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I. SUMMARY

This report describes the development of an automated ultrasonic
inspection system for the nondestructive evaluation of M549 (RAP) artillery
projectiles using electromagnetic acoustic transducers (EMATs). The technical
effort culminated in the successful demonstration of the automated system to a
team of ARRADCOM engineers and the delivery of the unit to the ARRADCOM

facility in Dover, NJ.

The results achieved during this program clearly established several
points: a) it validated EMAT technology as being applicable to the inspection
of artillery projectiles, b) it demonstrated that high inspection speed (meet-
ing the targeted goals specified in the contract) are feasible using EMATs and
c) it showed that a high degree of automation could be implemented with an
EMAT system to reduce the amount of “human" judgement or interpretation in
product evaluation. It is conjectured that the EMAT system fabricated pos-
sesses flaw detection sensitivities comparable to that of "optimally cbup]ed"
conventional ultrasonic systems (used in the same mode). This is because the
flaw signal-to-noise ratio was determined by acoustic clutter signals arising
from projectile surface imperfections and was not set by signal level or

dynamic range limitation of the EMATs or associated electronics.

The key elements of the EMAT projectile inspection system including
the EMAT coils, electromagnet and pole pieces, analog and digital electronics
were designed, fabricated and tested at the Albuquerque Development Labora-
tory, a department of the Rockwell International Science Center. The large

1
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part handling apparatus and hydraulic system was designed and constructed
under subcontract by K. J. Law Engineers to Rockwell specifications. The
system demonstrated the ability to operate, through its inspection sequence,
either manually (step-by-step) or by using a single command, to perform a
complete inspection operation and light a red (flaw) or green (no flaw) indi-
cator describing the quality of the projectile under inspection. The system
was also capable of mapping the amplitude and location of ultrasonic reflec-
tions (flaws) and printing these on a hard copy output. EMAT system calibra-
tion was accomplished by setting threshold levels determined by inspecting an
ultrasonic test "standard" that had specific flaws cut into its interior and
exterior surfaces. The standard was made in accordance with specifications

established by ARRADCOM and certified by an independent government agency.

The system performed satisfactorily in all major respects. Once
calibrated, the EMAT unit could reject (detect), map and/or display flaws in
a) the standard projectile (having multiple flaws), or b) a projectile having
only one flaw and would pass, as unflawed, a previously conventionally inspec-
ted projectile that had no imperfections. A1l critical flaws were found in
the ogive and bourrelet sidewall of the longitudinal standard projectile by
the system. The majority of the flaws in the base were found by a hand oper-
ated EMAT that was not part of the final delivered system but which could be
retrofitted at a future date. There were a few flaws located in the curved
interior region of the standards base that were undetectable using EMATs. The
problem was not due to the EMAT transducer or method but due to the ultrasonic

energy being dispersed by the curved surface. It is believed that any ultra-

2
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sonic detection method might be plagued by this inspection geometry. Further
work is needed on the EMAT technique to overcome this type of inspection

geometry.

The conclusion achieved by this effort is that EMATs are applicable
to the ultrasonic inspection of artillery projectiles for flaws located
anywhere within their sidewall volume. EMATs have the major advantages of
being rapid, noncontacting, and amenable to reproducible calibration and

automation.

[I. OBJECTIVE OF PROGRAM

This program consisted of two phases which were to be performed in
series. The purpose of the first phase was to investigate the EMAT ultrasonic
signal launching phenomenon in M549 (RAP) projectiles produced by Norris
Industries. This phase was necessary because previous experiments showed a
substantial decrease in signal transduction efficiency when EMATs launched
acoustic waves in a tangentially magnetized projectile. This phase was
successful in identifying that (1) a surface condition (about 0.007 inches
deep) caused the poor coupling, and (2) that by going to vertical
magnetization of the projectile surface, large acoustic signal transduction
could be reestablished. The final report on this phase was issued August

1979. (Report SC5186.24FR).

The second phase of this program was to construct and evaluate the

necessary hardware and computer software to demonstrate an automated EMAT

3
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ultrasonic inspection station for M549 (RAP) projectiles. The detailed

objectives are as follows:

(1) Determine the actual levels of defect detectability in various
locations in the warhead and demonstrate that noncontact EMAT
ultrasonic transducers can function effectively.

(2) Demonstrate the quality of inspection equal to or superior to
that of conventional ultrasonic inspection, and

(3) Uemonstrate that the system can perform ultrasonic inspection of
the 155 mm M549 (RAP) warheads at actual production rates
(suggested to be about 14,000 per month or 44.6 sec per shell

based on one 8 hr work shift per day).

A final subsidiary objective was to develop an inspection apparatus
that can be reproducibly calibrated so that automated measurement techniques
can be employed to make the inspection process (Accept/Reject Uecision) as

repeatable as possible.

The EMAT ultrasonic system that was developed addressed all of the
above objectives and was predominantly successful in validating both the speed
and quality of inspection concept with a prototype system. It is anticipated
that ARRADCOM will gain further insight into EMAT projectile inspection by

using this equipment.
In order to acquaint the reader more fully with the werits of EMAT

technology, Appendix A gives a comparison of EMAT to conventional ultrasonic

4
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inspection techniques as applied to the inspection of artillery projectiles.
Objectives to be accomplished were set forth by the Product Assurance

Directorate (PAD) at ARRADCOM.

[TI. FUNDAMENTALS OF EMAT OPERATION

This section gives a brief review of the fundamentals of EMAT
operation. The purpose is to highlight the important operating character-
istics of this type of transducer and give insight into the performance

tradeoff which occur under different operating conditions.

