r s t ,  c a l l e d  TPOLRY, s t o r e s  

polynomial  c o e f f i c i e n t s  genera ted  by t h e  f i t t i n g  p rocess ;  t h e  second, 

TPRCAL, a c c e p t s  manually i n s e r t e d  ins t rument  r ead ings  from specimens,  

r ecove r s  t h e  polynomial f u n c t i o n  c o e f f i c i e n t s ,  and computes selected 

p r o p e r t i e s  from t h e  readings .  

P r o p e r t y  va lues  f o r  i n i t i a l  i n s e r t i o n  i n t o  t h e  program were 

gene ra t ed  from a combinat ion of exper imenta l  c o n s t r a i n t s  and estimates. 

Specimens were conven ien t ly  producib le  with c o a t i n g  th i cknesses  i n  t h e  

range  0.25 t o  0.50 mm (0.010-0.020 i n . ) ,  so we inc luded  t h e  range 0.13 

t o  0.64 mm (0.005-0.025 in . )  i n  t h e  program and used s t e p  va lues  0.13, 

0.30, 0.46,  and 0.64 mm (0.005, 0.012, 0.018, and 0.025 in . ) .  

A s  noted  ear l ier ,  t h e  r e l a t i v e  pe rmeab i l i t y ,  1.1, was expected t o  be 

= 1, 5 ,  10, 
UP 

between 1 and 60, so  c a l c u l a t i o n s  were done i n  two sets: 

20; andv,  = 30, 4 0 ,  50, 60.  

two sets: p = 1.00, 2.00, 3.00, 4.00 uS2 m and p = 5.00, 6.00, 7.00, 

8.00 pi2 m. 

R e s i s t i v i t y  va lues  were a l s o  i n s e r t e d  i n  

We a t tempted  exper imenta l  l i f t - o f f  c o n t r o l  by main ta in ing  p o s i t i v e  

probe  p r e s s u r e  a g a i n s t  t h e  specimen w i t h  ho ld ing  devices .  One increment 

of l i f t - o f f  w a s  i nc luded  t o  a l low f o r  p o s s i b l e  e f f e c t s  of specimen 

c u r v a t u r e ;  t h e  va lues  were ze ro  and 38 pm (0.0015 in.) .  
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Frequency s e l e c t i o n  inc luded  several. cons ide ra t ions .  F i r s t ,  a 

r a t i o  of a t  least  5 between f r equenc ie s  i n  a dual-fpequency tes t  assures 

u s e f u l  s e n s i t i v i t y ,  and a r a t i o  of 10 i s  b e t t e r .  Second, lower f requen-  

c i e s  are  somewhat less demanding of the  in s t rumen t ;  phase measurements 

above 1 MHz impose d i f f i c u l t  t iming  requirements .  Thi rd ,  t h e  i n i t i a l  

c a l c u l a t i o n s  f o r  = 60 a t  500 kHz showed phase s h i f t s  between 180 a d  

360". I f  t h e  phase s h i f t  r e s u l t i n g  f rom i n s e r t i o n  of a specimen 

(compared with an a i r  gap t h e  same t h i c k n e s s )  exceeds 3 6 0 ° ,  then  t h e  

phase reading  becomes ambiguous, and a t t e m p t s  t o  c o n s t r u c t  func t ion  f i t s  

between ins t rument  r ead ings  and conductor  p r o p e r t i e s  y i e l d  iiieaningless 

r e s u l t s .  S ince  least  squa res  f i t s  of f u n c t i o n s  were not planned u n t i l  

experiment d a t a  helped t o  narrow t h e  p rope r ty  ranges ,  i n i t i a l  c a l c u l a -  

t i o n s  were done f o r  seven f r equenc ie s  on a single program run: 5,  10, 

20,  50, 100, 200, and 500 kHz. 

We have no t  a t tempted  t o  opt imize  c o i l  s i z e s  €o r  through- 

t r ansmiss ion  a p p l i c a t i o n s ,  bu t  many of t h e  p r i n c i p l e s  a s s o c i a t e d  with 

t h e  s e l e c t i o n  of r e f l e c t i o n  c o i l  sizes are expected t o  apply.  The bes t  

c o i l s  a v a i l a b l e  i n  our  inven to ry  had 1*0-nun (0.040-in.) r a d i i ,  and a 

matched set  w a s  a v a i l a b l e ,  so c a l c u l a t i o n s  u s i n g  t h e i r  c h a r a c t e r i s t i c s  

were performed. 

