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SYTINN

The following report describes an acousticul method for detectiang and
locasing luminations in steel plates. It is based on the fact that the stiff-.
ness of u plate is decreasel over u laminated area and the resulting fact
tzat the velocity of flectural waves is decrer.nd tcross such aress., The pres-—
erce of cuch defective arecc is discloses fhrough sand patterns formed on the «—
surfuce of the plete when 1t ic vibrated st scrme reccnant frequency.

11

In practice the vibtrating forces sre applicd in & menner thet will make
tic ssnd patterns on & perfect plate consist of streight porellel lines, Lam-
irated srcas are disclosed through distoriticr of the sund pettern from this
simple fopm.




SUTECRTOATION

l This protlem wee suthorized by refercnces (a) end (). Other
pertinent cerresponderce is listed under reference (c).

Reference: a) Bu.Eng.ltr.Ji£6—1E12-29—D5)'of 5 Jan. 1935.
b) Bu.C&R 1tr.dJ46-1(5)(S) of 29 Dec. 1924
¢) NRL 1tr. N8*12 of 29 April 1935.

A3TJ1SSVIINN

STATEENT OF PROBLEM

2. Laminations in steel plates dc not greatly weuken riveted struc-
tures where engle ircns and reinforcing strips give added sirength to sll
Jeints, However, in case of modern welded comstruction, where suck refn-
forcements are not employed, these defects may introduce wezknesses that are
more serious. Thus arises the problem of developing methods snd mesng for
detecting leminations in ateel platea.

3. Any method for detecting-these lamination defects nust be based
on measurements of some physical characteristic or property of the plate that
iy affected by them. The method deecribed herein is based on the effect that
leminaticns produce on the stiffness of the plate, i.e. on its resistance to
bending or flecture. - o

4. Both the presence and location of the defective or lzsinated aress
are indicuted by distortions in a standing flectural wave pattern set up in the
plate similerly to the well known "Chlacni's Figures". If the plate 1s vi--
brated in such & msnner that the shape of the sand patterm csn be definitely
predicted, then the presence of laminations will be indicated by distortion of
the sand pattern from the predicted form, f.e. from the form it would teke on
& perfectly uniform plate.

5. A lemination distorts the sand pattern through reduction of the
stiffness of the plate across the laminated arec. Such reduction of stiffness
reduces the velocity of the flectural waves traversing the leminated ares and
this shifts the nodal lines fron the position they would have taken on a per-
fect plate.

TEFCRLTICAL CONSIDERATIONS

6. The effect produced by a lemination on the stiffness of e plete
deperds on its depth below the surface. Figure 1}, Plate 1, represents a por-
ticn of & te of thickness (s) with a lemination along dotted line (4-4) at
@ depth (X) from the top surfuce. Let (Sy), (Sg_x), (S;) and (S,) represent
respectively the stiffness of the metal above the lsmination, below the lem-
inciion, laminated plate &nd solld plate. Then:

(1) S = KX3, (vhere (X) iz a constant depending on the meterial, etc.)
(2) Sy—x = K(a—x)3
(3) S,l = Sy + Sa-x
(4) Sa = K.a3

-1-
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The stiffness (5 ) of the laainated plats becones,
(5) 3,=58x+ Sux = K {XB + (a«x)Bj = K(:x3 - 3ux + Baxz)

Dividing (5) by {4) zives (5,/5.), thne ratio belween the stiffness of the
luminnted plate and taat of the solid plate.

(6) 5¢/5q = (a% - 3ax + 3x<)/u<.

7. Curve 1, Plate 2, shows thw relatlon betueen (Sg/5g) =nd (x).
The aininum stiffness occurs wien Lhe lanination is centered between the
faces of the plate wherc it equals one-tourti that of tnae solid plate. The
curve shows that tne stiffness of a luminated ares remains less than hulf
that of the solid poriions of the plate 50 long as the lamination liss at a
deptn greater than about one-fifth of the plate thickneass. Under such coandi-
tioas, the distortion of tne sand pattera should be sufficleant-definitely to
indicats the presence and probably the locationm of the laminated area. A
study of the end portions of the plot shows that the metaod becomes ineffec-
tive at an increasing rate as the lamination approaches the surface of the
plate and fails entirely when ii arrlves at or very near to the surface.

