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a

One or the most damaging aspects of the combat environment
to which Navy slips are exposed is the mechanical shock resulting
from the explosion Of warheads s. [he detonation of a large well
at a considerable distance from the ship produces -a shipboard shock
environment throughout the entire ship which is potentially dlanag-
ing to all shipboard equipment and systc ins.

Information has been accumulated on the characteristics and
operation of the devices specified by MIL-S-901 for the shock test-
ing of shipboard equipment -- the Navy lII Class Shock Machines
and the Floating Shock Platform. Other shock machines are also
used by the Navy and( other services but are not considered here.
This material hIas ;been gathered from many sources, most of which
are not readily accessible, and is intended to provide background
information. Equipments are accepted for shipboard u-a if they
comply satisfactorily with the shock test a cI designl procedures
prescribed by MIL-S-901.

PROBLEM STATrus

This is an interim report; work is continuing.

AUITORIZATION

NRL Problem F02-12.203
SF 35-422-110-15046

Manuscript submitted January 2-1, 1972.

iii



SAIlPBOARI) SHOCK ANI) NAVY DEVICES FOR ITS SIMULATION

INTROD UCI'ION

Purpose

Information is presented on the characteristics and operation of the devices specified
by MIL-S-901 for shock testing shipboard equipment - the Navy HI Class Shock Machines
and the Floating Shock Platform. Other shock machines, such as the Shock Machine for
Electronic Devices, the JAN-S-44 machine, air guns, and drop-tables, are also used by the
Navy and other services but will not be considered here. The facts presented here have
been accumulated from many sources, most of which are no longer readily accessible, and
is intended t; provide background information for potential users of MIL-S-901 shock
machines. Equipments are accepted for shipboard use if they comply satisfactorily with
the shock test and design procedures prescribed by MIL-S-901.

Background

Prior to World War II, damage to shipboard equipment resulted principally from direct
hits by enemy shells and torpedoes or from firing the ship's own guns. The only acceptable
protective measures available were mounting equipments as far away from the hull plating
as possible and carrying as much armor as practicable. During this period a program to
improve the resistance to gun-blast damage of equipments which required mounting in
the vicinity of gun turrets resulted in the 3-ft-lb and 250-ft-lb shock machines. An extension
of this work to improve the reliability of shipboard equipments in general resulted in the
development of a combination rock-and-roll, shock-and-vibration test machine.

During World War lI the problems of equipment reliability were increased by the
emergence of large noncontact bombs and influence mines. Exploding at some distance
from the ship, these applied an underwater pressure pulse to a large area of the hull;
while the ship often sustained little structural damage, damage to equipments onboard
was widespread. Heavy equipments in engine-room compartments, previously safe, became
misaligned or inoperative from mount or casing fractures, or in extreme cases were broken
free entirely and propelled through the compartment. Lighter equipments escaped this
fate due to flexibility in their mounts and structures but were often rendered inoperative
by permanent deformation and interference of internal parts due to excessive motion.
Although equipments in superstructure and ebove-deck locations suffered least from under-
water explosions, they remained most susceptible to blast and shell damage. The problem
was complicated further by the growing necessity for complex and delicate electronic
devices, such as radar and sonar. While protecting equipments from combat environments
was more difficult, newer equipments were less resistant to combat environments.

In 1939 the British developed (on a somewhat ad hoc basis) a shock machine which
produced damage to items under test similar to that sustained in Service. This machine
was capable of testing items weighing a few hundred pounds. In 19-10 the U.S. Navy had

I
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a modified version of this machine built by General Electric Corporation as the Navy
High-Impact Shock Macl'Hne for Lightweight Equipments. This machine provides a
satisfactory test for items weighing up to 250 lb, although tests on items of up to 400 lb
are considered acceptable. Due to the need to test heavier items, the first Navy High-
Impact Shock Machine for Mediumweight Equipments was built by Westinghouse Electric
Corporation in 1942 and was rated for testing items weighing from 250 to 4500 lb. The
maximum rating of this machine has since been extended to 6000 lb. Various devices for
testing still heavier items were proposed and evaluated, and in 1959 the Floating Shock
Platform, built by the Underwater Exphloion Research Division, now a part of the Naval
Ship Research and Design Center (NSR[)Q." was placed in service. The original version of
this device was rated from 6,000 to 30,000 lb and a later, slightly longer version from
40,000 to 60,000 lb. A still larger version of this Levice is presently being constructed.
A somewhat similar device is the Submarine Shock Test Vehicle, which was recently
placed in service.

MEASUREMENT OF SIIOCK MOTIONS

Shock Motion Waveforms

Shipboard shock motions are complex and varied, but in many situations useful
information may be derived by considering simplified waveforms which possess a few
selected characteristics of the actual complex waveform.

Motion Parameters

A motion may be described in terms of the time-dependent history of the displace-
ment, velocity, acceleration, or jerk associated with it. Which description is preferred
will depend on the nature of the system under study, the type of information desired,
the manner in which the motion is excited, and possibly the instrumental limitations.
As a rule, large displacements will be associated with low frequencies, and the displace-
ments at high frequencies will be small, while the accelerations will be large at high fre-
quencies and small at low. If a considerable range of frequencies is involved in the motion
under study, both displacement and acceleration will likely be parameters having wide
dynaniic range. (Jerk, the derivative of acceleration, is of even greater dynamic range
but is of little interest in the study of shock per se.) Velocity is a much more uniform
parameter over the frequency range and shows a much lower dynamic range. Dynamic
range can be educed by such expedients as filtration of one sort or another, but this
implies that it is permissible to restrict the stu(ly to motions with some range of fre-
quencies. If this is not the case, velocity remains as the motion parameter of choice.

Generally the properties of a shock motion which will be of concern will include
the amplitudes of the chosen motion parameter, the frequencies involved, the durations
of various aspects of the motion, and(l rival quantities such as shock spectra and
Fourier spectra.

Simple Pulse Shock

In many cases the shock motion may be described adequately by a simple pulse of
acceleration (Fig. 1) -- a body striking an elastic member may undergo a half-sine pulse

2
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Fig. 1 -Some of the more common simple acceleration pulse waveforms

of acceleration, for example. If the pulse is sufficiently short in terms of the response
time of the affected system, the exact shape of the pulse becomes of little concern, and
it may be regarded as an impulse. The excitation then is in essence a velocity step, a
great mathematical convenience. In other cases the excitation may be represented as a
simple pulse of displacement. The most useful simplistic characterization of the shock
motion is determined not only by its waveform but also by the system in which it occurs
and the nature of the problem being studied.

Shipboard Shock

Shipboard shock is of such a type that broadly applicable simplifications usually
cannot be made. Each primary exciting mechanism produces ship structure motions more
or less peculiar to it. Air blast, such as from firing the ship's guns, produces very high,
short-duration loadings at exposed areas of the deck and superstructure and leads to a
basic motion resembling a velocity step with exponential decay (1) (plus oscillations of
the excited system). The motion may consist of a train of such pulses due to the dif-
ference in arrival time of the blasts from different sources and echoes. Shell burst provides
a similar excitation, complicated by thermal effects, and perhaps direct mechanical action
if close enough to the point of detonation. Like underwater shock, air-blast shock has
become much more serious problem with the introduction of larger weapons: surface
or air burst of nuclear weapons also provide pressure excitations with extensive, near-
planar wavefronts. The study of this extended form of air-blast shock is incomplete.

Underwater shock (1,2) produces perhaps the most complex excitation pattern. 'The
primary shock wave arrives first and is a steel) pressure step with exponential decay.
Next - significant for large weapon attack -- might be a negative pressure pulse of
similar shape due to surface reflection and possibly another positive pulse from bottom
reflection. Other dominant features of the excitation are the arrival of the surge of water
displaced by the expansion of the gas bubble (which is responsible for practically all of
the rigid body motion of the ship), of the "bubble pulse" (the pressure pulse emitted by
the gas bubble when it has contracted to minimum radius), and of the bubble-pulse
reflectiOns. the relative placement of these features in the overall excitation train depends
on the depth of the detonation, the depth of the water, and the distance of the ship
from the detonation. 'I'he l bubble may oscillate for several cycles, emitting pressure
pulses at each radius minimum. Sometimes thie first bubble pulse will be of sufficient
magnitude to warrant consideration, especially for low-freqluency systems. Tile bubble
has a natural tendency to rise to the surface and may vent to the atmosphere. If this
occurs during the first exl)ansion, no bubble pulse will hea emitted. Tile velocity of the
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rise is by far the greatest when the bubble radius is at a minimum, and for relatively
shallow shots the hubble oscillations will be terminated by venting rather thaui by dissipa-
tion of the driving energy. The venting itself causes surface waves which arrive at the
ship late in the proceedings. Their effect is usually negligible compared to what has gone
before but can occasionally be significant to the response of low-frequency, lightly damped
systems. The salient features of air blast and underwater shock pressure waves are outlined
in Fig. 2.

(a) Air blast starts suddenly from ambient Po at time
to, reaching peak pressure P (overpressure P - PO). At
time tj the overpressure phase is succeeded by the
underpressure phase lasting until tome t2. Pressure nuc
tuations followi.ig this phase are essentially negligible.

p

(b) The pressure wave from an underwater explosion
starts suddenly from ambient at to, reading a peak value
P (far greater, of course, than the value attained in air
blast). At time t1 "surface cutoff" occurs when the
waterfront reflected with opposite sign from the water
surface interferes destructively with that traveling the
direct path. Surface cutoff may in fact result in some
underpressure, as indicated. At time t2 tile wave frOilt Po __ _ . _ __
reflected from the bottom arrives, and at time t3 the
first bubble pulse arrives.

Fig. 2 - Simplified free-field pressure-time histories for (a) airblast
and (b) underwater explosions

For some items it is permissible to regard the input shock motion Ls a velocity step,
or as a velocity Change with exponential decay. For an average item, however, the shock
motion will have been transmitted through a structural path which accentuates some fre-
quency components and suppresses others, leading to a complex and highly individualistic
waveform. Since the item of equipment itself may have Many components, hence many
modes, its response motions mayl be even more complicated. Shipboard shock is accord-
ingly characterized by a complex and relatively unpredictAble waveform having components
over a considerable range of frequency (Fig. 3). 'I'1h"- ranges of typical parameters which
might be encountLered are: frequency, from near () to 5 kIlz; displacement, zero up to
a few feet, velocity, 0 to about t 30 ft/s (although velocities of up to 140 ft/s have tben
reported ); and acceleration, 0 to t 10,000 g.

A
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Fig. 3 - A typical acceleration', waveform found in ship-
bIotird sIhock. St it nt (t ime 1it , (fie acceleration
amplitudes 1ituy ratch it-verail h build (or even several
thousand) g Lnitd remain significantly for about at second.

For conventional explosive attack tilt severity of an underwater shock input to a
ship is often indicated by tlhe "shock factor" (letermined by thle TNT equivalent weight
of the charge, the depth of tile detonation, and its distance front the shil. This factor
was originally assigned aS an index of tile ship's hull niotion and was derived for a particular
ship with a particular orientations to the detonation atnd for a particular charge size.
Scaling laws have heen empirically defined which should be applied to extend this concept
so that a stated value of shock factor means the same shock severity on all ships for all
variables, such as orientations awd charge weights. These laws continue to be the topic
of some discussion. Even so, tle shock factor is a valuable parameter since workers in
the field agree on its general definition, it not qlways ont its detailed application.

Instrumentation Systeras

To stuft' shock motions som" characteristic or waveform description of them must
le attired in it comnmlpratavt-l' ligament form (1). Sonme shock piCkups are self-
recording, such ia' the scratch gage, lead gage, putty gage, reeld or dynamic load factor

gage, ball-crusher tecelerometer, anwd a variety of o ther peak-reading devices. Some optical
measurement methods leadl nat urally to filmed readouts (high-spteed movies, for example
However, the viLst majority of shock pickups in use today transduce the shock parameter
to which they are sensitive into an electrical signal, ix-rmitting great convenience in signal
transmission, combination. and recording. Figure 4 shows a block diagram of a typical
modern measurement instrumentation system.

Practically all motto lpItults nmay I)-.- rt-garded as single-degree-of-freedom (s.d .o.f.)
systems (Fig. 5) If a s d.oof. system is regarded as a "test mass,' a 'spring," a bases'
and a -sensor. thl character of tilh sensor and thle relationship af the frequencies in-
volved in the motion of t ltc baew to thle nat ural frequency of the mass on tle spring (base
fixed) determine the parameter of miotion to which the pickup responds. If the base-
motion frequencies are well Iolo w thlt natural fre-quen(cy of thle pickup, the relative (is-
placement of thle mass wilh respect to tei(' blse iS proportional to the acceleration of
the blase. If the hase-mot ion frequencies are well above the natural frequency, tilh relative
displacement is identical to thll Iasi displacement %l since th test mass remains still - it is
seismically slolS;'iided. Now, the Iibst ctilnoinlyv sed sensors fall itito two cLitegories:

those Whith I product tan indications. I propIortional to t he displa(-enient of tilhe Ilmass relative

to the hast- andtl thoSeh shellfish produces an itidication proportional to tlhe velocity of the

mass relative to thei i ast'. The implications t f thIse sensors ini tlit first instance above

(relative dislocated lprt ut)r ii:tl to taset' ac'tcti'r-ttiol) l'rdClVc' an1 accelerometer or

5
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Fig. 4 - Block diagram of a basic measurement
instrumentation system

jerkmeter, respectively. (Jerk is a motion parameter of concern in the study of physiological
effects of shock motions, but will not be considered further here.) In the second instance
(relative displacement proportional to base displacement), the pickup produced is a dis-
placement meter or a velocity meter, respectively. Note Lhat a high-speed camera hung on
its "soft" bungee cord is a prime example of a displacement meter. Another pickup varia-
tion is the highly overdamped s.d.o.f. system, whose relative displacement is proportional
to base velocity for a substantial range of frequencies centered about its natural frequency.

Pickups of the seismic type have one common disadvantage: they are large arid heavy.
The size is necessary because the relative displacement is ideally the input motion; the
weight is a product partly of sheer bulk, partly of the necessity for low natural frequency
in spite of large component sizes, and partly of the requirement for robust construction
to keep the natural frequencies of the component parts high enough to avoid contaminating
the response of the instrument. The requirement for large displacement capability along
the sensitive axis renders seismic pickups somewhat fragile with regard to cross-axis excita-
tions, detracting from their utility as practical shock pickups.

Another pickup of great historical importance in shock studies is tlhe reed gage, or
dynamic load factor gage, which consists of an array of cantilever springs with e:td masses.
The spring length and thickness and the magnitude of the end mass are adjusted so that
the natural frequencies of the array members span a frequency range of about 40 to 450 liz.
The masses are fitted with scribes permitting the maximum deflections of the array to be
recorded by scratching a suitable surface with varying degrees of legibility. The recorded
deflections allow the "shock spectrum" of the shock motion to be determined (with some
error). Now that large fast computers are available these primitive devices are dying out;
nevertheless, they retain the virtue of requiring no external power or readout and recording
c ircuitry .

6
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(a) Undamped s.d.o.f. system
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(b) Steady-state response of a s.d.o.f. system. The forcing
(radian) frequency is W and the system natural (radian) fre-
quencycj,, - / . Th seismic region is where (41w)0 > 2,
where the relative displacement is essentially the same as the
absolute displacement of the base. Accelerometers operate
in the region A4ft < 0.6. where the relative displacement
is small and proportional to the acceleration of the base.

Fig. 6 - Single-degree-of-freedom (s.d.o.f.) system
and ils response

Transducers

Transducers may be sensitive to any of the major motion parameters: displacement,
velocity, and acceleration.

Displacement

Displacement is often the most important parameter of motion and also the most
difficult to measure satisfactorily. Its impor~tLne arise. froin the greatest interest in a
study often leing the distortion or denominations of some structure, which can generally
be evaluated only if the displacernent-s of structural members relative to one another are

1-1 - I 01- - . I -- z

1111111 -

7



E. W. CLEMENTS

known.* These desired relative displacements are often small differences between large
absolute displacements, requiring that the measurements be made with extreme accuracy
over a great dynamic range.

Displacement is difficult to measure satisfactorily because the available measuring
devices are not sufficiently accurate over large dynamic ranges. Devices capable of measur-
ing large displacements, such as linear potentiometers and linear variable differential
transformers, are inherently limted to low frequencies for one reason or another and
usually lack the requisite accuracy and fine resolution as well. The high-frequency devices,
such as the capacitive pickup and the various interferometeis, are restricted to small
displacements. All of these devices actually measure displacement of the measured object
relative to themselves. Absolute displacements can be measured if an inertial reference
is available, such as a fixed frame which does not partake of the shock motion or a seismic
test mass.

Because of these difficulties, it is not common to measure displacement directly but
to calculate it from measurements of another motion parameter.

Velocity

Velocity transducers generally consist of a coil moving about a seismically suspended
magnet or a magnet moving along a seismically suspended coil. The seismic nature of
the pickup imposes the restrictions on size, weight, and frequency range remarked pre-
viously. Either the coil or magnet is fixed to the base and exposed to the entire shock
environment. Even though ruggedly built, they tend to break up and/o- lose magnetiza-
tion with use.

Acceleration

Acceleration transducers, or accelerometers, have many desirable features as shock
pickups since they operate below their natural frequencies. This means not only that
their relative displacements are small but also that the higher the natural frequency the
better. Both factors lead to small, light pickups and wide frequency range. The instrumenta-
tion problems unique to accelerometers are due largely to their sensor mechanisms. Those
mechanisms using strain gage bridges and linear variable differential transformers are
relatively susceptible to damage by cross-axis shock (although net to the extent of seismic
pickups) and are relatively limited in maximum acceleration capability. The more common
piezoelectric types present very high impedances and have low sensitivities, requiring
elaborate specialized signal-handling (:ircuitry, and may exhibit "zero shift" under shock
excitation. Zero shift appears as a sudden, spurious dc component in the accelerometer's
output; while it may not be sufficiently pronounced to prevent reasonably good accelera-
tion values to be read, it is disastrous to efforts to compute other shock parameters from
the record. Fortunately, zero shift can be avoided by careful selection of accelerometers.
In addition to these problems, the piezoelectric pickup is essentially undamped. If the
shock motion possesses perceptible energy in the region of the accelerometer's natural

"Often a great deal of such information can be extracted from measurements c f dynamic strains at
judiciously selected regions of a structure. However, these measured values are used as inputs or
constraints to some semiempirical model of the structure from whose action the displacements of the
actual structure are inferred. This is greatly different from measuring the actual displacements directly.

8
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frequency, the accelerometer will ring to some extent. If the natural frequency is high
enough, this false signal may be filtered out electrically.

These problems may be regarded as the effects of the shock motion as a mechanical
environment for the pickup rathei than as the subject of a measurement. Since these
aspects of the shock motion will rarely be the same, the shock motion can he mitigated
as "environment to the pickup" without affecting the shock motion as "phenomenon to
be measured" by suitable mounting and padding arrangements. By these means accelerom-
eters can be exposed to shock environments far in excess of their capability and yet obtain
very good measurements of the shock motions.

Strain

The study of equipment response to shock environments is greatly facilitated by
the strain gage, which may now be obtained in a wide variety of shapes and forms. In
its original form, the strain gage used the fact that when a conductor is deformed, its
resistance varies in such a way that the relative change in resistance is proportional to
the relative elongation of the conductor. The relative elongation is she strain, hence the
name of the gage, and the coefficient of proportionality, or gage factor, is close to 2 for
most metals. The basic resistance of the gage is from about 100 to 500 ohms, so the
resistance changes are quite small, but noise is generally not a problem. Strain gage
instrumentation is well developed commercially. and a great variety of bridge and amplifier
packages are readily available. The most common form for the strain gage was at one
time the fine-wire grid with a paper backing. While still widely used, this form has been
largely supplanted by the foil grid with plastic backing, which is more convenient for use
with modern adhesives. The choice of backings and adhesives is largely determined by
the temperature range which must be tolerated.

Thermal effects are usually compensated by matching the gage charactenstics to the
expansion coefficient of the material to which it is to be attached. Elaborate compound
gages can be obtained which contain a resistance thermometer element matched to the
strain gage element which allows the temperature effect to be canceled. Thermal effects.
on the wiring connecting the strain gage installation to the bridge circuitry are also a source
of error but can be compensated by such techniques as the "six-wire" connection.

More recent strain gages use the piezoresistive effect and mnii! have gage factors of
one or two thousand for fairly small strains. The gage factor of these gages is usually
strongly affected by temperature and varies somewhat with strain. Readout cLrcuitry
with appropriate compensation is available for this type of strain gage also. They ae
used as the sensor devices in the piezoresistive accelerometers, where their high strain
sensitivity allows the natural frequency of the accelerometer to Ae kept much higher
than is possible when other types of strain gage are used.

Signal Conditioning

The signal autput from the transducer is generally not suitable for dlspldy and
recording. It may appear at an inconvenient voltage level or at a high impedance, or
it may contain ac carriers or ringing frequency comroneMnts. The Circuitry which accetLs
the transducer output signal wad adallts it to the require mn nts of recording and display
devices is referred to as signal conditioning Kequipment. In many cyses the signtl con-
ditioning also provides electrical excitation to the transducer.

9
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Excitation and Impedan('e transformation

Pickups using sensors, such as strain gages, piezoresistive elements, and capacitors,
require that de power or uc carriers be supplied to them, and linear differential transformer
types require an ac carrier. The self-generating types are the coil-and-magnet velocity
meter and the piezoelectric accelero. ieter. The velocity meter is tile least demanding of
all transducers as far as circuitry is concerned. It is a current generator with an impedance
typically of a few ohms; signal lead characteristics wid dress are thus of comparatively
little concern, input, impedances of readout circuitry are largely a matter of academic
interest, and practically any necessary signal voltage call he supplied by apl)ropriate
resistor networks. In spite oi these advantages, the velocity meter is a poor pickup
in other respects.

The piezoelectric accelerometer, on the other hand, is a very high (capacitative)
impedance charge generator. It requires high input impedance readout circuitry to obtain
satisfactory low-frequency performance, which, in the past, was l)rovided by cathode.
followers, emitter-followers. e lectrometer circuits, an(l the like. These have largely been
supplanted by the so-called charge-amiplifiers and more recent operational amplifier
circuits, such as "zero-drive." Because the piezoelectric accelerometer is a charge generator,
it is desirable tn keep the signal cabling to the readout circuitry as short as possible. The
capacity of tile cable shunts the signal voltage (although it does help the time constant),
and, even with low noise cable, the signal generated by tlhe moving cable becomes a
serious l)rolblenl when the total capacity at the input of t1'. electronics is represented
mostly by tile cable. The requirement for short cabling,, frequently leads to the placement
of at least some circuit elements close to the pickup, expose to sonie shock motion, or
even built into the accelerometer housing. This approach is often unsuCCV'ssfI:l (dile to
inadequate shock resistance in the exposed ('ircuitry. The charge amplifier ((current
integrator) is not muth affected <ly inp't capacity variations and is attractive for moder-
ately long cable runs. Its problems are t hat the noise level is largely determined by input
capacity anud that the accelerometer is operated in an effectively short-circuited condition,
lowering its natural frequency.

Filtration

After, in somne such manner, having achieved a signal at convenient impedance and
voltage levels. it may need to he filtered for various reasons, such as removing carrier
frequency or (if the transducetr is a electric accelerometer) removing tulle ringing (on-

tribution at it s nat oral frequent it' hI the ca- stO of simple' pIlst shock, it should not ltb
ecers.,;arv nor desirable le, to filtt f t the Output ,r fth io' ezo elect nr accelerometer Thas been

selected properly. In t'ie case of shipboard shock, it will probably be necessaly to filter
in order to tell aoI'thing aieut the shock mo edition. anl it is generally advantageous to
limit the signal ifandmvidtth to no mnore' thai that of the primary r-cording system. The

filter characteristic ' is a nutter or serious concern. It will almost invariably be of the low-
Plus type. preferably direct collided,. It i1 milch olet iilmpOrtailt that the phase shift ItH
linear with fr,'tzu'z. ethical that ille citlff fit- Shari,. hIt'caus' 'ilinear pulse shift introduces
ei4Iv'lojitx district lon. Ibis rvtjuiremelit't aliplieN to all 1'I-4t'nitit.I (o tOle Oh retirement and

urinalysis itistrun1vn2tltioi chain. from tlhe t ran-.4lor to thll' firt chart.

10
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Computation

It is most desirable to make the primary recordings at the most primitive level of
signal handling possible; i.e., when the transducer signal has been modified to the point
where the rPcording system can stomach the signal, it should he recorded. Each additional
component in the electronic chain is an additional source of noise, distortion, and unre'i-
ability. Nevertheless, there may be occasions when it is necessary to perform some computa-
tion prior to recording. For example, it may he essential to record an accelerometer out-
put of very high dynamic range, beyond the capacity of the recording system, and yet
retain the dynamic range of the signal. In this case it would be advisable to integrate the
acceleration signal and record the resulting velocity signal.

Recording and Display

Primary Records

The use of magnetic tape as the medium for primary records is now almost universal.
The frequency range of interest in shock studies is usually below a few kliz but extends
almost to de, making the use of FM recording mandatory. The low upper-frequency
requirement permits low-density recording (54-kHz center frequency at 60 ips) to be used,
improving dynamic range and noise level. It is also possible to frequency-multiplex
several shock signals onto one direct record channel, but the dynamic range limitation
and relatively high noise level often make this technique inadvisable.

Readout Devices

For many purposeE the storage oscilloscope is adequate for displaying shock wave-
forms. Shipboard shock motions !ast too long and have too high a frequen y content
for this to be satisfactory. Streak photography is still used to some extent. but has
largely been supplanted by the string oscillograph family. Galvanometers f ir these
instruments are now available with a frequency capability of 10 kliz or more, and amplifiers
suitable to drive them are common. Direct print photographic papers req iire no process-
ing to produce a legible, though evanescent, recording. If it is feasible to play the magnetic
tape back at greatly reduced speed, the time-honored pen recorder can be used for display.
Time considerations usually place this procedure in the category of desperation measures,
unless only a few records are involved.

ANALYSIS OF SHOCK MOTIONS

Shock Motion Waveforms

The waveforns of shock motions are intltitudinious tLS are thie waveform parameters
required to leisuree them. If a shock motion consists of a velocity step, there is nothing
to describe except its height; if it is not quite a step, its rise tine in addition to its .
height may adequately lecithinh it. If the velocity waveform's shal-K, during the rise time
is sufficiently complicated to require more description, it is heater described by an
acceleration pulse. which (if idal) is described by its height, duration, and shape. Since
it will rarely he ideal, additional parameters wVill 1x required to inldicate the closeness
with which it approaches an ideal shape.
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Shipboard shock is arv:Ader matter entirely. Descriptive parameters would include
peak value, dominant frequencies, time-to-peak value, and decay time. The variety of
waveforms is great, and the appropriate waveform parameters depend on both the nature
of the individual waveform and the intended use of its deccription. The intended applica-
tion will at least partially determine which group of the waveform parameters are pertinent.