The high-frequency n o i s e  t h a t  occurs  i n  the pickup oF r e f l e c t i o n  

c o i l  systems does not  ge t  t r a n s m i t t e d  through metall ic specimens,  so 

r e sonan t  f r equenc ie s  of t h e  c o i l  c i r c u i t s  (Fig.  1 2 )  are no t  c r i t i ca l .  

The on ly  requirement  is  t o  keep them well above the o p e r a t i n g  frequen- 

cies. The c i r c u i t  component i n p u t s  were s i m p l i f i e d  i n s o f a r  as poss ib l e .  

The shunt  capacitances, (26 and C 7 ,  approximated t h e  c a b l e  capac i t ances  

on ly ,  and no add-on components were used. 

mize l i f t - o f f  e f f e c t s .  

W e  set Q a t  2000 R t o  mini- 

ExDerimental Measurements 

Measurements on specimen (Pig.  4 ,  p. 10) were made wi th  a s i n g l e -  

channel  phase-sensing eddy-current ins t rument .  The probe c o i l s  were 

matched 40-A r e f l e c t i o n  probes,  of which only  t h e  d r i v e r  c o i l s  were 

used. The c o i l s  were suppor ted  by a C-shaped f i x t u r e ,  which maintained 

c o a x i a l  a l ignment  and al lowed axial  motion f o r  i n s e r t i o n  and removal of 

t h e  specimens. 
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Frequencies  a v a i l a b l e  by s e l e c t i o n  inc luded  a 1, 2 ,  5 sequence from 

1 kHz t o  2 MHz. The ins t rument  r eads  ou t  t h e  a b s o l u t e  magnitude of t h e  

a m p l i f i e r  ou tput  vo l t age  (Fig.  1 2 )  arid i t s  phase r e l a t i v e  t o  t h a t  of t h e  

i n p u t  vo l tage .  The d i g i t a l  panel meter (DPM) i n d i c a t i n g  phase i s  

c a l i b r a t e d  f o r  0.100 V/deg; i t s  range of +- 13 V a l lows  d i s p l a y  of a 

r ange  of on ly  about  260", a l t hough  a balance c o n t r o l  a l lows  t h i s  range 

t o  be s e t  up over  any  i n t e r v a l  between -360 and +360". 

Experimental  measurements were made a t  each s e l e c t e d  frequency by 

t h e  fo l lowing  procedure:  

1. The probes were spaced t o  0.64 mm (0.025 i n . )  by i n s e r t i o n  of a 

p l a s t i c  shim. 

2. The phase w a s  set  by us ing  t h e  ba lance  c o n t r o l  t o  t h e  va lue  

computed by t h e  MULTKU program f o r  a 0.64-mn (0.025-in.) a i r  gap and 

recorded  . 
3 .  The magnitude of t h e  output  v o l t a g e  f o r  t h e  a i r  gap w a s  

measured. 

4.  The probes were moved a p a r t  t o  a po in t  where t h e  output  v o l t a g e  

reached  a low l e v e l  and s topped dec reas ing  wi th  c o i l  s epa ra t ion .  This  

v o l t a g e  was recorded. 

5. The magnitude and phase of the output  v o l t a g e  were measured a t  

f o u r  p o i n t s  on t h e  c o a t i n g  specimen wi th  t h e  d r i v e r  and pickup c o i l s  

p r e s s i n g  a g a i n s t  oppos i t e  s i d e s  of t h e  f r ee - s t and ing  l aye r .  

To c o r r e c t  t h e  d a t a  f o r  comparison wi th  computed r e s u l t s ,  the 

"noise"  v o l t a g e  magnitude ( s t e p  4 above) was s u b t r a c t e d  from each of the 

o t h e r  magnitude measurements. 

magnitudes were each  d iv ided  by the 0.64-m (0.02.5-in.) a i r  gap v o l t a g e  

magnitude. 

s u b t r a c t e d  from t h e  a i r -gap  phase value.  

Then t h e  remaining specimen v o l t a g e  

Each of t h e  phase ineasurements on t h e  specimen w a s  

P rope r ty  C a l c u l a t i o n s  

P r e p a r a t o r y  t o  t h e  computat ions from exper imenta l  measurements, the 

program (MULTRU) was set  up f o r  two f r equenc ie s  a t  a t i m e ,  i n  p a i r s  

cor responding  t o  t h e  exper imenta l  measurements. A f t e r  the least  squares  
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f i t s  were calcul .a ted,  t h e  exper imenta l  measurement va lues  were manually 

i n s e r t e d  i n t o  t h e  program v i a  CRT t e rmina l  keyboard, and t h e  r e s u l t i n g  

p r o p e r t y  va lues  were c a l c u l  at ed. 

