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p e r t u r b a t i o n  method of inspec t ion  to the i n t er i o r  and ex t e r i o r  su r f a c e s  of
the  arti l lery projectile casings.
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I. INTRODUCTION

The p r i m a r y  objective of thi s p rog ram was t~ develop a bench-type
laboratory system to demonstrate the capability of the magnetic perturbation
inspection method for detecting flaws in artillery projectiles. A pho to-
grap h of a project i le  is shown in Figure  1’ . Comple te  inspec t ion  of the
inside and outside surfaces and reliable detection of flaws oriented in eithe r
the circumfe rential or longitudinal directions with major dimensions of
0.050-in, long x 0. 0I5-in. deep or larger is desired. Flaws of interest
a r e :  cracks , seam s, cold shuts , splits and inclusions. Additionall y, the
bench-type system shauld demonstrate magnetizing technique s, scanning
ms~chanisms and signal processing methods capable of perfo rming inspec-
tions at a rate of several projectiles per minute.

Two existing laboratory system s were modified to accommodate the
155mm projectiles and to provide the scanning capability requi red  for
nspec t ing  the areas  of in te res t  on the ins ide  and outside surfaces. One
of these systems, provided axial magnetization for maximum sensitivity
to circumferentially oriented defects and the other provided circumferen-
tial magnetization which provides maximum sensitivity to axially oriented
defec t s .

Af t e r  completion of these equi pment modif ica t ions , and the desi gn
and evaluation of promising probe conf i gura t i ons , ins pect ions w e r e  p r -
formed on the  ten (10) projecti les supplied; both axial and c i r cumferen t i a l
magnet izat ion d i rec t ions  were util ized. These inspect ions  covered in
excess cf 90% of the tota l projectile in side and outs ide  sur face  areas .
Time required for  comp lete inspection of a project i le  was approximate l y
2 minutes; by using inside and outside probes  simultaneously the  i nspec-
tion could be a ccomplished in approximately 30 seconds.

An anal ys i s  of the inspection records  was completed and metallur-
g ical sec t ioning was per formed at several selected si tes.  Resul ts  of these
sectioning invest i gation s disclosed ei ther  c racks  or inc lus ions  at all
sec tioning locations. Prominent examples of si gna tu res  and associated
c racks  a re  p resen ted  in Fi gure  2. Note that most of the si gna tu res  a re
observed for seve ral revolutions , and since the probe is advanced 0. 1- in .  /
rev, the axial extent of the c racks  can be de te rmined  easil y. A more
detailed analy s i s  of these and other resul ts  will be presented la te r .

An ove rall anal ys is  indicate s tha t the magnetic pe r turbat ion  method
ca n provide a r e l i ab l e , h igh  speed , hi g h sens i t iv i ty  approach for  an auto-
mated nondes t ruc t ive  examination to e n s u r e  mater ial  in t egr i ty  of artil-
lery projec t i les .  Subsequent sections of thi s report will p resent  de ta i ls

on which the above f o r e c a s t  is based.

~ These particular projectile s were selected because of their  availabili t y f rom
a pr ior  program in which  the.y were par t  of a group inspected ultrasonicall y
and rejected at the Iowa A r m y  Ammuni t ion  Plant.1
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II. DESCR 1t- LION OF METHOD

[he magne t i c  pe r tu rba t i on  inspecti on method essentially consists
of establishing a magnet ic’ flux in a f~ r•~omagnetic material and then
s c a n n i n g  Lh e su r f a c e  of the material with a sensitive magnetic probe to
dete t anomal ies  or p e r t u r b a t i o n s  caused in the f lux  by nonhom ogenei t ies
in  f e r r o m a g n e t i c  m a ter i a l .  Fi g u r e  3 schematical ly i l l u s t r a t e s  thi s c on-
cept .  Ph ys ica l l y ,  thi s i s  a problem in magne tos ta t i c s  and anal yses  of
solutions have provided guidance fo r  o p t i m i z i n g  condi t ions  and fo recas t ing
re su l t s .  In the  u p p e r  i l l u s t r a t i ons , f lux i s  a ss- imed  to be d i r e c t e d  f r o m
ri g ht to l e f t , and compu te r  plots of si gn a t u r e s  obtained u n d e r  t hese  condi-
tion s f rom n o n fer r o m a g n e t i c  reg ion s o r  f laws ~re shown in the  two lower
i l l u s t r a t i o n s .  The c h a r a c t e r i s ti c  shape of the si g n a t ur e s  a r e  dependent
on the  magnet i c fi eld component  wh ich  i s  sensed by the probe.  For the
uppe r  si gn a t u r e s  the  probe is o r i e n t e d  to sense the  component  normal  to
the app lied fi eld and the scan is in the  d i r e c t i on of the applied f ie ld .  For
the lowe r si gnatur~~s the probe is o r i e n t ed  to Sense the component in the
d i r e c t i o n  of the app lied f ie ld  and the  scan is  in a d i r e c t i o n  normal to the
applied field. Other configuration s are possible and selection is based on
ana l y s i s  of the spec if ic  i n s p e c t i o n  of i n t e r e s t .

Anal y sis of cha rac t e ri s t i c  si g n a t ur e s  provides  considerable  quanti-
ta t ive i n f o r m a t i o n  c o n c e r n i n g  the p e r t u r ba t i o n  sou rce .  For  example,
(in the upper  si gna tu r e  of Figure 3),  quan t i t i e s  tha t can be d e r i v e d  inc lude :

a) flaw location - coin cides with the zero crossing

b) flaw volum e - indicated by peak- to-peak amplitude

c) flaw depth f rom surface  - related to the peak- to-peak
sepa ra t ion  measu rec  in the d i r e c t i o n  of the applied field

Extensive experimental resu l ts  show general  agreement  with many details
predic ted  by theo ry  and also have conf i rmed  that the method pr ovides
esceflent qualitative and , after calibration , quantitative results. For
example , in Figu r e  4 data obtained f rom  a srr1all fatigue crack show a
l inear  relat ionshi p between c rack  opening d i sp lacement , COD, and si g-
nal amplitude.

A pp lica tion of the magneti c per turba t ion  method to the 155mm pro-
ject i les  is schematicall y il lus t rated in Fi gure  5. For maximum sensit ivity
to f laws with the m a j o r  d imens ion  o r i e n t e d  a long the  axial d i r e c t i o n, a
c i r c u m f e ren t ia l  magnet ic  f lux is provided.  Under  these  condit ion s and with
a scan path which  is  essentia l l y c i rcumferent ia l , but  continuousl y advanced
d u r i n g  each revolu t ion  (a ti g ht helical scan) cha rac te r i s t i c  normal component
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and para ll el component si gna tures  obtained f rom two d i f f e r en t  size f laws
are  i l lus t ra ted .  The normal component of magneti c flux is produced by
the flaw and on one side the fl ux is fo rced  out of the surface  and on the
other  side m u s t  be fo r ced  back into the su r face  since flux must  be con-
tinuous.  Accord ing ly ,  a signature  is  gene rated that has an upward
d i r e c t e d  component w h i c h  peaks and r e t u r n s  to ze ro  with the ze ro
c ros s ing  coincident  with  the flaw location and then a downward directed
com ponent wh ich  peaks and then r e t u r n s  to ze ro .  In the i l lustrat ion si g-
natures  obtained on success ive  scans provide an indication of the length
of the flaw in the axial di rect ion.  Note that si gnature A extend s ove r a
greater  axial d i r ec t ion  than B. For the pa rallel component , the signa ture
is esse ntiall y unidirect ional  and is gene rated by the inc rease  in fl ux den-
sity as the flaw fo rces  flux out into the reg ion above the projectile sur face .

With axial magnetization and the probe oriented to sense the normal
component and a c i rcumferen t i a l  scan path sli ghtl y to the left  of f laws A
and B , the outwardl y d i rected component of flux produced b y the flaw
ge ne rate s a si gna ture  w h i c h  rapidl y r ises to a peak and then r e tu rns  to
zero ;  whe n the pa th  is  slightl y to the ri ght of flaws A and B , the inwardl y
di rec ted  component is sensed and prod uces the corresponding downward
si gnatures  A and B. When the pa rallel component is sensed , the increase
in flux above the sur face  of the projectile causes a corresponding rapid
inc r ease in si gna ture  which peaks and then r e t u r n s  to the baseline.

Examples of inspection records  i l lustrat ing the above signature
cha rac te r i s t i cs  and sequences will be reviewed later.

8



Ill. ADAPTATION OF INSPECTION EQUIPMENT

As stated in the Introduction , two separate magnetic orientations
were  used for  the inspect ions .  Thi s necessi tated tooling and modification
of two exist ing laboratory devices.

