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Abstract 

The development of the SQUID as the most 
sensitive instrument known for the measurement of 
changes in magnetic flux has presented new 
opportunities for its use for nondestructive 
evaluation (NDE) of electrically conducting and 
ferromagnetic structures. This presentation will 
review the preliminary studies of this application 
within the past few years in order to serve as an 
introduction to those that follow. It will include 
early work by the author which explored the ability 
of a SQUID to detect defects in a buried pipe and to 
detect fatigue in steel structures. Studies 
designed to find defects in North Sea oil platforms 
and corrosion currents are covered, as well as more 
recent work in mapping the magnetic field above a 
current-carrying circuit board. A discussion of the 
future for SQUID-based NDE will conclude this 
discourse. 

Introduction 

This is the first time the Proceedings of the 
Applied Superconductivity Conference has had a 
section whose title deals at least in part with the 
application of SQUIDs to nondestructive evaluation. 
This is not surprising since the first published 
work in this field did not occur until 1985, based 
upon studies that were begun in late 1982 at the 
Naval Research Laboratory'" (NRL) and at the 

University of Strathclyde3. Later, it was 
discovered that there was work done of this type 
(since the late zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1970 's )  at the Johns Hopkins 
University Applied Physics Laboratory, but the 
results of that were not known since there was no 
publication of it in the open literature. While 
these early studies were done primarily using SQUID 
magnetometers or, more precisely, magnetic 
gradiometers that were built for use in the study of 
biomagnetism, there are now a growing number of 
laboratories which have ordered or are already using 
multisensor systems specifically designed for NDE 
applications. It will, undoubtedly, be some time 
before these applications can rival the interest 
currently shown for biomagnetic and geophysical 
applications, but at the moment, the future of 
SQUID-based NDE looks bright. This is especially 
true because of recent success in the fabrication of 
low noise HTS SQUIDs and sensing coils operating at zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
7 7  K .  

When To Use a SOUID 

The use of a SQUID for NDE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi s  just another form 
of magnetic anomaly detection (MAD). Interest in 
this subject arose because of the similarity with 
the more mature applications cited above, as well as 
with the use of SQUID magnetometry for antisub- 
marine warfare. All applications fall into two 
categories: detection of magnetic anomalies associ- 
ated with ferromagnetic material and magnetic field 
anomalies associated with electric current. The 
source of a current may have biological origins, be 
due to induced eddy currents, be due to corrosion, 
or due to current applied specifically to produce a 
magnetic environment to help reveal some structural 

defect. Clearly, it is the unrivaled sensitivity of 
SQUIDs to small changes in magnetic flux that makes 
them highly desirable when it is not possible to 
place a sensing coil or solenoid directly around the 
object.. One should not use a SQUID when a simpler, 
less expensive technology can provide the required 
information, although one factor that tends to favor 
SQUID use is the reliability and ruggedness of SQUID 
systems in comparison to some other magnetic 
technologies. 

SQUID magnetometry should be used when extra 
sensitivity is required and nothing else will meet 
the requirements. In a gradiometer mode SQUIDs are 
insensitive to large background magnetic fields; 
they are linear, have wide dynamic range, and can be 
configured to cancel background noise through the 
use of a reference magnetometer. Another very 
important feature is good spatial resolution, i.e., 
with superior sensitivity, one can make sensing 
coils relatively small, one of the requirements for 
improved spatial resolution. 

In some NDE and geophysical applications, a 
magnetometer is relatively far from the magnetic 
source of interest. In this case, the SQUID'S 
superior sensitivity may be irrelevant if a high 
ambient noise level renders it no more sensitive 
than some simpler technology. On the other hand, 
other applications require placing a sensing coil as 
close as possible to a field source. In this mode 
it is invariably advantageous to use a gradiometer 
coil configuration, ideally keeping the gradiometer 
baseline large in comparison to the stand-off dis- 
tance between the bottom of the gradiometer coil and 
the magnetic field source. With dipole sources 
falling off inversely as the cube of the stand-off 
distance, the cryogenic environment sometimes can 
increase that distance so much that some other 
technology may be more desirable. To best utilize 
the SQUID'S sensitivity, there should be a 
commensurabi 1 ity between the stand-off distance and 
the diameter of the sensing coil. If an array of 
sensors is used, then this commensurability extends 
to the spacing between adjacent coils. 