Figure 1 illustrates the principle of EMAT coupling to an electrical
conductor for ultrasonic noncontact transduction. Acoustic waves are launched
in a magnetized metal part when a wire carrying a time varying electrical
current is brought into close proximity to the metal's surface. The eddy
currents which are induced interact with the magnetic B-field and give rise to
body forces which cause the acoustic generation. The converse effect also
occurs where sound waves in the metal cut lines of flux thus producing eddy
currents which are sensed by induction by the wire. If the magnetic field is
normal to the surface, the dynamic body forces are predominantly due to
Lorentz (J x B) interactions of the free electrons with the lattice. The
force vectors lie parallel to the part surface and readily generate vertically
polarized shear waves (as will be shown later). The normal magnetic field
bias, effective in all conductors, yields a linear relationship between bias

field B and ultrasonic wave amplitude and generally requires quite large

5
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B-fields to achieve substantial coupling. A tangential magnetization scheme
is possible in ferromagnetic materials. This mechanism is based on the
coupling that occurs between the induced dynamic magnetic fields which
accompany the eddy currents and the non-zero magnetostrictive effect (see
Reference 1) present in some polycrystalline metals. This type of excitation
is nonlinear in B, having a peak coupling at quite low fields (see Fig. 2 for
a schematic of the interaction). It is tempting to base most inspection
processes on this low B-field magnetostrictive coupling since it reduces the
size, weight and cost of the magnet required. However, it was determined in
Phase A (Ref. 2) of this work that a) not all projectiles inspected possessed
strong magnetostrictive coupling, and b) the magnetostrictive coupling could
be easily destroyed by heat treating the projectile (in a simulated processing
step). Thus it was concluded that the magnetostrictive type interaction was
too tenuous and that the normal magnetic field bias Lorentz force would be

employed because of its superior reproducible coupling.

Figure 3 illustrates the isotropic radiation pattern for a line force
along the y axis at the origin of an isotropic half space of a material having
elastic properties like steel and compares the shear waves that are generated
when the force vectors are in the x (Fx), y(Fy), and z(Fz) directions. The
physical situation produced by the normal bias of an EMAT produces forces
along the surface (x) direction so that the far-field acoustic radiation
pattern expected for the projectile inspection would be the curve labeled
Fx-SV waves. One observes that the maximum generation efficiency occurs at

about 30° to either side of the normal (i.e., the transducer is bidirec-

7
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Fig. 3 Green's function, radiation pattern, for shear waves, SV and SH, in a
isotropic steel material for a line excitation force. Fy, SV waves
are generated by the EMAT shown in Fig. 1.
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tional), that there is substantial coupling in the z direction and that the
other side lobes of the single wire acoustic antenna are suppressed about
20dB. These facts are important to discriminate against spurious reflections
when applied to flaw inspection geometries. HMore detail on this result is
given in Reference 3. Since EMAT coupling is generally quite weak, a common
method of improving the generation efficiency is to construct a multiple turn
transducer {meander coil) and to drive current through the coil with a
sinusoidal modulation. Figure 4 shows the typical form of the meander coil
whose period is D which is driven by a current at frequency f = w/2n. This
transducer is capable of generating surface (Rayleigh) waves (Fig. 4(a)) if

the drive frequency f is chosen to be:
E (1)

where Vp is the surface wave velocity. In this case D is equal to the surface
wavelength. This mode is particularly well suited to find surface imperfec-
tions because the energy is guided by the surface and extends to a depth of

about AR beneath the surface.

The same transducer (Fig. 4b) is capable of generating angle shear
v

waves when driven at a higher frequency. When f > —%—,

material shear wave velocity, shear waves will be produced at an angle:

where VS is the

)
_ .-=1,"s
¢ = sin (?5) (2)

10
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Fig. 4 Use of meander coil (top) to generate surface waves (a) and angle
shear waves (b) in a material.
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with respect to the surface normal and the shear wavelength Ag will be D
sin ¢. The transducer is symmetric so it emits and detects waves in both

directions.

By creating an acoustic antenna, the antenna array factor must be
multiplied by the Green's function in order to establish the overall radiation
pattern to be expected from the EMAT into the solid. The most usual case is
to drive the EMAT so that it excites waves at about 30° to the normal (to cor-
respond to the maximum of the Green's function) and use a large number of
periods which forms a narrow beam of sound in the metal part being investi-
gated. The direction of SV-beam emission is variable by frequency tuning,
however 30° is by far the most efficient angle and thus it was chosen for all
EMAT implementations. EMAT transducers having 3, 4, 6 and 7 periods (D) were
built and tested. The 4 period and 7 period coils were chosen for final im-
plementation because they yielded good overall coupling and produced a suf-

ficiently narrow acoustic beam to discriminate against spurious reflections.

IV. SUMMARY OF WORK COMPLETED IN PHASE A (Reference 2)

It is useful to summarize the results of Phase A of this effort to
rationalize the direction efforts took in Phase B, the fabrication of the
prototype inspection system. When attempts were made to inspect M549 155mm
(RAP) projectiles manufactured by Norris Ind. by magnetizing the shell and
inspecting it using EMATs located in the tangential field region, it was found

the EMAT excitation was vastly diminished (about 27dB) compared to similar

Iz
C2567A/es



SC5186FR

projectiles made by other manufacturers (e.g., Feinchbaugh). The hypothesis

was made that the decreased efficiency was due to a surface phenomena. This

was verified, as shown in Fig. 5, by measuring the acoustic signal amplitude

as various depths of material were removed from the surface. The "as-received”
shells had very poor transduction efficiency. However, the loss in coupling
could be nearly compensated (to within 1.5dB) by milling off 0.007 inch of

material from the projectiles surface.