A. Ci rcumferential  Magneti c Orientation

For the circumferential  magnetic orientation , a la the- type
device was modifi ed to provide helical scanning of the projectile su r faces .
Thi s was acc omplished by desi gning a carr iage to support  the magnetic
ci rcui t  and the probes which coul d be moved in an axial direction as the
projectile was rotated by a modified lathe chuck.  Figure 6 shows an
overall view of the lathe device and associated instrumenta tion. A helical
scan of 0. 1 -in. / rev .  was achieved b y using the lead screw on the lathe
device. Probe position information was provided through the use of a
shaft encoder coupled to the main spindle of the lathe. The magnetizing
arrang ement consisted of two electric coil s with i ron cores and re turn
paths , and movable pole pieces.  The pole piece desi gn incorporated a
four -ba r linkage , which  together with roller followers in the nose of the
pole pieces that roll on the projectile surface,  allows the pole pieces to
follow the contour of the projectile. In thi s modified lathe device , it was
also necessa ry to desi gn and fabricate a centering support for the nose of

• the projectile to counteract the large magnetic forces  caused by the rnag-
netizing ar rangement .  The support was also desi gned to accommodate
inser t ion of the probes for  in ter ior  scan of the p rojectiles. Figures  7
and 8 are  close-up view s of the pole piece camn-ling operation and the
probe s at two d i f fe ren t  locations on the projectile.  Fi gure  9 is a photo-
graph with a cut-out segment of a projectile to i l lustrate the probe
arrangement  for  scanning the inte rior surfaces.  A rectangula r wire coil
induction type probe with an orientation to sense the normal component of
magnetic flux was desi gned for  the c i rcumferen t ia l  magnetization arrange-
ment. Previous expe rience indicated that a coil length of 0. 050-in.
(1. 27mm) would provide hi gh resolution consistent with the contractual
requirement for detectabil i ty of a minimum flaw size of 0.050-in.  (1. 27mm )
long by 0.015-in.  (0. 38mm) deep. Two probes , side by side , were  used
to effectivel y cover a stri p 0. 1 -in. wide each revolution, thereby pe r-
mitting a relatively fast axial t raverse  of the projectile. (Additional
instrumentation channel s and probes could permit an even wider  scan per
revolution and a corresponding increase  in axial t r averse  speed . )  Rota-
tiona.l speed was approximately 190 rpm and total time to scan the projectile
was 45 seconds.

Because of the compound curves  encountered on the projectile ,ç i t  is necessa ry tha t a probe-carr iage  and suspension be designed which
will allow the probe to follow the projecti le contours whi le  maintaining

9
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close coup ling to the su r f ace .  Fi gure  10 shows two views of the  probe
assembly.  In operat ion , the probe assembly is f r e e  to pivot and main-
tai n the assembly parallel  wi th  the inspect ion  s u r f a c e  as the contour
changes  f rom the base end to the nose end of the project i le .

B. Axial  Ma&netization

For the axial magnet iza t ion  orientation , an exi sting special-
desi gn magnet ic  scanning device was modified to provide f o r  specimen
rotat ion and he lical scan. An overall view of the eq ui pment a r r a n g e m e n t
is presented  in Fi g u r e  11.  Axial magnetization is provided by the en-
ci rcling e lect r ic  coil and both the probe and magnet izing coil a re  f ixed
with r espect  to the equi pment support  s t r u c t u r e .  The projecti le and
rotating mechan i sm are  mounted on a carr iage  supported by ba l l -bushings
and t r ac k s , t he r eb y per mi t t ing  the project i le  to be moved th roug h the
magnet iz ing  coil. A complete scan of the projecti le is  accomplished by
syn ch r onizi n g the rotational speed wi th  the axi al motion of t he ca r ria ge,
the reby  providing a I elical scan. Close-up views showing ex ter ior  inspec-
tion at two d i f f e ren t  locations on the project i le  a re  shown in Fi gures  12
and 13. The same probe-suppor t  a r rangement  is used fo r  the ins ide
ins pection (see Fi g u r e  8).

P robe design for  the axial magnetization using he lical scan
requ i red  a d i f f e ren t  probe coil or ientat ion than was used in the case of
c i r cumfe ren t i a l  magnetizat  ion . The coil was oriented with the axis
pa rallel to the projecti le and magne tization axi s and the rb y sensed the
magnetic field component w h i c h  was pa rallel to the project i le  sur face .
With thi s configuration it was necessary  to use f ive  s ide-by - s i d e  coils
to cove r a scan path 0. 1 -in, w ide / r ev .  Thi s probe a r rangement  resul ted
in excellent sen sitivity to t ransverse ly oriented flaws in the size range of
i nt e r e St.

C. Base Region

Fi gure 14 is a photograph of the a r r angemen t  for  in sp e c t i n c ~
the outside surface of the base region. With thi s ar rangement  the pro-
jectile is rotated and the probe is moved across  the base caus ing  a spi ral
scan . Movement in the horizontal d i rec t ion and then in the v e r t i c a l  d t r ~~ -

tion provides a method for  examining flaws in flux or ientat ion s app roxin e a t i n g
two direct ions over much  of the base. A Hall-effect probe is  used to elimi-
nate the influence of velocity on the si gnatures.

14
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D. R e f e r e n c e  Specimen

For prel imina ry evaluations and to provide  a r e f e r e n c e
specimen which  coul d be used f rom t ime to time to e n s u r e  that the equip-
ment was opera t ing  proper l y ,  t a r g e t s  or  t e s t  f laws were  machined in the
ex te r io r  and in te r io r  surfaces  of a project i le .  A schedul e of these  de fec t s
is shown in Fi gure  15. The range of s izes  included f laws both large r and
smaller than the specified 0 .050- in,  long by 0 .015- in,  deep.

20
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IV . DA l’A ACQUISITION , A N A L Y S E S AND RESULTS

Subse qu e n t  to the mod i f i ca t ion  f equi pment , f ab r i ca t i on  of probes
and m a c h i n i n g  of ar get  f laws in the r e f e ren c e  specimen , a number  of
ex pe r imen t s  wer ,  conducted and a total of ten p ro j ec t i l es  was inspec ted .
Inspection r e c o r d i .  w e r e  comprehens ive ly r eviewed and si gnature  infor-
ma tion catal o g u e d .  Sel ecte d signature  reg ion s w e r e  anal yzed to select
candidates  fo r  me ta l lu rgic a l inves ti gati on s to es tabl ish  c o r r e l a t i o n  be tween
s igna tu re s  an d sources .  A corre la t ion between magneti c pa r t ic le  indi-
ca ti on s , magne t i c  pe rturbat ion si gnatures , and i n t e r i o r  c r a c k s  was also
establ i — h e d .  These elements of the program a re  presented  in th i ’ fol1owint ~
S cc t i on s.

A. Exp er iments  Conducted on Refe rence  Specimen

Numerous  experiments  w e r e  conducted on the r e f e r e n c e  speci -
men to opt imize magnet izing c onditions and probe configura t ions  and to
veri f y de t e t  tion I apability. Selected results  from these exper iments  will
be reviewed in the  fol lowing.  Depending on the experiment  being conducted .
data were  pre sented on an oscilloscope and recorded  by means of a Polaroid
camera , di rect l y re (  ord ed using a Vis icorder  or an FM mul t i -channel
magnet ic  tape r e c o r d e r  or combination of these  methods .  The Polaroid
photog rap h~ and ~he Vi s i co rder  record s were  used for  visual  i n t e r p r e t a t i o n
and anal y s i s  and the tape r e c o r d e r  r eco rds  were  used for  e lectronic data
p roces s ing  i n v e s t i ga t ions .

Fi gure  16 is  a schematic i l lus t ra t ing  the magnetic field
a r r a n g e m e n t  and r e c o r d i n g  sequence;  as indicated ear l ier , a ti g ht helical
scan a r r a n g e m e n t  is ut i l ized and the shaft encoder genera tes  a square
wave m a r ker  ea ii revolut ion;  helical advance d u r i n g  each revolution is
0. 1 -in. T h4-  Vis co rde r  record  shows near ly  four  com plete scans and it
is a pparent  tha t &~everaI of the test f laws are  detected on at least two scans
and the t h i r d  scan show s a si gna tu re  from onl y the largest  f law.  With  thi s
a r r angemen t , a f law with a dimension extended along the axial direction
would produce  a si gnal each time tha t reg ion is i n the vic ini ty  of the probe
on success ive  revolutions. Accordingly, i t i s  possible t o readi ly estimate
the extent of the flaw .