Independent Thickness  Measurements 

To provide  a comparison with computed r e s u l t s ,  t he  t h i c k n e s s  of t he  

c o a t i n g  l a y e r  was measured w i t h  a micrometer c a l i p e r .  Because o€ t h e  

s l i g h t  bow i n  t h e  c o a t i n g  l a y e r  t h e  micrometer was equipped wi th  one b a l l  

and one f l a t  a n v i l ;  t h e  f l a t  a n v i l  was p laced  on t h e  convex s u r f a c e  of 

t h e  coa t ing .  

R e s u l t s  

Tab le s  11 and 12 i n e l u d e  samples of t h e  r e s u l t s  obtained.  Table 11 

l i s t s  t h e  c o e f f i c i e n t s  of t h e  va r ious  terms i n  t h e  f u n c t i o n s  used t o  

Tab le  11. Polynomial Funct ions  f o r  Least Squares F i t s  of 
Simulated Eddy-Current Ins t rument  Readings t o  

Specimen P r o p e r t i e s  

R e s i s t i v i t y  Kelat i v e  Th i c  kne s 8 

(UQ m3 P e r m e a b i l i t y  (m> 

P r o p e r t y  va lues  used 7 ,  8, 9 ,  10 

T e r m s  of e m p i r i c a l  26.22 

i n  f i t "  

e qua t  i onb 217.2 l o g  Mi 
17.73P1 
-238.5 log M2 
-0.4526P2 

RMS r e s i d u a l  0.543 

RMS d r i f t '  0.227 

3,  4,  5,  6 

-8 .330  
-1.451 l o g  MI 
1.273 exp(P1) 
1.454 l o g  Mz 
-0 .833P2 

0.634 

0.078 

0.127, 0.3048, 
0.4572, 0.635 

0.7062 
3.851M1 
0.03863if)l 
4, %91?42 
2.503 exp( T'2) 

0.0414 

0.00139 

%qua t ions  were f i t  t o  computed r ead ings  f o r  the  64 p o s s i b l e  

b 
combina t ions  of t h s  r e s l s t i v i t y ,  pe rmeab i l i t y ,  and th i ckness  va lues .  

MI ou tpu t  v o l t a g e ,  P1 phase  a t  100 kHz; M2, P2, a t  B MHz; a l l  
r e l a t i v e  t o  va lues  wi th  no specimen ( a i r  gap).  

D r i f t  i s  gene ra t ed  by s e q u e n t i t a l l y  i n t r o d u c i n g  a 1% change 
i n t o  each  M and a 0.01' change i n t o  each P then computing t h e  rms 
dif f erence from t h e  cor responding  f u n c t i o n  va lue  wLth no d r i f t  . 

e 



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

b e 
Instrument Readings Computed Property Values 

Locat ion 

Specimen 

Me a sur e dd 
Thickness 

(m> Re s i  s t ivi t y Re 1 at i ve Thic knes s 
on 100 kHz 1 MHz a 

(UQ m) Permeability ( m i d  
M1 p1 M2 p2 

c1 
m 

A 0.930 -2.02 0.885 -19.88 12.78 2.68 0.500 0.439 

C 0.890 -2.25 0,891 -21.63 -1 6.70 1.116 0.312 0.447 

B 0.935 -1.86 0.887 -18.33 13.27 -3.706 0.559 0.401 

D 0.969 -1.71 0.933 -17.21 13.39 2.79 0.461 0.406 

'See photo, Fig. 4 ( a ) ,  p. 10. 

'MI = magnitude; PI = phase; both readings normalized with respect t o  air-gap readings. 

d 

n G 

By us ing  fitting functions listed in Table 11. 

Ball flat-anvil micrometer caliper. 
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compute t h e  p r o p e r t y  v a l u e s  from t h e  ins t rument  readings .  Table 12 

l i s t s  t h e  in s t rumen t  r ead ings  f o r  each p o i n t  measured on Lhe specimen, 

t h e  p r o p e r t y  va lues  computed €or  those  p o i n t s  (by  ustng t h e  f u n c t i o n s  

l i s t e d  i n  T a b l e  l l ) ,  and t h c  th i ckness  va lues  determined from t h e  inde- 

pendent  micrometer measurement. 

Discuss ion  

A t  t h i s  s t a g e  o f  t h e  work we  cannot  e v a l u a t e  t h e  accuracy  of al.1 t h e  

computed p r o p e r t y  -values i n  Table  12. C l e a r l y ,  t h e  n e g a t i v e  va lues  f o r  

r e s i s t i v i t y  and p e r m e a b i l i t y  are meaningl-ess and s e r v e  t o  I n d i c a t e  t h e  

i n s t a b i l i t y  of t h e  f u n c t i o n s  used wi th  r e s p e c t  t o  c e r t a i n  ins t rument  

v a r i a t i o n s .  Examination of many sets of r ead ings ,  wi thout  t h e  use  of 

f i t s ,  i n d i c a t e s  t h a t  t h e  r e s i s t i v i t y  f a l l s  between 7 and 9 l id  m and t h e  

p e r m e a b i l i t y  f a l l s  between 3 and 5. 