A second conclusion was drawn from the data in Fig. 6 which shows
that heat treatment (830°C for 4 hr) reduces the signal amplitude ~ 28dB, the
difference between Fig. 6(b) and (c). It was conjectured that heat treating
the projectile alters the surface (to a depth of about .007 inch) which was

attributed to the decrease in magnetostatic EMAT coupling.

The method chosen to overcome this material and process temperature
dependent coupling was to place the EMAT coils in a normal bias field. Here
Lorentz type forces, independent of magnetic surface conditions, are employed
and the EMAT signals can be steadily increased by employing increasingly large
magnetic fields. This is illustrated in Fig. 7 for a projectile before and
after heat treatment. The data, circles and triangles, fall along the
expected parabolic curve (ultrasonic signal proportional to 82) because two

EMAT transductions have taken place (input to output).

This result guided our efforts during the total of phase B to locate
the EMAT coil between the projectile wall and the magnet pole piece where the
B-field is normal to the shell surface. Difficulties experienced in achieving

an ideal uniform normal B-field will be described in the next section.

13
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10usec—-—| l-——

Fig. 6 EMAT ultrasonic signal efficiency for different stages of fabrication
of an M549 (RAP) artillery projectile.

(a) Prior to nosing, (b) prior to heat treatment and (c) after heat
treatment.
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Fig. 7 EMAT ultrasonic signal amplitude of an M549 (RAP) artillery
projectile in a normal magnetic field before and after heat
treatment.
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V. MAGNETIC FIELD ANALYSIS
£
1t was found that one of thg key elements in the successful EMAT
inspection of cylindrically shaped objects, such as projectiles, is to achieve
a uniform normal magnetic flux through the EMAT coil into the part. Figure 8
depicts a cross-section of a projectile being magnetized by a tapered pole
piece and the relative locations of EMATs for normal and tangential field
operation. Energizing the electromagnet coils cause a large magnet to be
formed with the projectile in the gap. The flux flows from the north (N) pole
piece through the projectile and emerges into the south (S) pole. If
tangential field operation was possible then two transducers could be employed
(in a pitch catch mode), however, since only one EMAT transducer can be
accommodated beneath either pole-piece face, the same coil must be used as

both the transmitter and receiver in a pulse echo mode.

Figure 9(a) illustrates one particular problem associated with the
magnetization of the projectile, that of normal B-field uniformity and homo-
geneity. For an EMAT operated in the tangential field, region, the field is
by definition uniform because it has entered the metal and is confined to the
walls due to the high permeability (u) of the part. However, underneath the
pole-piece the flux is just entering the projectile and is then free to
diverge as it enters into the cylinder. Figure 9(b) illustrates the fact that

magnetic flux lines obey a relationship given by:

tan e1 _uair (3)
tan 92 p steel ?

17
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EMAT COIL LOCATED

MAGNETIC FIELD EFFECTS: TANGENTIAL FIELD

EMAT
LOCATED IN
NORMAL FIELD

PROJECTILE WALL

POLE PIECE——

A FIELD UNIFORMITY
AND PERPENDICULARITY FOR
MAGNETIC FLUX IN PROJECTILE
INSPECTION BY NORMAL AND
TANGENTIAL EMATS.

(8}

EDDY
CURRENT
FLUX ANGLE AT DISTRIBUTION:
BOUNDARY § e
= e~ V% w po
TAN @y ¢ AIR z- o cos (wt )
= YA X
TAN G, uSTEEL " who
4= STEEL
TAN g =4 STEEL TaN 8y
p AIR SHELL 5 =V’A wn
BOUNDARY
f& =.04cm@1.78 MHzJ
FOR 3% COBALT STEEL FOR 17% COBALT
Hg ~ 37 u~13

Fig. 9 Magnetic field effects.
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or

_ u steel .
tan ez(steel) T tan 61(a1r), (4)

a kind of Snell's Law for magnetic flux. Thus, any deviation from normal flux
at the air-projectile interface (given by 61) is magnified by the ratio of

n steel to u air, generally a large quantity. For example, Cobalt steel has

a u of about 37 at moderately high bias fields. The depth over which the flux
normality is critical is approximately given by &, the depth of eddy current
penetration, because within that region the acoustic forces are generated.

The eddy current distribution with depth is given by

e VT

or & =7/1/2 wub

where w is the angular frequency and 6 is the material conductivity. For
steel, at w = 11.18 x 10 or £ = 1.78 MHz, the eddy current depth is 0.04

cm. Hence, only the projectile surface is important in flux uniformity. An
added complication is that w is a function of magnetic B-field and, for the
HF-1 projectile, behaves as shown in Fig. 10. These results were obtained by
making a special permeability measuring electromagnet, associated power
supply, digital voltmeter and digital flux meter. The value of ur, the

relative permeability, is above 40 at B equal to 20K gauss. This means the

20
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shell should act to confine the field lines but will seriously bend the flux

that enters the projectile at off normal directions.

The basic design principle chosen for the pole pieces were to shape
them as accurately as possible to conform to the projectile profile along all
axis in order to a) maximize the field in the material, b) make it as
homogeneous as possible along the length, and c) force the lines of flux to
enter the projectile at normal incidence to the surface. Two parallel
approaches were undertaken to try to achieve a practical magnetic circuit
design as fast as possible. The first method employed the hand calculation of
the flux paths reluctance of the magnetic circuit and an approximate B-field
analysis. This was coupled to empirical measurements made on longitudinal
sections of projectiles in order to refine and improve the approximate
formulas. The second method, accomplished in parallel, was to computer model
the pole-piece projectile region and do interactive Poissons solutions to the
B-field space problem. A complete summary of this approach is given in

Appendix B and only results will be quoted here.