Shock Spectra

Because of the complexity of the wavefornis of shock notions, it is desirable to
have a way to describ- a shock motion which informs of its character but which is not
sensitive to small waveform variations. This cannot be done simply rwith waveform param-
eters; even a slight shift in the phasing 'f high-frequency components can alter a waveform
to an immense degree. One such description is provided by tile shock spectrum, which
in essence describes a shock motion in terms of the results it produces, thus giving a con-
venient basis for the comparison of shock motions (1,3,4).

Definitions

The shock spectrum of a motion may be defined as follows: Let the shock motion
be applied as the input excitation to an assembly of s.d.o.f. systems, each having a dif-
ferent natural frequency (Fig. 6). Plotting the absolute value of the maximum relative
displacement of each s.d.o.f. system against its natural frequency yields the shock spectrum
of the motion. As a convenience iil plotting, tile maximum relative displacements may be
scaled by natural frequency or its square, the most commonly used scaiing factors being,
the natural circular frequency, and w2/g (Fig. 7). Not only is this scaling a graphical
convenience but also the undamaged shock spectra (the plot derived when the s.d.o.f.
systems are undetailed) may be regarded as indicating the displacement step, velocity step,
or static acceleration (depending on whether tile plot is scaled by 1,w, orw 2 /g), which
is equivalent to the shock motion. Tile basis of equivalence is that a s.d.o.f. system of a
given natural frequency will undergo the same maximum relative displacement when sub-
jected to the shock motion which it would experience when subjected to a displacement
step, velocity step, or static acceleration of magnitude equal to the value of the shock
spectrum of the shock motion at the natural frequency of the s.d.o.f. system. This is
not the case if the shock spectrum is damped. Since the shock spectrum is strongly
affected by the degree of damping of the elemental s.d.o.f. assembly, the amount of
damping for which a shock spectrum has been obtained should always be specified.

An<? - \\a ;\'.n \ \f~

Fig. 6 -An array or undamped s.d.o.f. systems on a common
foundation. The shock motion is the motion of the founda-
tion x(1.
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Fig. 7 - The shock spectrum of the foundation motion x0
c- Fig. 6. The absolute value of the largest relative displacc-
ment, regardless of sign of time of occurrence, of each array
element is multiplied by its natural (radian) frequency and
plotted against the natural (radian) frequency.

There are subspecies of shock spectra. The term shock spectrum is usually reserved
for the quantity defined above, based on the maximum relative displacement, which is
sometimes called the "overall" shock spectrum. Two more shock spectra are the positive
and negative shock spectra, based on pots of the maximum positive relative displacement
and the maximum negative relative displacement, respectively, as functions of system
natural frequency. Obviously, at each frequency point the value of the shock spectrum
will coincide with one or the other of the positive and negative shock spectra; the shapes
of the three curves may be considerably different. Yet another variety of shock spectrum
may be defined from the epoch of observation. If the relative displacements plotted are
those which occur while the shock motion is still in progress, the resulting shock spectra
are spoken of as "primary" or "during" shock spectra. If only the relative displacements
occurring after the shock motion has come to an end are considered, the shock spectrum
is the "residual" shock spectrum. Again, bihe term shock spectrum is. usually accepted as
referring to maximum relative displacement, regardless of when it may occur and regardless
of its sign. To recapitulate, the varieties of shock spectra are

1. shock spectrum

2. primary shock spectrum

3. residual siock spectrum

41. positive stnck spectrum

5. negative shock spectrum

6. positive primary shock spectrum

7. negative primary shock spectrum

8. positive residual shock spectrum

9. negative residual shock spectrum.

, . 1 13
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Figure 8 shows the response of a typical s.d.o.f. system and the extreme which would
be plotted for the various subspecies of shock spectra. The latter two are distinct only if
the shock spectra "IC damped. Damped shock spectra arc of relatively limited use, and
they arc more often of concern with a specific pi-ce of equipment than with a general
type of analysis, The shock spectra normally encountered are traditionally undamped.

(xi-0li) (1.2,4.61

0-

TIME

l K (- io), (5,71 4 X-o 9

t0

Fig. 8 - The relative displacement response, as a func-
tion of time, of the ith member of the array shown in
Fig. 6. The shock motion xj, starts at time t( and
ends at t1 ; it is zero outside the range to < t < ti.
The response extrema indicated are those which would
be plotted for the various subspecies or shock spectra
listed in parentheses. The numbers refer to thil list on
page 13. The first extremum (xi - x0 )l is tile largest
value regardless of sign or time of occurrence; the
largest value, regardless of sign, which occurs while the
shock motion x0 is still in progress; the largest positive
value regardless of time of occurrence, and the largest
positive value which occurs while the shock motion is
in progress. The value (xi - x0 )l is thus the value
plotted for shock spectra varieties 1, 2. 4, and 6. The
second external (xi - x 0 )2 is the largest negative
value regardless of time of occurrence and also the
largest negative value occurring while the shock motion
is in progress, and accordingly is tile value plotted for
shock spectra varieties 5 and 7. The third extremum
(xl - XJ)3 is the largest p-neitive value and tile largest
vra*e, regardless of sign, which occurs ufter the shock
motion has ceased. So tihis value is used for shock
spectra varieties 3 and 8. The final extremum (xi -
x0 )4 is the largest negative value occurring after the
shock motion has ceased and gives the value for the
final shock spectrum variety 9.

Descriptions of Shock Spectra

The simple pulse waveforms have some generic features of interest. Any symmetrical

pulse will have zeros in the residual spectrum at frequencies related to the reciprocal of
the pulse duration. Pulses which are mirror images will have identical residual spectra.
At frequencies' which are low with respect to pulse duration, tile shock spectra of simple
pulses are relatively little affected bwy pulse shape. A particularly interesting simple pulse
is the terminal peak sawtooth, all of whose shock spectra coincide for frequencies al)ove
the reciprocal of twice the duration (Figs. 9 through 11).

i
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TO ZERO

Fig. 9 - Residual and overall shock spectra of the half-sine acceleration pulse shown in the inset.
The overall spectrum is the usual shock spectrum, i.e., the maximum response rt - rdless of when
it occurs. S 1 , Sv, and Sd are respectively acceleration, velocity, and displacement shock spectra
expressed in units of in./seC2 , in./sec, and in. C is the acceleration expressed in units of gravity
g. r is the pulse duration; f is frequency. If the pulse length is 0.006 sec and the amplitude
is 200 g, for a frequency of 100 Hz (Tf - 0.6) the overall shock spectral values of S., S,, and
Sd are 340 g, 200 in./sec, and 0.32 in. respectively.
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Fig. 10 - Shock spectra of a symmetrical triangular acceleration pulse
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Fig, 11 - Shock spectra of a sawtooth acceleration pulse

The more complex waveforms such ashrd ok shock, have more complex spectra
(idealized in Fig. 12) which can generally be regarded as consisting of four frequency
domains:

1. At very lwigh frequencies, the spectrum value becomes equal to the maximum
value of acceleration of the shock motion.

2. At lower frequencies, the spectrum will have peaks atd valleys indicating response
to dominant frequenc ies associated with the shock motions and may have values much
greater than those of the actual motions.

3. At still lower frequencies, the shock motion will be in effect a simple change in

velocity, and the spectral value will be that of the velocity change.

4. Finally, at very low frequencies, the value of the shock spectrum becomes equal

to the maximum displacement involved in the shock motion.

Analysis Instrumentation Systems

Data reduction with self-recording pickups. such as the reed gage or putty gage,
requires the reading of often barely detestable markings by means of a traveling micro-
scope or a dial gage. This procedure is time consuming and laborious. ind the errors
can be large. The information derived from such pickups is primarily related to the shock
spectrum, the reed gage in fact being the embodiment of the definition. Unfortunately.
the reed gage has less than ideal characteristics. Its cantilevers ("reeds") are really not
s.d.o.f. systems, their deflections often are not recorded properly due to collisions iuid
other mishaps. and most importantly, the frequency range is not covered adequately.
The self-recording pickups are generally making an unlamented departure except for
special applications. The modern procedure is to do some preliminary analysis at the
test site (someti nes a very complete dialysis) and to perform anly additional analysis,
particularly that involving large volumes of data, at a large digital data processing facility.
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FREQUENCY

Fig. 12 - An Idealized shock spectrum plotted on four-coordinate graph
paper. System natural frequency (Frequency) is plotted along the abscissa,
and maximum relative deflection multiplied by radian frequency (Velocity)
is plotted along the ordinate. Lines of constant maximum relative deflection
(Displacement) rise from left ta right, and lines of constant prodict of maxi-
mum relative deflection and radian frequency squared (Acceleration) fall from
left to right. Scale factors are usually chosen so that the units of these are
hertz, in./sec, in., and g respectively. The hypothetIcal shock spectrum shown
illustrates the four basic frequency domains. At high fretqLency, the shock
spectrum value is equal to the highest acceleration contained in the input
motion. At somewhat lower frequencies the shuck spectrum value reflects
resonant reactions to the input motion. At still lower frequencies the shock
spectrum value is the value of the velocity change associated with the input
motion, and at the lowest frequencies the shock spectrum value is equal to
the maximum displacement involved in the input motion.

The en-site analysis equipment may often be analog since extreme accura.y is probably
less important than pictorial output. It may include amplifiers, filters, integrators, dif-
ferentiators, summing amplifiers, harmonic analyzers, shock sie ctrum analyzers. and graphic
recorders. The most recent trend is to replace this ensemble of dedicated analog devices
by an analog-digital converter, a small digital computer, anld a graphic recorder, a com-
bination which can perform any analysis function. The saving in hardware can le sub-
stantial, and the elimination of the need to input the signal to many individual analyzing
instruments ean yield even greater saving in time and effort.

17
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SHOCK RESPONSE OF STRUC`TURES

Dynamical Properties of Structures

The problem of describing the dynamic behavior of a real structure is extremely
complicated. Even structures with as few as three degrees of freedom must be analyzed
as somewhat special cases, in the sense that some of the structural coefficients must be
assigned specific values or ranges of values. As the number of degrees of freedom increases,
numerical procedures become mandatory, and shipboard equipments can be exceedingly
complex structures. In practical cases, it is almost universal policy to make the assumption
that the structure is linear, that it can be described by a lumped-constant model (i.e., an
assemblage of properly chosen ideal springs and pure masses), and that it is essentially
undamped. Variations on this theme may be undertaken at times, but not to any great
degree; a few elastic elements may be assumed nonlinear, for example, or structural
components in a restricted area be subject to damping. The computational requirements
soon become prohibitive.

Normal Modes

A linear, lumped-constant structure has a number of natural frequencies equal to its
number of degrees of freedom. Each natural frequency is a property of the entire structure,
but the individual components of the structure will participate in motions at some fre-
quencies more than at others. Each mode of vibration of the structure thus is characterized
by a natural frequency and a mode shape, a configuration showing the degree to which
each structural component participates in the motion of the whole. The natural fre-
quencies and mode shapes are the eigenfrequencies and eigenfunctions of the characteristic
equation of the structure (1,5,6).

There are several numerical methods for the solution of characteristic equations; one
of the more useful is the Schmidt crthogonalization procedure. This method requires that
the influence coefficients of the structure be calculated. This calculation may be made by
applying a force at a measurement point of the structure and noting the motion at all of
the measurement points; this provides one row of the influence coefficient matrix. Apply-
ing the forces at all of the measurement points completes the matrix. Since reciprocity
applies to structures of the type hypothesized, the influence coefficient matrix must be
symmetric, simplifying the calculation. The influence coefficient matrix is post-multiplied
by the mass matrix to provide the dynamical matrix of the structure. A set of displace-
ments representing the first mode shape is assumed, and the structure's equation of
motion (D - (I /w2) 1) tq } = 0 solved. The resulting column is then used as the second trial
column, and the iteration proceeds until the modal column produced coincides with the
trial column to the desired degree of closeness. The second mode may he found similarly
by adding the constraint that the modal column must he orthogonal to the first. This in
effect postmultiplies the dynasticall matrix hy a ''sweeping matrix" which sweeps out the
first node con trillions (7). The third ino(le is constrained to le orthogonal to the first
two, and so forth. 'TIe process is Coot in tied Lnotil it is considered that the higher-miode
con trillions are ut'gligililt. ITis met hod t ethically loses one significant figure per mlode.
so that ministers b-corme impressively long if many models lust 1w retained.

Application (of normal nmode analysis pernlit-s the response of a structure t. a known
input motion to bxt calculated. The procedure allows the structure to he decom posed
into an assembly of uinc o plcd SAl s.d.o f .sVtv ins whose responses milay be, calculated ,cid

18
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reassembled by a formula allowing for modal passes an(d participation factors to provide
the net motions of each inertial element of the model. For many applications it may be
sufficient to calculate just tile modal responses.

Mechanical Impedance

Calculation of the dynamic properties of a structure by the normal mode or similar
methods often involves idealizing the structure into a lumped-constant model. The most
critical step of any dynamic analysis method (or, to a lesser degree, static analysis) lies
in the selection of the model. This process has no sure procedure -general guidelines
exist, hut the greatest reliance is on the experience and intuition of the individual deriving
the model. In practical cases, where structures may be extremely complex, it is often
necessary to perform experimental measurements even to tell what the structure is. Com-
plete reliance on blueprints can lead to some nasty surprises.

One promising method for the experimental study of structures relies on the concept
of mechanical impedance. By analogy to the theory of eiectrical multiport networks, the
mechanical impedance matrix of a structure may be defined as the matrix of coefficients
relating driving forces to resulting velocities, evidently a close relative of the influence
coefficient matrix. Most commonly, the velocity is measured at the same point to which
the force is applied, and the complex ratio of force to velocity is called the driving point
impedance. For a simple structure, the plot of driving point impedance vs frequency may
be divided into three regions. At high frequencies, the structure is predominantly spring-
like, and the impedance declines with increasing frequency: at low frequencies, the structure
is masslike, and the impedance increases with frequency; at intermediate frequencies the
impedance has peaks and valleys due to the resonant responses of the structure (Fig. 13).
Suppose that the structure consists of a set of masses and springs and that the driving
point impedance is measured at one of the masses. Its response will null at the fixed-base
natural frequencies of the substructures connecting to it, and so the driving point impedance
will peak at these frequencies. By measuring impedlances at each mass of the structure,
the natural frequencies of all of the substructures may be determinedl (in principle) and
the fixed-base natural fredluenIcies of the structure as a while may be calculated. In practice
this may be exceedingly difficult to do since practical structures rarely resemble clear-cut
mass-spring assemblies, and accessibility to many of the masses is usually poor.

Commonly the measured qualltiti(eS are force and acceleration, impedance being
obtained via multiplication of the forcejacceleration ratio by circular frequency. Trans-
ducers for both measured (quant cities are incorporated in an "i mpedlance head," which is
connectAed between the driving point on the structure and the electromagnetic shaker
which provides the driving force. These transducers are usuallyVpiezoelectric, and subject
to the same foibles mentioned previously. In addition, the technique for measuring
impedance has its own pitfalls.

19
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Fig. 13 - Driving-point impedance of a test structure. Lines of constant weight
slope upward from left to right; lines of constant stiffness slope downward. The
test structure is strongly springlike above 100 Hz. more or less masslike below 40
Hz, and mixed in-between.

It is possible that the measurement procedure itself call impose all abnormal conl-
straiit, so that the structure during measures nt differs from the natural structure.* The
mechanical li. ;- tge of the driving and measuring apparatus to tile structure must be care-
fully considered. Alignment is very critical. Since it is impractical to apl)Iy great driving
forces, it is necessary to measure some very small accelerations, and noise (electrical and

"Apart from experimental mishaps, the nature of the measured parameter may 'e such that the meamure-
mc it proce6-'re requires abnormal contraints to be imposed. For example, to measure the impedance
matrix Z (where F - ZV) directly requires that a velocity be applied to one of the measurement points,
tOe velocities at all oth r measurement points be held to zenro and the forces present at each mrasure
ament point determined. This Eives one row of coefficients in the inipedanct matrix; the procedure is
repeated for each measurement point. Due largely to the experimental difficulty and measy bookkeeping
requirements the direct measurement approach is rarely used. It is much simpler. both in theory and
in application, to measure th- mobility matrix hi (where V - NIF) and invert. To measure mobility, a
force is applied to a measurement point and the resulting velocities measured at all of the measurement
points. No additional constraints are imposed on Ih, structure.
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mechanical) is a problem. 1To calp t off, the' imnxedwice plot inay be so complicated as
to baffle even w: experienced ireterl)reter. It is not surprising, therefore, that different
investigators will frequently reach different conclusions about tilt dynamic properties of
the same structure. Nonetheless, these difficulties are gradually being overcome. Instru-
mentation is being improved, and guidelines for experimental procedures are being
established.

Fixed-Base Response of Structures

The natural frequencies usually calculated by the normal mode theory are the struc-
ture's 'fixed-base" natural frequencies, which imply that the body to which the structure
is attached mid which furnishes its input motions is of such a nature that its motions are
entirely unaffected by whatever the structure may (lo. When the motion input to the
structure is a shock motion, the relative displacements of the structural elements will
correspond to the shock spectrum, each normal mode behaving like a s.d.o.f. system having
the same natural frequency as the mode. The maximum relative deflection associated
with the excited mode shape as compared to the rest configuration will be as indiLtedL by
the shock spectrum. The motions of the individual structural elements will be determined
by the participation factors and the relevant influence coefficients, and there need be no
individual structural elements which actually attain the values given by the shock spectrum.

The structure's modal response wil lbe characterized by a high-frquency region n where
the peak response acceleration is the maximum acceleration in the input motion, a low-
frequency region where (1w lwak response displacement is the maximum displacement of
the input motion, a lower-intermediate region where the lxak response velocity is the
velocity change of the input motion, and a higher-intermediate range in which the modal
response is of a resonant character. It is clear that amplification Gf motion can occur
only when a resonant type of response takes place, and so the structural response will be
dominated by the energy content of the input motion at the structure's fixed-base natural
frequencies.

All modes are excited by the shock notion, but each has a characteristic propagation
time. At different times. therefore, different modes may dominate the structural response.
There may also be considerable nfow of energy between modes. If two modes, for example,
have natural frequencies fairly close together, aUnd one is excited (in some improbable
manner) but not the other, its motion will decrease while that of the other builds up.
'rhe magnitude of this effect wi'l the rapidity with which it takes plave are again functions
of tlle participation factors and influence coefficients involved.

Resilient Mouniings

Shipboard equipmentn ts, particuill-rly those of a fragile nature, are, sometimes moulnted
ont rtsimlent sWt-iewnts to mitigate' the deleterious * ff.'.ts of motion of tlh ship's structure.
These ele'lents mIaly be Fille'd '"vilratitn isolators" or hittingi iuiiiuts" dp'j.'lding onl
* INhnc IL%[X-'(t of the sailboard tenviromIw''i<t they are' intended to ease. Xs its name in.
habita t's, the nim of 1the %bratlion is latr is t() affor-d tht flatulent a relatielvy seismic

50u1 pett'iVon. and iso latter are chil -''n te1 %itwId a iiat urail frv(qti:vnv for the equipment --
lyolator oiiiiit'i.t U'h is low CA1onp1r~tl it) hhIt>otrd aviation. A\ uwide v;Liety of

isolators are available, . .eiold ae ext esl relb rtirv of technicalities exists for selet ing and
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using them under any imaginable circumstance. This leads to it pitfall in shock resistance.
A seismic system subjected to shock must be capable of large relative displacements, dis-
placements which approximate the absolute displacements of the ship. If the isolator
cannot accommodate such displacements, it will bottom, and the resulting shock input to
the equipment may well be more severe than that it would receive if attached Cirectly to
thd ship. If the isolator can provide the displacement, appropriate clearances -nust bx'
provided for the equipment to prevent collisions with neighboring equipments and struc-
tures. In extreme cases, it may l)e tiecess;ry to furnish the equil)ment -:-ith a saddle to
enable the ol)erator to maintain contact with it.

The shod: mount is not intended to minimize the equipment's m oion but to limit
the magnitude of impulsive forces transmitted to it. It is consequently required to have
some capacity for energy storage but need not provide very low suspension frequencies.
As is the case with vibrauLon isolators, there are many varieties of shock mounts available,
but the selection procedure is less well systematized due to the less iweli-defined nature
of the term shock. Usually, the selection procedure produces a suspension frequency of
about 20 lHz or so, which is well situated to give problems from the normal shipboard
vibration environment (5 to 33 lHz).

If the nipas of the resilient mount and its hardware is negligible, the effect of its
addition to the equipment from the I)oint of view of structural analysis is to add a relatively
soft spring between the equipment aind its mounting structure. If this mass is not negligible,
atnd it fr quently is not, it may live thl(e effect of converting t1h equipment into aI vilira-
tion absorber for the mount (8).

All in all, resilient mounts are a mixed blessing at best and should he resorted to in
extremis. With proper design and careful attention to desigll guidelines, it is possible to
keep the natural frequencies of most derailment above about 35 lIz, ulnd they can probably
ride things out without assistatce.

Shipboard requirements are frequently classified as -rigid-onltnt*tl ' or flexiblyy
mounted" when their mounting frequencies lie above 15 to "() I lz or below 5 to 1() Itz,
respectively. The intermediate range is sparsely populated.

Effects of Interactions

Foundation Impedance

In actuality the motions of the foundation to which th In structure is attached will be
affected by the motions of tulle structure. Tihis may be due to the effective masses or
structure and foundation Lwing com)arable for some modes or to flexibility in thle fouLn1da-
tion. In either event a portion of tulle foundation in effect joins with the structure to
form an extended structure with different respore--v characteristics ( Fig. li). Nevertheless,
the structure's response will still he strongly affected by tile compollents of tile motion
at its mounting points which have frequenCies itn the vicinity of its fixed-base natural
frequencies. The effects of foundation flexi llity may include geometrical ones, such as
changes On mounting dimensions, but the principal effect will ie one analogous to thle

addition of shock mioun t.s, viz, to limit high -frequency coip ients of the miot ion and
enhance low -frequency components: As a rulei, tt) effect of f situation illuminate wvili
be as if the strLtil e wVere nl uAilted to a finitt, reac it in zinnias. Particularly for large,
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lFig. 14a - A sImple equipment item, on a
fixed-base foundation

I{ -I

&7<

k' 77- P .

.c,< 4^ Fig. 14b - The sarne itern on a reactive Cminmdation,
liiii,1i...J 0 a,11h am ils actual Shmipboaltdlmtallitln
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massive structures, the effective reaction mass miay become small enough for the structure
to act as a vibration absorber. Obviously any physically realizable object must have a
finite impedance. The decision of what is structure and what is foundation may become
an arbitrary one based on how much calculation is justified or reasonable.

Shock Spectrum Dip

If the response motions of the structure affect the motion of the foundation, they
must affect the shock spectrum measured at the foundation (9.10). Since the components
of the foundation motion at the structure's natural frequencies art the ones which determille
its response, they are soaked up by the structure due to tile vibration absorber effect.
Therefore, little motion will be present at these frequencies in the foundation notion or
its shock spectrum. Evidently the most iml)ortant frequencies %with regard to structural
response are those associated with the dips in the shock spectrum (muore precisely, thv
minima of the residual shock spectrum ). For this reason shock tests laecd on spectral
envelopes may be unduly severe.

L_ _ _ -� � - --
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Energy TIransfer

Just as energy may flow between modes of a structure, it may also flow between
structures onl a common foundation of finite impedance. 'Ih( response Imotions of each
structure will bIe coupled into the other 13y reaction to the foundation. The details of the
phenomenon will depend collie participation factors and influence coefficients of the
extended structure (structure 1-fowndution-structure 2) and tile relation of the naturul
frequencies of tile two structures (11.12). Ih( study of structural response to shipboard
shock motions cmn be complicated to all) degree desired.

LABORATOHY SIMULATION OFl SHOCK
ENVIRONMENTS.N

In view of the problems of shock theory, it is highly) desirable to maintain an experi-
mental program in which structures can tbe exposed to shock motions of known charatc-
teristics. If the shock motions are simple, the response characteristics may permit critical
structural parameters .o be evaluated. If the shock motions duplicate those to which the
structure will be exposed in service. the response of tIhe structure will indicate suitability
for its i.itUnded service.

Tlle study of shipboard shock is a field which exists for o*lne purpose: to assure that
essential Navy shipyard equipments will tolerate safely and reliably in combat. Anl
obvious way to generate shock motions f-r experiments and acceptance tests for this
purpose is to bllow up a 51lup). Although donet occasionally, this method is far too expensive
and inconvenient to become a regular pbrOt'(Itre. It is necessary to be able to generate
shock molulls of a controllable, or at least known, nat urc in the laboratory.

Equivalence Criteria

Two bI)sic time's of shock airlines art widely used. One tylle exemplifiedl by tilt.
drop tester in Fig. 15) presents a high foundat ion vigilance to its test packages and
generates simple acceleration pulses. bueli as half-sitne sa. tooth, and rectangular. The
waveform parameters of these pulses can easily be measured with a high degree of I)ret
vision asid the' co institute well known texci station in puts of shalw s which sim plify the
computations involved Ill txtractiuiK structural parameters (if tit-, test package fromt its
nieaSUrt' sponsored notation. Sho wk pulA., of thiis type are also% usefuJ !or providing
arbitrary test environmentsn. It tile settlement 'virontmInt is unknown or widely variable,
this tylp of .hock motion can lbet a ust ful acceptance test &'ns'lrorulnit (1 31 t ).

'I'lie other major typ; ' of 'lioek machine endeavors to app; ro xi malte the actual service'
shock environment 'l'lie Navv Ill (lass Shock Machines art' of thits typ'e antd generate'
spoonbill hock ni(t,:tioll " riefornis,'dmnlr to thlos. or shipboard shock. With complex
Wancforilis it is more difficult to 41t1cide wilt11 Shock motions art similar, muid tihe prosthetic
is complications further by thut' fict 1h:at tiel t's-' of tqumint'uiis to tit- shock titlist
is Of more concerns tLtan the. tihe m. -kcs, F''lvt'. For arcpt~ ilc testing, shock emotions
are r~i-'rdi.d i' cqm% thp4t if l.', (-. tanu liltingn (1.' unlatch ilulIvm'ts subjected to them.
For purp osMs ') ! icS:K : (11 .'ft' I10!l, 1! :t knuw hitt transmitters of itlt
shoc-k iotl it .1' Ii. tl I l -ut t 'I i1 '' ' 01.ht hillier %Ithw's art', atnd how they'
ar' artistic

IV
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Fig. I S Ill rt d rop te.d .r o 400(1) loaI c~ a pact y. qhock mathe itos of tIiis ty p pre-
wltit Iigh1t arrajdanrctc to the teSt package and generate Simple accelerate ion pulse wave--

((trfm; t,v% di to pt ,ig 1w E,st tailed wiflt Ille O-St patches fasted :o it oin appropriate
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Waveform Parameters

Establishing the equivalence of shock motions having simple pulse waveforms is simply
a matter of determining thle pulse form and the allowable deviations from it. Any shock
motions whose motion-time curves lie within the band of values so specified woul(l be
considered equivalent. The same sort of thing can he done for the more complex waveforms:
a shock motion can lbe defined as a sUtadard and permissible deviation limits defined.
Obviously, this process is unreasonable from several as)ects. First, tihe instrumentation
systems which provide the motion-time curves may l)e different. A slight difference in
frequency response or slight nonlinear please sift at high fre(Luencies is sufficient to render
two recordings of the same waveform completely unrecognizable. Se cond, tihe high.
frequency components of a motion may well represent local oscillations of small amplitude
which do not propagate to any extent and are beyond the range of fre(queLncies to Which
any practical structure canll respond. Third, the response of a structure, which is really
tile primary concern, is determined largely by the components of the shock motion at
its fixed-base natural frequencies, and other features of the waveform maly be nightly
irrelevant from this regard.

l)espite these objections, it is sometimes possible to establish equivalence of tlhe basis
of waveform coml)arison. The first complaint can be alleviated by stan(lardizing instru-
mentation systems, which has been dolne in a sense for tile simple pulse shock machines.
There tile characteristics of tile instrumentation system used to establish the pulse wave-
form parameters are slecified in some detail. This approach Would be Of limited value |
in the study of shipboard shock because so much of the cltta available have been gathlsr.'l
by many groups over several years with instruments representiiIg tih phylogeny of tih
genus. Since it is rational to restrict the frequency content to some sensible range, ti(e
second prol)lem can be solved by doing so. Restriction should not apply to tihe simple
pulse shock motions, though, since thle placing of frequencies invc'ved in theN' waveforms
is such that the high -frequency comIponents are ant important factor in the pulse makeup.
The third problem is minimized concurrently with thle second.