Tne  p r e f e r r e d  method o f  " f i n e  tuning" t h e  system f o r  t h i s  type 

problem i n c l u d e s  making a set of ins t rument  r ead ings  from known s t an -  

d a r d s ,  f o r  which p r o p e r t y  va lues  are measured independent ly .  Then t h e  

f i t t i n g  f u n c t i o n s  are determined by computing f i t s  between the known 

p r o p e r t y  va lues  and t h e  a c t u a l  i-nstrument readings .  Thi-s method e l i m i -  

n a t e s  t h e  e f f e c t s  of v a r i a t i o n s  i n  ins t rument  l i n e a r i t y  and c o i l  imped- 

ance  (caused  by real  winding e r r o r s ) ,  w h i c h  cannot  be r e a d i l y  determi.ned 

o r  in t roduced  i n t o  t h e  i d e a l i z e d  des ign  c-omputations. 

During t h e  experiments  we d i scove red  a n o n l i n e a r i t y  i n  the response 

of  t h e  1-MHz pickup a m p l i f i e r .  I t s  e f f e c t  may be r e s p o n s i b l e  f o r  t h e  

a p p a r e n t l y  bad p r o p e r t y  va lues  computed from t h e  ins t rument  readings .  

The e f f e c t  of t h i s  n o n l i n e a r i t y  might have been removab1.e by cons t ruc-  

t i n g  t h e  p r o p e r t y  f i t s  from read ings  and d a t a  on s t anda rds .  

We have n o t  y e t  developed r e s i s t i v i t y  s t a n d a r d s  t o  f i . t  t he  range of 

v a l u e s  t h i s  problem appea r s  t o  r equ i r e .  P e r m e a b i l i t y  s t a n d a r d s  repre- 

s e n t  a n o t h e r  problem, s i n c e  the1.r independent  measurement can be q u i t e  

di.€f i c u l t .  However, i f  enough d i f f e r e n t  va lues  of pe rmeab i l i t y  are pre- 

s e n t  i n  s t a n d a r d s ,  t o g e t h e r  w i th  known v a r i a t i o n s  i n  th i ckness  and 

r e s i s t i v i t y ,  t h e  f i t s  developed f o r  t h i c k n e s s  may d iscr imi .na te  a g a i n s t  



t h e  pe rmeab i l i t y  v a r i a t i o n s .  ‘Riis t echnique  may be ex tendable  t o  t h e  

r e f l e c t i o n  c o i l  des ign  also.  T e s t s  iil t h e  through-transmission mode 

should  be conducted f i r s t  t o  e s t a b l i s h  t h e  d i s c r i m i n a t o r y  c a p a b i l i t y .  

Conclusions 

The work under way and desc r ibed  above was h a l t e d  by t e rmina t ion  of 

t h e  p r o j e c t .  The a b s o l u t e  measurement of r e s i s t i v i t y  and pe rmeab i l i t y  

by through-transmission eddy-current methods appears  f e a s i b l e ,  a l t hough  

i t  has  n o t  been c o n c l u s i v e l y  demonstrated.  Resu l t s  ob ta ined  thus  f a r  

i n d i c a t e  t h a t  computer-aided des ign  of a mul t i f requency  eddy-current 

t e s t  f o r  t h e  t h i c k n e s s  of fe r romagnet ic  c o a t i n g s  i s  a l s o  poss ib l e .  

THERHAL-INSPECTION METHODS 

W. A. Simpson, Jr. 

Thermal i n s p e c t i o n  problems and methods were d i scussed  i n  an 

e a r l i e r  r e p o r t ;  p a r t  of t h a t  d i s c u s s i o n  i s  inc luded  h e r e  f o r  

completeness  

Thermal i n s p e c t i o n  methods are based on l o c a l  v a r i a t i o n s  i n  t h e  

r a t e  of h e a t  t r a n s f e r  through a workpiece. These v a r i a t i o n s  are 

d e t e c t e d  by measuring tempera tures  on t h e  workpiece su r face .  A p a s s i v e  

workpiece I s  i n t e r r o g a t e d  by t h e  i n j e c t i o n  o r  removal of h e a t  a c r o s s  

some p o r t i o n  of i t s  s u r f a c e .  Thermometric methods measure in s t an taneous  

t empera tu res  a t  p o i n t s ,  s imul taneous ly  o r  i n  a s e q u e n t i a l  o r  scanning 

mode. Thermographic inethods gene ra t e  an in s t an taneous  image of a f i n i t e  

area on t h e  workpiece s u r f a c e  and d e p i c t  t empera ture  as some p rope r ty  of 

t h e  image, such  as b r i g h t n e s s ,  c o l o r  o r  i so the rma l  contours .  Scanning 

thermometr ic  methods wi th  cont inuous  r eco rd ing  can a lso gene ra t e  images 

t ha t  r e p r e s e n t  t h e  e n t i r e  p a r t .  