Fi gure  17 shows Polaroid photographs of no rmal ( Y )  com-
ponent si gna tures  obtained us ing c i rcumferen t ia l  magnetization and a
c i rcumferen t i a l  scan path c ontaining the target  flaws in the re fe rence
specimen. The uppe r i l lus t ra t ion  show s two complete revolutions (the
helical advance was not used) and the lower photograph was obtained at
an expanded horizontal sweep to reveal the charac ter i s t ic  si gnature  fea-
tures .  (Thi s is  configuration A of Figure  5.) The largest  si gna ture s a re

22
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0
obtained from flaws 1 , 4 and 7 , since these a re  oriented with the major
dimension perpendicula r to the flux. Flaws 2, 5 and 8 which a re  or iented
at an approximate ang le of 45° to the f lux d i rec t ion  produced si gnif icant l y
lower si gna l ampl i tudes  and also the peak separat ion is more  extended
tha n for  the f laws 1 , 4 and 7. For f laws 3 , 6 and 9 , ori ented at  90° to the
flux , signa tu re  ampli tude is  markedl y reduced and peak sepa ration is
greatl y exaggerated compared to the no rmall y oriented flaws. Vis icorder
re cords  f rom the two side-by-s ide  coil s produced by the same ser ies  of
f laws a re  shown d u r i n g  a spiral scan in the lower records  of Figure  18.
Note the change in relat ive signal ampli tudes f rom specific flaws as the
spi ral scan p r o g r e s s e s .  The upper records  show si gna tu res  f rom a
sequence of ta rget  flaws fabricated into the inte rior surface of the re-
f e r e n c e  specimen. Pola roid records  showing normal (Y)  component
signatures  from the target  flaw sequence with  axial magnetizati on and a
c i rcumferent ia l  scan (configura t ion-C of Figure  5) are  presented in
Figure  19. In thi s case the la rges t  amplit ude signa tures a re obtained
from the flaws or iented at 45° to the magnetic fl ux and the scan path.
Note for flaws oriented parallel to the flux d i rec t ion  that the signature
polarity r ev e r s e s , depending on which  side of the flaw the scan path
t raverses .  Thi s is apparent  by comparing the signa tures  on probe coil 1
with prob e coil 2 obtained f rom ta rget f laws 1, 3 , 4 , 6 , 7 and 9.

Horizontal (X) component si gnatures obtained from the tar-
get flaws using axial magnetizat ion are  presented in Polaroid p hotographs
and Vis icorder  records respectivel y in Figures  20 and 21 (configuration
D of Figure 5).

B. Projectile Inspections

A total of ten projectiles were  provided by the Government
for  use on thi s program.  These specimens were  part of a group previousl y
inspected ultrasonically and rejected at the Iowa A rmy Ammunition Plant.
Accordingly,  it was anticipated tha t most of the project i les  would contain
one or more flaws. Ei ght of the ten projecti les were inspected on both the
exter ior  and in te r ior  Bourellet and Ogive surfaces , while two , specimen
Nos. 19 and 40 , Lot 2-9A , were  inspected on the exte r ior  su r f ace s  onl y.
Visual examination indicated that these  two specimens conta ined l arge ,
sharp projections on the in te r io r  su r faces  which could possibl y have
damaged the probe s in the p re sen t  configuration.

For the c i rcumferential f lux orientation , two data channels
were used and one channel was used for  probe position informat ion pro-
vided by the shaft position encoder.  For the axial fl ux orientation , f ive
inspection data channels were  used and one channel for probe position
in fo  rmati on.

25
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In mos t ca ses , n um ero u s signa tures  were  obtained f rom
the e x t e r i o r  and i n t e r i o r  su r f ace s  under  each condition of magnetizat ion ,
i.e .  , c i r c u m f e r e n tial and axial. V i s i c o r der  r e cords  f rom all ten speci-
mens  w e r e  analyzed and all prominent  si gna tu r e s  with a peak ampli tude
to base l ine  r atio g r e a t e r  than 3:1 were  tabulated along with the co r r e s p o n d i n g
d is tan ce  in i nches  f r o m  the s tar t  of the inspect ion run.  Result s  of these
anal yses  a re  p r e s e n ted in  Table I. In many ins tances  the re  is  a correla-
tion between the si gn a t u r e s  obtained on the ci rcumferent ia l  and axial
orientations.

TABLE I

Signature Location

- Exter ior  Scan Interior Scan
Magnetization Magnetization

Circumferent ia l  Axial Circumferent ia l  Axial
Normal ( Y )  Parallel (X) Normal (Y)  Parallel (X)

Lot No. Spec. Component Component Component Component

2-8 16 0. 2 -0 .4  0 .3-0. 4 2 . 5 - 2 . 8 2 . 3 - 2 . 6
5 . 0 - 5 . 7  5. 2-5. 8 3 . 0 - 3 . 2  2 . 8 - 3 . 0

6. 2 16. 0-17. 1 4 .8 -5 .  1 4 . 8 - 5 . 8
6 .5  7 . 3 - 7 . 7  6 .3 - 6 . 4

8. 1-8.3 8 .4-8 .8  6 . 7 - 7 . 5
14.1-14. 2 9 .9-10 . 4 10.1- 10. 3

1 15 4-16 2 11 8-12  2
12 3-12 6
14.4-15 . 2

2-9A 19 1 .9-2 . 1 8 .2 -8 . 6
4 .4 -4 .7
5. 5 - 5 . 9
6. 1-6. 5
8 .1-8 .9
9.7-10. 1

1 0 . 5 - 1 0 . 8
11 .2

40 2 .0-2 . 2 None
8. 0-End

3 2 .0-2 . 8 1.5 -1 .6  1. 8 - 1 . 9  0 .5 -0 . 8
5 .9-6 .4  5 .4-5. 6 4 .2 -4 . 5 1 .1- 1 .2
7. 1 -7 .4  5 .7-6 . 8 5 . 6 - 5 . 7  1 .6 - 1 .7

13.6-14. 5 7 .8  6 .0 - 7 .0  1.9 - ~~.0

30
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~~gnature  Locat ion
Exter ior  Scan I n t e r i o r  Scan
Magnet iza t ion  Magnet iza t ion

C i r c u m f e r e n t i a l  Axial  Ci rcumfe  r ent ia l  Axial
Normal  ( Y )  Pa rallel (X) Normal ( Y )  Parall -1 (X)

Lot No. Sp e c .  Component Component Component Component

2- 12  3 8 . 5 - 8 . 8  2 . 2 - 5 . 0
10 6-11 9 5 6-8 6
12 1 -15  4 8 8- 10  3

10 5-10  7
1 2 . l - 1~~. 4

10 0 . 8 - 1 . 0  1 . 2 - 1 . 7  2 . 1 - 2 . 2 ~. 3 -4 . 0
3. 5 -4 .5  3 .6-4 . 1 2 .4 -2 . 6 4. 1 - 4 . 4

1 0 . 0 - 1 0 . 6  4 . 8 - 4 . 9 3 . 6 - 3 . 7  6. 0 - t . 3
1 1 . 3 - 1 1.7  1 1 . 5 - 11. 6  10 .3-10 . 4 6 . 9 - 7 . 3
14 . 0 - 1 7 . 2  1 3 . 2 - 1 3 .6  1 1 . 0 - 1 1 . 2  9. 7 -p . 8

14.9 12 .7 -13 . 1 1 0 .4 - 1 1 . 8
1 4 . 3- 14 . 4  1 2 .0 - 13 . 0

30 2 .3 -2 . 8 No 6. 1 -6 .7  4. 2- 1.6
6 .0 -6 . 3 Outstanding 1 1 . 0 - 1 1 . 6  8 .5 - 8 .9
7 . 1 - 7 . 4  Si gnal s 1 4.8 - 1 5 .4  l l . 3 - 1~~.0
8. 2 - 9 . 7

13.6-14. 4
1 5 .6-16. 4

2- 14 25 1 . 6 - 1 . 7  5,8 -6 . 3 Too numerous  to catalog
3 .3-4 . 3 15 .2 - 15. 3 both c i r c u m f e r e n t i a l  and
4 . 0 - 4 . 2 axial

15.1-15. 3

33 1 . 2 - 1 . 3  No 1 .4 -1 .5  1 .3- 1 . 4
II 4 . 1 - 4 . 2 Out standing 2 . 7 -3 . 9  2 . 2- 2 . 6

9 . 0 - 9 .  1 Signal s 4 . 1- 5 . 8  2 . 8 -3 . 8
10 7 - 1 0 . 8
12 .9 - 1 3 . 0
17 . 1 - 1 7 . 2

35 No outstandi ng 5. 5- 5 .9  7. 1 - 7 . 3  0.3-0. 5
si gnal s except 7 . 7  2 . 4 - 3 .0
broad , low am- 8 .3  3 .3 -~~.9
pli tude  si gnal 9 . 8  4 .6 - 1. 9
f rom 10.0 to 14 .8 -15 .0  6. 4 -b .  6
end of run 7. 2-8. 2

10. 4 - 1 0 . 7
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Signa ture  Location
E x t e r i o r  Scan Inter ior  Scan
Magn et iz at Lon  Magnet i za t ion

Circun .fe r en t i a l  Axial Ci rcurnf(-  r en t i a l  Axial  
—

N o r m a l  ( Y )  Parallel  (X) Normal  ( Y )  Pa r allel (X)
Lot No . ~pec . Component Component Component Com pon ent .