Figure 11 shows the semi-empirical approach. The projectile is
sectioned into 3 approximately equal pieces (the ogive, transition region and
bourrelet region). A small electromagnet was made that accommodated about
6.5" long cylindrical sections of projectile. The electromagnet main section
was constructed so that various "nose pieces" (see Fig. 11(a)) could be
attached to measure the effect of changing pole piece dimensions. The nose
piece could be interchanged by unscrewing the hold down lock screw and substi-
tuting a different noise section. Approximate field analysis was used to

22
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guide the designs of the magnetic focusing structure. The critical nose piece
parameters were: 1) the separation between projectile and pole piece face, 2)
the length of the pole piece in the circumferential direction, 3) the shape-or
curvature-of the pole piece face and 4) the taper angle of the focusing

piece. Figure 12 i]]dstrates a simple section through the pole-piece and
projectile. Leakage flux around the shell causes premature saturation and
limits the maximum B field attainable. Thus the dimension d, the separation,
and W, the width of pole face should be chosen so that d/W is as small as is
practical from other physical considerations. The separation d obviously can

not be shrunk to zero because the EMAT coil assembly must occupy this space.

Figure 13 shows the shape of the magnetic B-field strength expected
for various electromagnet coil currents at two separations (gap = d). These

curves are governed by the equation:

1 NI
B ~ 5 - ¢ Leakage} (3)
Gap = { Rgap * Rshel1(n)

By reducing d/w the leakage flux 9| eakage is reduced and also the gap reluct-
ance Rgap is reduced compared to R¢patg (which is constant except for its
dependence on u).

In fact, the total magnetic circuit of the yoke, leakage, pole piece,
gap and shell have been modeled to assure that the electromagnet assembly is
adequate to supply sufficient flux to achieve over 20K gauss in the gap

24
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Fig. 13 Calculated magnetic field behavior as a function of gap separation d.
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region. Figure 14 illustrates the simple model used. Results of this calcu-
lation were used to determine the length and cross sectional area of the yoke,
pole pieces and number of ampere-turns required in the electromagnet to

achieve the desired field levels. Ohms law for magnetics can be written as:
o=t (4)

where ¢ is the flux, NI is the ampere turns or magnetomotive force applied and
Ri are the reluctances shown in Fig. 14. Reluctance for material is defined

as

21 (5)

where %i is the length of magnetic path, u the permeability of the material

and Ai the cross-sectional area of the path. In the gap

©
W
ow©
o

=,

A
gap gap
so that
! NI

Bgap = - ¢
gap Agap { RG + RS + Rp + Ry Leakage}
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this reduces to the result of Eq. (3) assuming proper magnet design which re-
duces Rp & Ry much below Rg and Rq. Bgap can be made large by increasing NI
to saturation, reducing ¢ leakage and decreasing d which reduces Rg. The
lateral width w of the pole piece face effects the reluctance of the gap and
thus should be reduced to increase the gap field. Figure 15 shows the B-field
intensity measured on a section of projectile for two different width pole
pieces (1/2" and 3/4" widths) at a constant gap of 1/8". Substantial width
reductions below 1/2" are not practical since the EMAT coil must fully lie
beneath the pole face to achieve a uniform B-field. The 1/2" pole face

produces about 15% more B-field at saturation compared to the 3/4" face.

The effect on B-field intensity of gap separation d, between the pole
piece and projectile are illustrated in Fig. 16. Here for a 1/2" wide pole
face, three gaps d = 1/8", 3/32", and 1/16" were used and the corresponding
B-fields measured. The narrowest gap of 1/16" yielded fields of over 20 KG at
saturation compared to about 16 KG for 1/8". Since the pole pieces are
rigidly fixed in any electromagnet design and the cylindrical projectile must
be moved laterally into and out of the gap, the pole pieces were tilted at 27°
with respect to the horizontal axis to accommodate the vertical projectile
motion. A series of measurements showed that the 27° tilt did not
substantially add to the leakage flux and this modification was used in the

final projectile inspection configuration.

In the final implementation, a gap of 3/32" was chosen as a
compromise spacing which yielded sufficiently strong B-field but large enough
to accommodate the EMAT coil and any projectile dimensional nonuniformities.

29
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Fig. 15 Field intensity vs electromagnet current for 1/2" and 3/4" pole
pieces widths W.
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Fig. 16 Effect of pole piece gap width on magnetic field intensity. Pole
pieces tilted at 27° from horizontal to accommodate projectile
curvature and to allow the projectile to be moved into the magnetic

field.
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The effect of the shape of the pole piece face was investigated by measuring
the B-field uniformity for a flat pole piece compared to a curved pole face
(curvature chosen to match the projectile curvature and keep the gap d
constant). The measure B-field, shown in Fig. 17, is substantially more
uniform for the curved pole face and this type of curvature was used in the

final design.

The width w of the pole piece face not only effects the magnetic
field strength but also its uniformity. Figure 18 shows that a 1/2" face
produces a more uniform and higher intensity magnetic field over its smaller

area compared to a 3/4" wide pole piece driven to the same current level.

We also investigated the dynamic influence when the projectile was
spun at a high rate near the pole piece face. There was some concern that
flux pile-up would occur at the trailing edge of the pole piece. Figure 19
shows the results of spinning the projectile at 180 rpm (4-1/2 times faster
than used during actual projectile inspection). Some flux accumulation (about
10%) is observed at the left edge of the gap, however the EMAT transduction
efficiency was found to vary less than 5%. Thus projectile motion has minimal
effect and EMAT inspection can be readily accomplished on rapidly moving

objects (projectiles).