8. Curve 2, Plate 3, is derived from vurve 1 and, as will be seen,
applies more directly to the present subject.

9. . The velocity of flecturul wmaves in a plate is proportional to
the square root of tne atiffness, i.e. -
(7) V=cE

where (V) is the wave velocity, (s) the stiffness of the plate and.(c) a con-
stant depsnding on the paterial, etc. The velocity tera can be replaced by
(N.A) tnrough the well known relation

(38) V=N

where (N) and (A) represent frequency and wave-leongth respectively. This
gives the relation '

(9) N.A = Co'{a—- .

Since (N), the frequency at which the plate is vitrated, is conastant over the
whole plate, equation (9) states that the wave-length over any part of the
plate is proportional to the squars root of the stiffneas acrosa that area.
It follows that the ratlo of the wave-length (A7) over a laminated portlom to
(Ag) the wave-length over a solid portion of the plate is equal to the square
root of the ratio of the atiffness over these respective portions.

10. The plot on Plate 3 shows how this ratio (As/Ma) varies with (x),
the depth of the lamination within tae plate. If tne lamination is located
within the center three-fifths of the plate's tnickness, this ratio will not
exceed one-half and the sand pattern distortion should then be sufficleat to
definitely show the precence of lemination defects. It is probable that dia-
tortions will show for greater values of this ratio, i.s. when the lamination
is still nearer to a surface, but they certainly will not be detectable smhen
the lamination is very close to the surface.
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11. It should be noted that plots (1) and (II) are derived on the
aspumpt.ion thet the laminstion along line (4-n), Fig. 1, Plate 1, offers &
free shearing plane. Probubly slag inclusicns edhere to the metel surfices
sufficiently to prevent these curves for reprecenting practical conditicns.
Suck inclusions will rot decrcase the stiffness of the plete &6 much as will
the free shesring plane ussumed snd as & result the sensitivity of the method
in practice may be expected to be less thon that predicted from these curves.

EKETHODS

1z, A plate set into flecturul vibrutions by bowing, as practiced
ty Chlucni, automutically takes on one cf its nuperous natural or resonant
frequencies. It then vibrates in & stunding wuve aystew und sand or powder
sprinkled on the horizontal surfece will collect tlong the nodal lines be-
cause there s no wmotion at these lacations to scutter it elsewherc. If &
plete 15 forced to vibrute by coupling it loogely to some mechonicslly driven
memter, it will take on a stunding wave system only when tke frequency of the
driving force is adjusted to equality with one of its naturzl or resonant fre-
quencies. Such adjustment of the driving frequency is reedily wmude by notirg
the point &t which sand sprinkled on the plate collects inito cleun-cut nodal
lines.

13. Portions of the plete on opposite sides of a nodsl line oseil-
late 120 degrees out of phase and &g a result the plete is wurped buck and
forth across these lines. Thus it is that the stiffness of the plate ic
brought into play. If the sand pattern is such that the nodal lines are per-
allel with one another, the perpendicular distance betrieen two adjacent lines
is & half wave-lerigth. Therefore, for our purposg, At becomes desirable to
vibrate the plate in a mode that will give parallel nodsl lines.

Method Applied to Circulcr Plates

14. The nodul lines on a circular plate driven at its center ere
concentric circles end thercfore persllel. Figures 1 and 3 of Plate 4 &nd
2 cf Plete 5 show three different sand patterns formed on a circuler sluminum
plcte driven &t its center point. The driving element was a nickel tube, one
end of which was brazed to a lug for screwing it to the center of the plate.
This elenent was surrounded by a rmagnetizing coil supplied with 4.C. current
ty an electron tube oscillator thet could be uniformly tuned through & consic-
eratle range of frequency. Bach figure represents a definlte resonant fre-
yuency of the plete. Figure 15 of Plate 4 shows the bottomside of this plete.
A strip of metel (M) has been cemented to the plate to serve as en artificiel
defect. Figure 1, shows the distorticn it produced on the sand pattern. Here
Figure 1 is the predicted pattern -- the pattern given by u perfect plete --
and Figure 14 is the test pattern. It gives convincing evidence that the
plete is imperfect in the southwest quadrant, the quadrant contuining the de-
fect.