The conclusion remains that a waveforms specification is anl unsatisfactory method
for eomparing shipboard-type shock waveforms in general. There are special vases when
general comparisons can be made, and they may be as simple as retquiring only thatt peak
velocities and dominant frequencies shall be comparable.

Shock Spectrum Envelope

A more reasonable way to compare shock motions is by means of the shock spe-oc.tra,
If a shock motion has a c rtain shock spectrum and permissible deviations can ve sl deified.
it is possible to compare others to it in thle sane way as proposed for waveforms. Tht,
advantages are that now the emphasis is placed o0n response to tht(e shock motion rattler
than on fine details of its waveform - two waveforms maly look very different yet 1-ad
to the same peak relative defloetions at fre-quencies of significance. Also, it is possible
to compare a shock motion with a group of shock motions, a grou p of shock motions
may each have a shock spectrum very different from that of tIlhe ont- to which t hey ;(r
coml)are(l , but if lthe envelope Of all their shock slpet ra are co mp arabl e to it. thell thle-
group of shock motions may be consi(lere(l equivalent to the(, onle(, UI nfortunately, this
procedure tacitly assumes that all shock spectra aLre obtained from inifinitA foundation
impedance rememberr shock spectrum (ipl). If in fact some or all of tilhe shock- sied ra
were obtained from foundations which were afiected by struc-ture reaction, envelope com0a-
parisons can be very misleading.
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Shock Spectir-1.1n MilMinli;,

Where st:ucture-founidationi illustrations are sighiifi(caIt. thl critical points of the shock
spectrum tend to lie away front lile peaks ( I 5). as shown inl Fig. IG(. If tihe shock site tral
values are reatd off at tile structure's fixed-Ibause utat ural freq souvenirs. it is possible e in principle
to calculate t Ih effectt; *vt mass ratios for tlie vitriols clothes atilt compensate for different ces
in) foundation ipell deliver. T'he( effects of ot her struck tires 'it llte sale foundLatt ion niuv lso
h( cOmp1ensated( for to tit (Xtent.

Foundation Impedance

In many shipboard installations tile structre-ounlldttioll combination forms a relatively
low-frequency syet em allnd the initial energy in put to tlhe sySter i is accomplish ished ill such
It short time n that it is thte minister of t lile primary vxci tation wt hich matters, rather than
its waveform. Ini this case, instead of e xamin i ng tilhe motion of thelt foundation -sructure
interftce . all equivalent slick motion cil nie develop tl liv attacking tile strUctUrte to it
foundation having the statistics litie itS its t- r:e foundation, suddenly feeding in an
appropriate amount of energy tlo ltie( Syistem and .allow rig tile structUn' anld foundation
to sort things out to suit themselves. As md alw unimagined, thti practical difficulties rof
duplicating a foundation immediate mIaly' Iw* trotting id ltt. Thlis is. nonetheless, the principle
onl Which tile NM vm Ill Class Shock Mlac hines operate

Shock Test Specification

A shock test may v tie slteci fied ill evera l wtys. It mway [- r turret that tile shock
flotilla insult have a recruit arbitrary watering ws.Ieted fo.r iatlintatitil tractability,
L With the sSildle piulm shock yacht inie. It ti li; he required that tle inlilut shock illotion

poS5S5s a certain shock sl truism. which mt IU .tV ts.i, I arbitrary. tr possibly derived fron
measured service environs nvots It miyv Iit- req fired that tlw shock motion's shock :i t-ctrum
have certain values at critical frequencies. also< derived front mit-asured service ittmivirotmiletnts.
Finally, it may he required tIhat alnl aIpprop'ritte foundation 1m111 lx'danv eI' provided and that
a (certain energy e input to tlh stuctture-foUlatitmioll System. The shipboard shock test
procedure (If MI LS-¶90 1 flits ts-11w list t.ck implicit ly, hv S; ( tIfyiii a shock test nizut hi.
it mIoultitlg arranil:etit-nt . atld atl operating prtci-dltrt c. T 'h pollute criterion usedl for
setting these sp-cifled Itemlls is ;tro ct tl oniI Of the' slitle' da ktia:C it. thtl test equiplel114-1'1t b
the shock test as lit\ thte service convincing eit I'fi m cmid. i v' it it riant is geneticist Of
the shock test, by that itn eqnimp-itntn which 14 tstes the s04.k t .Nt fi e\1 It- plant d at tixX
location otil ail shit with conflict e that it wil unr ttli. w rs i u. 'iIirittei *ll
are some classes (if c-ijli'ltltwlt ti" %Isl tlch 1 s SItXcifieat ion is riot i;t';' etpp l and fort whi1-li
s1 ctfzt~ .ttittzts 'If :, different Irit .rri' ,in ti.'rted. Is cases it i s times ;oiissilihi
to tise I tie sain iiit lte lo.in i vm'y i- fii i *ie hitting arrangement And u;wl i .tiit.g ;1, 11 ilt i
to providt the testified. sNhii, I \ 1-'

Shock lest j.li hint

ht.c stok, t,,'* Iltlia Hin# S'I twlft I 's NI11, S '()I IuI a '":" )I thwee dlt'NIiig til tl h
s-eight (if the equipttlie:rt tit be t cd.t 1ii Ifiv %t. i-it I, h&-ss tt ir '2 (i Ih. tIne Njas ILhigi
habitat S ),hii-k Nlttiiui ;i'r HAlh shirt I t'rri:!'t I.\S'.11 1 ;'''','-.hlc 11 let, s .i ?."t)
;i,,, (;1, (l II', th. N;iiv lii g I ri ; ̂:', I \i 0t..I :x w. t-r Mii.J o:;'sI1N it horror KA111 t N S1\¶.
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is to be used; and if between (6,000 and 30,000 or '10,000 Ib1, (Ite Navy Floating Shock
Platform (FSPI) is required. Tennis weighing between 250 and *100 lb may he tested on
either the LWSM or MWSM, but the test report must indicale which. The initial FSP is
somewhat shorter than thIe later models and has a maximum load rating of 30,000 lb
compared to 40,000 11) for the longer on. s. Item:; of up to 60,000 may be tested on the
FSP if the center of gravity is not too high. Plans are in progress for the construction
of the Large FSI', with a nominal load capacity of 320,000 11). Until this device is com-
pleted, items too heavy or too large for the Navy's family of shock machines must rely
on calculations by some method of dynamic analysis, such as tulle Dynamic l)esign Analysis
Method (IDDAAi) (7).

'hese niachines are completely different in geometry and( construction; their mount-
ing arrangements and operating procedures are also different. In general, the preferred
procedure is to test entire asseml)lies as a unit ol nthe appropriate machine. Where this
is not feasible, as in a sonar system which may consist of 50 cabinets of electronics and
numerous hydrophone domes, the subsidiary equipments may be tested individually on
whichever machine is appropriate.

Since specified shock tests are mandatory, designing equipments to pass the test will
inevitably come to be aln end in itself. However many of the characteristics of shipboard
shock the test machine may reproduce, there will still be some which it does not, simply
because a test machine is not a ship. Designing around the shock test is not objectionable,
since this indeed is what is supposed to lhe done, but taking advantage of characteristics
peculiar to the shock machine to mitigate shock levels in ways which can be tolerated on
the test machine but which cannot be tolerated on shipboard. For example, suppose an
equipment is designed with a bottom structure of very soft foam rubber, permitting
relative motion between the equipment proper and its mounting feel. of, for example,
4 in. This item then would pass a test on1 the MWSM easily, even on the anvil table,
since the maximum displacement of tile NIWSM is 3 in. If this same equipment were placed
on board shil), wiener shock may mean gross shilp motions of feet, it would likely be
reduced to scrap metal when the first shot was fired.

Things like this have been known to happen, although in less blatant form. In-
experienced designers frequently show an exaggerated enthusiasm for shock mounts and
vibration isolators, and even experienced ones may become so intent on the details of
the test that they forget its purpose. To overcome this potential problem, practices are
discouraged or forbidden hlat are clearly incompatible with shipboard conditions, even
though they may enable an equipment to pass tihe shock test. Sometimes a special shock
test has to be designed to simulate different aspects of shipboard slo ck thain those siniulated
by the normal sl)ecification test.

I'est Elquiplment Mounting Arrangeniwnt

In shock testing to specified waveforms or spectra, the foundation impedance pre-
sented to the test package by t he shock machine and( fixtures is kept as high as possible.
When operated als specified, the Ill Class Shock Machines are usled( wit Ii a mounting
arrangement for thbe test package which provides it will a foundation ininpedan(e approxi-
mating that of its service installation. 'Thus is dtone by introducing compliait menibers
into the moulting structure, as in tile LWSM altitude MWSN, or by duplicating the service
installation, as in the F'SP1. In all cases, it is required that tile test package he attached
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to tile shock machismo, in tI e saime way thit it is attached to the ship, or ts nearly tts
possible.

Shock thine Operatiig P'rofcedutire

If tile shock test is of the specified waveform or specified specter rurll ty)I, th( shock
motion input may hie generated b y dropping tIhe iounting tlhIvle and test item onto a
suitable iml)acting surface, by feeling ai suitability electrical signal in to the drive amplifier
of all electrodynamics shaker, or by rapidly rippling high pressure to a hydraulic drive
cylinder. The operating proced ure for t lie Ill hillock alliances is mercy to introduce a
sp)cCifi(ed (quantity of energy int o thi test e(uijttiimett-shock machine system in a time short
with respect to the system's natural frequency. fit the lVSM1 ani thle NMWVSNM this is done
by raising an impacting hammer to i specified height andI ill tie ' FSP by detonating a
charge of specified size at i specified depth and at a specified distaice from and orientation
to the FSI'. 'I'lTe specilicatio tidoes not require that ;ay particular waveform or spectrum
he produced, nor that tihe one which is reproduced be known. (T'hese mmy. of course. be
required in those special cases for w hich sI ck t(st procedures other than tiat o f Or l -s-9oi
are applied.) A specific ion sih nk tAst retires several such blows. The earlier ones are
less severe than the later and serve atn exploratory fictional 'I'lW (' condition of tle IVst

package and(] shock nacelles should 1w e identical for each oif otw individuality blows. After
eatch blow, therefore, ainy mountain hol adii littl; which i1nav!' have Itieniled should 1Aw
retighten d.

Test Equipment Performance

The performance required of the( equipment being tested is a furict ion of the importance
of tile equil)ment to tih( effective operation of titi' ship). The req uire i-ent may be no

niore than that the eq(iim; nt or parts thereof still not take flight o:. otherwise prove a
hazard to person nel, or it mitay hie tOIwta the equi moment shall perform ,ts fulIctton withIout

any interruption, or anywhere between. Specification M Ni L-S-90 1 separates shipboard
equipments into two grades:

Grade A -- ( rade A it e(ts are machinery, equi spent . and syste nms essential for the
safety and contain ued combat capability of the( ship. 'l'The sight Sall be suitable to Withl-
stand shock loadings wit hout signiificant effect ott performancee ani( witliout aly port ion
of thIte equii)ment coming adrift ir otherwise creat ing at hazard to personnel or vital
systems.

Grade B? -- Grade 1 items are nitchiin'rv. eqi(timplitint aid systenis not required for
the safety or continued victims cataiblwiltv of tilie xt;i. 'Tlhe digit shall lie suitable to
withstand hillock loadmVs without thte e(ltilipttt'ttt or wtnv external literati II of tlt( C(lulimeIIt

coming adrift or otlwrmsisv rc ulitg a hazard to losers nel or vital stencils.

Standardization ion of Shock Machite s

A desirable ri-solt of sl cif iiiw tesNt communities, tinio tinig nutritionists. aiid operating
procedures is that a fair attention (of t1est Ntaiilrtiiriattiin clutches about liaturIlly. *I'iiis is
of great importance fom two itia l rv';t ii4w.. First. standardization assorts de(qLuLacy of( a
shock test regardless oif at -which i tick village facility the test is performed. Second,
coltsist'lt(w itl the severity *,4 tih .1k* l to leftist il.vlIerattve !)v iuleltilcAl conditioners on
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different m1 c1Zjnws. winl by ltIiduticuij e-onditjois on) thet "In rue twmit tiwt d iffe-re it tii uns.
uJlOWli thle severity (if tit 1Wshuck ItN(% Ito 1W (1lLd(We(I Witbhout1 lONS tiC aw JeUac\' Tw shac-k
resistance of equipments. like all else. isuo n 1 abfilSo)-0lutely fixed qtUwtity b)ut varies fr011
tVqUipmflwt to equipment act-ording toi Some distribute ion law. Tliv shock test severity
must be set higih enough to reduce the( underwear Of eqUpmentil-ft WhIich pASS t 1w' shuck test
but fail in service to some acceptabIcil fact ion. Sick test %evi-rit v also has; some distri-
butionl due to variation I-t weeul (.testi challis and proCe-dUres an~d VrIatioM between
performance oif any individual acclaim al di Cf~i ittit times. Tlie lx-r(*ittuge .irC&t ,juiimieflts
which pass thet shock test Uut fail ant st-rvice, is% itt iii ve~n lv thet over lap (i~f 11w. Iwo (lII.%
triIbutiont3, If this area of Overlap j is Ild costa hli iiiwa tt value or t1w r-hock test
severity dibtributiotA IS mUUChles when WIWI tit- stril ut ion is narrow. re-plresen Iing consistency,
than when it is broad (Fig. 17). Consistency is thus at highly de-sirable at tribute in it
shock niche.

U

z

w

I ~~~~~~~~~~~~. .~~~~~t 
Fig 17 D61ibuionA i-pr~etllIl I--Imd,-4d0p w'hlji~I fa 

wr~iv flirtation. 4,i ;riatt' qrvUip-trriir. .%uud thiqi tw lrte Ill fA(ct. it lbi al " pet'itnA! Ill do. I ub
but u erupt carrier failure fair t iit-dt h it-t't'd~ilytii hat thr .tq Zr 1,%I %k: ull I, - i\,ni

(frbr involve. l'hu& ix....iiiut~ ab icirr.prietrd Ott ilun 1ii1utr ts% transplant insisted 5,f okii Iaii
t diatribe utot lm A and It Nuvt.. thst %hiit, dILifibiti',t Iif C. iI'rrbiiuiimi P insure istotmb.,-t

machines iati that liii D. is arraign ed Ii t.ih1 (hr %Anuw Arva iir nmvnu tap. handwrit Ii. ni % wr
fat,'. Omr ab,1'faj~. Imt ~%-rI I& %ubim. lttil a iN iii thaii, 1ilat for dlatittwiuhiL It Conmiitruc~iw ab
highly declaration alt tribute. in a 11it 1ial'hsrs,

lIn gt teral. Ol-w sho ,~l nation imitation ( Itv \hoc nk dunces uudc, Sonic Standardi
conditions should not t'arv murv it Yu , 'o, 1ts't l(' 1ndr 2(1( IL Ut i less Ulkhe
undergo some plastic dttt'Crntmution of pals SnuITI' j.IstiN denomination dovs incur w' the
strut urvS of thet l.WS!S.N and PI'-'l'wicnl political~ at ma minium w~* vril v, It does not ok-uru
if) the MWSM ((eXCep1 for solmi- Nligt,:1 t" ending of the n Im o tinIIL 0ICh 1VIrcS ). \w luh USC'

31



E. W. CLEMENTS

hardened impacting surfaces. considerablee variation inia) be exlxe-'ted in shock spectra
peak values since these ai'r largely' determined by damping losses. Damping arises from
the relative motion of ;.truCtulral parts and strongly demands on bolt tightness wid friction
between mating surfaces.

'IHlE NAVY 111(;1I.II'Aur SIFOC(K MACHINE FOR
LIGimrWE;irr EQUIPMENT

I history

'I'lw ancestral LWSM was wvss killed inl Britain in I :939. purportedly out of parts
selected from the local junk vard (I fi Its success in predicting shoCk Ix-rfortnance of
clipboard equipmentS soon attracted the Interest of the .S. Navy, which had a modified
vers;on built .y General Electric ('orporation in 19120. Further modifications have been
rnude as; the need for them Ihs been revealed hy ue- all(n as the increasing number of

machines made standardization necessary (17). 'Illew major structural modifications to
date have been instllation of hammers with spherical impacting surfaces. to increase the
lateral arm stiffness of tile swinging examiner. standardization of the anil travel at 1.5
inches to position stops, and replacement of the original leaf springs by coil springs and
most recently by coil springs with closed and growid ends. The major operational changes
have been to reduce tile nominal maximum load rating from 400 lb to 250 lb (when the
MWSM was introduced) all(n to specify swinging shimmer drop heights in feet of vertical
rime rather than dt-Krees of inclination. Other substantial modifications have been made

to some niachines for 5s1lxcal appilications. Suinc these incline no longer conform with
thet SwciX-:fled structure of the LWSM, they\ should verbally lie renamed.

Description (18).

'rFie LWSM in Fig. 18 consists of a welded framework of standard steel structural
s.ctlons; two hammers, one swinging ini a vertical wUC and the other dropping vertically;
an electric hoist by which either iyia\ lIex raised and ailn anvil plate which can be turned
to present either its blck or it s ' edge to the sm-mining hammer. This combination of
two hammers and wo anvil-plate constitutions permits a test itemi to be subjected to shock
along three orthog mnal axes wit i t l`t r' OiOUntirig. Remounting would usually be simpler
than rutating thle anvil 14ate. Each hammer weighs 400 lb and can be raised to a vertical
height of 5 ft above its imlultct po)SItion for a maximum energy input capability of 2000 ft-lb.

TI'he anvil plate is a steel pl.te mvLa~.nning 34 X 48 x 5f8 inches. reinforced by steel
I-twanis welded to its bzack surfac' Steel impact l laidl are welded () its toll anid side leges
and over the t effectors at the center of it% i'ack surface. ior hack and toll blows tile
civil plIte I- JL)Sitmioned across tf1w mmnlrn fried r ld tests ttill tso penalties spIiI irigS.
It Is U1tt3i-INli to thlte 11in1 franit- I\, a t of fttur through hi lts. each wsith lziir of saplings.
one) if which is act ivt (ll r i d unrig the m at ial forward nuot ion of a 1ack blow

ntlI the leather dullard' the it'iA)tH IIackWa.rd ptl it tht- r. t jl(sititoli later in the blow. These

are tallest\ tlit' *'' rar wtlid' aJ '"r'txbtund '" springs respect il!v. ' rur t roughing bolts pass

hirTOughIZI inl the al vi Iplate witlh washers anld seers to lif. .;:t rfev motion for toi
blows. where onklyI shield -- t'k p; -1rigs *til \%tlirh thet anvIl plate rests ae atrt ive -or edge

hlhlw tet alvnl Il.ttt is rotted 'Ii * 'i: . t ; retriall :-,is arid is supported by rollers bearing
.on1 tratk-. above' arid titlist it I! ahient-> s|'!16g tw'mt' tracks' IlI two hIolts. vach with
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Fig. IS T'he Navy lligh-Impact Shock Machine for Lightweight Equipment. The LWSM is
shown with the anvil plate oriented for edge blows. For back and top blows the anvil plate is
roasted 90' and attached to the LWSNI frame so as to present its back to the swinging hammer.

a pair of springs, attached to its forward edge, antd is struck orn the impact pad -it its rear
edge by the swinging chanson. In all directions, forward springs are furnished will limit
stops which bottom after 1 .5 inches of forward motion. The rebound si-rings for back
and edge blows, which a~re much stiffer than the forward springs, art, also fit ted with limit
stops, but these springs reach their solid height after about 0.4 inch of displacement,
before the stops are reached. There are no rebound springs for top blows, the travel
being limited by at captive bolt.

.111, IIVD�12- -Ma
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The forward motion for back and edge blows is s(t to 1 .5 includes b)y adjusted ofthe through bolts, progressing 1)oth the forward and reboUnd springs. When tile anvil
table starts forward, both springs act for about the first 0.1 inch of travel, at which time
the rebound spring reaches its free height. The effective force-deflection curve for the
anvil plate is thus bi linear (Fig. 19).

1200

1000

6D 00 7.$~j -
600 -

400 I RE PRICOMBNED SPRING

600-

400 ._|__+ _ STIFFNESS

200 S pRING - -1 -]~ - -_, i_. _ '
D- / IRECTION OF MOTION DUE

_ _ _ /1 i| TO HAMMER BiLOW-_

200 _ I'~~-t-

-i 800

400

60

1600 <j

O.8t 0.4 0 0.4 0.8 1.2 16

DEFLECTIOI. (IN)

Fig. 19 -- Forcedeflection curves for tihe springs
accing for back blows

Mounting Arrangements

'rhe flexibility necessary to produLCe the desired fOuLn(latioll In Iq'(dance is introducedby the 4A plate aand the self plate specified by MIL-S-90 1 I hle i- I plate (Fig. 20) is
a steel l)late 27 X 34 X 1/2 inches used for bulkliead-mounted equipment; its name is(lerived from the number of its illu-stration in an early shock test six-ciication. Iei shelfplate ( Fig. 21 ) is used for plkitform-mounted k equipment andr r esrn hlcs the -l A plate witha reinforced shel f added to tihe ltt ottom Both plates are attache to the civil talii' with
reinforced l -- inch car-buildilng chlnnIls as :;e alligators along t hei- vertical edges. 'est 1t4 nsare bolte(d to til mounting, l)!:ltes y ( drilling holes in aliprolprutte places --- when the holes
borne too numerous, the plates ar( depicted For some ot ;v s * f eq1uipill('m t, suhl aI
circuit breakers, other nlouotLtifig plalts are six5l-clfe( it, add tmior to [ht -A or shie-lf piates.
'These are described in thte hillock test specifications.
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Fig. 20 -- Calibration Isad of :189 lb mounted fui the 4A piate in
the vertical orivntation. For thre horizontal mno ing w. r action
the load structure wastt otatedI 90) about itz thvkiit- axiu. Two~
of tlit fout counting holes; uLt~d for the hor i t o i Izi iIt initiative

Irte visible to tAle right of the Ioad structure. Tb i iE v iii en t
shown is for back blowb.
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Fig. 21 - Calibration load of 57 lb mounted on the shelf plate;
the arrangement is for top blows

Operating Procedure

The shock test specification requires that when the test item has been attached to
the LWSM appropriately it shall be subjected to Llows of 1-, 3-, and 5-foot hammer drops
(in that order) in each of the three operating orientations - back, top, and edge. The
order in which these orientations are to be tested is not specified nor is it required that
tests be performed with the shock motion aligned in each direction along each axis.
Mounting bolts a'nd nuts are checked after each blow and retightened as necessary. The
test item is also checked after each blow for conformance to n whatever performance require-
ment has been set for it. The test proceeds until the test item is judged to fail, either
for inadequate performance or structural collapse, or until the full series of nine blows
has been completed.

An essential part of the operating proce(lure is maintaining the LVSM in the specified
condition. This n achine does deform plastically in use with associated changes in shock
characteristics. It is required that the 1 WS.N1 be inspected regularly to detect and repair
cracked welds (which are generally found in the anvil-plate structure) and to replace the
impact pads when their deformation becomes proInounce(l. Deformation is considered
excessive when it results in a separation greater than 1 inch of the center of the impact
pad from a chord ext'ndeJl from its ends.
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Calibration of Shock Outputs (19-21)

As experience with the LWSM grew, the need for information about its output motion
became apparent. The design information that can be derived from a go/no-go type of
test consists largely of failure statistics for items of various constructions. This cUI be of
great value in weeding out poor designs from equipments on hand and providing general
guidelines for what methods and materials of construction to prefer or avoid: this was,
after all, the LWSM's raison d etre. When this knowledge had been assimilated and was
being practiced, failure rates dropped and the opposite problem of overdesign arose.
While this is a far better problem to have, excessive strength of material or construction
is uneconomical due to unnecessary costs, weight, and size. The cut-and-try method for
optimizing construction of equipments is effective but can be highly expensive and time
consuming if it is approached blindly. It was thus considered advisable to ascertain the
salient characteristics of the shock motions developed by the LWSM and to distribute
this information to provide a starting point for equipment design.

If machines are to be compared, the methods and procedures by which these calibra-
tions are performed must be standardized or at least be of such a nature that results from
a machine with one calibration arrangement can allow computation of what the results
will be with another arrangement. If the information is to be of any use to equipment
design, the calibration arrangement should not be specialized. Ideally, the arrangement
should be of such a nature that the calculations required to interpret the calibration
information in terms of the performance of some particular equipment design will be as
simple as possible.

The shock outputs of the LWSM are affected by test equipment weight, frame stiff-
ness, and mounting dimensions; by the tightness of the mounting-plate bolts; and by tile
condition of the anvil plate. These factors influence the modes of vibration of the mount-
ing plates, shift natural frequencies, and change their phase relationships. The shock
waveforms measured with two nearly identical equipments can consequently vary consider-
ably in shape, although their magnitudes remain comparable. Consequently, it is desirable
that the calibration arrangement should be representative of the average equipment actually
tested or should use an equipment variable as a controlled parameter. The operating
procedures should be those used for equipment tests.

Test Arrangement

The calibration test structure's interaction with the shock machine affects the shock
motions measured at the machine'structure interface and on the test structure. For
design, it is necessary to calculate (given these measurements and knowledge of the test
structure) what the shock motions will be with a different test structure. This is most
easily done if the original test structure is a dea(l weight, i.e., a load whose compliance
is so low that its natural frequencies are well above the range of concern. Therefore,
the one used for the calibration of the L,.YSMl was of this ty)xw (22). Since the most
widely varying parameter of equipment which are tested is weight, the calibration load
structure was arranged accordingly to permit the weight to be varied over the rated range
of the machine. Another variables of tested requirements is mounting (illnsion. Since
this varies less widely- the mounting dimensions of the test load structure were taken as
an average of those of eq Uiliillne it most olten tested afnd were arranged as the corners of
a rectangle. This initiated the effects of change in motion ting dimension to be founds 1))b
orienting the test load so that its long mounting axis was either vertical (Fig. 20) or across

7--rT MM#W���.
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the LWSM mounting plate. When the long axis lies across the mounting plate, tlhe mount-
ing points arc closer to the spacer channels Ietlween the mounting plate and tulle anvil
plate-, and the configuration is mnuch Stiffer tlhn when thle long axis is vertical.