These empirical/quasi analytical results were adequate to lead us
through the majority of the magnetic field design process. Still minor
adjustments were tedious and time consuming by this approach. By the time the

final pole-piece design was to be implemented, the computer program described

32
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in Appendix B had been sufficiently developed for routine use. Several test
cases were run using different geometries, different spacings and different
tapers on the pole-pieces. A representative plot of the lines of constant
magnetic potential y which surround the magnetized projectile and pole piece
section are illustrated in Fig. 20. The potential y obeys Laplace's equation,
with zero magnetic sources, in the region outside the metal (vZy = 0). The
B-field is everywhere perpendicular to these equipotential 1ines. The other
quadrants, to complete the field map, can be determined by symmetry. This
overall view of the projectile and pole pieces was used to establish the
magnetic boundary conditions and codes were established which allowed
expansion of the critical gap region. In all cases shown in Fig. 21(a), (b)
and (c), the pole piece are 3/4" wide, have 45° angle levels on its edge and
are curved to follow the radius of the projectile. The twelve contours
plotted show substantial differences between the 1/4" gap of Fig. 21(a), the
1/8" gap of Fig. 21(b) and the 1/16" gap of Fig. 21(c). Even more precise
analysis was possible when the letter indicators were removed and B-field
lines plotted. The computer was thus used to verify the magnetic measurements
and to "fine tune" all parameters of the final pole piece design. It leads us
to choose a gap of 3/32" as optimum spacing. This computer program is seen to
be a vital tool in the analysis of different pole piece geometries and was in
fact useful for the verification that tilting the axis of the poles 27°, to
accommodate the projectile in the small gap, would have no substantial effects
on the overall field uniformity or significantly increase leakage flux. Hence
computer modeling is of significant use in rapid design of pole pieces for
EMAT inspection of differently shaped projectiles.

36
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VI. EMAT ULTRASONIC INSPECTION APPROACH AND RESULTS

As shown theoretically, an EMAT meander coil can be made to
efficiently produce SV-polarized shear waves into HF -1 steel at an angle of
~ 30° with respect to the surface normal. The approach chosen was to locate
all EMATs along the edge of the pole piece conformable to the projectile to be
inspected and inject a series of beams of ultrasound into the shell that would
bounce back and forth between the inner and outer walls. The beam of acoustic
energy could thus interrogate both the inside and outside walls as well as
anywhere between. Figures 22 (a) and (b) depict EMATs producing beams of
SV-waves and the resulting acoustic ray-paths that are expected for reflection
off the inner and outer surfaces. For circumferential flaws, the EMAT 1is
situated to send a beam parallel to the axis of the projectile and the
cross-section is like that of a plate, (Fig. 22a), while for longitudinal
flaws the EMAT is oriented to produce a beam that bounces around the

circumference (Fig. 22b).

The EMATs are operated as both transmitters and receivers of ultra-
sound (pulse echo mode) so that the reflections or returns from any flaws
present in the projectile can be time resolved and detected. Figure 22(c)
shows an anticipated EMAT signal when inspecting a part having multiple flaws
located as shown in Fig. 22(a) or (b). There is a large initial signal that
is direct detection of the drive pulse. This generally saturates the elec-
tronic amplifier circuits attached to boost the EMAT acoustic returns and will

exponentially ring down to the electronic noise level. Generally, the ring

41
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down is long enough, due to the moderate Q of the electronics, that flaws
lTocated on the ID surface (that would detected by a single bounce of
ultrasound) are lost. However, as the ultrasonic pulse propagates back and
forth, an OD flaw located 2 bounces away will be resolved as will an ID flaw
located so as to be illuminated acoustically on the third bounce. After three
bounces, the acoustic beam begins to be dispersed and poor return signals are

detected.

Figure 23 shows experimental results of an EMAT flocated on the
outside of the projectile) detecting a series of 0.020" deep by 1.00" Tong EDM
(electron discharge machined) notches. Here the ringdown was adjusted to
allow flaw detection on the first bounce, however this was not employed in the
final inspection equipment. Although the return acoustic signals are easily
detectable here, further advances in electronics and magnet design improved
the signal-to-noise (S/N) ratio for flaw signals in the final unit to over
30dB. Since the EMAT transducer locations are fixed beneath the magnet pole
piece, to achieve full projectile wall coverage the following methods were

employed:

(1) for longitudinal flaws, the projectile is rotated about its axis
and this sweeps the flawed regions into the EMAT inspection
zone.

2) circumferential flaws are detected by making an array of EMATs
along the projectile axis which covers the entire wall volume

because of the transducer bidirectional characteristics.
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OD FLAW (3)

PROJECTILE
CROSS-SECTION

D
FLAW (1)

ID
FLAW (2)

INSPECTION OF PROJECTILE WALL WITH
SHEAR-VERTICAL ACOUSTIC WAVES

a) 1D FLAW b) OD FLAW
(#1) (# 3)

c) ID FLAW
(#2)
Fig. 23  EMAT detection of 0D and ID flaws by bouncing acoustic beam
approach. Note different time delays allow differentiation between

flaw locations.
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The “acoustic beam" approach was chosen so that higher frequency
ultrasonic waves could be utilized. A guided or Lamb wave could have been
used which fills the entire wall with energy. However, for parts of the wall
thickness the wavelengths would be about 0.4" long (frequency = 225KHz) and
these waves would be very weakly scattered by the 0.020" deep standard
flaws. Thus we chose to use a shear wavelength, As, of 0.06"(1.5 mm) and
operate at 1.94 MHz. This wavelength has good scattering characteristic for
flaws in the 0.02" and smaller size when illuminated at a 30% angle. This
wavelength is sufficiently small, being 6.7 times less than the wall thick-
ness, and will propagate mainly as a beam and not break up into guide wave
energy. Therefore, this 1.97 MHz frequency was found to yield an acoustic
beam having good reflection characteristics with only slight spurious mode

generation.