noncon tac t ing  deter. t o r s .  

E i t h e r  method may use  c o n t a c t i n g  o r  

Thermal methods have en  joyed t h e i r  g r e a t e s t  a p p l i c a t i o n  t o  inspec-  

t i o n  of l aye red ,  bonded, o r  coa ted  s t r u c t u r e s .  They are most s e n s i t i v e  

t o  lamellar d e f e c t s ,  which i n t e r r u p t  h e a t  t r ansmiss ion  aver  a f i n i t e  
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area. S t r u c t u r e s  c o n t a i n i n g  nonmeta l l i c  l a y e r s  are sometimes easier t o  

i n s p e c t  because h e a t  t r ansmiss ion  i s  less r a p i d  and thermal  "images" of 

d e f e c t s  p e r s i s t  longer .  

E a r l y  i n s p e c t i o n  equipment and procedures  were developed experimen- 

Experiments are s t i l l  r e q u i r e d ,  but  t h e y  can be a s s i s t e d  by com- t a l l y .  

p u t a t i o n a l  techniques .  

problems can s imula t e  some experiments  and s c r e e n  out  unnecessary  ones. 

Rapid computat ion of s o l u t i o n s  t o  h e a t  f low 

Theory 

T r a n s i e n t  s o l u t i o n s  t o  one- o r  two-dimensional h e a t  f l o w  equa t ions  

c a n  be combined t o  constr iact  t h e  response of a c o a t i n g - s u b s t r a t e  system 

t o  a rapid-scanning o r  pused h e a t  source .  

t i o n  can  be decomposed i n t o  thermal  wave components by Four i e r  t r a n s f o r -  

mation. Each wave component obeys a d i s p e r s i o n  l a w  of t h e  form 

Any form of thermal  e x c i t a -  

where 

w = t h e  tempera ture  o s c i l l a t i o n  frequency,  

K = thermal  d i f f u s i v i t y ,  and 

k = t h e  complex wave number. 

Equat ion  (1) l e a d s  t o  a phase v e l o c i t y  

which depends on t h e  f requency ,  and i t s  cor responding  wavelength,  

The form of Eqs. ( 1 )  and ( 2 )  a s s u r e s  t h a t  any pulsed  h e a t  i npu t  w i l l  

change i t s  p u l s e  shape r a p i d l y  and may n o t  be d e t e c t a b l e  as a p u l s e  with 

equipment based on c u r r e n t  technology. 

To d e t e c t  a d e f e c t  by s c a t t e r e d  h e a t ,  t h e  i n c i d e n t  wavelength [ E q .  

( 3 ) ]  should  be of t h e  o rde r  of t h e  d e f e c t  s i z e  o r  smaller. The maximum 
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thermal  c o n t r a s t  a t  t h e  s u r f a c e  of a c o a t i n g  l a y e r  from a d e f e c t  at t h e  

c o a t i n g - s u b s t r a t e  i n t e r f a c e  w i l l  f o l low t h e  h e a t  pu l se  by about  t h e  t i m e  

r e q u i r e d  f o r  a wave of t h e  cor responding  Erequency t o  make a round t r i p  

th rough  t h e  c o a t i n g  l a y e r .  

A l t e r n a t i v e l y ,  one can separate a scanning  h e a t  sou rce  and d e t e c t o r  

t o  e s t a b l i s h  quas i - s t eady- s t a t e  h e a t  f low cond i t ions .  When a source  of 

a p p r o p r i a t e  s i z e  i s  passed over  a c o a t i n g  l a y e r  s t r u c t u r e  a t  t h e  

a p p r o p r i a t e  speed,  t h e  tempera ture  senso r  w i l l  r each  the  po in t  on t h e  

s u r f a c e  above a f l a w  a t  t h e  i n s t a n t  when t h e  t r a n s i e n t  caused by t h e  

f l a w  produces t h e  maximum tempera ture  d i f f e r e n c e .  Defec ts  w i l l  be 

d e t e c t e d  by t h e  d i f f e r e n c e  between t h e  tempera tures  measured over  a 

d e f e c t  and over  a sound s t r u c t u r e .  