The calibration structure consisted of dead-weight loads of 57, 121, 145, 192. 261,
and 389 lb. These weights were bolted to the mounting plate at the comers of an 18-by
13-inch rectangle and separated from the mounting plate by spacers to reduce binding.
The 57-lb load (Fig. 21) consisted of the measuring instruments and their mounting
adaptors welded along the vertical axis of the mounting plate. Thle 121-, 145., and 192-lb
loads were supplied by bolting steel l)lates to a welded steel franie; the 261- and 389-lb
loads were l)rovided by heavier steel plates without the frame but using tile same mounting
holes. The calibration load was attached to tile 4A plate in both (load) orientations and
to the shelf of the shelf plate. Blows of 1-, 2-, 3-, 4-, and 5-foot drop were delivered for
back, edge, and top anvil-plate orientation.

Measurement Instrumentation

Measurement instrumentation (Figs. 20 and 21) consisted of a quartz accelerometer,
a seismic-coil velocity meter (natural frequency 2.5 liz. maximum travel 3 inches), and a
reed gage, all mounted on the calibration load, and a quartz accelerometer attached to the
mounting plate. The latter accelerometer was located at the center of the lower edge of
the 4A plate and at the center of an outboard stiffener of the shelf plate. Each accelerom-
eter output was fed into a high-impedance cathode follower and recorded on two channels,
one filtered at 1000 liz (low pass) and the other at 300 lHz for one blow and 5000 Ilz
for the next. Signals were recorded by 35-mm streak photography of a five-channel cro
display. The records were then analyzed for peak accelerations and velocities, dominant
load frequencies, and shock spectra.

Output Shock Motion Waveforms (20)

Description

The shock waveforms (Fig. 22) produced for a given load arrangement have the same
general characteristics for different heights of hammer drop but are greatly different for
different loads, load orientations, mounting plates, and blow directions. Back blows &re
more severe thant edge or top blows. Back and edge blows with the load oriented across
the 4A pLhte are muchn more napulsive in nature than those with the load oriented ver-
ticallv, while top blows are not much affected by load orientation. Motions of tulle shelf
plate have a much more pronounct-d rotary component for back blows than those of the
-A plate due to the low t-titt-r o(f mass

Peak at-clratio ns o-tur %hotlv aIftr impact oil aIpproxn:mate half-sine p'UlseS with
sulitrlpt!sedI hash. Thems arc follt%-ed hy irregular -rturliations fromn the intetrplay of
the numerous vibratory oth-dcs cXitled by the ninety . The durations of the half-sin(e
pulses are- ambulant 2 in s otl die tnotilitiK I laii<* -latI alout 4 nis on t he load. Aftvr the
pulse, slight evaluation inl thle uflno trolled para riitt-rs o(f the snitch ian( Ivtad to large t-lihangz-
in the at-cIleraltora wav-formian, iartctuliuIN at high frequentci-s. Th1e 300-lit filter removes
most of the Ii i}l frequently lies. n. that thet flctj kl-l-t-s'I which dotlillate these records are
those Whitch do ml nat o- the vth l yet nwtey records. hut this filter s-riously deforms t(le

3ff
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t(L~~~~~~~~~~Nt __

';p (300 Hz)

XL (300Hz)

p(1000 Hz)

t (1000 H_)

I - FT BACK BLOW I-FT EDGE BLOW I-FT TOPEILOV.

57-LO (INSTRUMENTATION) LOAD ON 4APLATE

|Rcroduced irom

X (5000 Hz)

X , (1000 Hz)

K( (5000 Hi)

4-FT BACK BLOW 4-FT EDGE BLOW 4-FT TOPBLOW

57-Lt (INSTRUMENTATION) LOAD ON 4A PLATE

Fig. 22 - Typical waveforms measured on the LWSMI. In these records, XL, XL. and X.
represent load velocity, !oad celebration, and mounting-plate acceleration respectively. The

latter two are low-pass-filtered at the cutoff frequency indicated in parentheses. Time scale is

indicated by blanking each trace at a rate of 1000 Hz. The offset between trees 2 and .1 and
the rest is due to the geometry of the recording device. The deflections of all traces begin
essentially simultaneously.

initial pulse. Tle 5000-liz filter provides records which are almost unintelligible in terms

of load response. The best compromise seems to be t(e 1000-lIz cultoff.

Mounting Plate Acceleration

Mounting plate acceleration depend very strongly on tile location of ihe measurement-
accelerations measured at other regions of the mounting plate may confidently be expected

to differ from those reported here. It is likely that the differences woul(l lie mainly in

acceleration level and frequency and that the pattern of cIhanIlges caLused by load arrange-

ment , blow liberation , alnd! drop heigilt would not be affecteI grteatly. It should be pointe(l

out that thle mnuountitLu plate accelerometer was positioned to pi ovide compIlaral e relatioii-

ships between Iltioultiung l)ate and !oad lions oin lilte 4A plate and shelf latve. Thus,
while the location is similar wvith rts (4 lo tim load on lboth noting plates, it is of very

different character xsith results to lhe structure of thl inoculating petals.

Tiltn Peak niounting-pilatc acclicr~iti n lotionn section of tws, 23 through :31 ) rises

with halftime brilliant velocity y, both slope .tunh intercept hearing strikingly affected by the

loal ard angc. t and direction of 111iw l 'licre is a tendency for lpeak acceleration t()

decrease with increasing load; hul it is h1l no visit, 11 (4w, 11momick.d Edpe. and tolp blows

are comparable cvg.rdilo-s of load orientation on the IA plitt. \\Whcn the oa;t is noticed

i'lil.L I?& .Jmur 71 i OU 39
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300 1 I 1 I 
LOAD ACCELERATION
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2 0 0
' -l l I I
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8 10 12 14 IC
HAMMER- WMPACT VELOCITY (FT/SEC)

Fig. 23 - Peak load and 4A plate accelerations for back
blows, load axis vertical
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4A-PLATE ACCEt.Ef4A1,ON

LOA D (L O) RUN

. z ~~Hf.IGH Y Of. NAtaME14 DROP F T I --

9 '2 i,1 .. 1. 

6 1 4 I? 4 16
HAMCtR- IUPIC1 vELOCITI If TDSEC)

Ie

Fig. 25 -- Peak load and IA plate accelerations ror top
blows, loidt axis vertical
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1000 - CPS FILTER

LOAD (L8) RUN _ - -.

700 ^ 1425 4 - -* 121 2

V 192 6
* 389 10 _

60c……- 

500 f~~ I -
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Fig. 26 - Peak load and 4A plate accelerationis for back
blows, load axis horizontal
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4A-PLATE ACCELCRATION
-1000-CPS FILTERt 

>0
LOAD (LBJ) RtUNs ,_ 4 _. 

Is '' I ' ' ' |1 , I 1 

I0 AN 1 t, 1 t f 

.j VZ 6

0--~~~~EG7OF"mtt R0 

4 6 a IO ?2 14 1 s I

HAMf R - ItPACT Vt LOCI TV I F I TSt C) -

Fit. 27 - Pvak load and 4A platr acc-lerastzi' for vdi;e
blows. load axis horizontal
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V4 6 a 10 t2 14 16 le
HAMMER -IMPACT VELOCITY (FT/SEC)

Fig. 31 -Peak load rnid shelf plate accelerations
for to)p blows

on the shelf plate or vertically on the 4A plate, the severity of blows in all three directions
are coml)arable. WVhen the load is mounted horizontally on the 4Al plate, hack blows are
considerably more severe than edge, and edge somewhat more severe than top blows.
This is due primarily to the decreased span from support channel to mounting point, and
it may be that some binding between the load and 4A plate is l)resent also. In all cases,
the leak accelerations measured on the 4A plate are much larger than those on the shelf
plate under equivalent conditions. The maximum value recorded was 840 g, the minimum
was 32 g, and the average of all values for all test blows was 241 g.

Load Acceleration

Load accelerations (top section (if Figs. 23 through 31 ) show much the same trends as the
mounting-l)late accelerations, except that there is aI slightly more consistent decrease as
load is increased. Decreases are small, especially with the shelf plate. The maximum peak
load acceleration record(led was 537 g, the minimum waIs 17 g, anlid the average value for
all blows was 161 g.

Load Velocity

Thle load velocity wuveform varies over thle (continuum between too extreme tylpe-s,
one a comparatively smooth, daml (d1 ( -- cos) type and the other a step type which
reaches its maximnum velocity quickly anid is garnished with high-frequency, lo0V-aml)lituLde
hash. The former type is found in the more flexible test conditions, hack aid edge blows
with loads mounted vertically on thte l A plate. The latter is connected with the stiffer
conditions, top blows with either load orientation on the 4A plate anrd blows in any direc-
tion with loads mounted horizontally. l'or loads mounted on the shelf plate, the velocities
and frequencies are lower, anrd the distinction between waveform types is less pronounced.

hil, .. .. 0 ... � a so , i II -__ -11. II oil I 11 �
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Shelf plate waveforms are also more difficult-to analyze due to a sul)stantial rotational
component of unknown magnitude.

Velocity as a motion parameter is less sensitive than acc(leration to the high-frequency
components, hence, shows rigid-body motions to better advantage. Peak load velocity
(Figs. 32 through 40) for a given test arrangement is essentially linear with hammer inipact
velocity except at the high velocities, where flattening of the curve indicates some plastic
deformation in.. the struck members. Loads mountcJ on the 4A plate attain the greatest
peak velocities for edge blows and the least for top blows; the orientation of the load
on the 4A lale has little effect. Loads mountsJ on the split plate have substantially
lower peak velocities. The peak velocities measured rangea from 15.A1 ft/sec to 2.3 ft/sec.
The average peak velocity for all blows was 8.2 ft/sec.

Uj

I.-

I-_

0

I0
U4

0

4

a,

14 - LOAD (L) R -- -
0 121 1 
A 145 3
v 192 5

12_ * 210 2_i 7 

4 _8 _ _ 

2

HEIH OfM VCR DA(_--FTS

e 4 ~6 a to 12 14 16 IS
HAMMlER - IMPACT VELOCITYV(T/SfC)

Fig. 32 -Peak load velocity ror back blows on IA
plate, load axis vertical

As implied by the behavior of load velocities and accelerations, dominant load fre-
quencies decrease with load increase when mounte-I on the 4'A plate but tre not peat
affected on the shelf plate (Fig. 41). Loads mounted horizontally on the 4rA plates luiwt
higher frequencies than vertically mounted loads for back and edge blows, while the
opposite is true for top blows. Loads mounted on the shelf plate have lower frequencies
than those on the 'IA plate. The highest dominant fre(luency found wals 220 IlIz, the
lowest was 11 117 and the average of all load arrai gements was 122 liz.
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plate, load axis vertical
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too I I I

.4A PLATE HOOIZON~lm

IS0 -INSTR.L-

LOAo

O 100 tOO 1oo 400
TOTAL LOAD WEIGHT (LO)

o) SACK BLOWS

I0 IJU 

I50 v 4A ILATE VERTICAL

/4A PLATE HORIZONTAL

fm 100 / _ I
50STR. LOAD

0
so -. __ _ __ _

SHELF PLATE

0, . . __. _. ; . - __
100 too 300 400

TOTAL LOAD WEIOHT (LO)

Ic) TOP BLOWS

4* PLATE HOnlIZONTAL

IN0_tST N. I,:____15O LOAD

a 4A PLATE VERTICAL

100 °

0
SH LF PL T

0 100 200 300 400
TOTAL LOAD WEIGHT (LO)

lb) EDGE BLOWS

Fig. 4 Predomxinant loud frequencies

1Aoad D~IS1duxnaet'l

Selected load velo it v rteco rds were integrated grap hicallv to r 'ie cre of hslt
load displacement vs time. lFor 5 .ft Wlows,. thet time ito jixak displacement varies froml
UIKoUt 20 Ills ( InSttro Ient lo ad oll 4IA JILINt ) to IIbout 40 InIS ( 389-1hi load). SiniCe the
nat urail frequency of the velocity meter is 2 .5 lit.. thet error introduced ira the brilliantly
tnt*q -ation should IH' onlY it few Irtcent.

When the .1 A plate is lightly loaid'-d.the dlisplaveeuicits provided 1y blows Ill thlt
tissue direct ions are very similar (Fig. .1 2ai) . *he extra flexibility of (lthe .1A plate with
regard to back blows minority d lcv., an oscilltO~ry c appoint , bt thet ( ntA-r-of-lm.Lss dis-
placemlent closely follows the curves ohitaini-d for top and ed-tge shows. Adding a :3891-1ll
load not moily inertAses 1k di tm e to Iwak dispL~Iceillivit buit alosn intrOduces eo:tm marshalll
differences inOthetii d -isp v intents for the differe-nt dlw directions (F1ig. -42b). Bazck blows
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get underway faster hut (lo not reach so great a displacement I*Ine to the phasing of tile
oscillatory component. Edge blows start more slowlN bI ut reach hi ighlw jxak displacements
in comparable tinies, indicating lower but more consistent velocities. Load orientation
seems relatively unimportant with regard to 1x ak displacements or tire to pxeak (Fig. 42c).
Displacement curves for shelf-mounted loads are quite different. Large variations for the
different blow directions are apparent even for light loads (Fig. 1 3a) , and insignificant
changes in time to peak displacementt are occasioned hy large increases in load (Fig. 431).
Peak displacements are found to exceed the 1.5-inch limit of the anvil tihle. This (an
be accounted for by flexibility of tl( machine framework responsible for stopping the
anvil plate at the end of its travel and the phasing of thie local vibrations of the load.

Reproducibility

The feature of t lc LWSMN IS Sll 11 that its structure reforms plastically in use. Obviously
there must 1)( so me attendant vaLria tion of out ulot character eristics. To esti mate the
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significance of these changes, a series of l)lows with instrumentation load on the 4 A late
was macie at the beginning of the calibration sequence. and a similar sequences at thle nld.
after some 400 blows of all descriptions (Fig. *1-1). With only the instrumentation load.
mounting plate and load accelerations arn approximatelv the sale, and during the initial
sequence peak accelerations showed a small amount of scatter and an approximately
linear relation to hammer impact velocity. This was also true of the later sequence, hut
the general level ran about 60% higher than for the initial. leak veloItliei showed the
same trend, although with less scatter (as would he expected fod er i lower-ordaer fun ion i,
and the later sequence ran about 25'ec higher than the initial Icv(-I. Ihis tends to indicated
that the differences p probably arise from changes in the stiffness I f thII civil asset nilly
arising from work hardening and i indict Iplad format ion. 'Thw variation tin clinging
potential is more likely to follow the tr( nIl of tihe peak velocity measurements thiamin I hat
of the accelerations because dl nuage ml IrI illiberally results fro in the lower- fr( que zy
components of the shock im 1i(is.

Consistency ( 23,' 2)

To estimated the (degree of similarity Ibetwctii tlh' Notk illusions :etir.ittr ly (il'-
ferent machines, fotr machines wert callb)ritell n'ii 1th Sallm 1 A splitt. loads, and llwIa{Nur
ing instruments. 'I'he loads were 57 11 ;aln 20:: li) ()Itftttl v.rt \ allx o the I-A plate
with blows of 1-. 3-, wuil .5-ft hlm;Linc hr il gIit II dh .d i :11 al thIre directions tbe(
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(1-ft blows with a 261-lb) load), while the most extreme spread was 120 to 174 i-lz for
3-ft allows with a 57-lb load. In all, tlhe variations between machines are entirely
comparable to those which might l)e exl)ected between blows on any one of them.

Output Shock Spectra (18,21)

Before tile calil)ration series was undertaken, it was known that the LWSM tends
to have dominant fre(Luencies at about 100 liz (from 4A plate flexibility) and at. about
350 lIz (from the anvil-plate structure). these frequencies would be expected to be
important in the shock spectra; therefore, the reed gage used was provided with reeds
having natural frequencies in these regions. Among tulle less fortunate characteristics
of the reed gage are: (a) reeds below about 40 INx cannot be used effectively because
of the clearance requirements, (b) reeds above about 450 INl are of little value because
of errors in reading the very small deflections, and (c) the number of reeds which can
be used is limited. The resulting shock spectrum is a sampling of a few points and
may well miss the most important features of the actual Continuou; shock spectrum.
For this reason tulle shock spectrum derived from reed gage recording is generally drawn
as a polygon of straight-line segments joining tlhe measured points rather than a smooth
curve. This tradition helps to remind the beholder that the actual values of the shock
sl)ectrum between points may be vastly different from the lines which join them.

Preliminary trial showed that for the calibration study only five reeds could be
used effectively. They were selected to have natural frequencies of 10, 100, 198, 315,
and 430 FI.

[escriptio i

The shock spectrum's shape is determined by structural parameters of the test
package-shock machine system. Accordingly, the effect of increasing the energy input
to the system shoul(l be to raise the overall level of the shock spectrum unless the
energy inl)ut becomes so great that nonlinear interactions become considerable. For
this reeLson the following discussion will be primarily concerned with the effects on thle
shock spectra for 5-ft drop heights of variations in the loading arrangement.

Effects of Ilamimer Drop lHeighit

'l'hle overall level of tle shock spectrum rises with drolp height, as expected, but
does not remain pIroportional to hamnmer impact velocity. This was also remarked with
regard to load velocity. For drop heights beyond &. 3ft, the in-rease in slectral level is
considerably less than that for heights below. 'Thei ock spectra for 3-ft blows are in
fact comnl)xral)le with those for 5-ft Iblows (Fig. ,16)..

Effects of Blow I)iretlion anld Mouniting l'lst(

For the 57-ll) intro ment load on thle IA plates hack allows provide a shock spectrum
with Ipeaks at 100 and 34') lz froni the -1A l)IaLte a4l anvil pl ate vibrations. These
peaks are absent from the sp vctra for toll an(t edge blows., withh are reasonably well
described in straight lines. This is in keeping wvith tLqe ste plike waveform of tulle load
velocities (-'ig. 171) ior the 57-11) load on the spiel plate. tle lack blolw retains thile
3-15-lIz peak, but the 100-Ilz I peak charaCteristic of tlie I A Iplate vanishes, naturally
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TIble 1
*IA l'aIte Frequencies and Timi, to Peak

Loilo Veloc(ities for Four IN/SMN's

Frequency (lit) for Avratgr 4A I' Tt rtiVl
Blow Diredton .

Machine I Machine 2 Machfi-3J 3 Machut-I I rnc 1 M neI at-hire 2 | Mah(lim 3 Machire 4
____ LS-C.D=-' __-__ ___ . ii _ _.=_ *___ :_____ _._____

571-b load

Bac-k 112 99 1(0 114 4.1 4 J 3.6 _

Vagc 12b 136 212.1 171 4.2 4.0 4.2
TopI 118 124 110 148 3.J 4.7 3.b _.

261-lb load 3. . ._

Bactk 92 95 99 3H39 3.9 

age - -~~14 1437 3.7 [4.1Tog) 167 | 42 - - 147 __.0 6.0 6.6 _ 

enough. Edge and top blows produce shock spectra similarr to t hose found on the 'IA
plate hut much lower (Fig. -19a). The k vel for tlhe edge blow is only half that found on
tilhe iA plate and that for the top blow is even lower. With the other test loads, the l)ack
and edge l)lows produce consistent ly higher spectra than does the top blow, and thle ;4A
plate spectra are consistently whither than tlhoiv from tile shelf plate (Figs. 48 through 50).

Effect s of Load WVeight

As wo ld hi exl ected, the major ef*i-ct c *f increasing load weight is to lower the level
of the shock spectrum in general and to shift till h aks to lower frequencies (Figs. *17
through 50). The change in lIevel is substant ial. t lie level with tIh 389-11) load being only
about half that with the 121-Il) load, an(l is greater onl the 1IA plate than on the shelf
plate. The effect recognizes less important as the load approaches tile capacity of thie
machine, inasmuch as the shock spectra for the 389-11) load are not much lower than
those for the 2619-l) load (Fig. 51).

Effects of Moun iting I)i dimension

Thel -4A plat. is bolted to tlit anvil platt, with reinforced -1-inch channels as separators;
thel bolts fastening this asst-ilvIN. arc- 2-I it-h-s apart. [he edges of thl channels are flush
with the eclogues of tle -IA plate. ei a fret span betw wen channels of 22 tactics. It is
evident that if anll equivalent hals ;i illti tinig dimension of 22 inchs or more tilt elxi-
bility of ti,' -IA plate wxill I,. lcvImtsicl .itil tilte c(illiilment will Nb ill .ffect mounted
lirectly on1 the illegal polite. The tormenting tidbits of' the calibration load arrangt-ement lav\

2 inches or -1-1 i2 lichens from the v1t hz -.1 the spaer* channelIs, depending onl the load
orientation. I-or bat-k iWows, ti h -( ftct tof orientation is drastic. greatly excee(ling that
of load weivght t Figs. -1 through 501t I. i- shock sl-t -rum forr a 389-lb) load boulevard
horizovitallk- is mistle iigihr-r it I1-vt-I tail cf a 121 -lb load intuited vertically. lop and
edge blows show hitlt or no sutct effect - although it would presidential appear if tile test
load Was of such a gein dt rv thI.t rocking modes allowed *1 A polite flexibility to collie
into play for tht-se directions t f ttltcv

. 60
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FR£EOUNCY (HIO

EDGE

Fig. 48 - Shock spectra for 5-ft blow* with a 261-lb load on the 4A
plate, load axis vertical, for four different LWSNa's
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Fig. 49 - Shock spectra for S-ft blows with 67-lb and 121-lb loads
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Fig. 51 - Values of velocity-shock for 6-ft blows as
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Reproducibility

The reproducibility of shock spectra for repeat blows is generally good, particularly
if the blows are given in succession. If other blows intervene, and particularly if the
machine test arrangement is changed between blows, the agreement is less dependable,
although still good. Deviations are mostly at the high-frequency end, which is most
strongly affected by changes in the uncontrolled variables of the test arrangement (Fig. 52).

Consistency (23,24)

The variation in shock spectra between machines has much the same pattern as that
between blows on one machine - deviations are mostly at high frequencies and are
greatest with "stiff" test arrangements (light load and top or edge blows). The amount
of variation is also comparable with that found for repeat blows on the same machine.
All in all, the consistency of shock motions produced by the LWSM is much better than
expected (Figs. 46 through 48).

O BACK BLOW, 4A PLATE
b TOP BLOW, 4A PLATE
o END BLOW, 4A PLATE
* 8ACK BLOW, SHELF PLATE
A fOP BLOW, SHELF PLATE
* END BLOW. SHELF PLATE
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ho

U - _~a 

_ * 6* -_ so

l l l l~~~~~~~



NRL REPORT 7396

10 100 1000

FREQUENCY (Ha)
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Fig. 62 - Shock spectra for repeated 6-ft blows
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Nonstandard Operation (25)

Tile shock motion produced at the deck by an underwater explosion is much different
from that at the hull or at bulkheads. it is characterized by large deflections, low frequency,
and low acceleration. Extensive modifications were made (by NSRDC) to an LWSM in an
attempt to generate such motions. The modifications consisted of resting the anvil-plate/load
assembly on a guiding track and introducing a liquid spring between hammer and impact
pad. The spring provides a 60-g, 12-ms half-sine pulse, and the anvil-plate/test-equipment
assembly is braked at a rate of -4 g by shock absorbers; an overall travel of 12 inches is
provided. A folding linkage permits 1 inch of free travel before the shock absorbers act,
in order to prevent interference with the 12-ms input pulse. This makes operation of the
machine critically dependent on the velocity change imparted by the pulse, so this is held
at about 15 ft/sec lby maintaining tile total test load on the machine at 400 lb by adding
dead weights as required.

This arrangement has not been used much. It was reasonably successful in simulating
deck motion and has the feature of demonstrating the consequences of improper use of
resilient mounts in dramatic fashion. The suggestion has been made, unfortunately, that
this arrangement should replace the specified shock test for some equipments, which would
represent a retreat from the Navy policy of universality. The end result would be to require
a different test, and presumably a different shock machine, for each item of equipment
on each class of ship and for each possible shipboard location. The more different the
shock motions are, the more important it is not to provide a special machine or test to
simulate them.

TIHE NAVY IIIGIIINMPACT SIIOCK MACHINE FOR
MIEDIUMWEIGIIT EQUIPMENT

History

The LWVSXM brought about rapid and substantial improvements in tile shock resistance
of equipments in its weight range. While design guidelines and rules of thumb could be
and were derived from this experience and applied to heavier equipments, it was appreciated
that there is no substitute for an actual shock test. It was the feeling at that time that
400 lb was really too great a load for the LWVSMI, and that 250 lb would be a more
reasonable limit * Most shipboard equipments, particularly the relatively fragile electronic
systems, weigh less than 4500 lb. or can be disassembled into free-standing subsystems
in this range. It was decided that a shock machine should be built to be capable of test-
ing equipments in the weight range of 250 to -1500 lb and that this machine should be an
extension of the LVSAIM in the sense that a test item should experience equivalent shock
environments on the two machines. Under a BuShips contract, WVestinghouse Electric
Corp oration designed and constructed (in 1942) the first Navy lfigh-Impact Shock Machine
for Mediumweight Equipment (MWS4l, which was installed at the Naval Engineering
Experiment Station (now NSHDI.) Annapolis. Maryland, in 19-13.

*In actuality the Nhock environment t produced by the LVSNI with a 400-lb load in ntot much less severe
than that with a 2StO 1 Oad -dI lowe-vr. when the load is an actual equipment rather than a dead
weigh, t he modal masa.-r! will probably be higher ror the heavier items and item-machine interactions
more noticeable. This could catse cot cern, particulatly since the "shock spectrum dip" phenomenon
was not appreciated at that time. In addition., heavv shipboard equipments tend to be bulky. leading
to inconvenient or ulati.sr;Actorv teat intimations. on the LWSM.
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The basic design of the NIWSNI consists of an anvil table struck from below by a
swinging hammer. The requirements for shock intensity equivalent to that of the LWSM
was to be met for a 25011) load, and the criterion was taken to be anvil-plate starting
velocity. Studies on the LWSNI at that time indicated that the starting velocity of the
anvil plate with a load of 250 lb was about 7 ft/s for 5-ft back or edge blows. It was
considered that shock intensity oni shipboard would decrease as equipment weight in-
creased, so 6 ft/s was arbitrarily selected as the proper velocity for a 1500-11 load. These
two points were connected by a straight line, att(l this graph of anvil-table starting velocity
vs equipment weight served not only to set MWSINM design parameters but also, after it
had been built, to determine the schedule of hammer drop heights comprising the shock
test for various weights of equipmentn*

The medium-weight shock test specification is thus based entirely on anvil-table
velocity, although no equipment is mounted directly to the anvil table for a normal
specifica'on test. The mounting flexibility provided in the LWSM by the 4A or shelf
plate is provided in the MWSM by an arrangement of channels and support rails. The
evolution and intent of this mounting system have been since lost and remain today a
subject of speculation.