The remainder of this chapter details an extensive set of acoustic
experiments that were made using a single EMAT to measure the characteristics
of the total flaw detection process. The transmit/receive electronics used to
interface to the EMAT are similar in design to that used in the final system
implementation. The EMATs and magnetic structures were of the same configura-
tion as the final designs. Thus these results closely parallel measurements

taken on the delivered hardware.

The first tests were made to determine how large a region the EMAT
was able to cover. The 3mm period EMAT had a longitudinal aperature of 13/16"
or 2.06 cm in the direction of launch and was 1" wide. The OD circumferential

flaw (2-bounce signal) could be- detected with 8 volts or more acoustic return

45
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over a 1-1/2" (3.8 cm) region starting 1" away from the EMAT center (see

Fig. 24). A similar plot is shown for an ID circumferential flaw where > 8
volt signals are obtained over a 1-3/8" (3.5 cm) region starting about 1-1/2"
from the EMAT center (Fig. 25) and a plot taken for a longitudinal oriented
flaw shows that 8 volt returns are achieved over 3/4" long region (Fig. 26).
Hence the EMATs have a sufficient inspection area to yield complete projectile

coverage if properly arranged.

Figures 27 and 28 show the quality of the detected returh signal from
0.020" deep notches for several projectile locations in the bourrelet. At a
magnetic field of 15 KG, the 0D flaw signal output reached 13 volts (receiver
saturation) while the ID flaw was 6 volts (which could be increased to 13
volts by raising the field to 20 KG - Fig. 28b). Figure 29 illustrates the
EMAT detection of ID circumferential flaws in the ogive section compared to
the bourrelet. The ogive signal is observed to be stronger in this test
because the projectile has uniform wall thickness. The bourrelet section has
tapered walls and yields a less "clean" return signal (exhibits interference).
The solution to this problem was to make an EMAT with 10° off-axis electrodes.
This EMAT configuration compensates for the projectile wall variation and

restored the strong reflected signal amplitude.

EMATs with different number of periods were investigated to determine
the effect on signal quality. Figure 30 (a) and (b) compares the return sig-
nals observed for a 7 period and 4 period EMAT. The 7 period unit yields
stronger signals because of a) the more efficient coupling due to the larger

number of acoustic sources, b) the narrower beam that it produces confines the
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Fig. 24 EMAT sensitivity region for 0D flaws (2-bounce signal).
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Fig. 25 EMAT sensitivity region for ID flaws (3-bounce signal).
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Fig. 26 EMAT sensitivity region for longitudinal flaw.
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OD FLAW # 14
15 K GAUSS
2V/DIV
10 usec/DIV
a) i
2VOLTS
OD FLAW # 16
15 K GAUSS
2V/DIV
10 usec/DIV
|
b) ¥ 1
2VOLTS
BOURRELET SECTION
TEST MAGNET (STATIC)
REVISED EDM STANDARD
Fig. 27 Detection sensitivity for OD flaws by single channel EMAT and

associated electronics.
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Fig. 28 Detection sensitivity for ID flaws by single channel EMAT and
associated electronics.
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ID CIRCUMFERENTIAL
FLAW (ORIG. STD.)
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. W o> .
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ID CIRCUMFERENTIAL FLAWS
PROJECTILE IN LARGE MAGNET

Fig. 29 Comparison of EMAT standard flaw detection in ogive and bourrelet
sections of projectile.
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Effect of using a different number of periods in the EMAT.
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acoustic energy to the desired direction, and c) its larger electrical induc-
tance which is easier to match. Because of the broad emission of ultrasound
in the 4 period EMAT, sufficient energy is launched vertically so that strong
reverberation signals can be observed which are due to waves bouncing between
the inner and outer walls. Thus a 7 period unit was used in the final EMAT

implementation where maximum signal is desired and 4 period units used where

space restriction required minimum size.

Due to the high rate of projectile throughput, it was determined that
the EMAT must make measurements on the projectile as it was being‘rotated.
Thus we investigated the dynamic effects (i.e., relative motion between the
transducers and the shell) which might degrade the acoustic signals. Figure
31 a) and b) shows the baseline clutter noise level both in the static case
and rapidly rotating (300 rpm) case. Since the clutter noise remains approxi-
mately the same magnitude, no excess noise should be added by rotating at 40
rpm, the chosen inspection rate. Likewise, Fig. 32 illustrates that the sig-
nals obtained from the rapidly moving projectile are almost identical to those
observed in the static situation (Figs. 27 and 28). EMAT inspections can thus
be performed while the ‘projectile is being rotated which leads to reduced

overall inspection time.

An exhaustive sef of tests were carried out on the base region of the
projectile to determine if the critical flaws could bé detected there. The
base is a particularly difficult region to ultrasonically inspect due to the
curved inner radius and the various protrusions (all of which either scatter

acoustic beams or add spurious reflections). No definite method was evolved
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1VOLT
a) ! STATIC

BOTH PHOTOS
19 K GAUSS
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10 usec/DIV

1VOLT

300 RPM

i
b) | T

Fig. 31 Baseline clutter noise detected for static and rotating bourrelet
section of projectile.
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ID LONGITUDINAL
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19 K GAUSS
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2 VOLTS a)

OD LONGITUDINAL
FLAW 0.020"" DEEP
19 K GAUSS

2 V/DIV

10 usec/DIV

"~ 2VOLTS b)

ROTATING BOURRELET SECTION 300 RPM

ig. 32 Effect of projectile motion on detection of flaws by EMATs.
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to detect the inner base notches. However, a viable approach was established
to find flaws on the outer surface of the base. This is shown schematically
in Fig. 33 b) and c) where a surface wave (launched at 1 MHz) is directed at
the base flaws. The reflected signal is either returned to the sending EMAT
b) or to another EMAT c). The photograph a) shows that adequate signal to
resolve the acoustic signals is achievable. This surface inspection technique
was not implemented on the final unit because of time constraints but could be

retrofitted at a future date.