Before looking into any NDE application of a 
SQUID magnetometer, it is important to interrogate 
those with experience in the area being considered, 
and to discover whether or not there is a real need 
for an improved methodology. It may well be that 
greater sensitivity is irrelevant or that there are 
some physical limitations which preclude the use of 
present-day SQUID technology. 

Ferromaanetic Materials 

Initial State Anomalies 
While iron-based alloys (i.e., steels) have been 

replaced in many applications by lighter weight, yet 
sturdy alloys, iron-based alloys remain a basic 
component of buildings, bridges and various means of 
transportation. When scanning a steel structural 
element, one may find magnetic field anomalies due 
to non-uniform geometry which either were original 
features of that element or features which evolved 
as a result of strain, deformation, corrosion, etc. 
Without knowing the magnetic signature of a specific 
specimen in its virgin state, it is difficult to 
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i n t e r p r e t  some anomalous f i e l d  p a t t e r n .  Th is  was 
made c l e a r  t o  me when zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI found a p a r t i c u l a r l y  l a r g e  
anomaly when scanning t h e  l e n g t h  o f  a 3-meter l ong  
i r o n  condu i t  which appeared a t  f i r s t  g lance t o  have 
a u n i f o r m  c ross  sec t i on .  The mystery  was so l ved  
when a v i s i t o r  h e l d  t h e  condu i t  up t o  a b r i g h t  l i g h t  
and no ted  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa weld w i t h i n  t h e  i n t e r i o r  a t  j u s t  t h e  
r e g i o n  f o r  which t h e  anomaly was observed. F i g u r e  
l a  shows t h e  arrangement o f  t h e  sensing c o i l  
r e l a t i v e  t o  t h e  condu i t  a f t e r  l o n g i t u d i n a l  and 

, 

F igu re  l a .  Schematic o f  a SQUID magnetic 
gradiometer  a l i g n e d  normal t o  t h e  a x i s  o f  a 
c u r r e n t - c a r r y i n g  i r o n  c o n d u i t  w i t h  2 ho les .  

20 - 

Peak-to.Peak Signal l6 1 
(Arb. Units) 

12 - 
L 

Circumferential Longitudinal 
Hole Hole 

F igu re  l b .  Output  s i g n a l  f rom SQUID system when 
condu i t  i s  moved l o n g i t u d i n a l l y  under SQUID dewar a t  
a separa t i on  o f  about 20 cm and an a p p l i e d  4.6 Hz 
c u r r e n t  o f  about 1 A.  

t ransve rse  ho les  were c rea ted .  F i g u r e  l b  shows data 
taken f o r  t h i s  condu i t  w i t h  a SQUID second-order 
gradiometer  separated f rom t h e  su r face  o f  t h e  con- 
d u i t  by about 20 cm. Al though these data were 
ob ta ined  w i t h  a 4.6 Hz c u r r e n t  o f  about 1 A a p p l i e d  
i n  o rde r  t o  accentuate t h e  e f f e c t  o f  t h e  damage 
created,  t h e  welded area produced an e a s i l y  observ-  
a b l e  anomaly i n  t h e  absence o f  a p p l i e d  c u r r e n t .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I 

Fat i que  
Perhaps t h e  most p leasan t  s u r p r i s e  I rece ived  i n  

a p p l y i n g  SQUID magnetometry t o  s t r u c t u r a l  s t e e l  
occu r red  when I at tempted t o  observe t h e  magnetic 
resDonse t o  s t r e s s  a p p l i e d  t o  a s t e e l  b a r  i n  a 
t e n k i l e  t e s t i n g  u n i t .  A schematic o f  t h e  
arrangement i s  shown i n  F igu re  2a. Because o f  t h e  
geomet r i ca l  c o n f i g u r a t i o n  o f  bo th  t h e  SQUID dewar 
and t h e  mechanical u n i t ,  t h e  t i p  o f  t h e  dewar cou ld  
be p laced  no c l o s e r  than  20 cm f rom t h e  ba r ,  w i t h  an 