1s. Figures 4, 5 u«nd 6A of Plate 5 all refer to the sume plate, ¢
circle 1& inches in diemeter cut from a supposedly leminated steel plute. The
leck of symwetry in all three figures shows the plete to be defective in the
lower left rand quadrant, while Figure €A indicates that the defec: carries
scross to the lower right hund quadrant. This disgnosis is substunticted by
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exrzinaticn of the machined edge of the disk. There is definite evidence of
& lumirantion extending from (l& to (<), and some evidence of faults elong the
erc subtended between (3) und (4) ss merked on the margin of Figure 5.

dethcd npplied to Rectenypuler Pletes

16. The varicus patterns tsken on by & rectsngulsr plate energized
6t its cen'ral point or, indecd, at any single point, are camplicuted and oif-
ficult to predict and in genersl the nodal lines are not parullel. Distor-
tion of the nodsl lines which the precence of a lamirsation might produce ure
less readily detectable ir such a complicsted wave pattern thun they sre in a
simple pattern where the nodal lires ure parullel. By driving & rectengulsr
plate along a line extending the whole width, &nd prefercbly at the end of the
plate, simple grid-shsped patterns csan be produced such as are shown in Plate
5

QITITSSYTOND

17. The scheme employed to drive the plate is aktown in Figure 2,
Plete 1, wherein numerel (1) reprecents & rectsngulur-shaped plete cut eway
except for the driven end; (2) the core of an eleciro-magnet built up of thin
silicon steel punchings piled to a depth slightly grester thun the width of
the plstes to be tested und properly aligned by inserting three small rods
through the three punched holes (3, 4 and 5). An energiaing coil (in part cut
sway) surrounds the right band or larger portion of the core. It fits into
slot (€) on the one side &nd rests on ledge (7) on the other.

18. The test plate forms an armature across the jaws of the magnet.
A strip of felt (8) separates the plate from one jaw of the magnet, thereby
leeving & thin air gap (9) between the plate and the other jaw. The magnet-
1zing coil is supplied with D.C. current through a suitable choke coil for
polarizing purposes and A.C. from & tunuble power-tube generator. Figure 3,
Plate 1, shows the wiring disgrem schematically.

19. In practice, the end of the plste is subjected to bending strains
when the coil carries D.C. current because the magnetic flux linkcge between
plete and magnet core tends to close the intervening gaps. The felt pad (8)
tukes this strain and therefore acts as a fulcrum with respect to the attrac-
tive force across gap (3). The bending struin on the plate across this ful-
crue: is steady so long &s D.C. only traverses the magnet coil, but when 4.C.
also traverses this coil, the bending struin fluctuates in accordsnce with the
frequency of the A.C. current. When this frequency is adjusted to a resonant
frequency of the plate, the sand will form in nodal lines parallel to one
snother and parallel to the end of the plete, providing the plate is homogensous

20. Theoretically, such a pattern will form for esch driving frequency
that zakes the length of the plate a whole number of half wave-lengths. There-
fore, starting at any resonunt frequency of the plate, the next one above or
below this frequuncy will respectively add or subtract cne nodal line. The
several figures of Plate 6 form such s szeries. Table 1 gives data referring
to these figures.

21, These patterns were formed on a strip cut from a stesl plate 9/16
inches thick. The strip was 5-1/3 feet long and 1 foot wide at the ends, but
concave along the free edge, thereby making the width about 11.5 inchas at the

o ke
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center. In addition to this lack of true geometric form, the strip was bowed
lengthwise and warped or twisted about its longitudinal axis. MNoreover, the =
plate from which it wes cut was suspected of carrying leminations. The fact &
that such regular and consistent sand patterns form on a plate that departs &g
such from a plane rectsngle, as required by theory, argues that there should
be no difficulty in producing such simple grid-shaped patterns on comserciel
plates.