Figure 34 plots the observed EDM notch signal and clutter noise
amplitude as a function of applied magnetic field. This plot is similar to
the final result but about 50% lower amplitude. It, however, illustrates the
following points. First, the return signal level is highly nonlinear and
rises to an acceptable level at 19 or 20 KG. The nonlinearity is believed to
be due to the field homogeneity and uniformity improvements as the shell
begins to saturate magnetically. Also, the "noise" level detected is due to
acoustic clutter signals and is not due to the intrinsic electrical noise of
the EMATs amplifier components (which is about 20 p volts). The clutter
signals are due to the acoustic scattering that occurs as the waves bounce off
the rough (or wavy) inner projectile surface. This waviness is attributed to
the forging process. Thus the signal to noise ratio of any ultrasonic
inspection approach, using either EMATs or conventional piezoelectrics, will
be 1limited by this mechanism. Hence, EMATs should be of comparable
sensitivity to conventional ultrasonic detection methods when operated at the

same frequency and at the same inspection angle.
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Fig. 33 Inspection of base outer surface notch using surface acoustic wave
at 1 MHz.
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In concluding this section, it is enlightening to 1ist the several

technical problems which were both encountered and ultimately solved in order

to produce a viable projectile inspection technique using EMATs.

Table 1

Acoustic Problems Identified with EMAT Inspection of Projectiles

Problem Solution Comment
1. Poor EMAT efficiency Use normal B-field Identified
in tangential B-Field configuration in Phase A
on Norris projectiles
2. Poor EMAT efficiency Sophisticated Magnet Design
in normal B-field to produce uniform, normal
high intensity B-fields at
EMAT coil
3. Spurious echo Add more periods to EMAT
signals observed coil (4 up to 7) to better
confine ultrasonic beam
4, Could not detect Higher B-fields and Observed during
ID flaws better EMAT design Phase A
overcame poor signal
quality
5. Could not resolve ID Improved ring down time
flaws on first bounce of electronics and detect
ID flaws on third bounce
6. Portions of bourrelet Build a 10° tilted EMAT to
yield poor signal quality compensate for non-paralilel
projectile walls
7. Base is difficult to Design a special Not all standard
inspect using bulk shear surface wave EMAT that flaws can be
wave EMAT detects outer surface detected
base flaws
8. EMAT highly effected Specially designed See design next

by lift-off from
projectile surface

spring loaded EMAT
support that holds
transducer within

10 mils of surface

section

60
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VII. ANALOG ELECTRONICS

The analog electronics that are required for EMAT operation are com-
posed of a high power amplifier to excite the acoustic waves and a low-noise
receiver to boost the return (reflected) signal level. Both units are opti-
mized for the 1.94 MHz EMAT frequency. The situation is somewhat complicated
by the fact that the same EMAT coil is used for sending and receiving energy
so that ways of preventing the full transmitter power from being sent into and
damaging the receiver were required along with advanced design techniques to
optimally couple (match) the EMAT to the electronics. The electronics were
implemented using all solid state components and construction practices (such
as heat sinking) and operational procedures (such as conservative device
biasing) were used which should lead to long reliable operation. No unit
failures were encountered during our several months testing program in which

all 50 electronic transmit/receiver (T/R) modules built were test operated.

The transmitter/receiver units (shown in Fig. 35) were fabricated on
a printed circuit (PC) board that had edge connectors to transfer the
electrical signals and provide dc bias. The high power bipolar transistors
(2N6277 and 2N6341) were heat sunk to the PC board and radio frequency (RF)
signals were routed to the output by coaxial lines to prevent radiation.
Since the transmitters are operated in the pulsed RF mode with less than 0.5%
duty cycle, thermal effects were minimized. The circuit layout also tends to

reduce electrical cross talk between the transmitter and receiver.
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SC80-9472
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Fig. 35 Photograph of RF transmitter/raceiver board.
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Figure 36 shows a detailed schematic of the electronics. The trans-
mitter uses a 60 V dc bias and is driven by a TTL level (2-5 volts) square
wave input. The RF signal is boosted to a pulse level of about 80 amps at the
output and is coupled to the EMAT coil by a transformer and matching capacitor
Cy; to resonate out the coil inductance. The reflected signal is input to the
low noise FET preamplifier by a diode switch and limiter that protects the in-
put transistor stage. An acoustic signal input of 40 u volts will be boosted
to a 3 volt level at the output. Substantial design effbrt was focused on
achieving good ring-down characteristics by a) providing isolation at the in-
put of the circuit, b) maintaining modest circuit Q% and c¢) discharging any
storage elements (capacitors) that would be effected by the direct feedthrough
signal. Also, special bias circuit techniques were employed to reduce direct
coupling. The electrical performance of the analog electronics is summarized
in Table 2 and Fig. 37. This data shows state-of-the-art performance for the
special EMAT circuits which leads to the superior detection capabilities that

were achieved.