2-14 ~7 3. 0-3. 1 -1 . 2-4. 3 15. 3 - 1 5 .  4 Mos tly broad
3 . 9 -4 .  1 5. 5-5. 9 c y c l i c  si gnal s

8. 2 6. 1-6. ~ f r o m  beg inn ing
8. 2 to end 8. 4-8. 5 to end f r u n .

broad si gnal wi th  Probabli--- maximum ampli -  m a t e r i a l
tude  be tween  a n o m al i e .

15. 4-16. 9

Subsequent to cataloguing the fo r ego ing  data , Specimens 3 , 10
and 30 , Lot 2 - 12 , were se lected as candidates  for  me ta l lu rg ical s e c t i o n i n g ,
because  If the w i d e  r ange  of d e f e c t  si gn a t u r e  SizeS  obtained f r o m  t h e s e
spec imens  d u r i ng  the  i n sp e c t i o n s .  Since anal y s e s  i nd i ca t ed  t h e  mos t
p r o m i n e n t  si g n a t u r e s  f r o m  the i n s p e c t i o n s  obtained w i t h  c i r c u m fe r e n t i a l
m a g n e t i z a t i o n  no rma l  ( Y )  component  cond i t ions , mos t  of the s e c t ic r ~in g

an did ~~t es  w e r e  f r o m  such si g n a t u r e s .  T h es e  t h re e  s p e c i m e n s  w e r e  re-
i n s pec ted  at se l ec t ed  locat ions  to more  complete ly c a t e g o r i ze  the de fect
si gn a t u r e s  and were  m a r k e d  fo r  sec t ioning  at  a total of 12 candida te  s i tes .

~~ the 1 2 selected candidate  si tes w h i c h  were  -x t e n s i v e l y examined mag-
neti callv,  seven l o c a t i o n s  w e r e  i n v e s t i gated m e t a l l u r gicall y ,  one location
b~ plas t i c  r ep l i ca t ion , and fou r  by m a g n e ti c p a r t i c le  to e s t a b l i s h  possible
c o r r e lation between si gn a t u r e s  and f laws,  In each ins tance , e i t h ~-r  an
inc lus ion , m e t a l l u r g ica l  anomal y,  or c rack was revea led .

C. Me ta l l u rg ical Sect ioning Inve stigation s and Other Correlat ions

rwo signat ure  r e g i ( )  ~s f rom Speci men No. 30 were  invest i gated.
One of these  si gn a t u r e s  o c c u r r e d  in the Bourel le t  sect ion between 2. 1 and
2 .9  i n c h ~- s  f r o m  the  s t a r t  of t h e  ex t e r i o r  i n s p e c t i o n  run.  Segments of the
record s f r o m  the two s i d e - b y -  s ide (- oi ls  obtai ned with c i r c u m fer e n t i a l  f lux
normal ( Y )  component i n spec t i ons  a r e  shown in Fi g ure  22 along with  a
pho tog r ap h of the  meta l lurg ical S d I  t i o n i n g  result s .  An anal y s i s  of the  u p p - r
record show s a small  s ig n a t u r e  at  a pproximatel y 2 . 8- in .  , i n c r e a s i ng  to a
i t r g e  am pl i tude  si g n a t u r e  a t  2 .7  and 2. 6 - i n .  , then gradua l l y d e c r e a s i n g  to
a sr-nail signature at 2. 2-in. Metallurg ical investi gation disrlosed a st r i n i . ~er
type i n c l u s i o n  bcated app rox ima te l y 0. 0 1~i - i n .  below the ext -r i o r  s u r face
a rid ex t end ing  axiall y for  approx imate l y 0. 25 - in .  Thi s .~t r inger  probabl y
extends  somewha t more  tha n s hown in the photog raph based on extent of t h e
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s ign a t u r e s . Fht ’  o t h . - r  ~i g n a t u r ( -  lo ( a t l o n  i n v i - s t  i c - t t -d on Sp e c i m en No.  ~()

was  i n  th e  O e i v ~- r~-g j o n  b e t w , -en  8. ~ a n d  ‘1 . 8 — u i .  f r ) r f l  t i l l  —~f ; i r t of t h e
1- x t , - i - ) ~~ r i i i s p, - i l I o i i  r rn .  I n s p i - . t i o n  r~- ( or ds  f t - i t t  t h e  tv .  s i d e — i n  — s i d e
( o i l s  . t i i d 1 p h o t oc ’  r ap li i~ I Un-  n i e l a l i ur c ’n - a l  s , - u t t  , ‘ 7 i j n ~ r t - s t i ] t s a ri sh own
in I -u ~u re  ~~~ The  s t r i n g e r — l ~ pe i n c l us i o n  \ V 1 5  i p p r o x i r n i t e l y 0 . 0 0 6 — i n .
be low t h e  - \ i - n or  5 O c t . 1 1 - and t h e  ex p o se d  l i - i i g t h  e x t e n d s  ap p r o x i m a te l y
0. 5 5 — i n ,  in  t i i * ’  a x i t i  d i r e ( t i ’n .

1~ ’ t i  s i  gi i a t U i - - l o c a t i ons  f rorn Sp ec in i en  No. 10 W e r e  i f l V e  s t i  —

ga ted .  One of t h e s e  v . a s  in  t h ~ Og ive  r e gi o n , b etween  16. 0 and 16. 9 - i n .
f r o n t  t i1 (~ s t a r t  if h, e x t e r i o r  i u i S p e ( t i o f l  r u i i .  F i gu r e  2-4 shows the  i n sp e ct i o n
r, - . ord  s w i t h  v, r y  p r o m i nen t  s ig f l a t u  re s a l o n g  w i t h  a p hotog rap h obtained
d u r i n g  the  t n e t t l l u  r g i  cal s ec t i o n i n g  s e q uen c e .  The s e c t i o n i n g  i n v e s t i g a t i o n
d i s l o s i - d  a l o ng ,  s t r i n g e r  - t y p e  i n c l u s i o n  w h i c h  ex t e n d s  f o r  ap p r ox i ma te 1~
1 . 0 - i n .  a long  t he  a x i a l  d i r ec t i o n  and r a n g e s  f r o m  a p p r o x i m a t e ly 0. 0 2 0 - u i .
0 ap p r o x i m a t e l y 0 . 0 6 — i n ,  below the  ex t e r i or  s u r f a c e .  Dashed  l i ne s  in t h e

i l l u st  r a t i o n  i n d i c a te  t h e  ex ten t  of the i n c l u s i o n .  Specimen 10 was  also
i n v e s t i g a t e d  at  an axial  f lux pa rallel (X) component  si g n a t u re  l oca t ion  i n
t h e  Bo ur e l le t  s e c t i o n  b e t wee n  1. 6 and 4. 1 — i n .  f r o m  the  s t a r t  of t h e  ex t  n o r
i n  ~p i - i  t i o n  r u n .  R e c o r d s  f r o m  the f o u r  probe o i l s  (1 c h a n n e l  of th ( -  Vi s i  -

I o r der  g a lv e nor n et e  r s  was not  f u n c t i o n i n g )  a long  wi th  a p l i o t o g  r t p h ((Sd gI
\ i  1 W . et ch e d )  obta ined d u r i ng  the m e t a llu r g i al Sec t i on ing  s I ’ q u l - i i d i -  a r i
p r i - s en t -d in  Fi g u re  25 . The meta l lu rgical  i n v e s t i gat ion d i s c l os e d  a
st ri r ig  r — t y p e  i n c l u s ion  w h i c h  extend s f o r  ip p r o x i m a t e l y 1 — i n .  in  the  a x ia l

( 11  r , - i  l i on  and ap p r o x i m a t e l y 0 . 0 1  S - i n .  w ide  ( c i r c u m fe r en t i al l y)  by 0. 0 0 6 - i n .
t h i c k  ( radial l y ) ,  e x ten d i n g  approx imatel y pa ra l lel  t o  the  s u r f a c e  and 1o at ed
ap p r o x i m a t e l y 0 . 0 1 2 - i n ,  below the  exte n o r  s u r f a c e .

Specimen No. 3 was me ta l lu rgical l y inve sti gated at t h r e e
s ig n a t u r e  loca t ions  ob ta ined  d u r i ng  an j u t - n o r  ci r ( - u r n f e r ( - i it i a l  f l u x  on  c i i —
t a t i o u i  n I ) r f l ) a l  ( Y )  compon ent  scan .  Fh( ’ r e c o r d s in Fi g ur e  26 and 27 show
S i -V e  r .t l p r o m i n e n t  s i g n a t u r e s  m a r k e d  A , B , C, D , E , and F that  a re
located in t h e  Ogive reg ion between 14. 3 and 1 5 . 7- i n ,  f r o m  the s t a r t  of
t h e  i i~~i L ’ r I ~~t1  1 in s p e ct i o n  r u n .