\ 4 
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, 

F i g u r e  2a. Schematic o f  SQUID magnetic gradiometer  
p laced  a t  45 degrees and 20 cm f rom a v e r t i c a l  s t e e l  
b a r  i n  a t e n s i l e - t e s t i n g  u n i t .  

angle o f  45 degrees t o  t h e  v e r t i c a l  a x i s  o t  t h e  
s t e e l  ba r .  Even a t  t h a t  d i s tance ,  t h e  change i n  
f l u x  measured by t h e  gradiometer  c o i l s  was so l a r g e ,  
t h e  read -ou t  e l e c t r o n i c s  had t o  be se t  f o r  t h e  l e a s t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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F igu re  2b. Response o f  t h e  SQUID system and s t r e s s  
sensor t o  a p p l i e d  s t r a i n  f o r  2 success ive cyc les .  

s e n s i t i v e  scale.  I n  F igu re  2b one can observe t h e  
unexpected r e v e r s a l  i n  t h e  d i r e c t i o n  o f  changing 
magnetic f l u x  as recorded by t h e  gradiometer  coils. 
A 2-pen reco rde r  was used t o  p l o t  t h e  .. change- i n  



,5233 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
s t r e s s  and t h e  change i n  magnetic t l u x  s i m u l t a -  
neously  as a f u n c t i o n  o f  s t r a i n .  A number o f  s t e e l  
specimens, prepared i n  a v a r i e t y  o f  ways and c y c l e d  
many t imes  bo th  below and above t h e  e l a s t i c  l i m i t ,  
a l l  showed t h i s  r e v e r s a l  i n  changing f l u x  a t  a 
s t r e s s  l e v e l  about 0.6 o f  t h e  way t o  t h e  e l a s t i c  
l i m i t .  

The s t r e n g t h  o f  t h i s  magnetic response t o  s t r a i n  
was so g r e a t  t h a t  I suggested i t  cou ld  be observed 
w i t h  an o r d i n a r y  f l u x - g a t e  magnetometer p laced  
w i t h i n  a few cen t ime te rs  o f  a s t e e l  ba r .  Work by 

Mignogna nd Chaske l i s4  a t  NRL has shown t h i s  t o  be 
so, and it showed a l s o  t h a t  a SQUID magnetometer 
cou ld  r e c o r d  t h e  same s i g n a l - t o - n o i s e  r a t i o  when 
p laced  about an o rde r  o f  magnitude f a r t h e r  f rom t h e  
s t e e l  specimen under t e s t .  T h i s  e f f o r t  looked f o r  
s i m i l a r  behav io r  i n  n i c k e l  specimens, b u t  no r e v e r -  
s a l  i n  changing magnetic f l u x  was found. 

When a l oad  which does no t  exceed t h e  e l a s t i c  
l i m i t  f o r  s t e e l  i s  a p p l i e d  and then  removed, one 
sees h y s t e r e s i s  o n l y  i n  t h e  magnetic response. T h i s  
i n d i c a t e s  t h a t ,  even w i t h i n  t h e  l i m i t s  o f  e l a s t i c  
behav io r ,  some d i s s i p a t i o n  occurs. A l though I 
hypothes ized t h a t  t h i s  m igh t  be r e l a t e d  t o  a reduc-  
t i o n  i n  domain s i z e ,  it wasn't u n t i l  a m e t a l l u r g i s t  
t o l d  me t h a t  phase s l i p  i n  s t e e l  occurs a t  t h e  same 
value o f  s t r e s s  as t h a t  f o r  t h e  r e v e r s a l  i n  changing 
f l u x ,  t h a t  I r e a l i z e d  t h e  importance o f  t h e  r e v e r s a l  
phenomenon. Phase s l i p  rep resen ts  t h e  m ic roscop ic  
o r i g i n  o f  f a t i g u e .  