Changes in the MWSM itself have not been great. Most changes have been made for
convenience, such as the quick-release mechanism and solenoid operation for dropping the
hammer, automatic brake application on the backswing to prevent a second impact, and
the installation of pneumatic jacks for positioning the anvil table. Structural changes
have been almost entirely to add reinforcing to the anvil-table structure. The operating
changes have been much more important and permit (for some items) the use of non-
standard mountings to provide a specified fixed-base fundamental frequency, the use of
the 30° corner bulkhead for specification testing, and exten(ling the rated load of the
machine to items weighing 6000 lb. Both of the latter changes are questionable.

Description (18,26)

The MWSM consists of a 3000-lb hammer which swings through an arc of up to 270"
At the end of the swing it strikes a 4500-lb anvil table from below, imparting an upward
velocity to it. The anvil table is restrained by 12 2-inch-diameter bolts passing through
both it and the shock machine's foundation which permit a free motion of 3 inches.
When this limit is reached, the bolts sharply stop the motion of the anvil table ("anvil-
table reversal") and it drops back onto the foundation. Since the reversal impact is
somewhat elastic, the anvil table drops considerably faster than it would under the action
of gravity alone. The machine is embedded in a massive concrete block resting on coil
springs which bear on a heavy concrete shell isolated from the rest of the building by a
layer of some absorbent material (Fig. 53).

The anvil table has a mounting surface of (;0 X 60 inches provided with threaded
holes for attaching the various mounting arrangements. Beneath the mounting surface
12 heavy reinforcing webs run from the edge of the table to the impact column Four
of these webs rest on pneumatic jacks which can raise the anvil table I 5 inches above

*The hammer drop heihts spe-cirfid fbr the standard shack test were evi(entIly derivel on the asstimp-
tion that the test load would 1w attached directly tai the anvil table, which is rarelv done.
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Fig. 53 - The Navy High-Impact Shock Machine for Mediumweight Equip-
ment (MWSM). The position of the hammer at the Instant of impact is shown
by the dotted lines.

its normal rest position. When adjusted for 1.5-inch travel, the anvil-table has a slightly
higher velocity when the top stops are reached than in the 3-inch travel configuration;
since it drops back onto the jacks rather than the foundation, its final collision is softer.

The impacting surfaces of both hammer and anvil table are fitted with spherical,
hardened-steel impact plates. Unlike the LWSM, this impact is highly elastic and most
energy loss takes place in the structure of the anvil table itself by gradual cracking of
welds. This makes the MWSM inherently a simpler, more predictable, and more consistent
machine than the LWSM. It has been the mainstay of the Navy's shock testing program
for many years.

The MWSM is not an ideal machine, however. When the travel is changed, the point
of impact also is changed. This imparts a rotary component to the motion of the anvil
table. Relatively tall equipments have a tendency to tilt in one direction or another
anyway, causing the anvil table to bind on its through bolts and also causing uneven
contact at the limit stops, which imparts a rotary motion component at the anvil table
reversal. This predilection is accentuated by the off-center impact of the hammer. The
machine is normally adjusted so that the impact area is central for 1.5-inch travel; it is
accordingly on the side of the impacting surfaces toward the hammer axis for 3-inch
travel blows.

70



channels. Trhie,. are pairs III' .1-itihst andaLii!.rd oir 4.arIlimbintiv. channel IkiteilFd i] hackt rkic

With a Space* lietw~evii T-slhhhpid hicks will threaded holies lit iiito this .pade an tiil C itt 1t

securing I. , Wm v 4 t 44mp41iuvot it tach ii, Ih'nm. llhi toilh'iprt chemical' are scl4iarahtl- In'lfili t wi
anvil tallow hy spacer r~ads at vach int. li' which Iho channels art, capital I IFt.!. 5ill. Tl I I 
sp aofr rails nma l it- fab rivaled fmIn l wt ec ins (ir 7.11141 shiilIp iIhudinti chain (r. since C wise

may inferior with the heavy leads n1(4W permitted. Ili rails m1ay lie( built, lilt from sheet

stoIch~. The %pacer rails ;ar' killed dire-ctly toi Ibe maintaining surface 44 the anvil table.

K ~~~II

1^,,~~~~~~~~~ I. %I 1 ,. S .l o l ISSI.,, t~Id.. s IIs 11, I.................w....... III- IIIII II::

Tho IV u I I " ~~~~~~t.1 l1. I. 'I.. 11 li it'14 , ' it- ICII ,1'

11 v :t1l,, ;s i t l >ah'"t \,1*lo In N.......... . ........il. \ 90I II'-' IId III 1thl ltlf v !,,,.........I' 't llwp :1
's"~ ~ ~ ~~~~~~~~~~~I II' '. 0x' ;I Iii' I I I ,,^ 1,,\ . -I Ilb I II Xl I I , %\ T t I't IX I l I 1 Xa c II 1' ; 1 I Ia

Il,~ ~ ~ ~ ~~~~~~~~~~i IIt I\ul I .1l' P§'.1l I* r&l\ I I It-11t1 tE*l I I5 I** I .t4l~ I 1t I' It1te I,- I1 

2*d:|z1|1*~~~~~~~~~~~~~ 1XI '.Iltt t11.4',1 t1z 'I1 'r tlz Itllst I * Il|lt~ Il ,.ls

iils !e t~~~~~is t"~ ti- l' li8 t11!t.i I} Ilo It %.It1:- v .II -I* ;Il+.0 1*i~il~ , I, t I >! I I

7 IN I( 1.l Ittll V IMC 



72EW. W. C:II:MN'l'S

Additional permissible motion g arrangements were introduced in M IL-S-901 C (27).
There is no provision in the MWSM to change the direction of the blow, and it is usually
impracticable to change the orientation of the test equivalent. It is now permissil)le to
use a pair of slanted spMacer rails which tilt the sul)l)ort channels anid test equipment at an
angle of 30' allowing the shock input to he directed along two equipment axes. Although
no acknowledgment of the fact is made in the specifications, this tilt places a sidewise
loading on t.he su pp ort chanilnIls whiCh IWhey are unprepared to handle, an(l in some cir-

ulliustaIt'i'm It iily We-ll IIe 1lidvi1ulil(' 1t\o uIh' lHtUll0Iil hlts, Yet t another noting uranium*
ment which may he used is a 0I c ornate bulk head ( ig. 55), Which directs motion along

all three axes and which is convenient for equipments which require bulkhead support.
This consists of a fairly stiff framework arranged on a stiffer floor, all being constructed
of 4-inch heavy [,beam and channlis and clamped to a set of spacer rails roughly similar
to those used with the support, channels. Its motion waveform is much like that of the
anvil table embellished with liberal quantities of high and middle frequencies.

1S' k'I

.'I' '''a id e

.1-,~ / V 

F Fig SS - An ittl f (f billiards compliment flaunted on the
NI WS V. which tihc :( e. ormr bulkhead

P11111111&-.- - _ -. : -- S 2-~~~~~~~~
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Operating Procedure

'rhe operating variables of 1i1 MNVSM are tli( energy inpu)Ut to tile equtipiinient/clianlel/
ansil system and liwe free travel of tihe anvil tlble. TIhle energy inIuLt is SpheCified ill t(rills
of vertical height of hammer drop and is usually read off anl indicator of tihe rotation of
the hammer axis from tile position 180" away from its impact position. No allowance is
to be made for the I .5-inch difference resulting from- tlhe anvil tahle travel setting. The
Notification lisr, reIquined slimmer lights agaillist the, total weight onl the(, anvil table,

including all moun tiig arrangement and fixtures ;i well ats the test eqtlipment itself. 'I'llh
shock test consists of six lows encompassing ng two drop heights anid two anvil table travels.
As specified, two blows of tie lower height are delivered with inch travel (G(roup1 I Wlows).
then two blows of the greater light( (r up 11 I lows), also with 3: .ichl travel, and finally
two blows of the greater height withi I .5-inch travel (Group Ill blows). Eaci group of
blows is require to include oin( in all iticli ned moun thing. As with lht lte WSM, mounting
nlLts and bolts are to be tightened after each how.

Mathematical Models

In contrast to the IWSM, t bte simple nature of the' NIYSM hIIs miade it highly desirable
to theoreticians. rTe characteristic variables are reasonably well defined; it is an essentially
elastic machine, and its largely coaxial motions combine with controllable amounts of
complexity to render it attractive to mlat politicians. 'I'le h1v 1 lie ln quite leastways with
tile MWSM since its inception.

The MVSM with a dead-weight load may bet! regarded its a mass-slring-mass systemic.
Next the limit on anvil tab Ie travel cani 133 included, and also sonim lail ring, lethal s
(Fig. 56). The (letails of tilte sliding chlaract eristic can stand considerable evaporation. The
support channels rest on topj of t1lhe sl aer rails with their ends p rojecting slightly I begin I
anl tihe hold-down clips are attached ti this p roject ing piart, Tlhis means that tile
effective free slpan of the chanilels is some '1 inches or more greater for m Otions (if the
load away from the anvil table than for motions toward it.* If the load. although a dead
weight, has some compliance and It merits some curvature ill the lLrt of the channels
between thet load Imo~Lntillg j)Oillts, a nIew'% genius of intricacies is evolved atinl tile load is
still only a dead weight. When tile test load is considered a structure. so that ilts react ions

on the machine must lbe considered witIi more elabKorattion, it is evident that nickels Of
the MWSM may be c implicated to an) dl'siredI degree and someit-tils are 

Although there is a limit to tile at 111lt tf dtall *hi lIih Canl lit justified in so.t-h a

model, it is possible to derive ConsiderabI le i islet into thl(i action of th MlVWSM fro i vven
a simple onle . For most ei igin ceiling I iur oses an adequate model is one which describe ex
the MVSM as a mass (anvil table l and a spring (supIpo rting channels) attract to the tstt

*Theoretically. tlis ttt t'idtiitl ca um- di33erci,- :lt! t-It' salaries ,.I Go)- or twlrt' i III ixw latte
load frequently's ror trailed aiad dhiwiaw.ard Iiat ll 1. l p3r3a33'ltli., 5,11"M' Stitil 33lete cati33Ce GII I.3

3 5

but it is ri-atul. 01n jixsiilile radical IS tha l iii' sP.li-cr radii I-avv mmii lateral compliance. %hich wall
be exercised by downaV,33Wr(i liability d wil 1iii' iiid. whiling chatin-Iai dali ftrce vtrr 1")it, hilt not 33a3-1

by upward otitis, wher' tt vivi Ioamc at'. ta criteria Ii ii r't:itiiII iif ili'- '1 0 i Ci|:333li. .i.t- it iti il

splicer rail langleyse 333 willing hte ii,.ar. liis additional c'imipiflli' for 331iiwlioi ill ahl,' stiff charitable

director wil liiip t'ii evenl this ilit Anollwlir ii.ksaihi' cmiti3r1!t3tiii Ia eISt5 islandica. ill tl tIt~ 31,t33 5e1Whic

would tend to mnake ile cartilage 31 cold (.iiiaaiataeiit-m .fi, 3V,*
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K L JC Fig. 56 -- A simple model of a test load mounted un
tilt Mt WSM. For many purposes an teven simpler

*F .&2~1 j_ _ . _ .... f Ii isdeigInorinu dampening antd travel liniltittioil can

equipment (with appropriate distribution of t1e channel masss, the input energy living
supplied as an initial velocity of Some value to t(le mass representing the anvil table.

Calibration of Shock Outputs (28)

Calibration of tile NMWVSNI is a more straightforward procedure than with tile IlSM
since there are fewer machine variables. Tlhe controlled variables are load weight andt
orientation, hammer drop height, and anwil-table travel. Since the h1WSNM is essentially
elastic and the load mounting arrangement is not changed throughout the test, the un-
controlled variables are less effective. The test loads are of larger dimensions, but the
NIWSNlM is unencumbered red by surrounding structure (unlike tulle LN'SMN) and it is not inllon-
venient to 03k-rate with larg. test hostages.

Test Arrangement

The test loud wits of the' <loadLI-w-Ighit typ~e Un1d consisted of a number of weights which
could be bolted to either of two base pitevs. A welded steel frame with mounting point
dimensions of 16 X 24 inches wvas used for loads below 2000 11) (Fig. 57) and ar. 1870-11
stel casting With) mounting lloint di pension. of 2.1 X 32 incites for loads above 2000 Ill

(Fig. 58). Both ibase pieces were separated fromt tile supporting channels- by cylindrical
spacers at each corner. tightly which tht niouMItilIg bits Ipassed. lo0a1d weights of 1115.
2051. 3386. and -1-123 11) wt-re tested, each will its long axis directed both across alld
along tIhe sul 1p)rt channels. ('hiane I; arr- angering ts for each load weight and orientation
were those required by lieN shoc k te|t l specific ion. Tei all-up weight onl tilt atrial table

ranged from 1783 to 5616 lb.)

I lamti r drop heigh le crt alIs ta k( ii froin thle- lil es of tile test specification, which
at tlat time prescribe-d different hills for (lass A and (Ulwis It equipments of the same

weight and mounting tliininsnn ln Illa ition to these blows, bIlows from drop Leights

of 5(O'. of those specified foir (Class 1 andI 15d1' of those sliecified for ('lass \A were d-iixvered
(wilvl feasible) . Anvil tumble Itr.ivels wvre 's spXecified by Ml L-S-901.

*Thv arbiter NJis Nhoct id. ii wtt tc.citi-liis could bilitpbuuid equipmliletits in Class A and Class 11, much
like thle preset (;rI e A ,,itil (Grddid It. RAitlni thl; pacifist different functional responses to thle
sime tedt, as at piet nl, lthe Inpdcticc th en Was u) squire tlie samve functional response to different tests.
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Fig. 57 - The 1115-lb calibration test load mounted on the MIWSMI
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Measurement Instrumentation

The instrument package attached to the anvil table consisted of a reed gage, a quartz
accelerometer, and a seismic-coil velocity meter having a natural frequency of 2.5 Liz and
a displacement capacity of 3 inches, The calibration load carried a reed gage, a quartz
accelerometer, and a seismic-magnet velocity meter having a natural frequency of 5 liz
and a displacement capacity of S inches. In addition, a strain gage was attached to the
hammer to provide an indication of the dynamic forces involved in the impact, and a set
of strain gages was attached to one of the load-mounting spacer cylinders and wired to
measure the force exerted by the load on the supporting channels.

The reed gages are self recording; the electrical outputs of the velocity meters, acceler-
ometers, and the spacer stain gages were recorded by 35-mm streak photography of a
five-channel cro display. The velocity meter and strain gage signals were recorded without
filtration, while the accelerometer outputs were low-pass-filtered at 300 or 1000 Hz before
display. The strain gage on the hammer was not monitored regularly since the impact is
elastic and consequently the dynamic forces are constant for a given drop height.

Output Shock Motion Waveforms (18,28)

Description

The MWSM in the calibration arrangement constitutes a mass-spring-mass system which
is excited by imparting a sudden velocity to the mass representing the anvil table. This
applies until the limit stops of the anvil-table travel are reached. The new set of transients
introduced by his event may nullify or augment the motion already proceeding, depending
on the stage of the motion at which it occurs. If the load mass has its maximum velocity
away from the an-AIl table at the time, the load velocity change many be greater than that
caused by the original hammer impact, theoretically as much as 2.5 times greater. In
practice ratios so large are never encountered.

Anvil-Table Velocity

The hammer impact produces a lialf-sine pulse of acceleration having a duration of
1 mis; this not only imparts a velocity change to the anvil table but also excites elastic
vibrations in it as well (Fig. 59). The frequency of these vibrations is about 750 Hz
(longitudinal mode), and since the duration of the impact is larger than half the natural
period, they build up so that the second peak is always larger Lhun the first. The first
peak, or "initial velocity," closely approximately the center line of the subsequent oscilla-
tions and is very nearly a linear function of the hamme: impact velocity with a slope
averaging from 0.45 to 0.58 (Fig. 60). The initial velocity is essentially independent of
ioad when the load is channel mounted. although this would not be the ase if the load
were attached directly to the anv~' table. The most probable value for the hammer-to-
anvil table transfer coefficient m.Ay be taken as 0.54 fo- channel-mounted loads. The
initial velocity varies from 3.4 ft/s for a drop height of 0.75 ft to 10.3 ft/s for the maxi-
mum drop of 5.5 ft (Figs. 61a through 61h).

In addition to the body vibration, the anvil table has gross body motions. These
are the velocity step imported by the hammer's impact, the linear rundown from gravity's
deceleration. and the oscillation at the natural freQuency of the test load-channel/anvil-table



E. W. CLEMENTS

| RCproduced fromI besl available copy.

table (00

SR4

3; (od'000)

Blood

200 g200 gi
80K lb,
80K lb ~

6/s~
6'seCc r

2.75 F T HAMME R DROP -1 5 IN, TABLE TRAVEL

Fig. 59 - Typic7l waveforms from a blow with a 44231lb load. The accelerometer records are low
pass-filtered with a 1000IHz cutoff frequency. The record marked SR4 shows the force transmitted
by one of the load's four support legs. Timing in indicated by blanking each record at a rate of
1000 liz. The offset between the second and fourth traces rnd the other three is due to geometrical
offset in the recording apparatus. The onset of shock is actually almost simultaneous in all channels.
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Fig. 6U - Initial anO Ie velocity for ali blowi

(mass-spring-mass) system. The magnitude of the last motion depends en the mass ratio
of test load to anvil table and is of great importance in regard to the secondary shock
arising from dth anvil table striking its lhmit shops. IL shall be referred to iere as the
"fundamental" oscillation of the mass-springv-mass system.

The' average -seloei:) is difficult to determine cause th e anvil table may attain a tilt
of about Ji.5° and velocity meters are imperfect instruments. 17e first means that the
critter of 'hie anzil taW3e myv be as much as 0.75 inch below the level at which the hold-
down texts first strike thei- Iim:t stops, which invalidates the simple procedure of dividing
the n.nmitlaI travel b)y tne timt interval between the impacts of the hammer and of the

A
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(a) Load weight - 1115 lb, bolt spacing - 16 in.,
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(b) Load weight - 1116 lb, bolt spacing - 24 In..
and no. of channels - 3

Fig. 61 -- Initial anvil-table and peak load velocities
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Fig. 61 (Continued) - Initial anvil-table and peak load velocities
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Fig. 61 (Continued) - Initial anvil-table and peak load velocities
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limit stops. The second introduces discontinuities from bottoming of the velocity meter's
seismic element and also a sinusoidal baseline duc to its own natural frequency, which
complicates the procedure of graphically averaging the velocity-time record over some
integral number of oscillation cycles and allowing for the deceleration of gravity. The
most reliable procedure is the most laborious and consists of integrating the velocity-time
record up to the time at which its sign changes due to the anvil table reaching the limit
stops and dividing this displacement by the time interval.

When the anvil table strikes the limit stops, it rebounds downward with a velocity
depending on the coefficient of restitution and the striking velocity. Although bottoming
discontinuities and motion of the velocity meter's seismic element prevent the measure-
ment of absolute velocity in this epoch, differences may be measured reliably and so the
velocity change due to the reversal is accurately displayed. Although there is considerable
scatter in the values of this quantity, it is greatest when the striking velocity of the anvil
table is greatest as would be expected. A plot of the magnitude of the reversal velocity
step against the phase of the anvil-table fundamental oscillation shows maxima at integral
cycles of the motion (Fig. 62). When the reversal occurs at the first peak, the reversal
velocity change is about 1.3 times the initial velocity, and when at the second, about 1.15
times. It is lower than the initial velocity for the subsequent peaks. On the basis of
velocity change, the reversal shock may consequently be more severe than hammer impact.
The slope of the velocity change is less steep, however, so the accelerations involved are
less than those due to hammer impact. The presence of this attribute led to the specifica-
tion of two anvil-table travels as standard test procedure. If the secondary shock is relatively
severe for one travel, it will most likely be proportionately less severe for the other.
Frequency variations between identical types of equipment of slightly different weight
are compensated in this way, so that neither is discriminated against because its weight,
mounting arrangement, and rise time combine to produce a severe secondary shock blow.

.. j

o *. , , -, ,, -*- ,- .- ., -0 -.

0 -

0 IV1 SW 4, 5. B. 1. Lv L b0y 1v it.
Pa4AS ANGLE Of ANVL-TAL( VELOcOTY AT REtVEtSA

Fig. 62 - Variation of anvil-table reversal velocity with
phase angle of fundamental oscillation

A third shock input is derived from the impact which occurs when the anvil table
falls back oa ..- its foundation. It is much less severe than the other two and is usually
ignored, alti. gn not always. It is even less severe when the intent is on the air jacks
(the 1.5-inch uLkvel conditions ) rather thaill the machine foundation.
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Anvil-Table Acceleration

Anvil-table acceleration shows active regions corresponding to the times of shock input
to the motion (Fig. 59). At the hammer impact, the half-sine input pulse excites the 750-Hz
longitudinal mode of the anvil-table structure. This appears at the accelerometer location
as a damped vibration persisting for about 5 cycles. Peak accelerations associated with the
hammer impact vary from 220 g (0.75-ft drop) to 580 g (5.5-ft drop) and, like the anvil-
table initial velocity, are essentially linear with hammer impact velocity, again indicating
that the MWSM is elastic (Figs. 63 and 64). The contribution of the fundamental oscilla-
tion to the acceleration is small since it is a low-frequency action, and gravity merely pro-
vides a constant level of 1 g.

I I I I I II I I I_ F ! -~~~~~iI I I ! It

NE04T OF HAMMER DR OP OO d d d _ 3 _ _ _ Q 4 " X 0 e : 

0 2 4 6 a 10 12 14 1

HAMMER-IMPACT VELOCITY (FT/SEC)
Is Is 20

Fig. 63 - Peak anvil-table acceleration - all blows

The relative unimportance of the fundamental oscillation to the acceleration implies
that the reversal acceleration will be somewhat insensitive to the phase of the fundamental
at reversal. This is indeed the case. The reversal acceleration depends on the magnitude
of the reversal velocity change and the time required for its occurrence (2 to 4 ms). Since
the reversal velocity change depends on the phase of the fundamental at reversal, there is
a remanent second-order deplendence of the reversal acceleration also. Because the time
required for reversal is so much larger than the hammer impact time, reversal accelerations
are lower than the initial peaks, and anvil-table body vibrations are not excited. The
reversal acceleration thus has the form of a fairly simple negative pulse. There is an addi-
tional positive pulse when the anvil table coimes to rest, which is much longer and lower
than the others.
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The presence of high-frequency phenomena in the anvil-table acceleration waveforms
requires the use of high-cutoff-frequch.:y filters. A cutoff of 1000 Hz was found to be
adequate. A cutoff of 300 Hz was also used, but while some useful information can be
obtained, the frequencies involved in the motion at the time of hammer impact are so
high that the waveform was seriously distorted.

Load Velocity

The low-pass filter formed by the support channels protects the load from the sudden
changes in velocity seen at the anvil table. The most striking feature of the load velocity
is the fundamental oscillation, with, of course, an underlying velocity step as a dc bias.
The load velocity is basically of the (1- cos) form (Fig. 59). If the anvil table does not
strike the top stops, the fundamental oscillation will die down in about 10 to 12 cycles.
With this degree o! damping the maximum load velocity always occurs in the first half-
cycle. If the anvil table does strike the limit stops, a now set of transients Is generated
which may al t to increase or decrease the motions of the load, according to their phase.

The peak load velocity is always greater than the initial anvil-table velocity by a
percentage depending on the mass ratio, and like initial velocity it is a near linear function
of hammer impact velocity (Fig. 61). The slope of the relation depends on the mass
ratio, varying from 0.6 for the heaviest load to 1.08 for the lightest, but it is not affected
by the mounting dimension. As with the LWSM, the peak load velocity for a given hammer
drop height decreases as the load increases, rapidly at first and then more slowly (Fig. 65).

LO&D [*4 tote

FIU. 6' -- ak load velocity ro several hammer
drop heights

As with the anvil-table velocity, the effect of reversal on the load velocity depends
on the phase at which it occurs. The anvil-table reversal velocity step reaches maximum
values when the p'hse of the fundamental oscillAtion is at whole veles. Since the motion
of the road is opposite to that of the anvil table, the loud reversal velocity step has maxima
when the fundamental its at odd half-cycles (Fig. 66). If the reversal occurs at the first
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Fig. 66 - Variation of load reveal velocity with phase
angle of fundamental oscillation

load velocity peak. the velocity chap may be more than twice as great as that due to
the hammer impact, although it ne reaches the ratio of 2.5 which is theoretically
possible.

Load Acceleration

The low-pass filter action mentioned with regard to the load velocity is even more
apparent In the load acceleration. High frequency components are small, and either 300.
or 1000-Hz filtration is satisfactory (Fig. 59). As load and hammer drop height increase,
the basically nonlinear nature of the supporting channels becomes noticeable. While the
load acceleration waveform is nearly sinusoidal for low loads and drops, for high ones the
positive hilf-cycles become shorter and higher than the negative.

Like the lo:d velocity, load acceleration reaches its peak value due to the hammer
impact during the first half-cycle of the fundamental oscillation. Also like the load
velocity, this peak value is a linear function of the hammer impact velocity with a slope
dependent on the mass ratio. It also depends to an extent on the mounting point dimension,
a dependence which is not noticable in the load velocity (Fig. 64). Peak accelerations
range from 60 g (lightest load) and 96 g (heaviest load) for the lower drop heights of the
test specification to 78 g (lightest load) and 144 g (heaviest load) for the higher. For a
given mounting ooint dimension, the specified number of channels aid drop heights will
produce the same peak load accelerations regardless of load weight. The peak load acceler-
ation increases a. the mounting point dimension is increased. h-wever (Fig. 67).

In contrast to the anvil-table acceleration . the load atSiiaston is dominated by the
fundamental oscillation. As would be anticipated, the arterial load acceleration is strongly
Th6 Jominance is not due to the fundamental addition notion being vastly rates at the load than
at the anvil table but to the absence of the very high admiration excited in the anvil table by Its
impects with the hammer and the limit stops. The relative Tagnitude. of the fundamental motions of
lad and anvil table are very nearly what would be expected for a mnm-spring-m system of appropriate
tnas ratio.
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Fig. 67 -- Load acceleration range for
class A tests

affected by the phase of the fundamental oscillation at the time of reversal and may reach
1.2 times the peak acceleration due to hammer impact if the reversal occurs at the first
half-cycle of the fundamental. Additional peaks occur at odd half-cycles, but after the
first the reversal, acceleration is no greater than the initial peak, if as large.

Load Frequency

The waveform of thi- load motion is nearly sinusoidal for light loads and low drops,
becoming more distorted as load and drop height increase. The distortion takes the form
of negative half-cycles becoming longer and of lower amplitude as the hinge-pivot end
constraint of the supporting channel for upward flexure is exploited more thoroughly
and has the effect of lowering the net frequency. A more substantial variation of load
frequency is caused by the mounting point dimension, especially for light loads. By far
the greatest variation is found between loads of common dimension but of weights which
fall on opposite sides of a demarcation line in the mounting specification table. The
addition or subtraction of one or two supporting channels can result in substantial fre-
quency changes. The lowest load frequency measured during the calibration procedure
was 55.4 Hz, and the highest was 71.4 Hz. The average, and the value about which most
of the measured values clustered, was 65 Hz (Table 2).