C r a c k s  a s soc i a ted  w i t h  si g n a t u r es  A , B and C a re  s h o w n  in
t he  m e t a l l u r gn a l  s e c t i o n i n g  v i e w s . C r ack  A was a p p r o x i m a t e ly 0 . 0 1 5 - i n .
deep  a n d  ex t en d e d  t h r ou g h one ed ge of y l in d  r i ca l  spec imen .  Crack  B W a s
a p p r o x i mat e l y 0. 045 - in .  d~~ep and  - x t 1 - i i d i ’ d t h r o i i ~~i i bo th  ed ges  of the
cy l ind  n eal s, ’ -t i o n . Anal y s i s  of the  r e c o r d s  indi  at , - s  t h a t  i t  e x t e n d s  f o r
app r o x i m a t e l y 1 — i n .  beyond the  S e c ti on  t i )w a r d  t h e  B o u r e l le t  reg ion and
also e x t e n d s  i n t o  t h e  Og ive  reg ion . C r a c k  C is a p p r o x i m a t e ly 0 . 02 5 - i n .
deep and al s o  e x te n d s  be yond ~a h ed ge of the cy lindrical Section.
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The Ogive end of Specimen No. 3 was also i n v e s t i gated u s i n g
the magnet i c  pa r t i c l e  in spec t ion  m e t ho d .  A pho tograph of t he  ind i ca t ions
is  s h o w n  in Fi g u r e  28. Several c r a c k s  a re  ind ica ted  and detai led anal y s i s
of t he  magne tic i n spec t ion  r e c o r d s , Fi g ur e s  26 and 27 , and the m a g n e t i c
p a r t i c l e  i n d i c a t i o n s  conf i r m e d  p rec i se  spatial c o r re l a t i o n  be tween  seve ral
of t h e  i r a c k s  and the  si gna tu r e s  ind ica ted  by c o r r e s p o n d i n g  l e t t e r s  (D , A ,
C, B) in Fi g u r e s  26 , 27 and 28. Magnetic pa r t ic le  i n d i c a t i o n  B is r a t h e r
f a i n t  in t h e  p hotog rap h , however  when viewed wi th  low m a g n i f i c a t i o n  u n d e r
a s t e r e o  m i c r o s c o p e  the ind ica t ion  and the c rack  w e r e  appa ren t .  Whil e
it  i s  r a t h e r  easy to det e c t  c r a c k s  us ing  the  magnet ic  pa r t i c le  method  app lied
t o  thi s Og ive region cut f r o m  a complete pro jec t i le , i t  should be obvious
th at d e t e c t i o n  of these c racks  by a magneti c part icle  examination of the
complete project i le  would be somewhat more  d i f f i cu l t .  By con t ras t , the
magnet ic  p e r t u r b a t i o n  si gna tu res  of Fig ur e s  26 and 27 a r e  so p rominen t
tha t automatic detection using simple signature analysis equipment would
be v e r y  reliable. In fac t , detec tion of smaller c racks  woul d also be
possible.  F u r t h e r m o r e, it would not onl y be possible to detect  the  c r a c k ,
but also to dete rmine the approximate  size us ing  c o m p u t e r - a s s i s t e d  si g-
n a t u r e  anal y s i s  p r o c e d u r e s .

Du ring visual inspect ion  examination of the i n t e r io r  su r faces
of the  p rojec t i l e s , a la rge  d ep r e s s i o n - t y p e  flaw was observed  on the i n t e r i o r
su r face  of Specimen No. 37 in the Ogive region. Since thi s was suc h a
la rge  flaw , i t  was antici pa te d that si gnat u res  could be obtained on an
e x t e r i o r  scan over  thi s i n t e r i o r  flaw reg ion. Fi gure  29 show s the two
reco rd s obtained f r o m  the s ide -by - s i d e  coils d u r i n g  an external  c i r cum-
f e ren t i a l  f lux  inspect ion.  The si gnatures  a re  ve ry prominent  and extend
for  approximate ly 1 . 3 - i n .  Also , the  shape is somewhat  unusual , ind ica t ing
tha t the  f law is  not symmet r i c .  F u r t h e r m o r e ,  the peak sepa rat ion is  m o r e
p ronounced  t h a n  was the case for  the prev ious  sect ioning r e s u l t s  and thi s
is  an t i c i pated s ince the flaw is  approximately 5/ 1 6 - i n ,  beneath the  s u r f a ce
inspec ted .  The silicon rubber  replica of the flaw indicates  approximate
cor r e s p o n den c e  between the  tota l l eng th  of the flaw and the reg ion over
wh ich  si g n a t u r e s  a re  obtained.

D. Signal Ana ly s i s  and Imag~~~~

Because of the extensive equi pment desi gn and fabr icat ion
required  to adapt existing ha rdware  to accommodate both c i rcumferent ia l
and axial  magnetization with ins ide  and outs ide scans , plus f ix tu re  for
limi ted  inves t i ga t ions  of the  ex te r io r ba se re g ion , it was possible to allo-
cate onl y l imi ted  fund s for  si gnature  analysis  and ima ging inves t i gations.
Neve r the l e s s , resu l t s  which a re  extremely encouraging w e r e  ach ieved  and
will be r eviewed br ief ly.  As indicated earl ier , data were  recorded  on
analog magnet ic  tape during inspections of each projecti le.  Record s from
selected specimens were  used for  si gnal ana l y s i s  and imag ing inves t i gations.
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The images were  developed by use of a black-and-white
te levision moni to r  in combinat ion w i t h  an i m a g e - m e m o r y - s c a n  conver-
t e r .  Thi s i n s t r u m e n t a t i o n  sys t em , known  as “Li th icon ” , f o r m s  the
basis  fo r  an image s to rage  s y s t e m  in  w h i c h  va lues  of an app lied i n t e n s i t y
si gnal can be d i r ec t l y s to red  in an X - Y  ma t r ix .  The p r o c e s s  i s  s imi lar
to the  convers ion  of a vi sua l image to a c h a r g e  pa t te rn  in a t e l ev i s ion
camera  tube (Vidicon) .  Since the  Li thi c on is  not  a d i r e c t  v iewing  tube ,
the  s t o r ed  c h a r g e  pa t t e rn  in “ read out by a d d r e s s i n g  locations on the
t a rge t  w i th  an e l e c t r o n  beam and us ing the gene ra t ed  si gnal as an in put
to a t e l e v i s i o n  moni to r .  By appropr i a t e  control  of the beam the dev ice
can s to re  amplitud e si gnal va r i a t i ons  in i n t e n s i t y  or g r e y - s c a l e  va r ia t ion ,
wi th  a quali ty equivalent  to hig h - r e so lu t i on  bl a c k - a n d - w h i t e  ph o t o g r a ph y.
Once stored , the ima ge can be retained for long period of t ime ( h o u r s  to
weeks)  and the in tens i ty  va riations can be nondes t ruc t ive l y read out re-
peatedl y f o r  image c o n s t r u c t i o n .

For these inv esti gations the r ecords  f rom one probe coil
which  sensed the no rmal ( Y )  component of c i r cumferen t i a l ly o r ien t ed
flux was acqu i red  d u r i n g  a c i r cumfe ren t i a l  scan. Fi gure  16 , page 23 ,
i l l u s t r a t e s  the sequence and the V i s i c o r d e r  r ecord  shows the  conven-
tional p re sen ta t ion  of t ime - se r i a l  data acquired  as a prob e is scanned
over the  t a rge t  f laws in the r e f e r e n c e  spec imen.  Fi gu re 30 shows the
more e f fec t ive  p resen ta t ion  of these  data as a d i r e c t  image using a C-scan

* format .  In thi s fo rmat , the d i s p l a y - d e v i c e  beam posi t ion  r e p r e s e n t s the
probe location on the su r face  of the projec ti le  and si gnal ampl i tude  varia-
tion s f r o m  the probe a r e  r e p r e s e n t e d  by a g r e y- s c a l e  va riation rang ing

• f rom black (maximum ampli tude)  to white (minimum ampl i tude) .  An
image of the complete pro jec t i le  inspect ion  is  shown and cons i s t s  of 154
scans at 0. 1 - in.  spacing.  Both simulated and actual f laws a r e  shown in
thi s image as da rk a reas .  The simulated flaws a r e  indicated  in Fi g u r e  30a
by the outline and Fi gure  30b shows an expanded area to d i sp lay these  f laws
more clea r ly. For comparison , a schematic  of the ta rget  f l aws  is  also
shown. Missing flaws on the image are  a result of the flaw orientat ion
re lative to the applied magneti c f ie ld  d i rec t ion , flaw size , sensor  probe
resolu t ion  and signal analys i s  pa rame ter s .  While  only si gnals  f r o m  one
of the two probes in the magnetic pe r tu rba t ion  sen sor  a r r a y  were  used to
deve lop the images s hown in Fi gure  30 , ci r cu i t ry  was breadboarded  to
g ive an image developed f rom the combination of both probes ;  however ,
a f a i l u r e  in the reproduce  e lec t ronics  of the tape r e c o r d e r  p reven ted  di s-
play of combined images.  Even thoug h the i l lus t ra t ion  show s onl y hal f
of the reso lu t ion  possible in the d i sp layed  image , the  r e s u l t  in  the C-scan
fo rma t  is obviously an ef fec t ive  display of inspec t ion  r e s u l t s .