Th is  obse rva t i on  o f  t h e  onset o f  f a t i g u e  i n  
s t e e l  can be t h e  b a s i s  f o r  a power fu l  NDE technique 
t h a t  r e q u i r e s  o n l y  a q u a l i t a t i v e  de te rm ina t ion .  I f  
one wants t o  t e s t  a s t e e l  s t r u c t u r a l  element for 
f a t i g u e ,  a l l  t h a t  i s  r e q u i r e d  i s  a p e r i o d i c  
mechanical s t imu lus ,  p o s s i b l y  w i t h  a p i e z o e l e c t r i c  
t ransducer  which produces a smal l  p e r t u r b a t i o n  t o  
t h e  u n d e r l y i n g  s t r a i n .  Us ing phase s e n s i t i v e  
d e t e c t i o n ,  t h e  response i n  changing magnetic f l u x  
w i l l  be e i t h e r  i n  phase o r  180 degrees ou t  o f  phase 
w i t h  t h e  mechanical p e r t u r b a t i o n  be ing  app l i ed .  I n  
t h e  case o f  an ou t -o f -phase  response, f a t i g u e  i s  
present .  By scanning t h e  l e n g t h  o f  t h e  t e s t  s t r u c -  
t u r e ,  i t  a l s o  may be p o s s i b l e  t o  f i n d  a r e g i o n  o f  
maximum f a t i g u e .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Steel Plates 

Donaldson's U n i v e r s i t y  o f  S t r a t h c l y d e  group was 
engaged i n  1982 by t h e  B r i t i s h  Petroleum C o r p o r t i o n  
t o  i n v e s t i g a t e  t h e  a b i l i t y  o f  SQUID magnetic g r a d i o -  
metry  t o  d e t e c t  su r face  b reak ing  cracks i n  f e r r o -  
magnetic s t e e l  p l a t e s .  F i g u r e  3 i s  a schematic 

F i g u r e  3. Schematic o f  t e s t  apparatus w i t h  SQUID 
gradiometer  and superconduct ing magnet p o s i t i o n e d  
ove r  c a r t  w i t h  machined s l o t  i n  s t e e l  p l a t e .  
(Reference 4)  

diagram o f  t h e  t e s t  apparatus used. A s t e e l  c a r t  
c o n t a i n i n g  machined notches i s  moved beneath a 
s t a t i o n a r y  dewar c o n t a i n i n g  a superconduct ing magnet 
t o  produce a p o l a r i z i n g  f i e l d  which does no t  d i r e c t -  
l y  produce any changing f l u x  i n  t h e  gradiometer  
c o i l s .  The a c t u a l  gradiometer  used was no t  o f  t h e  
a x i a l  t ype  as shown, b u t  was i n  t h e  form o f  a p l a n a r  
( o r  "ba lanced")  gradiometer  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAso t h a t  t h e r e  would be 
r e l a t i v e l y  sma l l  response t o  changes i n  t h e  s tand-  
o f f  d i s tance  due t o  p l a t e  d i s t o r t i o n s .  F i g u r e  4a 
shows r e s u l t s  f o r  t h e  response t o  a s t e e l  p l a t e  w i t h  
s l o t s  i n  bo th  water  and a i r ,  i n d i c a t i n g  t h a t  detec-  

Slots 2 , 4 , 8  cm Long 

(b) X Position (cm) (a) Position (cm) 

F igu re  4. ( a )  R e l a t i v e  response o f  SQUID sensor t o  
s l o t t e d  s t e e l  p l a t e  i n  a i r  and under water ;  ( b )  
magnetic f i e l d  con tou r  map f o r  p l a t e  w i t h  3 s l o t s .  
(Reference 5 )  

t i o n  i s  no t  much degraded by t h e  presence o f  water .  
F igu re  4b shows t h e  magnetic f i e l d  con tou rs  
assoc ia ted  w i t h  these s l o t s .  The e f f e c t  o f  f a t i g u e  
beyond t h e  boundar ies o f  a 5-cm long  s l o t  i s  ev iden t  
i n  t h e  f i e l d  con tou rs  seen i n  F igu re  5.  U n f o r t u -  
n a t e l y ,  it was no t  p o s s i b l e  t o  d i s t i n g u i s h  a c rack  