@3rinss

22. It will be noted that two patterns are missing froa the series,
one carrying 23 and the other carrying 26 nodal lines. The reason can be de-
duced from Figure 9, Plate 6, showing the presence of two wave systems, one
csrrying 22 nodal lines lengthwise and another carrying 4 nodel lines cross-
wise on the plate. If the length and width of the plate happen to be such
that the half wave-length for some frequency is & common divisor of both dimen
sions, then the two wave systems can and usually do exist simultanecusly..The
sand pattern then becomes small dots defining the cormers of squares. It
might well be termed a "checker-board pattern". Such patterns tend to form
when the half wave is not exactly a common divisor of length and bresdth and
then show more or less distortion from the pure checker-board pattern. Figure
9 is such a pattern. At frequencies where the half wave lacks too much from
being a common divisor of length and width of the plate to permit both wave
systems to exist but does not lack enough to permit either systea to exist
free of reaction from the other, then neithker system can be estezblished. Such
conditicns doubtless account for the two missing patterns.

23. A8 stsated, the large plate from which ocur test strip was cut wus
suspected of carrying lamination defects. However, it was not known that this
particular portion was defective. The sund patterns show no irregularities
that would indicate lamination defects. Starting with Figure 6, both end line:
show distortion. Figure 7 shows distortion of three lines at each end of the
plate and Figure 8 shows distortion of at leas: seven lines. Finally, the
double wave systes (where all lines are distorted) appears in Figure 9. The
increasing distortion as the frequency 1s raised to give these successive fig-
ures is due to the increasing tendency of the cross-directed wave system to
form. And these distortions affect more and more of the lines at each end of
the plate as the frequency is raised because, as stated, the ends are wider
than the center. The point to note is that the distortions in esach case are
symmetrical with respect to a cross-line half-way between the emnds of the fig-
ure. A defective plate should not exhibit such symmetry. If this plate cer-
ries laminations, either the areas which they separately cover must have dimen.
sions at least a8 small as the wave-lengths disclosed on the sand patterns or
else the laminations do not appreciebly affect the stiffness of the plate.

2. The figures of Plate 7 refer to a rectangulsr strip 1' x 6.5' cut
from a defective plate 5/32" thick. The distorted patterns definitely indicate
a large defective area between cross-lines (1-1) and (2-2) which is judged to
extend across the full width of the plate. Its presence is indicated by the
shorter wave-lengths (closeness of the nodal lines) as compared with other por-
ticns of the plate area. And the fact that these closer packed nodal lines
extend the full width of the plate argues that the lamination covers the whole
width. This argument is strengthened by the presence of a lamination showing
on each edge over this section. A cut made later across this area proved that
the lamination covered the whole width as predicted.
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25, A possitle second defective ereu lies be‘ween the cross-lines
(3-3) and (4-4). 1Its presence and boundaries sre indicated by luck of nodal
lires on Figure 5 and distortion of the nodel lines surrounaing this ares.
ihe puatterns, particularly those of Figures 5 und 6, indicate that the de-
fect does not extend to the edge of the plate on elither side. Exemination
of the edges opposite this ares showed no laminationsa.

6. 5o fer.as determining whether or not the plate is defective,
sny one of the several figures indicates that it is defective because none
of the patterns are symmetrical about a cross-line nidway between the ends
of the plate. They have no center or line of Symme try .

<7. Devermination of the location and extent of the defect is less
definite. In most of the figures the nodsl lines are bent and distorted
over the wuole plate area. These figures differ so much from the simple
grid-shaped patterns of a perfect plate that they cannot be interpreted as
to the cause of the distortion. Some figures, however, such as (5), (6) and

(7) retsin sufficient of the grid-pattern to indicate more or less accurately

the location and extent of the defect.

8. Such interpretsble figures are given for any frequency that
will give & stsnding wave system for both the plate as a whole and for the
defective aree 58 a whole. The grid pattern then tends to form over toth
the perfect and defective areas of the plete and the location and area of
the defect is indicated by crowding of the nodal lines over the defective
area and distortion of those adjacent to this area. Since such figures re-
quire & frequency that resonates both the whole plate and the defective
areas they will be noticeably less mumerous than is the case for a perfect
plate. Indeed, it may sometimes prove that no such figures will be formed
on & plste carrying several defective areas. In such a case, the plete can
definitely be judged as defective through lack of symnetry of the patterns
but the location and extent of the defects will not be clearly indicsted.

CONCLUSLONS AND RECOMMENDATIONS
29. Thecretical considerations leud to the belief that:

(s) Laminations in steel plates can be detected through the resulting
reduction of the stiffness of the plate over the defective zreas.