A similar image display obtaine d f rom the magnet ic  r e c o r d i n g s
a c q u i r e d  du r ing  inspect ion  of Specimen No. 3 along with the  magneti c p.~ r-
tid e in dicat ion s of thi s specimen are  shown in Fi gure  31. The excel lent
cor respondence  between cracks  B , C, and D is apparent .
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b. Expanded Image of c. Defec t  Schedule  of
Simula ted  F l a w s  Simula ted  F laws

FIGURE 30 . DIRECT IMAGING OF A MAGNETIC FIELD PERTURBATION
INSPECTION
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As indicated ea r l i er , only a limited si gnal anal y s i s  and
i mag i n g  d i s p lay inves t i gation was possible. However , wit h a d d i t i o n a l

ef fo rt i t  would be possible to image flaws in thei r respec t ive  l oc a t i o n s
in  a plan d imens ion  as well as t h r o u g h the  t h i c k n e s s  to i n d i c a te  appr ox i -
m a t - l o c a t i o n  in the  p ro jec t i l e  wall . In addition , by se t t ing  d i f fe  r e n t

t h r e s h o l d  lev e l s  it  would  be possible to select  the  m i n i m u m  size fla w
des i r ab l e  f r  d is play.  Al thoug h cons ide rab le  e f f o r t  w ill be r e q u i re d  it
would a lso  be possible to r e c o n s t r u c t  a th ree -d imens iona l  image  of the
magne t i c  si gna t u r e s  the reb y prov id ing  a bas is  for  readil y di f f e r e n t i a t i n g
b e t wee n  c r a c k s  and s t r i n g er - t y p e  i nc lu s ions  based upon the  ch a ra  ¶ e r i s t L
shapes  a s soc i a t ed  wiU-i t h e se  two d i f f e r e n t  type  f l a w s .
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V . DISCU SSION

( on s i d , -  r i b i - d , ’ s i g r i , f a h r ~cat io n , a s s e m b l y a nd  o p t - r a t i o n a l  c l o - e k u - i t
was  r , - q l n  red  - , I  ,- le i r  - n t  s to  p e r n u t  a d ; ip t a t i o n  of exi  s t in ~ ~- q t i i p m t - n t  f o r
c i r t  i n i f t - r e n t  i i i  an d  a x i a l  in ~~p - c t 1 o n  -1 the  bod y a n d ci r c u r n f e r - - r i t i a l  i n sp  ( —
t i on  t t h e  h~i se - ~i t b I 55mm p r o j e c tI l e .  The  b e n c h — t y p e  appa r a t t i  s
pt- r f - - r i m - d  s at i  s t a (  i r i l v  at ro taL ui -a l  speeds  of a p p r o x i m a t e l y 190 rpm
and a x i a l  t r - t ~~, r se  -f l u ~~i n .  1mm .