Scanning i n s p e c t i o n  devices  use a h e a t  sou rce  followed by one o r  

more thermometric d e t e c t o r s .  By us ing  two s e q u e n t i a l  ternperatu.re 

measurements fo l lowing  h e a t i n g ,  one can c o r r e c t  f o r  e m i s s i v i t y  

v a r i a t i o n s  of t h e  workpiece su r face .  33 Typica l  h e a t  sou rces  are plasma 

t o r c h e s ,  h o t  gas  je ts ,  and eddy-current  i nduc t ion  h e a t e r s .  Radiometers 

and low-mass ( i . e . ,  low thermal  i n e r t i a )  t h e r m i s t o r s  are used f o r  de tec-  

t i o n .  Continuous p rocess ing  and record ing ,  synchronized wi th  t h e  

scanner  moti.on, can produce a plan-view record  of t h e  quas i - s teady-s ta te  

c o n d i t i o n  a t  a l l  p o i n t s  i n  t h e  scan  p a t t e r n .  

Experimental  Work 

We designed a t h e r m i s t o r  probe f o r  t e s t i n g  coa ted  samples. A n  

e a r l i e r  design, which was developed f o r  a problem i n  tub ing  similar t o  

t h e  p re sen t  s t u d i e s  i n  c o a t i n g s ,  i s  shown i n  Fig. 13.  Although i n d u c t i v e  

h e a t i n g  is d e p k t e d ,  o t h e r  forms of h e a t i n g ,  such as h o t  gas and r a d i a n t  

energy ,  may be used. However, t h e  i n d u c t i v e  approach is  g e n e r a l l y  pre- 

f e r r e d  s i n c e  i t  i s  e a s y  t o  apply ,  e a s l l y  c o n t r o l l e d ,  and independent of 

s u r f a c e  e m i s s i v i t y .  

I n  ope ra t ion ,  t h e  probe scans  a long  t h e  s u r f a c e  o f  the sample. The 

r a t e  of scanning  i s  a d j u s t e d  t o  provide  t h e  optimum h e a t  i n p u t ,  as 

deteruiined by computer c a l c u l a t i o n  and exper imenta t ion ,  and depends upon 

t h e  degree  of i n d u c t i v e  coupl ing  between t h e  c o i l  and t h e  sample, elec- 

t r i ca l  c o n d u c t i v i t y  of  t h e  sample, etc. The d i s t a n c e  between t h e  
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ORNL- DWG 75-4509 

THERMISTOR BEAD\  

APPROXIMATELY 
0.050 in. CLEARANCE THERM I STOR 

ILEPD WIRES 

___INDUCTION COIL 
PROBE GUIDES LEAD WIRES 

INDUCTION COIL’ 

NOT TO SCALE 

Fig.  13. A Represen ta t ive  Design of a Thermal Probe f o r  Tubing 
Inspec t ion .  Clearance shown i s  about  1.3 mm. 

t h e r m i s t o r  sensor and t h e  c e n t e r  of the i n d u c t i o n  c o i l  is also 

a d j u s t a b l e  t o  a l l o w  p o s i t i o n i n g  t h e  senso r  t o  sample the s u r f a c e  tem- 

p e r a t u r e  d i s t r i b u t i o n  afi t h e  optimum t i m e  fo l lowing  heat i n j e c t i o n ;  t h i s  

ad jus tment  i s  a l s o  determined by computer c a l c u l a t i o n  and experimen- 

t a t i o n .  The c l o s e  p rox imi ty  of t he  s e n s o r  t o  t h e  sample s u r f a c e  ensures 

t h a t  t h e  t h e r m i s t o r  can  fo l low t h e  Lemperature v a r i a t i o n s  encountered 

w h i l e  avo id ing  damage by c o n t a c t  with t h e  rough su r face .  

F i g u r e  14  shows t h e  des ign  of t h e  c o a t i n g  probe. The t h e r m i s t o r  

s e n s o r  i s  a s p e c i a l  low-mass dev ice  having a t i m e  c o n s t a n t  of approxima- 

t e l y  0.1 8 .  This response should s u f f i c e  f o r  a l l  a n t i c i p a t e d  test  con- 

d i t i o n s .  The ba l l -bea r ing  f a c e  p l a t e  was chosen for  t h e  probe t o  

minimizc wear and a l l o w  the probe t o  move e a s i l y  over  rough surfaces. 