(b) The relative stiffuess across all increments of the plete area cen
be deduced from sand patterns formed when the plate i1as vibrated at one or
more of its resonant frequencies.

(c) The presence, location and extent of lamimation defects can be
predicted with most assurance if the plate is vibrated in & way to give
‘simple sand patterns wherein the nodal lines are parallel. = .

30. Theee predictions have been proved in practice. Circular
plates driven to oscillate from the center peoint give circulsr parallel
nodal lines. Such geometrically perfect patterns on & perfect plate are
markedly distorted by un artificial defect such as pasting a small strip of
metsal on the back of the plate. Another circular plate known to carry a
lamination defect clearly showed distortion of the nodal lines from the

b
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true circles that would form on e perfect plate.

31. Rectengular plates one foot wide znd of various lengths and
thicknesses have been resonated to give simple grid-shaped patterns wherein
the nodel lines are parsllel and directed crosswire of the plete. One plate
‘mowrn to carry lamination defects zave highly distorted patterns and another
plate suspectad of carrying defects gave wholly noraal pnatterns.

Q3TITSSYTONN
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32. Tests on these and other plates seea to prove taat:

(a) & perfect plate always gives a sand pattern that is symmetrical
¥ith raspect to & cross-line that bisects the plate.

(b) Lack of such symmetry on any clean-cut pattern proves the plate to
ve defective, though 1t mey not show the location and extent of thre defect.

(¢) Usu=lly some one or more of the numerous possible patterns will
serve to locate the defect and roughly determine its cantour.

33. There 13 no obvious reacon why the method cannot bs applied to
plates of any size. The nuture of the magnet is such tant it can be made to
cover tno width of any plate. Its flexibili‘y cllows it to fit the cross-
contour sven though the plate is considersably warped. The attruciion between
plate and naznet is sufficient o warp tae magnet to fit the plate and thus
leave u proper and uniform air-gap over its whole length.

34. Tests have shown that 53 watts of a.C. is enough power to oscii-
lute o plate one foot wide und of any desired length or thickness. A 500-
watt driver would serve for testing most plates. Two 500-wutt power tubes in
p4sh-pull relation for amplifyinz the ountput of a master oacillator would
1a%e an idesl power sourze. It should be desizned to tune through the fre-
Juency range -- 2-10 kilocycles. The mzznet, of course, should be designed
to satch the impedance of the driver. The design as a whole rapreseats a
straightforaard engineering problem thst can be solved by any coapetent radio
angineer.

35. 1t is recommended that one plate-tasting apparutus of tae nature
described be purchased under contrzct carrying perfaraance speciflications
prepared by this Laboratory.

SUMM/RT AND DISCUSSION

36. The Sound Division of this Luborztory has conceived of a aetihod
for detecting laminutions in steel plates &nd, as described herein, has de-
vised and developed means whereby it cun be put into practice. 1t is bezsed
on the effect that laninations have on the stiffness of tne plate over taeir
respective areas as coapared with normal stiffness over other areus. Thia
affect is registered through distortion of sand or dust patterns formed on the
surface of the plate when it is set into resonant vibration.

37. Judging by laboratory tests on relatively small plates, the

asthod will quickly and with conalderzble certainty tell whether or not a
rectangular shaped plate carries laaination defects and will usunlly locate
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und roughly outline the defects. & picturs of tane sund pattern snowing a
aumbsr painted on the plute furnishes a complete record of the test upon
which ucceptance or rejection of the plate cun be based.

38.
principle.
ivy.

The appurztus eaployed by this method is rugged und simple in
1t can be operatad by personnel with but avercge technical abil-
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TABLE
Nuaber Resonant Nuaber Have-
of Frequencies of Length
Figure Kilocycles Nodal Lines __ Inches
6 4.20 19 7.0
7 4.65 20 6.75 -
8 5.00 21 6.50
9 5.60 22
10 6.60 24 5.75
1l 7.20 25 5.50
12 8.10 27 5.0
13 8.85 28 4.87
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torted.

Three nodal lines at each
end distorted.

Seven nodal linea at each
end distorted.

All nodal lincq distorted.

Slight nodal distortions
on several lines.

Slight nodal distortions
on several lineas.

Slizht nodal distortions
on sevoral lines.

Slight nodal distortions
on several lines.
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