Si g n a t u r e s  obta ined fr o m  the  t a r g e t  f l aws  m a c h i n e d  i n  t h e  r e f e r e nt

~~~~~~~~~~ in d L  at -d e x c e l l e n t  s en s i t i v i ty  wi t h  i i  r l i m i t -  rc~n t i a l  fl ux r j e r t - O - ,n

f o r  f l aws  w i t h  t he  m a j o r  d i m e n s i o n  o r i e n t e d , a x i a l l y ,  a l on g  the  p r o j e c t i le
a x i s . For f l a w s  w i t h  an o r i e n t a t i o n  at 450 to t h i s  axi s , t h e  s i - ~nat i r e  amp li -
t u d e  i s  r e d u c e d  b y a f a c t o r  of a p p r o x i m a t e ly 4 and the  peak s e p a r a t i o n s  a r e
- x a g i ~~- r a t e d .  E v e n  fo r  f l a w s  o r i e n t e d  at 900 to t h i s  ax ia l  d i r e c t i o n  si gna-

t u r e s  a r -  still ob ta ined  p r o v i d e d  the f l aw has si g n i f i  an t  c r o s s - s e c t i o n a l
a r ea  n or m a l  to the  f l u x ;  f o r  s u c h  c i r c u r n f e r er i t i a l l y . - x t , - n d e d  f l a w s , the
a m p l i t u d e  i s  r e d u c e d  by a f a c t o r  of a p p r o x i m a t e ly 10 and a g a i n , t he  peak
s ep a ra t i o n s  a r e  m a r k e d l y exagge  ra ted . For  a gr e a t l y ex t ended  f law
o r i e n t e d  a 400 , si gnal s would be ob ta ined  onl y at t h e  two - -n d s .  It was
poss ib le  t o  p r o d u c e  a r e l a t iv e l y hi g h f lux  d e n s i ty  w i t h  the m a g n e t i c  c i r c u i t
a r r a ng e me n t  d e s i gned  f o r  ci  r u m fer e n t i al l y o r i e n t e d  f l u x . A c c o r d i ng ly ,
si g n a t ur e  amp l i t u d e s  f r o m  t a r g e t  f l aws  w e r e  l a rge  enoug h t ha t  e l e c t r o n i c
sys t em n o i Se  was  not a f a c t o r  in d e t e r m i n i n g  si g n a l - t o- n o i s e  r a t i o  and
onl y t h e  r ep r o d u c i b l e  m a g n e t i c  back ground  si gnatu  ~es f r o m  the p r o j e c t i l e
-~vas  c o n s i d e  red the  l i m i t i n g  no i se  f a c t o r .

For f l aws  wi th  the  ma jo r  d i m e n s i o n  in  the  c i r c u m f e ren t i a l  d i r e c t i on ,
t h e  anal y s i s  i nd ica t e s tha t  f lux  o r i e n t e d  along the axia l  d i re c t i o n  would  pro-
d u c t -  t he  bes t  si g n a l - t o - n o i s e  r a t io .  R e s u l t s  f r o m  the t a rg e t  f l a w s  in the
r ef e  r -!lc 0 spec  Im e n  confi rmed th e s e  anal yses .  Howeve r , the si g n a t u r e
t i i p l i t u d t -  - - U t a i n e d  f r o m  t h e  t a r g e t  f l a w s  was  si gn i f i c a n t l y l e s s  t han  in the
ase  fu r  t h e  c i r c u mf er en t i a l l y o r i e n t e d  f l ux .  The p r i m a r y  reason f o r  t h i s

wa~ the  f a c t  t ha t  even t h o ug h a l a r g e  m a g n e t i z i n g  coi l  was used , w h i c h
p r o d u c e d  525 o e r s te d s  on t h e  coil ax is , t he  s h o r t  l e n g t h  of t h e  p r o j e c t i l e
- ori pa red to the  c r o s s- s e c t i o n a l  a rca r e s u l t e d  in  a la r g e  d em a gn e t i zin g

i t t  t o r  at the  e n d s  ( I f  t hp  p r O j e c t i l e .  Flux d e n s i t y  in t h e  p r o j e c t i l e  wall
could  be i n c r e a s e d  by u s i n g  a magne t i c yoke  o r i e n t e d  a long  the  p r o j e c t i l e
a x i s  to c - u n c t - n t  ra t - t he  f l u x  in thi s reg ion.  However , as the ends  of the
p r o j ect i l e  arc-  app r oached  the  f l u x  d e n s i t y  would d e c r e a s e  d r a s t i c a l ly and

the cj r i , - n t a t i o n  of the  flux would  a lso  c h a nge .  Use of magnet i c  cy l i n d e r s

wi th  an i x i  s a l o n g  t h e  a x i s  of the  p ro j ec t i l e  at e i the r end of the  p r o j e c t i l e

could be u s e d  t o  e x i t - n d  the  m a gn et i c  c i r c u i t  t h er e b y d e c r e a s i n g  the  de-

m a g n e ti z i n g  f a c t or  and i n c r e a s in g  the  f lux  d e n s i t y .
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D u r i n g  the  i n v e s t i ga t ions  on thi s p r og r a m  w h e r e  axial  magne t i z a t i on
was  u se d , t h e  p r o j e t . t i l t -  was  m a g n e t i c a l ly len g t h e n e d  by u s i n g  an i r o n  cy-
c l i n d t - r , i - i n .  in d i a mt - t e r  w i t h  a 0 . 7 5 - i n ,  wall and 1 2 - i n ,  long ( see
Fi g ur e  13) .  Fu r  t h e  base end of the  p r o j e c t i l e  the  r o c k e t  mo to r  bod y was
u t i l iz ed  t o  ex t end  the  m a g n e t i c  fl ux path (see  Fi g ur e s  I l  and 12).  LI in-
v e s t i g a t i o n s  and / o r  anal y s e s  have  i n d i c a t e d  that  ci r c u m f e ren t i al ly o r i e n t e d
f laws  c r 4 -  a p roblem t h e n  axia l  fl ux m a g n e t i z a t i o n  should  be i n c o r p o r a t e d
in p r o t o t y p e  and p r o d u c t i o n  equi pmen t .  No si g n a t u r e s  i n d i c a t iv e  of si gni-
f i c a n t  f l a w s  o r ien t e d  in t h e  c i r c u m f e r e n t i a l  d i r e c t i o n  w e r e  obta ined  d u r i n g
the  inv~- st i g a t i on s  c o i i duct ed  on t h i s  p r o g r a m .

rhe  t -x p e r i men t a l  a r r a n g e m e n t  f o r  i n s p e c t i n g  the  base reg ion on
the o u t s i d e  s u r f a c e  as s hown in Fi g u r e  14 was i n t e n d e d  to examine  t h i s
reg ion u s i n g  a spi ral scan as the p robe  is advanced  f r o m  the oute r pe ri -
p he ry nea r one pol e p i t - c e  t oward  the c e n t e r  of t he  p r oj ec t i le .  Because
of a l a r g e  magnet ic  g r a d i e n t  e n c o u n t e r e d  by the probe as t h e  base  was
sc a n n e d  f r o m  one pole piece  t oward  the o the r , si gn a t u r e s  f r o m  t e s t  f l aws
could not be reso lved  wi th  thi s p rob ing  a r r a n g e m e n t .  It is  reasonable
to an t i c i pate tha t  f l aws  o r i e n t e d  in the  axial a n d / o r  radial  d i r e c t i o n  of the
base could readi l y be r e so lved  by an a r r a n g e m e n t  p r o d u c i n g  ci r c u m f e r e n t i a l
f l u x  and by loc -a t i ng  the probe at a f ixed  locat ion m i d - w a y  between the two
pole p ieces.  A scan of th i s reg ion could be obtained by rota ting the pro-
jec t i le  and slowl y a dv a n c i ng  the  probe  toward  the en t e r  of the base.  It
i s  an t ic ipa ted  that  the g r a d i e n t  change  would not be nea r l y as rapid and ,
as long as the scan speed i s  r e l a t i  - - l y low it would be possible to elec-
t ron i ca ll y f i l te r t h e  g r a d i e n t  s igna l  and pass the hi g h e r  f r e q u e n c y  componen t
a s s o c i a t e d  w i t h  f law si g n a t u r e s .  It was not poss ib le  w i th in  the f u n d i n g
available to c o n d u c t  such  e x p e r i m e n t ;  howeve r , thi s a r r a n g e m e n t  is s i m i lar
to an  a r r a n g e men t  used s u c c e s s f u l ly on a pr e v i o u s  p r o g r a m  f o r  t he  exa -
rn ina t i on  of t h r u s t  w a s her s  of a p rope l l e r  blade a s sembl y. No p rob ing
a r r a n g e m e n t  was a t t e m p t e d  f o r  the i n t e r i o r  base reg ion;  howeve r , w i t h
m o d i f i c a t i o n s the  i n t e r n a l  p robe could be used  to examine  m o r e  of the
radius section than was actually accomplished during this investi gation.

No a t tempt  was made to examine the  th read  relief reg ion at  the  ba te
of the  p r o j e c t i le  and examina t ion  of th i s reg ion would have been i m p o s s i b l e
with the  base holding f i x t u r e  that  was used f o r  the  i nv e s t i g a t i o n s  on thi s
program. With a suitable design it would be possible to examine th i s
reg ion f o r  i nc lu s ions , c r a c k s , and o the r  type  f l aws .  Since thi s has bet- n
indicated as one of the c ritical region in Ref. 1 , it  may be a p p r o p r i a t e
to consider incorpo ration of this inspection in prototype desi gns.

An overall  appraisal  of r esu l t s  obtained on th i s  p rog ram in cuii-
j unc t i on  w i t h  e x t e n s i ve  r e su l t s  obtained on o the r  p r o g r a ms  d u r i n g  experi-
menta l i n v e s t i ga t io ns , equi pment desi gns , and extended ope ra~~onal s e rv i c e
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p r ov i d e  i s t r u n g  f o u n d a t i o n  f o r  p r o c e e d i ng  w i t h  equi pment  des i gn .  Sp e c i f i c
e q u i p m e n t  e xa m p l e s  i n c l u d e  m agn e t i c  p e r t u r b a t i o n  equi p m e n t  f o r  CH46
rotor  b lade  spa r i n s p e c t i o n  ( R e f .  2) w h i c h  has been  in  s er v i ce  at  o ver h a u l
depot s s u n  ~ - V~67.  A m o r e  r e c e n t  example i n c o r p o r a t i n g  m o r e  a d v ar u  ed
e le c t r o n i c  log ic f o r  - - i g n a t u r e  anal y s i s  i s  t he  CIBLE equi pment  ( R e f .  3)
de s i gned  f or  i n s p e c t i n g  ball and ro l l e r  bea r i ng  com p o n e n t s ;  s y : t t - m s  h a v e
beeh dc - l i v e  red to the  A r m y ,  ins ta l l ed  at  CCAD , and to t h e  A i r  F o r c , - ,
i n s t a l l ed  at  T i n k e r  AFB . Essen t i a l ly no new t e c h n o lo g y  i s  r e q u i re d  t o
a c c o m m o d a t e  the  m e t h o d  to the  r o u t i n e  hi g h - s p e e d  i n sp e c t i o n  of a r t i l l e ry
p r o j e c t i l e s .

The si gn a t u r e  anal y s i s  and imag ing  i n v e s t i g a t i o n s  we re  v e r y  c-n -
cou rag ing and w i t h  a m o r e  c o mp r eh e n s i v e  e f f o r t  could  p r ov i d e  the e l e c t r o n i c
log ic and a s s o c i a t e d  e lement s fo r  anal y z i n g  si g n a t ur e s , c a t eg o r i z i n g  r e s u lt s ,
and as st - s s i ng  th e s e  r e s u l t s  aga ins t  an a c c e p t / r e j e c t  c r i te ria and a u t o m a t i  -
call y c a t e g o r i z i n g  p r o j e c t i l e s  as acceptable, r e j ec t , and q u e s t i o n a b l e  or
poss ib ly r ew o r k .  The image d i s p lay m e t h o d s  could  p r ov i d e  a v ideo  d i sp lay
of t he  r e s u l t s w h i c h  c ould be photog rap hed to p r o v i d e  a t i me - s e r i a l  r e c o r d