The final inspection system requires 44 of the T/R circuits to power
the 44 independent EMAT inspection channels. These electronics T/R cards are
mounted in two large card cage units that sit atop the inspection part
handler. The various channels 1 through 44, are sequenced in a firing order
so that signals will not cause acoustic cross-talk. All EMAT firings are
under microprocessor control and interface to our system control computer.
Provisions have also been made to individually operate each EMAT T/R card so

that system diagnostics are facilitated.
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Table 2

Summary of Electrical Performance (Analog)
Transmitter Data (Board #1002)

Operating Center Frequency 1.94 MHz

Rep. Rate 10 ms

Number of PU]ses 15

vCC 60 VDC @24 ma
Output Voltage 20 Vpp PCB Output
Transducer Voltage 85 Vpp

Transducer Current 80 A

Receiver Data

(Board #1002)

Input Output
T 1 Out 20uV 350 uVpp
Q 5 Out 20uV 6.4 mpp
Q 6 Out 20uV 35 mVpp
Line Qut 20uV 1.5 Vpp
Gain 75,000
RCV BW 270 KHz

Signal to noise 44dB W/20uV Input
(Measured in 3dB of 30 KHz)
NF  6dB
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VIII. EMAT TRANSDUCER AND SUPPORT

An EMAT coil and support assembly has been designed to meet the fol-
lowing goals: 1) produce SV-mode acoustic waves at a 30° angle to the normal,
2) fit in the 3/32" gap between the pole piece and projectile and accommodate
any projectile dimensional variations, 3) keep a constant spacing between the
coil and the projectile, and 4) be rugged and reliable in operation. These
goals were addressed by several unique construction techniques. First, the
EMAT coils themselves were fabricated on a thin strong "CAPTON" printed cir-
cuit material. The coil period was 3 mm which yields the desired 30 SV-beam
angle at 1.94 MHz in the HF-1 steel. This thin coil was bonded onto a high
strength Lexan plastic backing plate (60 mils thick) that was shaped (using a
casting fabrication technique) to conform to the radius of the projectile
wall. Six alumina ceramic feet were embedded in this backing plastic and
extended 10 mils from the surface to act as spacers and absorbed the abrasion
as this unit rides lightly on the projectile. A set of Be-Cu springs were
used to provide the contact force to the EMAT assembly. The EMAT assembly is
shown in Fig. 38. Two EMATs, one to launch circumferential and one to launch
longitudinal SV-waves are fabricated on each backing plate. The flexible
CAPTON could be bent around the edge of the backing plate to allow electrical
solder connections to be made at the rear of the assembly. The backing
material is about 1" wide by 1-3/4" long. Mechanical tests conducted on the
abrasion resistance of the ceramic wear buttons showed them to be very sturdy.

Forty-eight hours of continuous rubbing on a projectile (at the force level

67
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LONGITUDINAL EMAT LEXAN BACKING
ELECTRICAL CONNECTION

CERAMIC SPACER BUTTONS

CAPTON
FLEXIBLE CIRCUIT BOARD

ACOUSTIC
WAVE
DIRECTION ACOUSTIC
WAVE
DIRECTION
| \
CIRCUMFERENTIAL LEXAN BACKING CURVED TO
EMAT CONFORM TO LOCAL PROJECTILE
CONNECTION : RADIUS
CERAMIC SPACER BUTTON
0.010"
b) L | l
| 0.020"
0.60"
LEXAN { |
CAPTON 0.005 THICK '

PRINTED CIRCUIT

Fig. 38 a) Configuration of EMAT used to launch both longitudinal and
circumferential acoustic waves on projectila. b) Cross-section of
EMAT holder.
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anticipated) showed no detectable wear. Estimated 1ife for the buttons is

3000 hours of operation between replacement.

The exact dimensions of the wire widths and pad sizes used in the
EMAT designs are shown in Fig. 39. A1l coils are 30 mils (by 2 mils thick)
copper plated onto the CAPTON backing. The bourrelet region required that the
EMAT that launched waves in the circumferential direction be tilted at about
10°degrees from the axis in order to achieve clean return signals. This was

done by printing a new set of EMAT with the specified 10° tilt built-in.

The connection of the EMAT holder to the pole piece is shown in
Fig. 40. The Be-Cu material is naturally springy and is positioned to 1ightly
force the ceramic feet onto the projectile and keep the EMAT in close proxi-
mity to the shell. The spring guide structure has sufficient flexibility to
allow it to "ride over" the wall variations that are within production toler-
ances of the M549 projectile. Note that shells grossly out of dimensional
tolerance must be rejected before inspection by this scheme because too large
a diameter projectile may crush the EMAT and ceramic supports into the pole
pieces. Another potential problem exists with testing out-of-round projec-
tiles having non-uniform cross sections. Here the excessive in and out motion
tends to weaken the EMAT connections and eventually leads to open or short
circuits at the EMAT. This problem can be overcome by strengthening the wire
that wraps around the edge of the holder. Also a higher dimensional tolerance

backing would be desirable because the LEXAN tends to flatten out in time.
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Fig. 39 EMAT meander coil dimensions.
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Fig. 40 Detail of EMAT holder and its position relative to projectile.
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Figure 41 schematically illustrates the placement of the 22 EMAT pair
array (11 on each pole piece) along the pole piece. The photograph of Fig. 42
shows the EMATs mounted on the test electromagnet structure and the associated
spring mounting hardware. The assembly was used to verify that reliable
inspection could be performed at each EMAT location before the entire unit was
mounted into the inspection system. The 22 EMAT pairs yielded total coverage

of the ogive and bourrelet region of the projectile.

IX. MECHANICAL PART HANDLING EQUIPMENT

The projectile handling equipment was built under subcontract by
K.J. Law Engineering Inc. to Rockwell specifications. This equipment and
operation is fully detailed in a companion publication to this final report
entitled "Operation Manual for EMAT Ultrasonic Inspection System.” Also, a
complete set of engineering drawings for this handling equipment was delivered
to ARRADCOM, Dover, NJ, under separate transmittal. Hence this section will

only briefly describe the equipment and its operation.

The part handling apparatus is composed of three units. The first is
a large mechanical <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>