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I NTRODUCTION

The 14k 38 Sparrow missile warhead is a continuous rod warhead. Instead

~~ shattoi ing int-~ separate fragments at detonat ion, the warhead casing unfolds
.in i  expands into a large continuous x i n ;  of welded steel rods. The object is

t o  ~ut the target in h.j U , as opposed to  puncturing it with discrete fragments.

The wa rhead functioning requirements of the M.k 38 are compounded, s ince
the warhead is also utilized as a structural member of the missile body . The
warhead is located approximately at the center of the Sparrow missile , connect—
ing the forward ~and a f t  missile sections . The missile is suspended beneath an
a ircraft wing near the missilo ’~ center of gravi ty . This is also the location
ot the warhead. Thus , the warhead is subject to large bending moments during
launch , captive f light, and hard landings of the host aircraft. I f  the war-
head f a i l s , the missile will break in half and could result in the loss of an
aircraf t.

Figures 1 .tnd 2 depict the Mk tH warhead. Note the welds near the forward
and aft o:cd ;. These welds fasten the continuous rod bundle, as well as a thin
sheet metal skin , t - ~ the threaded forward and aft end rings. The quality of

. these welds lot ,~rm1:~es the warhead s strength.
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Figure 1. Mk 38 Warhead
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Figure 2. Forward and Af t  Weld Dimensions
(d imensions in inches)

The demands for high weld quality have necessitated ultrasonic inspection.
a technique currently used for new production warheadsi The test utilizes
the ultrasonic imeersion technique in which a single inspection pass is made
around the weld circumference to verify proper fusion of the weld root. This
technique is designed to determine whether any particular section of the weld
circumference exceeds or fails a specific rejection criterion. The rejection
criterion is based on the width of the weld root at the point in question. A
limi tation of this single scan technique is that it cannot accurately measure
by what quantity the weld surpassed or fell short of the rejection criterion.
Thus, although this technique is capable of being used to evaluate acceptable
or rejectable welds on the basis of strict requirements, it is incapable of
being used to accurately measure the fused area of the weld root.

Before the implementation of the iimnersion , the ultrasonic testing tech-
nique discussed above, warhead weidments were ultrasonically inspected with a
hand-held transducer using the contact test method.2 Because of its large
potential for error, this method was replaced by the iemersion method. The
transducer could not be accurately positioned, uniform coupling between the
transducer and the warhead was difficult to verify, and successful use of the
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technique was highly ~li.pendent upon operator skill and motivation. Thus,
results were not necessarily reproducible. This led to a situation of uncer-
tainty concerning warheads that had previously been tested using the contact
method.

To estimate the condition of Fleet warheads that had previously been in-
spected , it became necessary to determine the contact method’s limits of reli-
ability. Such a variability study was performed by the Weapons Quality Engi-
neering Center (WQEC), Concord , California.3 The Concord study confirmed the
suspicion that the contact method can give irreproducible results. Simulta-
neously, the Naval Surface Weapons Center was tasked to study the relation
between weld geometry and weld strength. The study used destructive bend
testing to determine weld strength.

In conjunction with the destructive testing , a technique was needed to
accurately measure weld condition ~.rior to mechanical loading. An ultrasonic
C-scan test was developed to ensure that a full spectrum of weld conditions
was mechanically tested , as well as to provide an accurate record of the weld
condition prior to the destructive mechanical loading . This report concerns
the development and evaluation of this technique.

FORWARD WELD IN:-~PECTION

The ~rincipal ~~~~~~ of concern with the forward weld is the root area.
This regirn has the highest stresses because of the narrow root geometry and
the machinin~ away ot the forward sidewall weld during the manufacturing
p r 3ces& (Figure 2). In addition , experience with this particular weld has
shown that lack of fusion is most likely to occur at the weld root.

The ul~~r.is-’n~ c C-scan “~-hni que was chosen as the most ~ romi si ng means of
n1)n )~•struct ively charac~ en z i n ;  wel l root geometry. When used in conjunct ion
with a fine’y focused transducer, the C-scan technique was able to accurately
nut- fused and nonfused reijons of the forward weld root.

The C-sc.i~ “quiprient consisted of an Automation Industries 450 Series
:i ~~-ratory Scini- or , a Tekt ran Inlnerscope II with PR-l7 and FG—lO receiver and
gate, the Tektran RIA-1OATS recorder interface , an Automation Industries US717
manipulator, and a Harrislc .ic .250-in. -diameter, 1-in, focused transducer with
a lO-!’V-lz output fre juency. Figure 3 shows the basic apparatus.

The ~~~ Series Laboratory Scanner was equipped with a turntable and a

~~torized vertical drive ~ n allow the warhead to be rotated while slowly in-
crementing the transducer in the vertical direction . Signals were recorded on
a r~ tary drisn by an electric pen whose motion matched that of the Inspection
transducer .