of ,-ac- h projectile inspected and could also provide  a compact , hi g h - d e n s i t y
info r m a t i o n , p e r m a n e n t  r e c o r d  on m i c r o f i l m . The v ideo d i sp l ay  could a lso
be effective in m a i n t a i n i n g  ope ra tor  i n t e r e s t , p r o v i d e  a me thod  of super-
v i sor y  c h e c k s , would be useful f o r  t r a i n i ng  p u r p o s e s  and also f o r  d i sp l a y s .

Mos t  i n spec t ions  we re obtained at a rotational speed of approxi-
ma te l y 190 rpm . W i t h  suitabl y des i gned equi pment it is  r easonab le  to
a n t i c i p a t e  tha t  ro ta t iona l speeds  as hi g h as a p p r o x i m a t e ly 400 rpm could
be s a t i s f a c t o r i l y a c h i e v e d .  Time to i n s p e c t  a p rojec t i l e  is a combina t ion
of probe  s ize  (wid th  of i n s p e c t i o n  t r a c k  per p r o b e ) ,  hel ix ang le , rota tional
speed , and p r o j e c t i l e  s u r f a c e  le n g t h .  A s s u m i n g  two probe channels  each
on the e x t e r i o r  and i n t e r i o r  s u r f ac e s  f o r  s i m u l t a n e o u s ly m e a s u r i n g  the
c i r c u m f e r e n t i a l  component  normal  to the  p ro iec t il e  s u r f a c e , a probe
advance  of approx imate l y 0 .1  - I n .  p e r  r evo lu t i on  and a ro tat iona l  speed
of 200 rpm , t he  i n t e r i o r  and e x t e r i o r  s u r f a c e s  c ould be i n s p e c t e d  in
approximate ly 0 .9  m i n u t e s  (54 s e c o n d s ) .  From these  ca lcula t ions  it i s
appa ren t  that  a r e l a t i v e l y hi g h - sp e e d  i n s p e c t i o n  can be accomp l i shed .
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V I .  C O N CF P F U A L  DESIGN

A p r e l im i n a  r v  o nc ep t u a l  de s i  gr i  c)f an  i n sp e c t i o n  sy s t e m  f o r  t h -  a r —
ti lle ry p r o j  - (  t i l e  i tu o rpo  r a t i  I I he  n-t m gn~ - t i c  o, - r t u  rha t i - n m e t h o d  i s sh o wn
in  t h o  s k t - t c h  - - 1  F i g u r e  3~~. B ri - f l y ,  t h -  s y s t e m  on s i  s t s  of e lem en t s  to
a omrn oda te  s i rnul  t a t - o i l s  in  sp t - . t m ut t  - d the  i n t e r i o r  and  t - X t e  r io  r Bou rell  ( ‘t
and  Og ive s i  r f a ce s  of t w o  p r o j~ - t i l t - s . I n s p -  t i on  would  be accom p l i s h e d
w i t h  t I i , - p r o j e  t i l e s  o r i e n te d  ~~ r t i  call  v and ro ta ted by c h u t  k s  lamp ii ig
t h e  base .  C i r c u m fe r e n t i a l  m a g n e t i z a t ion  wou ld  be p r o v i d e d  by a s in g l e
m a g n e t i c  ci r m u i t  w i t h  f o u r  pole p i e c e s .  Ih i s a r r a ng e m e n t  would  r e s - i l t
in  b a l a n ced  m a gn e t i ’. f o r c e s  on the  mac hine , m i n i m i ze t h e  c n s p t - m . t i o n

t i m e , and o f f e r  o t h e r  a d v a n t ages  w i t h  onl y sli g ht i n c r e as e  in complexity.

The base of t h i s  equi pment  would c o n t a i n  a d r i v e  me c h a n i s m  f o r
p r o j e c t i le  r o t at i o n , r a p id t r a v - r s e  m e c h a n i s m  f o r  p robe  p o s i t i o n i n g  and
r e t r a c t i o n , g e a r i n g  f o r  p r e d i c t a b l e  s c a n n i n g  mot ion , shaf t  pos i t ion  e n c o d e r
and safety i n t e r l o c k s .  The two lead s c r e w  c o l u m n s  p r ov i d e  s up p o r t  and
traverse capabilities to the magneti c circuit and interior and c-xteri or probe
mechanisms. The projectile shaped cam would mechanicall y control pole
piece location as the vertical traverse is made. Alternativ ely, numneri-
ca lly c o n t r o l l e d  d r i v e s  f o r  the pole p ieces  could be incorporated; thi s
approach , while initiall y more expensive , would simp lify changeover to
other  p r o j e c t i l e  conf i g u r a t i o n s .  The e l e c t r o n i c  console , in the back g r o u n d ,
con t a in s  the v ideo  d i s p l a y ,  tape r e c o r d e r , e l e c t r o n i c  si gnal anal y s i s  and
log ic circuits , and the n e c e s s a r y  f u n c t i o n a l  c o n t r o l s .

It should bc’ po in ted  out tha t  it  has been a s s u m e d  in the f o r ego i ng
tha t an ope ra tor  i n t e rf a c e  has been provided . We believe this to be
n e c e s s a r y ,  at l eas t  d u r i ng  th c-  c - a r l y s tages  of u se , in  o r d e r  to deve lop
c onf idence  in  t h e  p r o c e d u r e  and to a id  in develop ing a s t a t i s t i c a l  base f o r
a c - c  ep t / r e je t c riteria , which at a late r date could eliminate the need for
ope rator interpretation and control.

A d e s c r i p t i o n  of a t y p i c a l  ope ra t iona l  sequence  fo l lows.  The pro-
jec t i le  would be loaded into  the  i n spec t ion  s ta t ion , e i t h e r  m a n u a l l y ,  by
c rane , or p e r h a p s  au tomat ica l ly in a v e r t i c a l  pos i t ion .  Dur ing  thi s loading
ope ra t ion  the  probe  assemblies  woul d be w i t h d r a w n  to a protected position .
The operator , in a c ont rol and i n s t r u men t a t i on booth , woul d then  a c t u a te
t he  “s tar t  inspection ” sequence.  This  would clamp the p ro jec t i l e , adv ance
the probe s to the inspection position , control the magnetizing c i r c u i t ,
initiate the scanning ntechanismn , retract the probes after completion of
s t an  and s h u t  t he  s y s t e m  down , read y for reloading. Du ring the inspection
scan the ope r a t o r  would have displayed , in real-time , the results of the
i n spec t ion  on -t video disp lay device .  Signal ana ly sis equi pment coup led
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to the d isplay  dev ice  wou ld have been p r e - s e t  to d i s p lay onl y si gni f icant
de f ec t si g nat u res . LI no defect  si gna tu re s  occur , the ope ra tor  p r e s se s
t he accept  but ton.  II defect  si gn a t u r e s  occur , upon p r e s s i n g  t h e  reject
button the i n f o r m a t i o n  would be t r a n s f e r r e d  to m a g n e t i c  tape f r o m  the
d i splay device  m e m o r y  fo r  f u r t h e r  s tud y and the i n s p e c t i o n  head r e s e t
fo r  the next ~n spec t ion .  The a c ce p t /r e j e c t  c r i t e ria could be appl ied
automaticall y wi th  appropr ia te  e lec t ron ic  log ic af te r a data base i s  esta-
b l i shed .  Fi g ur e  33 indica tes  the inspect ion l imi ts .

In the preceeding i t has been assumed that f laws of i n t e r e s t  in
the Bourellet and Ogive reg ion s a re  or iented essen t ia l ly  along the pro-
je ct ile axi s .  Should it become necessa ry  to de tec t  f laws o r i en ted
essen t i a l ly c i rc umferen t ial l y ,  a sepa rate  f i x t u r e  w i t h  an e n c i r c l i n g
coi l and magne t ic  ex tens ions  at the base and “nose ” of the  pro jec t i le
would p robabl y be the most ef fec t ive  approach.
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VII. CONCLUSIONS AND RECOMMENDATIONS

A. Summary  of R e s u l t s

D u r i n g  the course of this  inves t i gation a total of ten (10)
specimen pro jec t i l es  were  inspected us ing  magnet ic  pe r tu rba t ion  methods.
Defect signatures obtained from these inspections were com pared with
signatures obtained from a reference specimen in which  a r t i f i c i a l  de fec t s
had been m a c h i n e d .  Sizes of these a r t i f i c ia l  defects  w e r e  chosen to bracke t
th c- t a r g e t  flaw size of 0 . 0 5 0 - in ,  long by 0. 015- in,  deep. Examination of
inspecti on results showed signif icant  flaw signatures  in all ten (10) spec imens
examined. Subsequent metal lographic  sectioning at six (6) locat ions on
th ree  sepa ra te spec imens , and replication on a f o u r t h  spec imen showed
exce llent cor re la t ion  as to size , loca ti on , and extent of f law si g n a t u r e s
f rom these  specimens.  Types of flaws observed d u r i n g  sec t ioning  w e r e
crac ks and s t r i n g e r - t y p e  inc lus ions  oriented axiall y along the spec imens
exa mined.

E. Conclusions

1. The magnetic per turbat ion  method can be i n c o r p o r a t e d
into equi pment that can provide a reproducible , hi g h sens i t iv i t y ,  hi g h-
speed , automatic  nondes t ruc t ive  inspection of cr i t ica l  reg ions in  the artil-
lery projecti le.

2. Correlation investi gations of seven si gnature sequences
from four  individual  specimens , in each instance,  d isc losed f laws  of t a rge t
size or g rea t e r ;  three axially or iented cracks  extending radiall y on the
in t e r i o r  Ogive reg ion of one specimen; two axially or iented subsu r f ace
s t r i n g e r - t y p e  inclus ions  on the exter ior  Bourellet reg ion of two of the
specimens; one axiall y o r ien ted  subsur face  s t r i n g e r - t y p e  inc lus ion  on
the exter ior  Ogive reg ion of one of the specimens;  and a large d e p r e s s i o n -
type flaw axiall y or iented  on the inside surface of the Ogive reg ion in the
f o u r t h  specimen.

3, F rom analyses  of the sectioning resul ts , in part icula r
Location A of Specimen 3, in conj unction with the si gnif icant  S/N ratio of
t he si gnatu re f rom “target” Flaw 1 (0. 03-in,  long by 0, 005-in,  wide by
0. 005- in,  deep) , it is anticipated that a flaw 0 .05 - in ,  long by 0 . 0 1 5 - i n .
deep can be detected.

C. Recommendat ions

1, It is recommended tha t a prototype system incorpora t ing
the ma gnetic pe r turba t ion  method be desi gned , fabr icated , and evaluated for
pe r f o r m i n g  a h ig h-speed inspect ion of ar t i l lery projectiles.  Such speciall y
desi gned equi pment  would require a significant investment  of funds and would
require  a period of 12 to 18 months for development.

- 4

—



2. Af te r  operational checkout  a large number  of p ro j ec t i l e s
shoul d be i n s p e c t e d  and comprehens ive  anal ys es  and co r r e l a t i on  investi-
gati ons conducted to establish a quantitative basis for an “accept/reject/
othe r” disposition cr i ter ia .
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