A s  the drawing i l l u s t r a t e s ,  t h e  sensor i t s e l f  does no t  c o n t a c t  the tes t  

s u r f a c e  bu t  r i d e s  approximate ly  1.3 nim (0.05 i n . )  above the. surface. 

The small  s i z e  of t he  gay ensu res  t h a t  t h e  response t i m e  of the. system 

i s  n o t  s e r i o u s l y  impaired. Furthermore,  t h e  gap i t s e l f  p r o t e c t s  t h e  

the rmis to r .  
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Fig .  14. Cross Sec t ion  Showing Thermal Coat ing Probe Design. 

Because t h e  the rmis to r  i s  extremely s m a l l -  0.13 mm i n  d iameter ,  

w i t h  a w i r e  s i z e  of approximately 15 urn- t h e  f i n a l  assembly of t h e  

probe w a s  con t r ac t ed  t o  an  o u t s i d e  f i rm  t h a t  s p e c i a l i z e s  i n  f a b r i c a t i n g  

m i n i a t u r e  e l e c t r i c a l  probes. 

To conver t  t h e  r e s i s t a n c e  v a r i a t i o n s  of t h e  the rmis to r  i n t o  a 

usuab le  measure of tempera ture  v a r i a t i o n ,  a br idge-type d e t e c t o r  w a s  

des igned  f o r  t h e  system and i s  shown i n  Fig.  15. 

b r i d g e  is  ampl i f ied  by an  o p e r a t i o n a l  a m p l i f i e r  and then  d isp layed  on a 

c h a r t  recorder .  The e l e c t r o n i c s  must be capab le  of o p e r a t i n g  down t o  dc 

The output of the 

ORNL- DWG 78 -6322 

TO RECORDER 

A 

Fig. 15. Schematic of Bridge De tec to r  f o r  Thermal Probe, 
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i n  f requency ,  bu t  t h e  ga in  i s  no t  c r i t i c a l .  If d e s i r e d ,  an x-y r eco rde r  

cou ld  be s u b s t i t u t e d  f o r  t h e  c h a r t  r eco rde r  and t h e  sweep v o l t a g e s  

d e r i v e d  from t h e  probe scan  mechanism, Th i s  would produce a 1:l riiapping 

of the scanned area onto  t h e  c h a r t .  A v o l t a g e  comparator could then  be 

added t o  t h e  p e n - l i f t  c i r c u i t  of t h e  r eco rde r  sa t h a t  t h e  tempera ture  

v a r i a t i o n s  t h a t  exceeded a s e l e c t e d  va lue  would r eco rd ,  t hus  producing a 

plan-view reco rd ing  of t h e  tempera ture  d i s t r i b u t i o n  on t h e  sample sur-  

f ace .  This i s  a p re l imina ry  des ign ,  and t h e  f i n a l  c o n f i g u r a t i o n  would be 

determined by expe r imen ta t ion  wi th  t h e  assembled probe. 

Unfo r tuna te ly ,  t h e  p r o j e c t  w a s  t e rmina ted  s h o r t l y  a f t e r  r e c e i p t  of 

t h e  p robe  from t h e  assembler  and t h e  planned experiments  wi th  i t  w e r e  

not c a r r i e d  out .  

Conclusions 

N o  experiments  were performed, so  no f i r m  conc lus ions  about  t h e  

c a p a b i l i t i e s  o r  l i m i t a t i o n s  of thermal  c o a t i n g  i n s p e c t i o n  can be s t a t e d .  

O u r  s p e c u l a t i o n ,  based on ear l ie r  experiments  w i th  materials o t h e r  than 

metal l ic  c o a t i n g s ,  i s  t h a t  thermal  c o a t i n g  i n s p e c t i o n  i s  f e a s i b l e .  

C U R R E N T L Y  AVAILABLE I N S P E C T I O N  TECHNOLOGY: 
SLPfM<Y AND A S S E S S M E N T  

Our e v a l u a t i o n  of t h e  c u r r e n t  s t a t e  of t h e  a r t  i n  i n s p e c t i o n  of 

plasma-sprayed meta l l ic  c o a t i n g s  i s  surnrnarized below. Appropr ia te  L i m i -  

t a t i o n s  o r  r e s t r i c t i o n s  a r e  noted. 

L i m i t a t i o n  of Reported Work 

Exper imenta l  work d e s c r i b e d  h e r e i n  d i d  n o t ,  i n  g e n e r a l ,  reach  the 

s t a g e  a t  which a b s o l u t e  l i m i t s  o r  s e n s i t i v i t y ,  r e s o l u t i o n ,  etc.  could  be 

de te rmined  o r  measured. Therefore ,  estimates of these q u a n t i t i e s  are 

n o t  i n c  luded . 