Fi gure 4 r,’veals the presence of a nonfused interface adjacent and paral-
lel to the weld root interface . The proximity of this nonfused interfaca to
the forward weld shoulder is of prime concern. This area corresponds to the
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• so i ’ is ncr ss.i: t ’  )~~- able to
- - , • -i n-ily ‘ . . . ..‘ lded ) ~~~ 

• ‘. : i i t .~ accurately.

v . . ‘- r ; - .~~i t  ir~n measur~~i along t h .  wa~ 
- ‘ - .~~~ : axis is ext rerTw l y critical

in -.-~~; ;~~~nq ‘ne conditi - -’r- o~ the w e l L  Th is posi i’~n is measured with r’-~~; . - t
machined shoulder of h.- f o rw i r l  -

~~
. At the start of a scar , t he cen-

ter of no transducer  l.’ ir, 15 ; ( - s i  ! . n ~ - -~ ~re -f I ~v ’r the ;h - - -~~~~ ‘ i  . This re f—
•‘:‘-nce point is rr~~rk e : i  on C-scan as a solid i n.- at ~~

.- i.~ or- of the ~; a r .

As ‘ ‘..‘ warhead is ro t a el ifl i tho r a n s ) u - ”r moves af t  along the warhead, the
interface , or lack of fusion at t he w. roo t , will a; ;-e.ir (Figure 4).

Sin .- ‘ • scan is made on i ~~r - t o - -no scale , ~hs’ h st a n c e  f r ’r t~~
- c machined

I - :  to the n-n fuse~ : n t r r  face can )‘c re ;~ ir o~~ directly.

~ r ~~‘
. positioning of  the txan ;h j & -” r ~s accomplished through the use

of t~ •- ‘ : - i ’  weld turntable ~~~~~ • F i m i . ’  S is a sketch of the adapter . 
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F~ gure 4. Forward Well in ;~~.- - ion Technique

Note the scribe 1 in.- on t’u- insi I’ cii url cron e. .~~~~ ‘-: , .e t r ar ; )uocr is
l~)s1t ioned dir.- - t  iy over this h r.’, the amplitude 1 n . in sil ’- dl ir.-t.- r
re f lection i . through a minimum. t~y r i i si:-: ? h rin - -ducer .150 in.
this po int , on.- pos n ;  th’- cent .-r 01 the t eam it h. ‘Op (‘Iqe of t J . -  ada~ ter
ring . Since the well nhouldei r.-sts ~ n ~~-LS ‘ -  :‘- , !h.- posi’ i - n  also c -rre—

fiat the ~~ h ;n - - .~ h r . P.-; - ‘-at ‘-d cal ibrat i- n  - ; -  m u  11.:
techniq i’- n - i s  shown .1 reproducibil ity of with in .002 in . in th.- ;~~sitionino
of the transducer. such accur i -- ~

- is ichi ovi t lit t h r - i ; h  n’ use of a f u’ - ly
fo:us.-d beam . 20 in. wide -it the focal distance a-; d .-ternir ;.- - ) by th- . - 

~ IP
ar-4 iitud e points of th .- beam (Figure ‘ ) .

The forward weld tuxn ta k l ’- adapter is also iso-i t o  cal ibrate the posi tion
f h” flaw gate , as well as the echo ampl;tude at which the C-scan w i l l  record.

The min :ri ir thickness of the turntable adapter - - r r ’ sponds to the distance of
the w.’Ii root t oneath the machined w e l l  crown . This enables t h e  adapter to be
use-i t o  position the flaw uat ,e of the ultrasonic instrument. The reflection
from the ins iio diameter is also used to — il il -i-i t o ho ampi ulo s,’nsjt ivity
of ~hr’ scan. With the ~~~ litude of the in sl -i.- diameter re f i  c- t ion s~~t at

100 percent of the screen height , the °-n- in pri nti ng threshold i.e se’ it
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Figure 5. Turntable Adapters (dime n-
sions in inches~

25 percent of the screen height. This setting was determined empirically and
is discussed in detail in the Destru-tive Test Correlation port ion of this
report.

AFT WELD INSPECTIOt i

The aft weld presents less of a problem in terms of reliability. Figur e 2
shows the weld to have two complete sidpwa1l~~. making it stronger than the
forward weld. The aft weld can tolerate lack of fusion at the root and still
depend on the sidewalls to hold it together. For this reason , a sidewall
inspection was chosen as being the most indicative of the aft weld strength.
A contributing factor In choosing to test the side-walls was the presence of
incompletely mach ined aft weld crowns on many of the warheads. This rough
surface would have made a root inspection unreliable at best.