Y Position 

i 1 
0 10 

X Position (cm) 

F i g u r e  5.  Magnet ic  f i e l d  ContOUr map Over a 
fa t i gued ,  cracked p l a t e .  The e f fec ts  of f a t i g u e d  
reg ions  w e l l  beyond t h e  5-cm long  S l o t  a re  e v i d e n t .  
(Reference 5)  

i n  a weld f rom t h e  weld i t s e l f  because o f  t h e  l ack  
of r e s o l u t i o n  r e l a t i n g  t o  t h e  l a r g e r  o f  e i t h e r  t h e  
s t a n d - o f f  d i s t a n c e  o r  g r a d i o -  meter c o i l  d iameter .  
A f u l l e r  account o f  t h i s  work and a rev iew  o f  
r e l a t e d  s t u d i e s  may be found i n  Reference 5. 

More r e c e n t l y 6 ,  t h e  S t r a t h c l y d e  group has 
teamed w i t h  a group o f  H i t a c h i  m e t a l l u r g i s t s  t o  show 
t h a t  a SQUID-based magnetometry system can d e t e c t  a t  
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a distance features of stainless steel specimens 
that are characteristic of precipitates due to ther- 
mal aging. This same information can be obtained 
by less sensitive forms of magnetometry, but not (as 
was the case for the SQUID system) for stand-off 
distances of up to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 cm. There may be many practi- 
cal situations where this becomes impor- tant, for 
example, in power plants where steel pipes are 
covered with thermal insulation. 

Current zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- Induced Fields 

Inherent Currents 
In principle, MAD may be applied to any 

structure that is capable of carrying an electric 
current. Perhaps the ideal situation is one in 
which current is present inherently. Such is the 
case for a corrosion current which, by its very 
nature, is an indication of a problem requiring 
remediation. Studies of field patterns associated 
with corrosion currents have been initiated by a 

group at MIT , and more recent work by this group 
appears in a following contribution*. 

Eddy Current Techniques 
Still another means for studying defects in 

metallic structures is to induce an eddy current and 
thereby avoid the need to make physical (electrical) 
contact with the test object. A SQUID magnetometer 
was used by a group at the National Bureau of 
Standards8 (now NIST) to map magnetic field 
patterns associated with commercial eddy-current 
probes, and it was suggested that a SQUID itself 
could be used to map magnetostatic leakage. How- 
ever, these studies involved the use of a small 
copper pick-up coil at room temperature which had to 
be fed into the cryogenic region for coupling to a 
superconducting Nb input coil. While adequate for 
the task at hand, this configuration did not lend 
itself to a form of SQUID-based eddy current detec- 
tion. 

More recent work by Podney and Czipott9 has 
addressed the possibility of using superconducting 
source, shielding and pick-up coils, arranged con- 
centrically and coplanar, with coupling to a SQUID 
magnetic sensing unit. Design studies indicate that 
small near-surface inclusions can be detected if one 
can construct an array of millimeter-size coils with 
commensurate center-to-center separation and stand- 
off distance from the metal surface. Work is pro- 
gressing on the construction of such an array, and 
the reader is referred to a fuller account of it 
elsewhere in this volume. 

A~p l ied  Currents 
While the work of this authorljz referred to 

earlier did involve the attachment of current leads 
to a conduit under test, the most thorough study of 
field patterns produced by defects in a current- 
carrying metallic structure, is that being conduc- 

ted by Wikswo‘s group at Vanderbilt Universitylo. 
An update of that group’s recent activity is pre- 

sented in a following paperll. The major advan- 
tage of the Vanderbilt studies is that they utilize 
a multi-sensor SQUID system with small, closely 
spaced sensing coils of relatively small diameter, 
and with a variable stand-off distance on the order 
of millimeters. Figure 6a shows a schematic of a 
typical one-sensor SQUID gradio- meter. Noteworthy 
features of a typical system include a coil diameter 
of about 5 cm, a baseline of over 6 cm, and a stand- 
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Figure 6a. Schematic of a typical commercial SQUID 
magnetic gradiometer with a stand-off distance of 
over one centimeter between the bottom of the 
sensing coil and room temperature. (Courtesy of 
J.P. Wikswo, Jr.) 