Most of  the work desc r ibed  h e r e  w a s  conducted wi th  a s i n g l e  

mater ia l ,  d i i c h  has  some p r o p e r t i e s  c h a r a c t e r i s t i c  of o t h e r  CoCrAlY o r  

M C r h l Y  c o a t i n g s  and of metall ic plasma-sprayed c o a t i n g s  i n  genera l .  

The re fo re  some conc lus ions  may be reached with r e s p e c t  t o  those  common 

p r o p e r t i e s  , but  some s p e c i f i c s  may no t  be a v a i l a b l e .  

The: specimens used were made under what amounts t o  l a b o r a t o r y  con- 

d i t i o n s .  Add i t iona l  v a r i a b i l i t y  and sources  of v a r i a b i l i t y  may appear  

i n  c o a t i n g s  a p p l i e d  under i n d u s t r i a l  environmental  cond i t ions .  

Crack and Ho1.e De tec t ion  

L iqu id  p e n e t r a n t  t e s t i n g  (PT) comes c l o s e s t  t o  provid ing  an o f f -  

the-shelf method, a l though mod i f i ca t ions  t o  conven t iona l  techniques  have 

been demonstrated as necessary.  The exact lower ( c rack  s i z e )  l i m i t  of 

s e n s i t i v i t y  was not  determined,  but  i L  appea r s  t o  approach that  of more 

conven t iona l  P'1' t echniques .  There i s  a l s o  some p o t e n t i a l  f o r  technique  

v a r i a t i o n  t o  c l a s s i f y  c rack ing  by s i z e  range. 

Radiography was n o t  comple te ly  i n v e s t i g a t e d  under c o n t r o l l e d  

laboratory c o n d i t i o n s  but  demonstrated a u s e f u l  p r a c t i c a l  c a p a b i l i t y  f o r  

checking  the c o n d i t i o n  of specimens known t o  have c racks .  Some addi-  

t i o n a l  awrk would e s t a b l i s h  t h e  s e n s i t i v i t y  of techniques  wi th  t h e  

c o a t i n g  p laced  f i l m  s i d e .  Double-wall o r  source-s ide  techniques  may be 

worth i n v e s t i g a t i n g .  

Eddy-current t echn iques  were n o t  developed t o  t h e  p o i n t  of 

deumnst ra t ing  f law d e t e c t i o n  c a p a b i l i t y ,  bu t  p a s t  expe r i ence  i n d i c a t e s  

s t r o n g  p o t e n t i a l  f o r  success  without  e x c e s s i v e  development e f f o r t .  Much 

o f  the  development r equ i r ed  f o r  c r ack  and h o l e  d e t e c t i o n  would p a r a l l e l  

t h a t  r equ i r ed  f o r  t h i c k n e s s  measurement. 

Thickness  Measurement 

Eddy-current  t echn iques  appear  t o  o f f e r  t h e  qu ickes t  and most posi-  

t i v e  method t o  s a t i s f y  t h i s  requirement .  Because of t h e  fe r romagnet ic  

p r a p e r t i e s  of the CoCrAlY c o a t i n g  mterrial  used h e r e  and t h e  l i k l i h o o d  
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of similar properties in other candidate materials, some additonal 

effort to develop methods t o  handle these materials would be a good 

investment. It appears that the more modern multifrequency eddy-current 

techniques 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 medium-Z (atomic number) elements, For 

higher 2 elements, the limiting thickness for XRF measurement could be 

nuch smaller. The method could be very useful for low- to medium-2 

coatings less than 0.25 mm (0.010 in.) thick, particularly if such 

coatings were deposited on higher 2 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 o f  Unbond Areas and Delaminations 

In general, definitive experiments were not performed in this area. 

Earlier results on metallic coatings with ultrasonics34 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 whlch 

useful experiments could have been performed. Here, also, earlier work 

provides an indication of potential applicability. 35 

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 o r  the technique. 

In this case, 

Electric current testing w a s  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 Recomeridat i o n s  

I n s p e c t i o n  techniques  f o r  c r acks  and h o l e s  open t o  the  c o a t i n g  sur-  

f a c e  have come c l o s e s t  t o  complete development. Some f u r t h e r  develop- 

ment of rad iography would be p r o f i t a b l e .  Thickness  measurement by 

eddy-current  techniques  i s  c l o s e s t  t o  u s e f u l  development and should he 

completed.  U l t r a s o n i c  and thermal  unbond d e t e c t i o n  methods should have 

about  e q u a l  a t t e n t i o n .  The remaining methods should be cons idered  on ly  

i f  s i g n i f i c a n t  r e sources  f o r  development become a v a i l a b l e .  
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