To inspect the aft weld , it is necessary to generate an ultrasonic beam
perpend icular to the side-walls. This is accomplished by anqulatinq the
inspecting transducer to 23.6 deg from the normal to the outsid• surface of
the aft end ring . This creates a shear mode ultrasonic beam within the steel
end ring at the required angle of 60 deg.
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Figure 6. Beam Profile of Forward Weld Transducer

The uncertainty i:- the position of the aft weld due to a dimensional tol-
erance buildup requi :es that the transducer scan in the axial direct ion while
the warhead is rotated. The result is a somewhat distorted C-scan , which can
nonetheless be used as an indicat i on of aft weld quality.

To determine how well such a technique might work, a test standard was
constructed , machined from an actual warhead . An electric discharge machine
was used to remove metal from both sidewall., creating varying degree. of sim-
ulated lack of fusion (Figure 7).

Th. hardware used for aft weld inspection was identical to that required
for the forward weld, with the exception of the transducer and a warhead cen-
tering adapter for the turntable. The aft weld inspection transducer was a
Panametrjcs A309 P with a 4-in, focus and a 5—Mh z-diameter elament. The aft
weld transducer beam profile appears in Fiqur. 8. 
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Resolution for the aft weld inspection is not comparabl. to that of the
forward weld. This is due to several factors . Th. be-sm path is longer,
reflection fr-os convex and concave surfaces is involved, and the threaded
regions cause severe scattering . An additional limitation is that it is not
possible to tell which sidewall is defective. Normally, this can be accom-
plished by noting th. transit t ime of th. reflected ultrasonic pulse. This
method is not adaptable to distinguishing defective sidewall echoes on the
aft weld , because of th. large uncertainty in wild position caused by a dimsn-
sional tolerance buildup.

Fortunately, bend testing indicate, that the above limitations on aft
weld inspection are offset by the fact that the weld can be mostly unfused
and yet still exceed forward weld strength . Thus, the tight requirements on
the for-ward weld inspection do not exist for the aft weld .

The procedure for testing the aft weld started with the placement of the
teat standard on the turntable adapter. Once the warhead was properly centered
and the transducer normalized, the manipulator was adjusted to create an m ci-

dent angl, of 23.5 4mg. The transducer was then positioned with a 2.5-in.
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Figure 7 . Aft Weld Test Standard
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waterpath so that it was incident upon a point on the aft end ring surface
.2 in. forward of the aft end of the warhead . This represented the start ixi y
position for each scan. Several trial scans were made while gat~ positioning
and alarm sersitivities were adjusted . The gate position warn adjusted to in-
clude all indications from the simulated defects in addition to reflections
from the threaded portion of the aft end ring . The flaw alarm sensitivity
was ad justed so that the C-scan would barely image notch 6, which presented
the smallest area of the six notches. The actual depth of notch 6, as machined,
was only •0.!u in. and not .047 in., as depicted in Figure 7. This accounts for
the C-scan indication being so much smaller for notch 6 than for notch 3.

Figure 9 shows the correlation between the transducer position and the
C-scan. Note that the threaded regions are imaged in addition to the bolt
hole in the center of each threaded region . Note also that the “view” of the

~ ft weld sidewalls is partially blocked in the threaded region. The three
scans it the bottom of Figure 9 have been reduced to present the total scan.
The difference between a good and a bad weld is quite clear . Also presented
is the scan as it appears after proper test calibration . The dark regions at
the top and bottom of each scan are reflections from the area underneath the
weld root. These darkened areas form a convenient reference, marking the
beginning and the- end of each scan.

Estimation of defect size is made by comparing the defect indications
on the C-scan with those made by the various size defects in the reference
star-dar- 1.

DESTRUCT I VE TEST CORRELATION

The validity of a nondestructive test technique is often best proven
through destructive testing. Such destructive tests were used to verify both
the for-wari and the aft weld techniques.

In the case of the forward weld, destructive testing was used to estab-
lish test s~nsittvity, as well as to measure the test accuracy . As mentioned

~-reviously, the C-scan printing threshold was adjusted to 25 percent of the
reflection amplitude from the inside diameter of the forward weld turntable
adapter. The sensitivity setting was determined empirically by scanning
three warheads over a wide range of sensitivities. The warheads were then
sectioned and the welds pulled apart. Figures 10, 11, and 12 show portions of
hr C-scan results at different sensitivities next to the actual weld root

intrr face . The light area between the weld shoulder position line and the
black unfused region represents good weld material. The best match was achieved
at a sensi ivity of 25 percent with an accuracy of j  .010 in.

Only slight distortion of the weld occurred during destructive testing
for most of the weld sections. Certain sections, however, could not be torn
apart without severe distortion or failure of the parent metal. These sections
generally occurred where the fused area was large and the weld warn strong.

10
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NV-

i-’ i~~~u- e -
~~ . A~ ’ W el -  l~.~.j-t’ct i - ~ Technique

Coz’z- • ’l~~ i n  on rh.- .i ~ wi 1 -~ - —~~
- -in w~~~. - t l s o  ach i~~v i-i through sectioning.