Reproducibility

As would be expected for an elastic machine, the MWSM does not show the systematic
change in shock characteristics with use that the LWSM does. Its variations are all in the
form of scatter. The predictability of waveform parameters is good and is better for those
of the load motions than for those of the anvil table, and even better for velocities than
for accelerations. The greatest variability is related to highei-frequency components and
is probably due in part to the inevitable changes in mechanical details due to removal and
reinstallation of loeds and channels.
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Table 2
Average Frequency of Fundamental

Oscillation (MWSM)

LoAd Wt | Dimension a Number of Average Frequency
(lb) | (in.) Channels (Hz)

1115 1 16 4 1 65.6
1115 24 3 71.4
2051 16 6 55.4
2051 24 5 57.5
3386 24 8 65.5
3386 32 5 68.1
4423 24 10 70.6
4423 32 7 67.7

Average 65.2

The least consistent parameters are the multipliers comparing the reversal parameters
to those produced by the hamner impact. Even these adequately demonstrate the cyclic
nature of the influence of fundamental oscillation phase.

Correlation with Model Predictio4

The major features of the measured waveforms can be interpreted rather well in :rms
of a mass-spring-mass system with an impulsive input followed at some later Lime by a
second oppositely directed impulsive input. Prediction of the effect of the latter input is
improved by considering some damping and the effects of gravity to better estimate the
appropriate initial conditions. The agreement is better for the load than for the anvil
table, which when, struck by the hammer reveals that it is not in fact a perfectly rigid
mass. The most serious deviations in the measured load motions, at least with the compact
dead-weight loads used here, are due to the nature of the velocity meter. This will not
be the case for a more complex load Oructure, which would presumably have a higher
center of gravity, making the rotational motion of the anvil table more substantial, and
also have a multimodal response, matAhg the rotation of more consequence.

In keeping with the order of thefunction, the velocity agreements are better than
those of acceleration. Discrepancies of peak load velocities are less than 20%, and for
the heavier loads 10% or less. The discrepancies for peak accelerations, on the other hand,
are over 25% and as much as 57%. Interestingly, they are largest with the heavier loads,
indicating the influence of the nonlinear spring characteristic of the supporting channels
and the sensitivity of acceleration to the high-frequency structure of the waveform
(Table 3).

On the measured frequencies and masses, the effective stiffness of the supporting
channels may be calculated at 1 or 2 X 106 lb/ft/channel. The value of the damping
coefficient may be estimated from the relative amplitudes of successive motional maxima
and appears to be equivalent to about 4 or 5% of critical for normal load mounting
methods. In general, it becomes larger as the amplitude decreases, indicating that it is
largely of the frictional, or Coulomb. ;,Ype.
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Table 3
Comparison of Measured and Predicted
Peak Load Velocities and Accelerations

Ratio of Peak Load Velocity
to Initial Vviocity

Exper. Theor. 5Z Error

Ratio of Peak Load Acceleration
to Initial Velocity

Exper. Theor. % Error

1.91 1.60 16.2 14.4 10.2 29.2
2.00 1.61 19.5 15.0 11.2 25.3
1.67 1.37 17.6 11.5 7.4 35.7
1.74 1.38 20.3 13.9 7.7 44.6
1.30 1.17 10.0 12.0 7.5 37.4
1.30 1.17 10.0 15.7 7.8 50.3
1.17 1.05 10.3 10.4 7.2 30.8
1.11 1.05 5.4 14.3 7.0 57.0

Output Shock Spectra (18,29)

The reed gage attached to the Calibration loads had reeds with natural frequencies of
40, 73, 91, 103, 122, 157, 203, 221, 353, and 418 Hz. The reed gage on the anvil table
had reeds with natural frequencies of gO, 40, 103, 203, 353, 418, 554, and 920 Hz,
unfortunately lacking any in the vicinity of the fundamental oscillation frequency.

Anvil-Table Shock Spectra

Since the reed gage attached to the anvil table lacked a reed near the fundamental
oscillation frequency, its impression of the anvil-table motion was primarily the velocity
step component. Therefo: e, the measured spectra are of simple velocity shock (Fig. 68).
Since it also lacked a reed at. 750 Hz, the ringing frequency of the anvil table is not
indicated either. This is an excellent illustration of the failings of reed gages.

U.'

~0-000
lIf

Fig. 68 - Shock spectrum of anvil table for 3-ft drop, 3-in.
travel blow with a 1115-lb load

I
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Load Shock Spectra

The load shock spectra are in more comforting circumstance. The 73-Hz reed, although
removed from the fundamental frequencies to a greater or lesser degree, is close enough
to indicate that this is the dominating feature of the load motions. The shock spectra
demonstrate the limit to constant acceleration above this frequency and try to show the
velocity shock region to the best of the reed gage's ability. As the shock machine control
parameters are varied, the peak at 73 Hz rises and falls but largely continues to be the
salient feature of the shock spectrum. This variation could be due to the fundamental
oscillation frequency being shifted around in the selectivity band of the 73-Hz reed as
much as to actual variation in its strength.