off distance of 1 to ‘2 cm. In comparison, Figure 6b 
shows the schematic of what Vanderbilt and BTi, the 
manufacturer, refer to as the MicroSQUID, a system 

lhield 

Figure 6b. Schematic of a 4-sensor MicroSQUID with 
a stand-off distance of one to two millimeters. 
(Courtesy of J.P. Wikswo, Jr.) 

that incorporates four sensing coils located at the 
corners of a square, 4.4 mm on a side, each with a 
3 mm diameter and constructed so that the stand-off 
distance to room temperature may be varied between 
1.4 and 4.0 mm. It is estimated that anomalies due 
to features less than a millimeter in extent can be 
resolved. 

The ability of the MicroSQUID system to detect 
the presence of a 0.3 mm diameter hole in a copper 
plate has been demonstratedlo, but one of the 
major motivations for construction of this system 
was its potential use for the tracing of current in 
a failed integrated circuit chip. As a test of the 
system’s capability to do this, Wikswo and his 



col laborators constructed a "VU" pattern on a 
printed circuit board, as illustrated in Figure 7a. 
When 0.1 mA is passed through this wire configura- 
tion, they obtained the magnetic field contour map 

Figure 7. (a)"VU" current pattern with 0.1 mA on 
printed circuit board; (b) measured magnetic field 
using MicroSQUID at stand-off of 2.7 mm; (c) 
reconstructed current image from magnetic field 
data. (Courtesy of J.P. Wikswo, Jr.) 

shown in Figure 7b for a coil stand-ott height ot 
2.7 mm. Figure 7c shows the current image derived 
from this contour map using a spatial filtering 
algorithm developed earlierll. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

The Future of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASQUID-Based NDE 

Much of the early work in this area was done 
using instrumentation designed for other applica- 
tions, primarily biomagnetic ones. It is clear, 
however, that if SQUID-based NDE techniques are to 
have a major impact, one must construct systems 
which are specifically responsive to each unique 
situation. In many cases this will require arrays zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

3-AXIS 
SQUID 
(FIXED 

POSITION) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

3235 
of millimeter and sub-millimeter size coils with 
comparable planar separations and stand-off dis- 
tances. It appears unlikely that such require- 
ments can be met easily using the "conventional 
low-temperature'' superconductors of the past. While 
such instruments as the MicroSQUID may be tremen- 
dously useful in establishing the limits of detect- 
ability for certain applications, they may not be 
practical or cost-effective in their transition from 
the research laboratory to the commercial world. 

The future of SQUID-based NDE is undoubtedly 
tied to the challenge of making manufacturable, 
low-noise, ceramic oxide (so-called HTS) SQUIDs and 
planar sensing coils. The recent work of Koch et 

al12t13 is encouraging since it illustrates that 
planar HTS SQUIDs operating at 77 K have low fre- 
quency noise characteristics comparable to that 
found for commercial Nb SQUIDs operating at 4 K .  
However, since the method used to produce these 
T1-compound HTS dc SQUIDs is not a manufacturable 
technology, one's enthusiasm must be at at least 
temporarily restrained. 

Not only must one consider specially designed 
sensing-coil arrays, but one also must consider the 
construction of unique test beds. At the beginning 
of this paper I described measurements which showed 
that it may be relatively simple to determine fati- 
gue in steel structures. In order to exploit this 
potential more fully, the apparatus shown schemati- 
cally in Figure 8 was recently constructed. It 
consists of a (3-axis) vector, first-order SQUID 
gradiometer mounted vertically over a specially 
constructed non-magnetic load frame. Specimens 
under test can be stressed periodically, while the 
entire frame can be rotated 120 degrees in either 
direction about its horizontal axis and can be made 
to travel linearly in an x-y plane. This set up, 
which is fully automated, will permit mapping of 
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Figure 8. Schematic of non-magnetic load frame, 
vector SQUID gradiometer and data acquisition system 
to test for the onset of fatigue and fracture in 
steel bars. (Courtesy of R . B .  Mignogna) 
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magnetic f i e  I d  contours assoc ia ted  w i t h  t h e  onset o f  
f a t i g u e  and f r a c t u r e  i n  s t e e l  specimens, and should 
p rov ide  the  data needed t o  v e r i f y  t h e  p o t e n t i a l  o f  
SQUID-based u n i t s  t o  de tec t  e a r l y  s igns o f  f a t i g u e  
i n  p r a c t i c a l  s t e e l  s t r u c t u r e s .  