Th. wt rhi-~l- 1 , w~~~ -
~ o- a~ - i : .  i;~~~-c~~~r n  in Figure i ;  a “bad” examp le , was sec— -

The C—scan inS ! —: it -~~ n-i
S
- -~~ 1e~~s~ one - - -~~ the it weld sidewalls

was near ly totall , - t < - f < - c t i ~~. . :~~-st rI - -tivi ’ section ing s h - ’wo 1 the forward side-
wall  to ic  ;-ro;c ily fused; - we’.~i-~~, t i - c  rif sidewall was almost totally dis—
bonded. In i~~1i ~ .,  t w  - w -~ r ’ .~~i - - w m t n  - -~~~- u ;  indications of total fusion
wer - sec t  i ni- I. In ~

. - . - ~~~ses , t .- wi - t were - - t r -  n - .- i- than the parent
mater iii.

‘ tCCESSFUL ATTEMPTS

- ‘-thor ult zasoniu t .’nt •~ hniques were investigated , in  addi tion to those
r~- vious1y reported. These ti :iniques were either totally unsuccessful or they

had severely limited applicability. The ie~~ 1ts are presented here , nonetheless ,
t o  avoid re~ -,’t it ion by ~hers , as well as to enhance the likelihood they may
find •i~j 1 icah i lity elsewhere.

One ni - -h ~i t t e m;-~ invo l ved ransmi t ’ j ~~q ultrasound down the entire length
fusnn In either the forward or aft weld side-
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walls would attenuate the echo signal from the opposite end. Unfortunately,
the reflection fro. the opposite end could only be detected using contact
transducers , as opposed to an imers ion setup. The absence of a reflection
from the opposite end of the casing was just as often due to poor coupling as
it was to the presence of a defective weld. Transducer positioning was also
cr itical. It was crucial to position the center of the transducer over the
center of the sidewall. Even still, the echo would occasionally be absent on
good specimens . Testing was performed at 1 MHz.

Another attempt to further characterize the forward weld aft sidewall
i nvolved a normal incident immersion transducer at the outer surface . If a
weld disbond were present in the sidewall , the sound would be reflected from
the 60-deg sidewall at an angle equal to the angle of incidence. Of greater
significance is the reflection at 30 deg of a shear wave component (Figure 13) .
This component strikes the machined weld shoulder , reflects back toward the
defective sidewall, and mode converts to a longitudinal vibration at the prop-
er angle to be detected by the transducer.

The above technique worked well with simulated defects of varying sever-
ity i n  one particular warhead . A problem encountered with this method was
that some of the warheads had a significant portion of the forward sidewall
of the forward weld remaining after machining. If this sidewall were defective ,
lack of fusion in the opposite si-lewall could not be detected . Also, successful
irp1ement~ tion of this technique requi red that the weld crown be machined back
almost to the outer skin. This was not always the case.

: U z  ‘Y~ S I N  ‘F RESULTS

Sixty—fotir warheads wer e- tented using the fo rwar-t  and aft  weld imeersion
ultrasonic C-scan techniques. The results appear in the appendix of this
report. The conditions of both welds varied from near zero to 100—percent
fusion. These C—scans provided a means of selecting warheads for bend testing, - :
determininq the rn~’~-hanical loading point most likely to cause failure , and
measuring th- ~~ - rete-~t condition of the wel-In . The overwhelming majority of
the warheads tested r~’vi-~~lod l ittle or no fusion of t he  forward weld root. In
such instances , the load expcrienc .~d by the warhead would be carried entirely
by the weld sidewalls.

The C-scan technique may also have applicability beyond the rather limited
scope of pre-bend—test weld characterization. It may also be of use in accep-
ting new production warheads, In addition to  reinspecting old production . An
advantage of the C-scan technique over other previously used techniques is
that it is not dependent on preconceived rejection criteria. The inspection
does not simply call a weld section good or bad, but it can indicate how
good nr how bad . This feature would enable rejection criteria to be modified
in the future , without the tremendous task of subsequent reinspection(s).

~~~~~ _ _ _ _ _ _
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One should be cautioned that the ultrasonic techniques discussed in this
report all suffer f rom a cos~~~n limitation . These technique. cannot account
for material property fluctuations in th. weld and parent material. Such
material properties certainly affect weld strength. This report has 4e ,n-
strated that a good correlation can be mad• between ultrasonic test results
and cross-secti onal area of weld fusion. Asst .ing that material property
fluctuations are small, one can then use the ultrasonic C-scan as an indicator
of weld strength.

J
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Figure ii. Correlation Between Nondestructive and
Destructive Testing (Items 4 and 5)
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Destructive Testing (Items 6, 7 , and 8)
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Figure 13. Forward Weld Aft Sidewall Inspection
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