Effects of Hammer Drop Height

Increase in the height of hammer drop has the effect of raising the level of the shock
spectrum without changing its shape. The level of the spectra for blows representing the
higher drops of the standard shock test specification is about 150% that of the lower
drops, roughly in the same ratio as peak load velocities and accelerations (Fig. 69).

- ~~~~~~-GRtOUPI F

too 

O0 t00 1000
FREOUENCY (Hl)

Fig. 69 - Effect of hammer drop height Shock spectra
of Group I (1.5 ft) and Group 11 (2.5 ft) blows for a
2051-lb load, mounting dimension 16 in

Effects of Load Weight

Interestingly enough, increasing the load weight seems to increase the shot spectrum
level, almost entirely at the high-frequency end, which is presumably due to the waveform
distortion noted previously for high drop and heavy loads (Fig. 70). This might be some-
what alarming in view of the intention of the MWSM to provide less severe shock to
heavier equipments. However, the frequencies which are most affected are from 353 Hz
and beyond, while those below 200 Hz may decrease, and the 73-liz level definitely
decreases, as it should. The region between 200 and 353 Hz remains a mystery since no
reed was located there. In any event, the frequency range below 200 Hz is certainly the
only area of consequence for shipboard equipments, and it is reasonably safe to say that
for practical purposes the shock severity does decrease with increasing load.
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Effects of Mounting Dimension

Increasing the distance between mounting points also has the effect of selectively
raising the shock spectrum levels at high frequencies (Fig. 70). This is in accord with the
increased stiffness of the mounting arrangement indicated by the increase in fundamental
oscillation frequency. The effect is probably not significant for practical test equipments.

Effects of Anvil-Table Travel

The anvil-table travel has no consistent effect. With the heavier loads, there is some
tendency for the high-frequency (>200 Hz) end of the spectrum to be a trifle greater for
l.5-inch travel blows than for 3.0 inch. This tendency is reversed in the more important
region of the fundamental oscillation frequency (Fig. 70). Such variations are much
smaller than those due to the other machine variables. It is interesting that a parameter
which can affect the load motion's waveform so strongly has so little influence on its
shock spectrum. It is also noticeable that when the change in load velocity due to reversal
is large, the time in which it takes place is relatively short, which would tend to stimulate
the higher-frequency reeds more than the lower.

Reproducibility

The specification shock test calls for three groups of two identical blows. Comparison
of the load shock spectra for these pairs of blows, plus two additional groups of three
identical blows, shows the reproducibility to be generally good (Fig. 71). The variations
above 200 Hz are commensurable with the uncertainties in reading the reed gage records.
Variations below 200 Hz may be attributed to random variations in machine performance
probably deriving from such sources as slight differences in bolt tightness.

Correlation with Model Predictions

The model used to calculate load shock spectra was the undamped mass-spring-mass
system with rigid stops, and allowing for gravity. Spectra were computed for mass ratios
of 0.45 and 0.9, corresponding approximately to the loads of 2051 lb and 4423 lb. and
were computed for the epochs before and after the reversal event. The agreement between
these curves and the measured spectral points is reasonably good for frequencies below
about 2.5 times the fundamental oscillation frequency. Above this value, it remains
fairly good for the lighter load, but the measured points are much higher than the theoretical
curve for the heavier load (Fig. 72). This indicates the inadequacy of the simple model
to express the actual mass distribution when the load mass is close to that of the anvil
table, es was also exemplified by the departure of the load-velocity waveform from the
simple shape predicted by the model.

Nonstandard Operation

Like the LWSM, the MWSM has also been used to generate special waveforms. These
waveforms and the methods used to produce them do not form part of the standard shock
test or its specification.
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Fig. 70 - Shock spectra for Group II and Group !I blows
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FREOUENCY (Ns)

Fig. 71-Shock spectra for repeated Group I1(1.6 ft) blows
with a 2051-lb load, mounting dimension 24 in.

Simple Pulse Shock (30)

The MWSM may easily be used to provide the commonly required initial ramp saw-
tooth and half-sine pulse shock waveforms. The test equipment is attached directly to
the anvil table, with no flexible fixtures intervening unless they are considered part of
the test equipment. All impacting surfaces of the MWSM (anvil-table impact pad, anvil-
table travel top limit stops and bottom stops) are padded with appropriate shock moderat-
ing material. For sawtooth pulses the material, shown in Fig. 73, is plastic (lead or solder),
and for the half-sine pulses it is elastic (polyurethane).

The plastic element attached to the anvil-table impact pad is a cone whose weight
is appropriate to the desired pulse duration. When the hammer impacts, the anvil table
accelerates for 6 to 8 ms, until the velocities of the anvil table and hammer are matched.
The acceleration then drops to -1 g in 1 or 2 ms. This represents an elastic contribution
mostly from the machine, setting a lower lim-it to the possible buildup time and imparting
a slight velocity difference between hammer and anvil table. The anvil table rises until
it strikes the elements at the top limit stops, which are also padded plastically, and
decelerates over a period of some 25 to 30 rns. During this epoch, the hammer may
catch up with the anvil table and impact again. It then swings back and the anvil table
drops onto the bottom stops. The material for the bottom stop elements mnay be plastic
or elastic since these elements do not play a signficant role in the shock production.
Elastic elements are more convenient since they need not be replaced. Peak accelerations
from the primary hammer impact of up to 60 g (Figs. 74 and 75) mnay be produced.
The peak accelerations from the secondary hammer impact (if any) may run from 10 to
20 g (Fig. 74).

The elastic elements, shown in Fig. 76, used for half-6ine pulses are formed from
polyurethane with a Shore A durometer reading of 66. The loading on the anvil-table
impact pad element is so great that it is quite nonlinear, and the resulting anvil-table
acceleration waveform departs seriously from half-sine if drops above a few inches are
used. However, drops of up to 3 inches can produce reasonable half-sine pulses of up to
about 7 g, with durations of 20 to 30 ms; (Fig. 779).
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Fig. 73 - Plastic (solder) elements for generating sawtooth pulses with the MWSM. Shown
(lower) befote deformation and (upper) after, these elements reattached to (a) the anvil, (b)
the bottom stops, and (c) the top stops.
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Fig. 74 - Anvil-table notion for a 4-ft hammer drop with a
21-oz plastic (solder) element

Plate Mounting

Some types of equipment, such as reactor components, are required or permitted to
be shock-tested by procedures different from those of MIL-S-901. Typically, these shock
tests are required to provide a mounting system such that a specified fixed-base natural
frequency shall result and that hammer drop heights and table travels shall be as given
by the schedule of MIL-S-901 for tile all-up weight on the anvil table. Another type of
specification might require that a mounting system and machine operation procedure shall
be such that a specified fundamental oscillation frequency and peak load velocity shall be
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5 10 I;
HAMMER IMPACT VELOCITY IFT/SECI

la)

Fig. 75 - Sawtooth pulse amplitude as a function of
hammer impact velocity

20

( C)

Fig. 76 - Elastic elements (polyurethane) used between the impact
surfaces: (a) anvil, (b) top stops, and (c) bottom stops. All are
I in. thick, (a) and (c) have 4-in. diameters, and (b) has a 6.2-in.
O.D. and a 2.3-in. I.D.

produced. Still another may require that a specified shock spectrum envelope shall be
produced at the load mounting points. This last procedure was once fairly common, then
fell into abeyance as the complexities of interpreting shock spectra properly became
appreciated. It is now reappearing. Since its renascence is largely localized in fields with
little previous acquaintance with shock and shock design, there seems little reason to hope
that the present practitioners are any more knowledgeable than the last.

The frequencies specified for tests of the two former types are generally too low to
be provided by the usual support channels. The dynamic stresses are entirely too high,
and bending may be so rapid that the fundamental oscillation persists for only a cycle
or less. A convenient way around this problem is to interpose a steel plate between the
support channels and the test equipment, which is arranged so that its long axis lies
parallel to the support channels. This system may be tuned by moving the support channels
in and out to vary the effective frt e span of the plate and by such traditional tricks as
judicious use of spacers. The plate will still yield somewhat, but the depth of plastic
penetration is vastly less than would occur in the support channels alone and has no
noticeable influence on the load motions. In time, the deformation may accumulate to
an unsightly extent, whereupon the plate can be turned over for the next test.

Deck Motion Simulation

NSRDC is investigating ways to modify the operation of the MWSM to provide the
large displacements and low frequencies characteristic of deck motions. The projected
technique would not entail the extensive modifications of the machine structure that
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Fig. 77 - Acceleration curves using polyurethane elements of the dimensions shown in Fig. 76
and with a 65 Shore A durometer hardness. Hammer drop heights were (a) 1 In., (b) 2 in., (c)
3 In., (d) 5 In., (e) 8 In., (f) I ft. (g) 2 ft. (h) 3 ft, and (i) 4 ft.

were used with the LWSM but would constitute an elastic mounting system to be placed
between the anvil table and the test equipment. The displacements involved would
accordingly be limited to much less than the 12 inches permitted by the modified LWSM.

300 Corner Bulkhead

The 30° corner bulkhead (Fig. 55) is an auxiliary mounting adapter which permits
shock motion to be induced along all three axes of a test equipment simultaneously. It
is intended as an adjunct to the standard mounting arrangement, not as a replacement
for it.

The bulkhead is a stiff and massive structure which is attached to spacer rails mounted
on the anvil tahle. It has so many response modes of its own that the response of an
equipment mounted in it is difficult to forecast, but by and large the normal modes of
the overall structure will be those of the bulkhead, little influenced by those of the test
equipment. The velocity measured at the corner of the bulkhead (the most compliant
part of its structure) has the same character as that of the anvil table with strong, well-
sustained sinusoidal components at 250 Hz and integral multiples, and a minor 150-Hz
component. The displacements associated with these components are small. A severe
input to the test equipment may be the racking occasioned by the motion of the bulkhead's
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sides, which flap considerably. However, there are equipments which have inadequacies'
that are best revealed when shock is directed along two or three axes simultaneously, and
for this reason it is desirable that some blows of the shock test should be delivered with
the equipment on a 30° mounting,

Excessive Load Weights

The original schedule of specification blows provided peak load velocities of 11.5
ft/sec. Equipments weighing up to 4800 lb still receive tests of this severity. Dead-weight
loads in excess of 4800 lb cannot be given this velocity; since the hammer is 5.5 ft long,
it cannot be dropped from a height greater than 6.5 ft. With the current standard load
limit of 6000 lb the peak attainable load velocity is 9.5 ft/sec at best, and usually lower.
In view of this decrease in test severity at the high end of the load range, it may be
desirable to modify the test procedure for items in the 5000- to 6000-lb range. For example,
tests of such items could simply be transferred to the Floating Shock Platform, or light-
weight mounting components could be fabricated from high-strength alloys. In any event,
it would be well to hold the total load on the anvil table to around 6000 lb.

THE NAVY FLOATING SHOCK PLATFORM

History (31)

In the absence of suitable shock machines for testing equipments weighing in excess
of about 4500 lb, actual shock testing of heavy shipboard items was limited to what could
be installed on board a ship undergoing a series of shock tests. The situation largely
involved calculating shock response plus occasional spot checks by actual test. Although
capable of providing the best proof test imaginable, a ship undergoing sho,-k tests is not a
convenient device for equipment development. The expense is great and the shock severity
is usually limited to a level which assures survival of the ship.

In 1959 the first Floating Shock Platform (FSP) was designed and built by the Under-
water Expl-sion Research Division (UERD) of NSRDC at the Norfolk Naval Shipyard.
It consists of an open steel barge capable of handling all-up loads to 30,000 lb (40,000 lb
with restrictions on the location of the center of gravity) which is exposed to a series of
underwater explosions. Test equipments are installed as they are on shipboard, and the
test hopefully approaches the actual service conditions while providing the conveniences
of accessibility, controlled shock environment, and economy obtained with a laboratory
test machine. Since 1959, additional FSP's have been built, most of them somewhat
larger than the original. The larger version has a total load capacity of 40,000 lb (or
60,000 lb if the center of gravity is not too high), and plans are in progress for the con-
struction of a similar device for loads up to 320,000 lb.

A somewhat similar shock test device is the Submarine Test Vehicle (SSTV), which
has recently been placed in service. This is essentially a submersible FSP, consisting of a
segment of submarine hull in which equipments are attached with their normal founda-
tions. The SSTV is then submerged and exposed to a series of underwater explosions.
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Description

The original FSP is a rectangular double-bottomed barge 22 ft long by 36 ft wide;
the double-bottom structure is heavily reinforced and 3 feet deep. Sides 3 f1 high and
1 foot through enclose the usable workspace of 20 X 14 ft. Freeboard is furs 'r increased
by the addition of 3-ft-high bulwarks atop the sides for a total height of 9 ft. . e structure
is topped with a canopy which provides protection from weather and plume spray and
can be removed to permit free access to the workspace for installation and removal of
test equipments. The larger version is similar except for its 6 ft greater length. The deck
and bottom reinforcing members are 20.4-1b IJY-80 plate, the bottom and sides are 40-lb
STS plate, and the bulwark structure is 5.1.1b mild steel plate. The waterproof cover of
the original FSP is steel-framed canvas, but this item is irrelevant to the shock characteristics
and wide design variations are permitted.

The unloaded FSP weighs about 85,000 lb, draws about 4 ft of water, and provides
an internal volume of 20 (or 26) ft long by 14 ft wide by roughly 15 ft high to the center
of the canopy (Fig. 78).

%%e 14Vk 1 1 
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Fig. 78 - The Navy Floating Shock Platform (FSP). This FSP is one
of the larger version (28 ft x 16 ft) and is located at the West Coast
Shock Facility (WCSF), hunters Poin. Naval Shipyard, San Francisco,
California.
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Mounting Arrangements

The test equipment should be mounted on a foundation structure which duplicates
that of its shipboard mounting or approaches this ideal as closely as possible. For most
equipments this may be done simply by bolting or welding their standard shipboard
mounting foundations to the FSP deck. For some it is necessary to first erect a structure
which simulates a particular region of the ship and to attach the shipboard mounting
foundation to this structure.

Operating Procedure

The normal test procedure is to tow the loaded FSP-to the test area and subject it
to a series of underwater explosions at increasing proximity, the last being close enough
to cause shock motions on the FSP which approximate those found on ships during severe
shock attack (Fig. 79). The charge weight is standardized at 60 lb, the depth of detonation
at 24 ft below the surface of the water, and the orientation such that a straight line from
the charge to the center of geometry of the FSP bisects its long axis at right angles. The
shock test control variable is "standoff," the horizontal distance from the near side of
the FSP to the charge. The shr s of the test series are detonated at standoffs of 60, 40,
30, 25, and 2VI ft, in that order. A recent modification of this procedure requires the
second (40-ft standoff) shot of the test series to be performed with the charge located
forward of the FSP and on its projected center line. It is anticipated that this requirement
for a fore-and-aft input will be retained in future editions of MIL-S-901.

After each shot the test equipment and installation are inspected, and mounting
fasteners are retightened as necessary. As with the LWSM and MWSM equipment, per-
formance is evaluated on the basis of its assigned category of importance. Water depth is
not specified but should be around 35 to 40 ft at least. The maximum radius of the gas
bubble on the first expansion is slightly less than 15 ft so that the bubble does not vent
and the first bubble pulse is radiated. During the contraction phase the bubble's velocity
toward the surface is greatly increased, and the bubble vents on the second expansion.

Calibration of Shock Outputs (32)

The shock motions of the FSP are considerably different from those of the LWSM
and MWSM in several important respects. First, the shock input is not unidirectional but
has strong vertical and athwartship, or vertical and fore-and-aft, components, which depend
on the test orientation. Second, the rigid-body displacements are not limited by travel
stops but by the characteristics of the detonation and the FSP response. These displace-
ments are sizable in vertical and athwartship or vertical and fore-and-aft translations and
in the rotations which couple them. Third, the relative strengths of vertical and athwartship
input components are not the same for all shots since they are given at constant depth
but varying standoff. Fourth, the test-item/shock-machine interactions are much more
significant. Test loads in this weight range are so large, and the FSP structure required
to support them must be so rigid, that its test load cannot be considered as simply a rigid
dead-weight load. These differences add great complications to the calibration procedure,
and the last prevents output descriptions as simple as those for the LWVSM and MWSM.
To reduce the data from the FSlI to the same basis, it is necessary to compensate for the
reactance of tulle test structure, which is unfortunately ill defined.
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Test Arrangement

Thle factors which influence ,l i shock lite h alor of the FPSI' are the test-load weight.
the charge weight, and tlhe geonietry of tilte test seItup. rirtht- test-load weights were
selected: 35.800 lb. 18,40(0 lb. and 9.000 Ih. (Charge weights were mostly the standard
60 11). but some were 90-1 charges. Some of these were placed at locations chosen to
produce tlhe same shock severity as tIhe standard 60).lh charges (to check the shock factor
scaling law) and others were placed cloe- in to provide higher shock severities thall tholse-
of the standard test specification. The test geometry was varied by changing the sttandoff
(20, 30 10l;. 60. nd 80 ft)1 ant depth (10. 15. 29. 25. a101( ;30 ft) of the charge anti als)
by moving the charge forward so that the line connecting it to the FSI"s center of geonietry
formed a i30' angle to the norm.aIl (fg. 801, Some juniors of ide tical shol.- were muade to
reveal shot -to-hot variat ioni.

Tslt 'rtrt reture-

The test load consisted ol a (Ia d agt't diesel engile anld its hilltop hoard foundat nion
together weighing 35t800 I1. Whetl all ru-movable parts hatl imvin striped tiff, 1 tle weight
was 1800 lb). *The lighted t load. 91000 Ib. consisted of two strolls otf 2-inclh steel 1l at

iolted to half of the engine foundation (Fig. 81 I. It was felt thatt since tile reactance of
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(a) The standard teat series specified by MIL-8-901 requires five 601Ib charges to
b. exploded at a depth ot 24 ft and distances of 60, 40, 30. 25, and 20 ft from
the near aide of the FSP.
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(b) new FSP calibration test serie, was more comprehensive. Thu schematic locates
the shot. in the depthstandoff plane. The load configuration. for which shot were
fired are indicated by the numbers above (604b cha gfs) or below (904b charges)
the shot indlcator. In addition to the normal incidence shots, some were made
witb 30' incidence, where the normal array georm-try wsa maintained but rotated
30' forward butt the depth sxis through the center of the FSP. These shot, ar
iraicted by the addition of an A bWlow the klod Indicator for the corresponding
normal shot. For example, the Indt ,tor at standoff 30 depth 10 reed, that 604b
dwlar wwv detonated at normal incidence with toot loid of 35,800 lb, 18,400 lb.
anid iiQO !S. and that a 604b charg was alsn detonated at 30' incidence with a
teat load of 35.M00 lb. The indstor at standoff 20 depth 20 reads that 604b
charge were detonated at normal incidence and at SC3 incident, with all three teat
klods, and that a 9c14b charge was detonated at nominal incidence with a tett load
of 9000 ib.

Ftg. 0 - Schematsc of the shot gometry for FSP test
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Fig. 81 - The test load for the FSP calibration series. This is an Inoperable submarine
diesel engine weigning 35,800 lb. After being stripped of all removable parts, its
weight was 18,400 lb. The final test load of 9000 lb was attained by removing the
engine, cutting its foundation in two, and attaching steel plates to one of the halves.

the load would have to be considered anyway, the convenience and economy of using an
object at hand would outweigh the analytical conveniences of using specially designed
load structures. It was realized that the diesel engine foundation had not been designed
for shock resistance, except for the use of static multipliers ("shock design numbers"),
which are intended to ensure that sufficient bolts are used tc prevent flight. This procedure
represents shock design at its crudest level, and foundation structures based on it may be
expected to deform plastically and move about under shock since these factors are not
considered at all. It was hoped that by starting with one of the more severe shocks and
with maximum test load, the inadequacies of the design would be revealed immediately,
and that when appropriate renovations had been made the new foundation structure would
be suitable for the purpose.

Inadequacies did indeed become apparent immediately, but after renovation new
ones continued to appear. After a time the information available on the spot indicated
no further deterioration, and no new repairs were necessary. Later analysis of the recorded
data revealed that in fact deformations were still occurring at a magnitude sufficient to
cause the characteristics of the foundation structure to be constantly changing. It was
only for the lightest load configuration that the test load structure could be considered
the same for all shots.
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Normal Plane
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Fig. 112 - Schernatic of the FPS structure and tfst load fouanda-
ilon showing the locations of input transduce. Note that loca-
tions 2. 3. 7. and 11 tic atop athwartahip stringe-rs, location 4 lies
above a longitudinal stringer. atv~ location I lies above an late.-
section. Locations 5 and 6 lie over the center of cells. The line
marked 30' Indicates the axs~i of the test array for 300 incident*
allots.

Measurement Instrumentation

The motion transducers used were seismic-magnet-type velocity meters (natural fre-
quency 5 Hz. displacement capacity 5 inches) and an assortment of accelerometers. mostly
of the strain gage type ard mostly with natural frequencies of about 2 MUz. These were'
attached in various combinations to the base of the engine foundation at selected points
or to the adjacent deck (Fig. 82). The arrangement of transducers pistachio at specific
points to measure various shoc-k motion components was varied frc'.n shot to shot. This
technhi-ie allowedd ext apolP.11- ~Nf the values measured, to give an estimate of those which
were not.. Considerable 'iJI was experienced with the poor shock resistance of the
transducers themselves. it, -ndt-d primarily for uniaxial shock, and the cxoassaxis
shock proved highl) deltete-, Ttez appropriate signal conditioning. the outputs from
the transducers were record -a magnetic tape and later analyzed for peak velocities
and accelerations. Shock spectra wert- then calculated by digital computer.

In a later series of standard specification tests, the rigid-body displacements (athwart-
ship, vertical, and the coupled rotation) were evaluated from dockside high-*spetd movies.
The test loads ranged from about 30.000 to 40.000 lb. the variation having Uitte influences
on the motion.

51I7 /_ _1
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Output Shock Motion Waveforms (33,34)

Description

The most significant part of the FSP response to the primary shock wave occurs within
about 50 ms after its ar-rival. By this time the rigid-body motion due to the surge of water
displaced by the gti l bubble is considerable, aund this remains the most important feature
until about 600 ms after the arrival of tile primary shock wave. The rigid body displace-
ments (vertical and athwartship) have the basic f(wm of a half-sine pulse of 600-ms duration.
At about the time this displacement has returned to zero, the first bubble pulse arrives but
is insignificant in shock effect compared to the primary shock wave. The motion tails off
with undershoot from the rigid-l)dy displacements, and finally the FSP rocks from the
surface waves excited by venting of the gas bullish . The important epoch of the entire
process occurs when the effects of the primary shock wave are in full force. There may,
of course, be individual cases when other epochs'Will also be important.

The timing of the sequence outlined above it that for a 20-ft standoff and will be
somewhat different for the less severe shots. The general features will remain the same.

The character of the deck motion waveform is strongly affected by the structure of
the FSP at the point of measurement, more strongly than by the test control parameters.
Vertical velocities measured above the stiffeners feature a very sharp initial rise of about
1 ms or less, followed by a gradual decay with fairly strong sinusoidal components of 21,
47, 500, 1000, and 2000 Hz (Fig. 83a). Those measured at the center of the unsupported
span show very nearly a damped (1 - cos) wave at 100 Hz carried on a basic 18 Hz and
in turn carrying a 1000-liz rider (Fig. 83b). Athwartship velocities are less distinctive.
Both locations have sharp rise times and (1 - cos)-type waveform with a dominant fre-
quency of about 200 Hz. This component is rapidly (2-3 cycles) damped to the same
footing as the other major components, 100 liz and 15 Hz. In addition, there is a
component at 1000 Hz which is small and rapidly damped in the center of the span and
strong and well sustained over the stiffeners (Figs. 8'3c and 83d).

Some estimates have been made of the natural frequencies which might be expected
from the FSP. The rigid-bcdy modes - heave, pitch, and roll - are around 1 Hz. The
free-free beam frequencies calculate to 120 Hz (fore and aft) and 310 Hz (athwartship).
No serious attempts have been made to calculate plate frequencies since the reliability of
the answers would hardly justify the difficulty of the calculation, but the lowest plate
mode may be somewhere in the range 50 to 100 z. The frequency associated with tile
unloaded deck plating between stiffeners might run from about 100 Hz to 140 Hz, depend-
ing on the loading condition of adjacent areas of the plating. The presence of a concentrated
load in an unsupported space could reduce its membrane frequency to practically any
value, however.

The effects of the test control parameters are largely to vary the amplitudes and fine
structure of the velocity waveform, while its basic character remains primarily determined
by the FSP deck structure. In this respect the FSIP leck is very much like the LVSN1
mounting-plate/anvil-plate combination. The presenLe of the engine foundation itself has
little influence except for tulle lower frequencies, as would be expected. As in the LWSNI.
the higher-frequency components are decidedly localized and in any event have little
significance to shipboard equipments.
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(a) Vertical velocity vs time measured above an athwartship stringer
(location 3, load 18,400 lb)

(b) Vertical velocity vs time above a cell (location 5,
load 18,400 lb)

TIE e,4 c

(c) Athwartship velocity above an athwartship stringer
(location 3, load 18.400 lb)

40 5O
T WE (Mw)
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(d) Athwart3hip velocity above a cell (Location
5. load 35,800 lb)

Fig. 83 - innuen, of FSP structure on velocity waveforma
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The recorded transducer outputs were restricted to the significant range by filtration
before peak accelerations and velocities were read. The cutoff frequency was set at the
value which gave agreement between peaks read from filtered acceleration recordings and
graphically determined slopes of velocity recordings. This value was 250 liz, in reasonably
good agreement with the traditional 300 Hz generally used for shipboard shock analysis.
Both velocity and acceleration records were filtered with this cutoff before the peak values
were read.

Effects of Measurement Location

The magnitudes and relative magnitudes of the peak velocities in the three component
directions are influenced not only by the test geometry but also by the structure of the
FSP at the point where the measurement is made and the structure of the test load. With
so many variables, the pattern of FSP shock motions is somewhat confused. Some simplifi-
cation can be made by averaging the values measured at the various locations to provide
a measure of the overall shock input to the test load. This was done to the measured
values of peak and spectral velocities to provide the values plotted in Figs. 84 through 86
and Figs. 91 through 93. Averaging is complicated by the variation of transducer locations
from shot to shot. Of the input locations, only locations 3, 4, 5, and 6 were monitored
consistently. Comparison of the averages found from this set alone with those found from
the complete set of input locations (available for some shots) indicates that the overall
averages lie quite consistently at 0.91 of the restricted averages. Accordingly, when a
reasonably complete set of input values were not available, the averages from 3, 4, 5, and 6
were used after multiplication by 0.91.
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Fig. 85 - Peak velocity vs standoff for a 20-ft depth
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The highest peak velocities are associated with the more flexible measurement loca-
tions because the stiffer locations have motions richer In high-frequency components and
are more affected by the filtration. Since the vertical and athwartship stiffnesses at the
stiffer locations are more nearly comparable, the shock motions are more nearly alike.
This is reflected by the relative magnitudes of the peak athwartshlp velocities with respect
to the peak vertical velocities being larger than at the softer locations. Moreover, the
spread of peak vertical velocities is somewhat greater (±20%) than that of peak athwartship
velocities (±16%) (Figs. 84 through 88). Evidently, then, the FSP is relatively stiff in the
athwartship and fore-and-aft directions, of somewhat less stiffness in the vertical direction
at the hard spots, and considerably less stiff in the vertical direction at the soft spots.

4- 

0~~~~~~~~~~~~~~

w 5 _* 

0 1 2 7 6 9 1 1 | 12
?EAK VERTICAL VELOCITY Mf/,}

Fig. 87-Peak authorship anid fore-and-aft velocities as functions of peak vertical
velocity for normal Incidence shots. Note that authorship peash cluster along the
60% line, and fore-and-aift peak cluster along the 16% line.

Effects of Measurement Orientation

Peak velocities in the vertical direction are greatest, and those in the fore-and-aft
direction are smallest, even for the angled shots. The latter are so small as to be negligible,
but special cases mnay arise where the nature of the test equipment required. that they be
considered. Peak athwartship velocities average about 60% of the vertical peaks, although
the relationship between the magnitudes is not truly linear due to the changing geometry
of the test setup (Fig. 87). The higher velocities occur with short standoffs, where the
vertical component is more pronounced. The fore-and-aft peak velocities are about 16%
of the vertical and are a more-or-less distant traction. It is interesting that the peak
accelerations in the athwartship direction are larger than those in the vertical direction
for shallow, close-in shots with the 36,800-lb load (although not for the lighter loads),
indicating the substantial' high-frequency content of the athwartship motions.
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Fig. 88 -Peak athwartship and fore-and-ft velocities as functions of peak vertical
velocity for 30° incidence shots. Here the athwartship and fore-and-aft peaks
cluster around the 50%' and 25% lines, respectively.

Effects of Load Weight

The variation of load weight in the calibration test series was only 24%f of the average
total. While load weight is thus not a dominating parameter, it does have some effect,
and this may come from two conflicting actions. The first is simple presence of additional
mass which tends to decrease the shock severity. The second is additional draft which
tends to increase shock severity for shallow shots. The latter factor is presumably responsible
for the excess of peak athwartship accelerations over peak vertical accelerations for the
heaviest load weight with appropriate shot geometry. These two actions combine to the
end that the shock is usually most severe with the 18,400-lb load, followed more often
than not by that with the 9000-lb load. The overall variation of peak velocity with load
weight runs about 107% (Figs. 84 and 86).

Effects of Charge Orientation

Placement of the charge along a line at 30° off the perpendicular to the FSP axis
has no significant effect on the vertical motions and little on the athwartship motions,
but it does about double those in the fore-and-aft direction (Fig. 88). Even so, they are
considerably smaller than those in the two other directions, being about half as great as
the athwartship motions. The peak athwartship velocities show the slight decrease to be
expected from geometry, dropping to about 52% of the vertical. The fore-and-aft peak
velocities rise to about 2517v of the vertical, while the geometry would indicate a fraction
of 30%. There is considerable scatter, however.

.- -1 - __ - , - - z_
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Effects of Charge Depth

The depth of the detonation is not a strong influence on the shock intensity, being
more noticeable for its effect on the relative magnitudes of peak velocities in the component
directions. Shots with the charge at a 10-ft depth yield somewhat lower peak velocities
than the others, but little change is observable for depths of 15 ft and greater (Figs. 84
and 86).

The peak velocities in the vertical and athwartship directions are comparable for
shallow shots (although the vertical peak is always the greater). As the depth is increased,
the peak vertical velocity increases and the peak athwartship declines until the depth is
about equal to the standoff, after which time their values remain essentially constant. The
fore-and-aft peak velocities are totally indifferent to shot depth.

Effects of Standoff

Charge standoff is the control variable of the specification shock test and by far the
most significant in its effect on the shock motions induced. The peak velocities for an
80-ft standoff are only about 30% of those for 20 ft (Figs. 84 through 86 and Table 4).
The character of the motions remains essentially unchanged, and other than the decrease
in magnitude the only effect is variation in relative magnitudes due to the change in
geometry of the test arrangement.

Table 4
Multiplication Factors Relating Shock Inputs

by Charge Standoff

Standoff [ _________________ Multiplier

(ft) Vertical |Athwartship Fore and Aft

20 1.0 1.0 1.0
30 0.7 0.8 0.8
40 0.6 0.7 0.7
60 0.4 0.5 0.5
80 0.3 0.4 0.4

Effects of Charge Weight

Charges of 90 lb rather than the specified 60 lb produce greater shock severity, but
the increase is slightly less than that predicted by the shock factor. Placement of 90-lb
charges at standoffs calculated to provide the same shock factor also resulted in slightly
lower peak velocities and accelerations than the specified 60-lb charges.

Reprclucibility

Duplicate shots result in very similar peak velocities (Figs. 84 through 86). The spread
is nil at some measurement locations, perhaps 20% at others, which is due to the mechanical
details of the test load installation and the condition of the FSP. The FSP is not an
elastic machine, as welds crack and plates bulge with use, but the normal maintenance
procedures seem adequate to preserve predictability of shock output.
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Rigid-Body Motions (35)

On a subsequent series of specification tests the FSP rigid-body motions were deter-
rnined from high-sIexed movies. Test loads ranged from 29,300 lb to 41,100 lb but made
little difference in tile motions. Since the 20-ft standoff, 24-ft depth shot is the most
severe, only the motions produced by it will be described. Because of the symmetry of
the specification test arrangement, the rigid-body motions may be adequately described
by the vertical and athwartship displacements of the center of gravity and the rotation
about the roll axis through it.

The largest displacement occurs in the vertical direction (as the athwartship displace-
ment is limited by the pressure buildup on the lee side), reaching a maximum of about
16.5 inches at 300 ms after the arrival of the shock wave (Fig. 89a). At about this same
ti le tilt' tithwurtshilp dIgplhcetllitiLt crunch lts 11i1xi mum11 of 5 Inehi's (Fig. 8Db)), nlld the
rotation its maximum of 40 mrad (Fig. 89c). These motions are well described by a
half-sine displacement pulse of 600-ms duration, implying a peak "bodily" velocity of
7.2 ft/sec. After this initial pulse has passed, there is some undershoot, amounting to
8 inches in the vertical direction (about 1.9 seconds after the arrival of the shock wave)
and 5 inches in the athwartship (a little :..flier than the vertical minimum). The ro, 'tional
undershoot is small (6 mrad) and occurs somewhat earlier than those of the displacements,
about 1.4 seconds after the shock wave arrives.

Output Shock Spectra (33,34)

Overall and residual shock spectra were calculated by digital computer for natural
frequencies every 2 Hz from 0 to 150 Hz. The velocity recordings were used as inputs
since this parameter is less influenced by the local properties of the measurement location,
and a few acceleration records were processed to provide a cross check. Shock spectral
values below about 20 Hz should be regarded with some reserve for two reasons. First,
the nature of the velocity meter itself, with its 5-Hz natural frequency, seriously distorts
the importance of motions in this region. Second, the spectra were calculated from the
first 200 milliseconds of the velocity record, making it difficult to distinguish frequency
components of a few hertz from each other or the dc bias of the magnetic tape recorder.
A slight error in the estimate of this dc bias has a substantial effect on the shape of the
shock spectrum at the low-frequency end.

Even so, it is possib. so extract some of the desired information, viz., the frequencies
for which the residual sXectrumL has minima. The velocitv level cannot be evaluated in
this region but must be extrapolated from higher frequencies and the displacement limit
set from other measurements. The ill-defined and changing characteristics of the load
structure render these spectra considerably less useful than could be desired. Possibly due
in part to tile mnultiple-suuport nature of the foundation, the expected effect of load
weight cannot he seen to any extent. and like the waveforms the shock spectra are largely
characteristic of the measurement! location. Averaging the spectral narrators measured
at the several meaw-urement locations providi-s an inkling of the behavior which may be
expected with relatively nonreactive test loads. It is hoped that more data will be accumu-
lated which will permit the influence of modil weight to bex more apparent.
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The shock spectra presented in the sections on the LWSM and MWSM were of the
motions of dead-weight loads attached to rigid machines by flexible mountings. The shock
spectra from the FSP are of motions measured at the interface of a load-foundation
structure and a machine which are reactive and have comparable compliances. The shoe"
spectra have highly individualistic shapes which are governed by the local peculiarities of
the overall load-foundation-machine structural ensemble, and their most significant content
lies in their values at the fixed-base natural frequencies of the load-foundation E-sten-.
When the test-load has been designed for a specific purpose, its modal frequencies Lad
weights are (in principle) known. Therefore, enough spectral points can be extracted to
define the design shock spectrum completely, although it may require several test load
structures to provide an adequate range of modal weights and frequencies.

Unfortunately, this procedure cannot be applied to the shock spectra which have
been obtained since the load structure is an unknown quantity. It is possible to make a
fairly good guess at the frequencies of the first mode or two, as has been done, but the
modal masses remain a mystery. The best estimate that can be made is based on the
observation that for simple structures, where only translatory motions are involved, the
modal mass of the first mode will be about 80% of the total mass.

Description

The basic character of the shock spectra is velocity shock. Interactions dominate
above about 130 Hz, although some may occur at lower frequencies. The spectra probably
become acceleration limited around 100 to 300 Hz, depending on the direction of the
motion component and the measurement location. The residual shock spectrum shows
its dips in the area of 20 Hz and multiples, indicating the natural frequencies of the test
ioad-foundation structure. In this region the overall spectrum is substantially flat, and the
shock spectrum value is taken as the average of the values of the overall spectrum at the
frequencies of the first few well-defined residual dips (Fig. 90). This procedure essentially
forces the shock spectrum of the FSP deck motion to a form similar to the MWSM anvil-
table motion - a low-frequency, displacemnent-limited region at the maximum displacement
of the motion; a high-frequency, acceleration-limited region at the highest acceleration of
the motion; and an intermediate velocity shock region where the equivalent velocity change
is taken from the average of the values at the individual measurement locations. There is,
naturally, a different shook spectrum applying to each component direction of motion.

The cutoff frequencies can be estimated by fitting the measured displacements, equivalent
velocities, and peak accelerations to this pattern. The upper cutoff frequencies (the transition
from velocity shock to acceleration limited) are 67 Hlz, vertical; 220 Hz, athwartship; and
125 Hz, fore and aft. The lower cutoff (transition from displacement limit to velocity
shock) is 1.15 Hz, from the displacements measured in the vertical and athwartship direc-
tions. This implies a peak fore-and-aft displacement of about 3 inches. Since the lower
cutoff is so low, the usual design shock spectra assumed for dynamic analysis (which extend