I n  t h e  f i n a l  ana lys i s ,  t he  success o f  SQUID- 
based NDE techniques w i l l  depend no t  on what low 
temperature p h y s i c i s t s  do i n  t h e i r  l a b o r a t o r i e s ,  bu t  
how w e l l  t h i s  technology can respond t o  the  r e a l  
needs of t h e  NDE community, and how w e l l  i t  stacks 
up aga ins t  otherll t echno log ies ,  some o f  which may be 
"moving t a r g e t s .  A f t e r  l e a r n i n g  about the  use o f  
SQUIDs i n  biomagnetism and geophysics, i t  occurred 
t o  me t h a t  a m o d i f i c a t i o n  o f  these techniques cou ld  
be a p p l i e d  t o  NDE. But  t h e  f i r s t  t h i n g  I d i d  a f t e r  
e n t e r t a i n i n g  t h i s  thought  was t o  con tac t  a major 
manufacturer o f  NDE systems which i nco rpo ra ted  a 
v a r i e t y  o f  t echno log ies .  I wanted t o  know whether 
the re  were l i m i t s  t o  these e x i s t i n g  commercial 
t echno log ies  such t h a t  t h e  requi rements o f  t h e i r  
c l i e n t s ,  e.g., ope ra to rs  o f  u t i l i t y  p ipe  l i n e s  and 
nuc lea r  r e a c t o r s ,  were no t  f u l l y  met. I t  was o n l y  
a f t e r  r e c e i v i n g  encouragement f rom t h i s  o r g a n i z a t i o n  
t h a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI proceeded f u r t h e r .  A l though I s t a t e d  a t  t h e  
beg inn ing  of t h i s  d i scou rse  t h a t  t he  f u t u r e  o f  
SQUID-based NDE appears b r i g h t ,  I am somewhat 
d i s t u r b e d  by a number o f  people ( w i t h i n  t h e  SQUID 
community) making even more p o s i t i v e  statements i n  
t h i s  rega rd  and who have no t  had any r e a l  con tac t  
w i t h  t h e  NDE community. The t r u e  chal lenge i s  t o  
present  conv inc ing  data a t  NDE meetings, no t  j u s t  a t  
meetings on superconduc t i v i t y .  Success w i l l  be 
assured when acc la im  i s  g i ven  d u r i n g  a sess ion on 
SQUID-based NDE a t  t h e  annual meet ing on Progress i n  
Q u a n t i t a t i v e  NDE. C u r r e n t l y  I am no t  convinced t h i s  
w i l l  occur ,  b u t  I f e e l  t h a t  prospects  f o r  it t o  
happen a re  s t i l l  f avo rab le .  

Acknow 1 edqement zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs 

I wish t o  acknowledge va luab le  d i scuss ions  w i t h  
and data f rom Professor John Wikswo o f  V a n d e r b i l t  
U n i v e r s i t y ,  Professor  Gordon Donaldson o f  t he  Un i -  
v e r s i t y  o f  S t ra thc l yde ,  D r  Wal ter  Podney o f  SQM 
Technology, I nc . ,  and D r  Richard Mignogna o f  t h e  
Naval Research Labora to ry .  

References 

1. H. Weinstock and M. Nisenoff,: "Defect  
I d e n t i f i c a t i o n  w i t h  a S Q U I D  Magnetometer, Review o f  
Progress i n  Q u a n t i t a t i v e  Nondestruct ive Eva lua t i on ,  
D.O. Thompson and D.E. Chiment i ,  Eds, &, Plenum, New 
York, 1986, pp. 669-704. 

2. H. Weinstock and M. Niseno f f ,  "Nondestruct ive 
Eva lua t i on  of M e t a l l i c  S t ruc tu res  Using a SQUID 
Magnetometer, SQUID '85 - Superconducting Quantum 
I n t e r f e r e n c e  Devices and T h e i r  A p p l i c a t i o n s ,  H.D. 
Hahlbohm and H. Lubbig, Eds., de Gruyter ,  B e r l i n ,  

3. R.J.P. Bain,  G.B. Donaldson, S .  Evanson and G. 
Hayward, "SQUID Gradiometr ic  De tec t i on  o f  Defects  i n  
Ferromagnetic S t ruc tu res , ' '  SQUID '85 - 

Superconducting Quantum I n t e r f e r e n c e  Devices and 
T h e i r  A p p l i c a t i o n s ,  H.D. Hahlbohm and H. Lubbig, 
Eds., de Gruyter ,  B e r l i n ,  1985, pp. 841-846. 

4.  R.B.  Mignogna and H.H. Chaskel is ,  " I n v e s t i g a t i o n  
of Deformat ion Using SQUID Magnetometry," Review o f  
Progress i n  Q u a n t i t a t i v e  Nondestruct ive Eva lua t i on ,  
D.O. Thompson and D.E.  Chimenti,  Eds., zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8, Plenum, 
New York, 1989, pp. 551-558. 

1985, pp. 853-858. 

5. G.B. Donaldson, "SQUIDs f o r  Eve ry th ing  Else,"  
Chap. 7 i n  Superconducting E l e c t r o n i c s ,  H. Weinstock 
and M. N i s e n o f f ,  Eds., Spr inger ,  B e r l i n ,  1989. 

6. G. Donaldson e t  a l ,  "Use o f  S Q U I D  Magnetic Sensor 
t o  Detect  Aging E f f e c t s  i n  Duplex S ta in less  S tee l , "  
B r i t .  J. of Non-Destruct ive Tes t i nq  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA32, 238-240, 
1990. 

7. J.G. Bell ingham, M.L.A. Macvicar and M. N i seno f f ,  
"SQUID Technology Applis,d t o  the  Study o f  
E lec t rochemica l  Corros ion,  I E E E  Transact ions on 
Magnetics, MAG-23, 477-479, (1987). 

8. M. Mis ra ,  S. L o r d i  and M.L.A. Macvicar, "NDE 
A p p l i c a t i o n  o f  SQUID Magnetometry t o  Elect rochemical  
Systems," I E E E  Transact ions on Magnetics, MAG-27 
( t h i s  volume), 1991. 

9. W.N. Podney and P . V .  C z i p o t t ,  "An Elect romaanet ic  
Microscope f o r  Eddy Current  'Eva lua t i on  o f  C o n d k t i v e  
M a t e r i a l s , "  I E E E  Transact ions on Magnetics, MAG-27 
( t h i s  volume), 1991. 

10. J.P. Wikswo, Jr. e t  a l ,  " I ns t rumen ta t i on  and 
Techniques f o r  High-Resolut ion Magnetic Imaging," 
D i g i t a l  Image Synthes is  and Inve rse  Op t i cs ,  A.F. 
Gmitro, P.S.  I d e l l  and I .J .  LaHaie, Eds., S P I E  
Proceedings, v o l .  1351 ( t o  appear), 1990. 

11. D.J. Staton,  Y.P.  Ma, N.G. Sepulveda and J.P. 
Wikswo, Jr., "Magnetic Imaging w i t h  a High 
Reso lu t i on  S Q U I D  Magnetometer Array,"  I E E E  
Transact ions on Magnetics, MAG-27 ( t h i s  volume), 
1991. 

12. R.H. Koch e t  a l ,  "Low-Noise Th in -F i lm  TlBaCaCuO 
dc SQUIDs Operated a t  77 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAK." Annl. Phys. L e t t .  54, 
951-953 (1989) 

. .  

13. R.H. Koch e t  a l ,  "Present Status and Future o f  
dc SQUIDs Made f rom High-Tc Superconductors," 
Physica B, v o l s .  165 & 166 (111) ( t o  appear), 1990. 