the velocity shock region to zero frequency) are valid for soft-mounted equipments as
well as rigid mounted.

In general the shock spectrum velocity values so derived are fairly close to the peak
velocities read from the waveforms. They tend to be somewhat higher, indicating that the
filtration performed on the velocity waveforms before the peak values were read did in
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Fig. 90 (Continued) -Reprsentative overall and residual shock spectra for
shots at 20-ft standoff, l 6-t depth

fact remove some of the pertinent frequency proponentst* In view of this, it is hardly
surprising that the shock spectrum values should exhibit the same reaction to variation in
test parameters that the peak velocities do.

Effects of Measurement Location

The shock spectrum velocities show much the same pattern as the peak velocities but
with some interesting variations of questionable importance. The first is that the scatter
of athwartship and fore-and-aft shock spectrum velocities is generally less than the scatter
of the peak velocities. The scatter of most of the locations' vertical shock spectrum
velocities is also less than that of the peak velocities, but one or two locations will be
far enough out of line with the rest to make the overall scatter comparable to that of the
peak velocities.

Effects of Measurement Orientation

The vertical shock spectrum velocities are comparable to and slightly larger than the
peak velocities. The athwartship shock spectrum velocities are considerably smaller than
the [teak velocities (about 35-50%). and the fore-and-aft shock spectrum velocities are
larger than the peak velocities (about 50%). Therefore, the shock spectrum velocities of
the athwartship and fore-and-aft motions are much more comparable than are the peak
velocities. The athwartship shock spectrum velocities average about 35%. and fore-and-aft
20%. of the corresponding vertiml shock spectrum velocities (Figs. 91 through 95). Since
the athwartship direction seems to be the stiffest, more of the velocity waveform will be
supplied by high-frequency components which will not be noticed by the load-foundation
system and will not contribute to the shock spectrum. In the fore-and-alt direction the
waveform does seem to contain a subtmAntial complaints in the area of the load-foundation
fixed-base fundamental.

*Evvn so, the turndown t far ttitr- than was shown by the reed gev Vaiu,. on thw M1ASM anvil table.
demonstrating the improvements in im-SurI-meni and analysis ambitious in the interning >-VarL
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Fig. 95- Athwartship and fore-and-aft spectral velocities as func-
tions of vertical spectral velocity for 30a incidence shos

Effects of Load Weight

Dynamic analysis of structural shock response predicts that the shock spectrun velocity
shock value should decrease smoothly as the modal mass increases. In the calibration tests,
this did not occur (Figs. 91 through 93). If the modal mass associated with the first mode
of each test load structure is taken as 80% of the total mass, the vertical shock spectrum
velocity was found to peak at a modal weight of 14.720 lb ;zld to decretse at 28,640 lb
to a value which was still higher than that for 7200 lb. The athwartship shock spectrum
velocity showed a similar action. though much less pronounced, and only the fore and aft
exhibited the predicted uniform decline (Fig. 96).

Two possible contributing factors are that the shock input to the FSP is not entirely
independent of load weight and that the load foundation deforms plastically for shots
with the heavier loads. Investigations of a s.d.o.f. system with a yielding spring indicate
that the shock spectrum value is higher than for a system of the same natural frequency
with a linear spring. A similar effect may apply to more complicated structures. Other
factors might include the imponderable action of multiple supports. The analysis of thewe
factors involves enormous difficulties, and it is doubtful that a structure such as this test
load will ever be feasible to model suatisfactorily. A test series using loads designed *pecifically
for the purpose would be more profitable.

Since no clear trend for the influence of modal mass is discernible in the S1resent data.
the spectral parameters indicated in tho design shock spectra for the most severe specifics.
tion test shot (Fig. 9TO represent the mirageae values found over the range of calibration
test loads. These spectia shouU be con.xiderx-d to apply to modes of any mass.
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Effects of Charge Orientation

Thle effect of deviating the large at 300 to the normal standoff direction is to
enhance the fore-and-ait motions somewhat while decreasing those in tile athwartship
direction. This is demonstrated by the shock spectrum velocities, which drop to 30% of
the vertical for uthwartship and rise to something over 909% for fore and aft (Fig. 95).

Effects of Charge Depth

The effects of varying th(le depth of the detonation are predominately the geometrical
changes in the aspect of the FSP. r(-re are, of course, some differences due to venting
of the gas bubble for the very shallow shots, but these are relatively minor so far as the
shock environment aboard the FSI' is concerned. Like the peak velocities, the shock
spectrum velocities increase somewhat as tih (lepth is increased to a value equal to the
standoff, then are fairly constant. The athwartship shock spectrum velocity becomes a
null fruition ofr tilh vertical lint Itil oIt. tilhe ptmo deptht, tlhei ailso reliainK fairly constant.
The fore-and-aft shock spectrum velocities (do not seem tlo (lepentl on the depth (Figs. 91
through 93).

Effects of Standoff

Charge standoff. the control prankster of the specification shock test, controls the
shock spectrum velocities in tile same way that it controls tile peak velocities. It varies
their magnitudes so that those alt 80-ft standoff are about 30% of those at 20 ft and varies
the relation of the component direction magnitudes b y the change in geometrical arrange-
nit nt (Figs. 91 through 93 and Table -1).

Effects of Charge Weight

As noted in the peak velocities. increasing lhw weight of the charge is slightly less
influential in tile hillock m-v'rity than I lil lock factor in(licates it should he dolle.
placement of 90-lb charges to product K tlil shock factors duplicating those of 60-11) charges
and Ahock factors higher than those of 60()11 charges resulted in shock spectrum velocities
about 6¶4 lower th1an selected.

Kttp1'roducibii ty

Occasional shots were i-rforne l under t4St t)n(litioMiS duplicating those of earlier
Jhots, with as nuany " 18 shots of various descriptions intervening. 'The variation in shock
vlqtruni Mloities at a particular measurement location was usually small l)ut could be
fairly lare. possibly (lue to tilte costly rebuilding of the test load-foundation structure.
Wien averaged over the mneavarlurennt locations. 11l. worst -case variation in shock spectrum
velocity for duldicAte shoti. was IC, . occurring 11 tilt-w Sp-ctra for tile vertical motions.
1he vacation for thr other consistent dirt-t-tionis %wlts lower (Figs. 91 through 93).

DYNAMIC D)ESIGN F'OR .$1 1OCK Itl-WISTANCE

Itrms wighing utl t14 40.IO)O I1 (or Iln Monie- ca'it- 60.Ol()) I) can} he tested for resistance
tUj shipboard .h(o 4u m-troinmutit) with the Naivy %hotk tt-vting devivAe appropriate for their
weights.. Thls rAnge will soon INw e4tt-nRld/ to :120.(O() Il. In tile interim, items in cxcess

�J, -, .- , , Y - -.- .,
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of 40,000 lb must rely largely on the calculated response as an indicator of shock resistance.
Several methods for calculating these responses have heen specified by the Navy at various
times and have had various degrees of success.

Shock Design Numbers

One of the earlier methods of dynamic design required the use of "Shock design
numbers." These were presented as a set of three curves (for vertical, athwartship, and
fore-and-aft shock) of static acceleration vs equipment weight. These curves seem to huave
been derived by starting at the average equivalent static acceleration found for loads on
the LWSM, passing through values found for some ship tests, and proceeding to values
considered to represent the feasible limit to construction of support structures for heavy

propulsion components (Fig. 93).

120

Boo

20

iO 100 *0Z 10000 400000

WC;6i0T lb)

Fig. 98 - Shik devgn numbers. The numbers road from
thces curWe were applied s weight multiplers at the equip.
ment cmnt-r of gravity to provide loading for a static analysis
of hold-du'n Woits and supports.

In use, the static acceleration applying to a givtn equipment weight for each direction
of shock was extracted frorn the appropriate curve and multiplied by the equipment ought
to yield an eqwvalent forev. This forc, was attributed to act at the venter of gravity of the

eqwpment. and a static analysis of the equipment mounting feet. hold-down built. antd

major structural nenibers performed. l aic shook traction was analyzed lately. ntd
coupling between directions was n;,: ordered. This ;aedwur-e could p'rvsuniablhy b
extended to include design o4 the foundatiol Itructure to which the equipment wa.l attached.

but tlUs was not inquired and was not usually done.

Since thui method renovation the ite-raa.vns of equipment and shaip nnd the des-ign
cur%" were established on ther hsafs oi' f.-w data froni outmoded vessels . te designs
resulting were not restrict. .Sone ebullient tswr undoubtedly overdesigned. aond ship
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E. W. CLEMENTS

shock tests revealed many to be underdesigned. Few, however, took leave of their mount-
ings and traveled through the ship, which was what the method was originally intended
to assure.

Dynamic Design Analysis Method (7)

Due to these inadequacies the shock design number procedure was supplanted by the
Dynamic Design Analysis Method (DDAM). DDAM requires that the equipment be modeled
and analyzed by a dynamic procedure using normal mode theory. Usually the models will
be different for the three directions of shock input, but cross coupling is included by
computing responses in all three directions to inputs in each direction. The inputs to be
used for the shock analysis are presented as a design shock spectrum and curves of spectrum
design value and of limiting acceleration vs modal weight. Since the primary application
was intended to be to rigid-mounted equipments and few field data were available regarding
ship displacements, the shock spectrum is represented as a velocity shock with an accelera-
tion limit. In use, the input for each mode of the equipment model is determined by
reading off the spectrum design value and limiting acceleration for the modal weight from
the curves, then reading off the appropriate shock input at the modal frequency from the
shock spectrum so defined (Fig. 99). Different curves and spectra are provided for each
shock direction and for various locations on the several ship types. These were derived
from measurements of ship tests by analysis of shock spectra and normal mode analysis
of the equipments on which the measurements were made.

In general, this method has been very successful, but iis users have not been uniformly
proficient. The Nav.y has had to provide close guidance in the application of DDAM, and
in some instances contractors have encountered difficulties in performing analyses which
have contributed to extending ship ead times.

g Values

In view of the time required for dynamic analysis of some equipments, the present
Navy approach to she :k design separates items into two categories. The first consists of
items whose dynamic analysis is expected (from past experience) to be straightforward
and present little difficulty. For this category the shock design requirement is the applica-
tion of the DDAM as outlined above. The second category consists of items for which
detailed DDAM guidance cannot be provided, or for which production scheduling denies
adequate time for dynamic analysis. For these items the Navy specifies a set of g values
derived from previous analyses of similar equipments and from other appropriate sources.
Like the earlier shock design numbers, the g values are to be used as center-of-gravity
weight multipliers in a static analysis, the major difference being that the multipliers are
provided for closely defined subsections of the equipment. In addition to designing to
thee static levels, the contractor is required to perform a concurrent dynamic analysis
arid identify any potentially unsatisfactory areas revealed by it. Dollar and time estimates
of the cost of design fixes are to te furnished to the Navy and may be implemented at
the option and expense of the Navy.

128



NRL REPORT 7396

MODAL WEIGHT
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Fig. 99 - Examplet of DDAM design curves. In part a
the spectrum design value V0 is read off corresponding
to the modal weight. This is the value of the velocity
shock region in part c, which shows how the spectrum
design value wX varies with frequency. Part b gives the
limiting acceleration variation with modal weight.
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E. W. CLEMENTS

SUMMARY

The Navy Shock testing devices for test items weighing up to 60,000 lb are the High-
Impact Shock Machine for Lightweight Equipment, the High-Impact Shock Machine for
Mediumweight Equipment, and the Floating Shock Platform. All provide about the same
shock intensity to test loads, as shown by shock spectra and peak velocities. The major
differences in the shock motions they generate are that the LWSM is rich in high-frequency
components, that the motion of the FSP[ is triaxial, and that they have different displace-
ment limits. The LWSM and MWSM are displacement limited at 1.5 inches and 3 inches
respectively by mechanical stops. The FSP is displacement limited at 16.5, 5.1, and 3.0
inches in the vertical, athwartship, and fore-and-aft directions respectively by exhaustion
of the driving energy. This large difference in displacement capability between the machines
is of less consequence than it might seem. The bulk of shipboard items falling in the
weight rangi' of the MWSM anald MWMf itvet mounting frequencies move the lower cutoff
frequency of these machines (7-10) liz), and the bulk of those items with mounting fre-
quencies below this value are within the FSP weight range or heavier.

The anticipated addition of the large Floating Shock Platform to this family will extend
the shock testing capability to 320,000 lb and perhaps higher in special cast s. Over this
entire range, the only gap in testing capability lies between 4800 and 6000 lb. The MWSMI
was designed for a maximum load of 45G0 lb and can generate a shock environment of the
full intensity with test loads of 4800 lb. For loads higher than this the test severity
decreases. It would be advisable to consider ways in which the total load on the MWSM
anvil table could be held to no more than 6000 lb, including transfer of shock testing to
the FSP for items in the 5000- to 6000-lb range.
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principal findings are: (1) The effect of various environments on crack growth in
fatigue are qualitatively the same as those for crack growth under sustained loading.
For example, water (liquid or vapor) increases the rate of crack growth both in
fatigue and under sustained loads, the severity being dependent on the alloy composi-
tion and fracture toughness. Dehumidified hydrogen produces considerably more
embrittlement than water vapor; however, the effect of hydrogen is nullified by the
introduction of water vapor. The mechanism for environment-enhanced crack growth
under both types of loading may then be the same. (2) Fractographic evidence, which
shows the fracture paths are the same for fatigue and for sustained loading, tends
to support the observation above. Other evidence, which shows that the fracture paths
for crack growth in water, or water vapor- containing environment, and in dehumidified
hydrogen are different, raises questions regarding "hydrogen embrittlement" as the
mechanism for environment-enhanced crack growth in these environments. (3) The
rate of fatigue-crack growth for high strength steels in an inert environment is nearly
independent of the test frequency. In aggressive environments, it can be quite sensitive
to the test frequency depending on the stress-corrosion susceptibility of the material.
A prediction procedure for environment-enhanced fatigue-crack growth has been
developed and will be discussed below. The influence of gaseous hydrogen on crack
growth in a 18 Ni (250) maraging steel is being studied as a function of test tempera-
ture. Companion experiments were made on 18 Ni (300) maraging steel and AISI 4340
steel at room temperature. The results indicate that rate limiting speeds were
attained in these steels. At room temperature, these speeds were in the range of 0.1
to 0.5 inch per minute. For the 18 Ni (250) maraging steel, the maximum rate-
limiting speed occurred at 0 to 25 C; and severe crack branching occurred at temper-
atures below about -40C.

Correlation between Sustained-Load and Fatigue-Crack Growth. Based on previous
observations that the mechanism for environment-enhanced crack growth under
sustained loads and in fatigue may be the same, a simple superposition procedure
for predicting the rate of fatigue crack growth in an aggressive environment is
suggested. In this procedure the rate of fatigue-crack growth in an aggressive environ-
ment is considered to be equal to the algebraic sum of the rate of fatigue-crack
growth in an inert reference environment and an environmental component, computed
from sustained-load growth data and the load profile. This procedure permits charac-
terization of "corrosion fatigue" from two sets of experimental data: (1) fatigue-crack
growth data for an inert reference environment, and (2) sustained-load crack growth
data in the appropriate aggressive environment. Results with Ti-8Al-lMo alloy in
salt water, H-1 steel, and AISI 4340 steel in distilled water and/or in humid environ-
ments, and 18 Ni (250) maraging steel in hydrogen, show that this procedure correctly
predicts the influence of test frequency and qualitatively predicts the effect of mean
load. Recent results on sustained-load crack growth for AISI 4340 steel in distilled
water and other data indicate that the effect of mean load is also quantitatively correct.
The procedure is only a first order approximation and does not take account of the
"delay phenomenon" for fatigue due to overload, and is applicable only to specific
alloy-environment systems. At stress intensity K levels below the apparent threshold
level for stress-corrosion cracking, there appears to be some cooperative effects of
fatigue and corrosion, and the proposed super-position procedure should not be
applied. The possible mechanism(s) for this interaction are being studied.
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Lehigh University

ENVIRONMENT-ENHANCED FATIGUE

P. C. Paris and R. Bucci*

(*Graduate student)

Objectives

Environment-enhanced fatigue-crack growth in a titanium alloy is being studied as
a function of load-time characteristics.

Approach

Sustained loading and fatigue characteristics of mill-annealed titanium-8A1-lMo-lV
in dry argon, distilled water, and 3.5% salt solution are being measured. Variations
in frequency, load profile, and mean load are investigated to determine their effects
on fatigue behavior of the alloy in the three environments.

Achievements

Fatigue results are plotted as the conventional cyclic growth rate, da/dN, vs. stress
intensity amplitude, AK. In dry argon and in distilled water environments both load
profile and frequency effects are slight and the only loading parameter which signif-
icantly alters fatigue behavior of the Ti-8-1-1 alloy is mean load. In contrast,
Ti-8-1-1 fatigues in a 3.5% salt solution showed a considerable influence of frequency,
mean load, and load profile on fatigue behavior. Data accumulated thus far indicates
that the rate of fatigue crack growth of Ti-8-1-1 in a salt water system can be repre-
sented by the algebraic sum of the rate of fatigue-crack growth in an inert reference
environment (dry argon) and an environmental component computed from sustained-
load-crack-growth data obtained in salt water. This component is a quantity inte-
grated over one cycle of fatigue loading and incorporates the effects of stress intensity
factor variation with time. Environment-enhanced fatigue-crack growth has also been
observed to occur at K levels below K . and work is currently under way to account
for this effect.

Publication and Thesis

"Environment-Enhanced Fatigue in a Titanium Alloy and a Simple Model for the
Assessment of Environmental Influence on Fatigue Behavior," R. Bucci, J. Eng.
Fracture Mech., forthcoming

"Environment-Enhanced Fatigue in Titanium Alloys," Ph.D. thesis, Robert Bucci,
June 1970

Invited Talks

Talk at ASTM E-24 Subcommittee 4, 1969

ASTM meeting, Philadelphia, March 23-25, 1970
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Lehigh University

GENERAL FRACTURE MECHANICS

P. C. Paris

Objectives and Achievements

Articles on various aspects of fracture mechanics are being written for publication.

The major evidence bearing upon subcritical flaw growth in structural materials is
reviewed and discussed, and the applicability of fracture mechanics concepts to flaw
growth is demonstrated. Environmental cracking under static load, fatigue crack
growth, and the combined effects of fatigue and aggressive environments are con-
sidered from a fracture mechanics point of view. Finally, engineering applications
of the techniques and considerations discussed are indicated.

Publications

"Sub-Critical Flaw Growth," H. H. Johnson and P. C. Paris, Eng. Fracture
Mech. 1, 1968 p. 3
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Lehigh University

ELASTIC FIELD EQUATIONS FOR BLUNT CRACKS

P. C. Paris and M. Creager*

(*Graduate Student)

Objective

The elastic stress field equations for blunt cracks were derived and employed in
analyzing a dissolution model for the arrest of stress-corrosion cracks by crack
tip blunting.

Approach

Pertinent equations were developed and tabulated. The equations were employed in
analyzing possible models for crack arrest in stress-corrosion cracks.

Achievements

The elastic stress field equations for blunt cracks were presented in a form equiva-
lent to the usual sharp crack tip stress fields for each of the three loading modes.
When these elastic stress field equations are incorporated into a stress-corrosion
cracking model based upon material dissolution, indications are that for accelerated
stress-corrosion cracking to occur the dissolution velocity should be more strongly
dependent upon stress than a one-half power law. The relationship of dissolution
velocity to stress is equally correct if there is a plastic zone in the vicinity of the
crack tip, and therefore it may represent a "minimum criterion" for stress-
corrosion cracking with material dissolution. The stress field equations presented
have other applications as well.

Thesis

"The Elastic Stress Field Near the Tip of a Blunt Crack, " M. Creager, M.S.
Thesis, October 1966
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Lehigh University

STRESS-CORROSION MODELS

P. C. Paris and M. Creager*

(*Graduate Student)

Objective

Theoretical models of stress corrosion at a macroscopic level were developed and
investigated. Results were compared to experimental data generated elsewhere.

Approach

General models which involve changes in elastic constant, or which involve changes
in maximum supportable stress were studied. Particular models of stress corrosion
were then developed and the boundary value problems which arose were studied. A
particular model having bulk diffusion as the rate-controlling process was inves-
tigated in detail and comparisons were made with the stress-corrosion behavior of
steel and glass in water environments. The boundary-value problems describe the
stress distribution in an infinite bi-material parabolic cylinder and the stress-
assisted diffusion from the surface of a growing blunt crack.

Achievements

Some general descriptive models of stress corrosion in which the bulk material is
treated as a continuum were derived with no assumptions being made as to rate-
controlling processes. Various diffusion or reaction processes were subsequently
considered. The stress distribution in an infinite bi-material parabolic cylinder,
subjected to anti-plane loads on the free surface was found in closed form. The
solution to the associated in-plane load problem was determined by the numerical
solution of two coupled first-order ordinary differential equations. Using a modified
form of Fick's law which includes the effect of a stress field, some concentration
distributions were determined for the problem of diffusion from the surface of a
growing blunt crack. For the diffusion model used and over the range of parameters
investigated, the velocity of crack growth and the stress intensity factor are the most
important parameters affecting the distribution of concentration of the diffusion
species. The crack-tip radius is a less important parameter than either the stress
intensity factor or the velocity. Stress-corrosion models which are based upon bulk
diffusion as the rate-controlling process must consider the effects of both the stress
intensity factor and the velocity of crack growth on the diffusion process itself. The
model in which bulk diffusion of a damaging species is considered as the rate-
controlling process describes the general character of the relationship between
crack-growth velocity and stress-intensity factor as found experimentally for both
glass and steel in water. Additional understanding of diffusion phenomena in the
crack tip vicinity is necessary to describe clearly the role of hydrogen in stress
corrosion of steels.

Thesis

"Stress Corrosion Models and Some Associated Boundary Value Problems,"
M. Creager, Ph.D. Thesis, Lehigh University, 1969
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Lehigh University

STRESS-CORROSION CRACKING IN THE COPPER-GOLD SYSTEM

R. Bakish

Objective

Information relating to the effect of composition on the kinetics of cracking of
copper-gold alloys was determined.

Approach

As-cast and homogenized specimens of Cu-Au alloys containing 97, 70, 50, 40, 35,
and 25 wt-% copper were subjected to immersion tests in 2% FeCl3 aqueous solution
at room temperature and at 100'C for from 2 hours to 12 days. All tests were re-
peated using specimens which differed from the above only in having been plastically
deformed by indentation. Specimens were examined metallographically after im-
mersion, and their ductility was tested by indentation.

Achievements

After treatment at 1000, 97% copper alloys suffered general dissolution. Intermedi-
ate composition alloys showed copper leaching and oxidation within the alloy, ac-
companied by loss of ductility. Low copper content alloys were not attacked. After
treatment at room temperature, the most consequential loss of strength was shown
to take place with 70:30 and 50:50 alloys. General attack of the 97:3 alloy was ob-
served, but embrittlement was lacking. The 60:40 alloy also did not show em-
'brittlement although the reason for this behavior is not at all clear. No changes in
behavior as a result of pre-indentation could be determined.
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Lehigh University

STRAIN ELECTROMETRY OF ALUMINUM

H. Leidheiser, Jr., and E. Kellerman

Objective

The potential changes of aluminum wires in various electrolytes were observed
after abrupt straining, and the effects of changing experimental parameters relating
to stress-corrosion cracking problems were determined.

Approach

Annealed commercially pure aluminum wires immersed in sodium chloride solution
or other electrolytes were abruptly strained 1. 5-12%. The potential before strain-
ing and the changes in potential for one or more seconds after strain were recorded.
Studies were made of the effects of varying the pH, altering the oxygen content of the
solution, changing the anion or cation of the electrolyte, and anodizing or boiling the
wires before stretching.

Achievements

The maximum potential achieved after straining in 0.1 M NaCl solution decreased
with decrease in pH, but the rate of decay to the initial steady state value (-0. 66v)
was independent of pH over the range of 1.5 to 6. 5. In deaerated solutions, decay
to within 100 mv of the steady-state value occurred in less than 120 seconds, while
in the presence of oxygen decay occurred much more rapidly. The oxygen content
of the solution did not affect the initial portions of the potential-time curve. In-
creasing the amount of strain up to 6% increased the maximum potential. Above
6% strain the potential remained constant at Vm,, for periods of time which increased
with increase in total strain. Boiling the wires before straining decreased the po-
tential changes observed; the curves obtained at large strain were similar to the
curves obtained at small strain with non-boiled wires. Anodizing the wires caused
curves subjected to moderate strain to have the appearance of curves obtained at
large strain with reference wires. Curves measured in NaCl, Na2SO4 , sodium tar-
trate, and Na2 Cr 2O7 solutions of equal ionic strength were similar under conditions
of similar pretreatment of the wire. The following metallic cations were added in
concentrations up to 1 M: aluminum, sodium, magnesium, zinc, cadmium, nickel,
iron, lead and copper. Copper, above .01 M, and lead and iron at the highest con-
centrations reacted with the aluminum wire. Aluminum, sodium, and magnesium
ions had little effect on the decay curves. For other added ions, the maximum po-
tential change was decreased greatly, and plateau regions were observed in the
decay portions of the curve. No change in the pH of the solution close to the wire
could be determined. High purity aluminum wire gave standard strain electrometry
curves very similar to those obtained with the commercially pure materials. An
annealed 7075 alloy (T6 could not be strained as required for these experiments)
gave a much smaller potential anodic shift after strain (400 mv at pH 5. 5 compared
to 900-1000 mv for the commercially pure aluminum).

Publications

"Strain Electrometry Studies of Aluminum, " H. Leidheiser, Jr., and E. Kellerman,
Corrosion 26, 1970, p. 9 9
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Invited Talks

"Basic Studies of Surface Phenomena and Their Relation to Corrosion", Henry
Leidheiser, Jr., presented at ASTM meeting, Atlanta, Georgia, October 4, 1968

"Electrochemical Studies of Stress Corrosion Cracking of Aluminum Utilizing
Strain Electrometry and Synthetic Cracks, " H. Leidheiser, Jr., E. Kellerman,
and V. V. Subba Rao, Presented at NACE Symposium on Fundamental Corrosion
Research in Progress, Houston, March 1969
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Lehigh University

FERROMAGNETIC STUDIES OF NICKEL

M. M. P. Janssen

Objective

The nature of the compressive stresses in thin nickel films deposited in UHV was
studied. The amount and mechanisms of stress relief caused by gas adsorption on
the films were investigated.

Approach

Thin nickel films were deposited at room temperature at better than 5 x 10-10
torr onto glass substrates. Ferromagnetic measurements on the films before and
after admission of gases to the system were used to study the compressive stresses
in the films and their relief upon admission of gas.

Achievements

Oxygen adsorption on clean films resulted in essentially complete stress relief.
N2 0 had the same effect indicating it decomposed on the Ni surface to nitrogen and
oxygen. N2 had no effect on the surface free energy, butYNiwas changed from
2500 dyne/cm to 200-500 dyne/cm in partial stress relief by CO, H2 , H2 0 or
pyridine, and then to less than 100 dyne/cm by 02, N2 0 or air. Films less than
100 A0 thick were shown to have an island structure. Annealing thicker films at
250'C for 20 minutes resulted in apparent stress release. 02 adsorption produced
the same stress relief resonance shifts with either annealed or unannealed films.
This last observation, coupled with the fact that for about 500 A0 thick films 250'C
is a good annealing temperature, is excellent evidence for the correctness of a sur-
face tension model for the observed compressive stress. Any other form of stress
would be removed by annealing.

Publications

"Release of Compressive Intrinsic Stress in Ultraclean Thin Nickel Films as a
Result of Adsorption of Gases, "M. M. P. Janssen, J. Appl. Phys. 40, 1969,
p. 3055

"FMR Study of Surface Tension Related Stress Effects in Ultraclean Nickel Thin
Films, " M. M. P. Janssen, J. Appl. Phys. 41, 1970, p. 384

"Observation of Spin Wave Resonance in Nickel Thin Films after Adsorption of
Oxygen, "M. M. P. Janssen, J. Appl. Phys. 41, 1970, p. 399
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Lehigh University

CREVICE CORROSION OF ALUMINUM

H. Leidheiser, Jr., and V. V. Subba Rao

Objective

Potential differences between the sides and tip of a synthetic crack were investigated
under a variety of conditions thought to relate to the conditions existing during crack
propagation in stress-corrosion cracking experiments.

Approach

Synthetic cracks were constructed by sandwiching aluminum between glass cover
slides. Two pieces of aluminum, not in electrical contact, were used, one corres-
ponding to the base of the crack and another corresponding to the side of the crack.
In some cases the aluminum corresponding to the base of the crack was a wire
which could be stretched externally. Potential differences between the two pieces
of aluminum were measured in sodium chloride solution as described below.

Achievements

The more interesting results are: 1) After several days the base of the crack be-
came anodic to the side of the crack, probably reflecting the formation of an oxygen
concentration cell with the base of the crack being oxygen-deficient. 2) Additions
of acid to the base of the crack with a hypodermic needle caused the base to become
anodic with respect to the side of the crack. The potential difference decayed over
24 hours when the acid became distributed evenly throughout the crack by diffusion
and convection. 3) Addition of aluminum ions to the base of the crack made the
base anodic to the side of the crack. 4) Straining the wire corresponding to the
base of the crack caused an immediate and large anodic shift in the potential of the
wire. In some cases the base of the crack remained significantly anodic to the side
of the crack for several days after straining; in others, the potential difference
tended towards zero after 24 hours.

Invited Talks

"Electrochemical Studies of Stress Corrosion Cracking of Aluminum Utilizing Strain
Electrometry and Synthetic Cracks, " H. Leidheiser, Jr., E. Kellerman, and
V. V. Subba Rao, Presented at NACE Symposium on Fundamental Corrosion Re-
search in Progress, Houston, March 1969.
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Lehigh University

FERROMAGNETIC STUDIES OF IRON THIN FILMS

H. Leidheiser, Jr., and R. Kellerman*

(*Graudate student)

Objective

Studies are being made to determine the applicability of ferromagnetic resonance
techniques to investigations of the interaction between clean iron surfaces and
various gases.

Approach

The basic techniques of depositing a metal film in ultrahigh vacuum and observing
its ferromagnetic resonance spectrum follow the nickel work done in this laboratory
by Janssen (see his report). Iron, however, presents both physical and chemical
problems not associated with nickel. In particular the very high demagnetizing field
of iron has necessitated modification of the spectrometer to increase the magnetic
field strength, and the very high chemical reactivity of iron has demanded rather
elaborate cleaning techniques be applied to the iron wire from which the films are
evaporated.

Achievements

A UHV apparatus, adapted for rigorous cleaning of the iron wire before evaporation
of a thin film, has been constructed. The position of the ferromagnetic resonance is
a function of film thickness for clean films; these observations are not in accord with
published information. Multiple-line resonances have been observed with very thin
films. The explanation for this observation is still being sought.

Changes in the position of the ferromagnetic resonance occur upon admission of either
oxygen or hydrogen. Hydrogen gas, in the pressure range of 10-8 to 10-7 torr, causes
a small irreversible and a larger reversible change in the resonance field upon vary-
ing the gas pressure. This observation is in accord with what is presently known about
chemisorption in the iron-hydrogen system.

Radiotracer studies of adsorption on the very thin films are being carried out in an
attempt to gain information about the morphology of these films.

Invited Talks

"Studies of Iron Surfaces Using Ferromagnetic Resonance," Henry Leidheiser, Jr.,
and Richard Kellerman, 44th National Colloid Symposium, Lehigh University,
June 22, 1970.

"Ferromagnetic Resonance Techniques as a Means for Studying Chemisorption,"
Henry Leidheiser, Jr., Gordon Conference on Corrosion, July 27, 1971.
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Lehigh University

CHEMISORPTION ON CLEAN METAL SURFACES

K. Klier

Objective

Interactions of carbon monoxide with bulk and single crystal metal surfaces have
been studied to determine the structure, equilibria, and rates of surface reactions
in adsorbed layers.

Approach

1 4 C-labeled carbon monoxide is adsorbed on UHV-cleaned metal surfaces. The
measured quantities are: equilibrium amounts adsorbed, effective molecular cross
sections at saturation, collision efficiencies ("sticking probabilities"), and the rates
of exchange reactions between adsorbate and gas. Derived quantities are: heat of
chemisorption (binding energy), lateral interaction energy, mobility, chemical
potential, and actual molecular cross sections in the absorbed state. A statistical
mechanical theory developed by the author permits the determination of these
quantities.

Achievements

The measurement of 14C on small surfaces has been performed at pressures from
1x 10-10 torr up, with a sensitivity of detecting adsorbates on areas of 0.1 mm2 .
The method is readily applicable to systems containing any organic adsorbate.
Under the UHV conditions employed, metal surfaces studied remain clean (if made
clean by ion and electron bombardments) and exhibit reproducible properties. The
instrument used contains a UHV Geiger counter. On nickel single crystal planes of
(100) and (110) orientation, the following results were obtained: The full description
of state (p, V, T) was determined for the systems carbon monoxide plus (100) nickel
and (110) nickel between 200 and 3000 K and 10-9- 10-1 torr. The effective molecu-
lar cross section of carbon monoxide on single crystal nickel surfaces was found to
be 9 A2 . The rates of adsorption and exchange were measured over a wide range of
pressures and interpreted by a statistical mechanical theory which permitted three
conclusions: 1) The binding energy of carbon monoxide on both planes is 25-26
kcal/mole, and the lateral interaction energy is of the order of 2-3 kcal/mole;
2) the adsorbate is mobile, and its chemical potential sharply rises at coverages of
9 - 11 x 1014 molecules/cm2 , leading to extremely fast exchange between adsorbed
and gaseous carbon monoxide molecules; and 3) the adsorbate is uniform if the
crystal planes are clean and well annealed. If the crystal planes are chemically
clean but geometrically rough, the adsorbate is heterogeneous, and its binding
energies range probably from 40 kcal/mole to 25 kcal/mole. If the crystal planes
are covered by chemisorbed oxygen or surface oxide, the chemisorption of carbon
monoxide is reduced by approximately two orders of magnitude. The theory of
adsorption and exchange rates also quantitatively explains the adsorption equilibria
Clean surfaces behave differently if they are atomically smooth or if they are rough.
The adsorbate on rough surfaces is tightly bound and fixed while the adsorbate on
smooth surfaces is weakly bound and mobile. This may be of some importance to
stress-corrosion cracking in that the chance for weak chemisorption in cracks will
increase if the crack surface can be made smooth by some annealing procedure. On
bulk polycrystalline iron and iron single crystal planes of (111), (110), and (100)
orientation the behavior of rough iron surfaces is similar to that of nickel. On
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smooth iron surfaces, no matter whether in single crystal or polycrystalline form,
carbon monoxide chemisorption saturates at about 10% of the saturation value for
nickel, and the sticking probabilities are generally very low. This may be an ulti-
mate manifestation of the relative inertness of smooth surfaces but may also be due
to some undetected contamination of the iron surface. Great care was taken to avoid
carbon, oxygen, and water contamination. Some of the iron surfaces were cleaned
for hours by argon bombardment in UHV, but their "inertness" towards CO after
temperature annealing did not change. Work is continuing on maraging steels.

Publications

"A Geiger-Muller Counter for Ultrahigh Vacuum Systems, " K. Klier, Rev. Scientific
Inst. 40, 1969, p. 372

"Chemisorption of Carbon Monoxide on (110) and (100) Nickel Crystal Faces,"
K. Klier, A. C. Zettlemoyer and H. Leidheiser, Jr., J. Chem. Phys. 52, 1970,
pp. 589-602.

Invited Talks

"Interaction of Carbon Monoxide with Clean Nickel Surfaces, " K. Klier and
A. C. Zettlemoyer, presented at 156th National ACS Meeting, Atlantic City,
Sept. 1968

"Exchange Reactions at Interfaces, " invited lecture at Dept. of Chemistry, The
Johns Hopkins University, Nov. 1968

"Radiotracer Studies of Adsorption on Ultraclean Surfaces," Kamil Klier, Gordon
Conference on Corrosion, July 1969

"Adsorption of Carbon Monoxide on Iron Using Radiotracer Techniques, " Kamil
Klier, 44th National Colloid Symposium, June 22, 1970
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Lehigh University

RARE GAS (ARGON) ION BOMBARDMENT

R. Coughlin, H. Leidheiser, Jr., and E. Chornet*

(*Graduate Student)

Objective

The binding energies and ion-sticking probabilities of argon atoms on nickel, iron,
and titanium are being studied.

Approach

Argon atoms, previously incorporated in a wire as a result of ion bombardment, were
thermally released by a 2 to 10 second flash. Ultrahigh vacuum conditions (less
than 3 x 10-10torr), a hot tungsten filament and molybdenum grid bombarding unit,
a Bayard-Alpert ionization gauge pressure sensor, and a quadrupole residual gas
analyzer were used. The polycrystalline specimens were chemically polished,
sealed into the vacuum system, and degassed thoroughly until the pressure in the
system with the wire hot could be maintained in the 10-10 torr range. Maximum de-
gassing temperatures were: nickel, 1000°C; iron, 8750 C; titanium, 900TC. The
wires were ion bombarded in 5 minute intervals. Each bombardment was followed
by a 30-minute annealing period, and the total bombarding time before any flash
was about 1 hour. Nickel and iron were also reduced and decarburized by heating
specimens in hydrogen at temperatures between 6000 and 8000 during two cycles of
16 hours each.

Achievements

For nickel the number of impinging ions ranged from 3 x 1013 to 1017 ions/cm2 , that
of desorbing argon atoms from 2 x 1012 to 1014 atoms/cm2 from which the sticking
probability of argon on nickel was obtained. The pressure spectra on raising the
wire temperature revealed six different peaks for a high number (more than 10 16
ions/cm 2 ) of incident ions and only three distinct peaks at 10 1 4 ions/cm2 or less.
The energies of the binding states (peaks) are being calculated. On titanium, ex-
periments with a high number of incident ions were carried out. The presence of
three binding states was observed. Analysis of the first two peaks showed energies
of 32 and 56 kcal/mole. The third peak, of a higher energy, is poorly resolved and
did not allow quantitative estimation. For iron, only one peak has been found al-
though the cleaning procedure has not yet been completed. The nickel calculations
will be continued, a complete set of iron experiments will be performed, and the
titanium behavior at a low incident number of ions will be studied.

Invited Talks

"Flash Desorption of Argon Imbedded Within Iron, Nickel and Titanium, " E. Chornet,
R. N. Coughlin, and Henry Leidheiser, Jr., 44th National Colloid Symposium,
Lehigh University, June 22, 1970
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Lehigh University

FLASH FILAMENT STUDIES

R. Goughlin, H. Leidheiser, Jr., and E. Chornet*

(*Graduate student)

Objective

A comparative study of the chemisorption of hydrogen on clean surfaces of nickel,
iron and titanium, with extension to the methanol-titanium system, has been carried
out.

Approach

The flash filament technique gives information concerning the rates of adsorption
and desorption, and the nature and binding energies of the adsorbed species.

Achievements

Sorption and desorption rates and sorption equilibria of hydrogen have been investi-
gated on polycrystalline filaments of nickel, iron, and titanium under ultIrahigh vac-
uum conditions using the flash desorption technique. The wires were cleaned by
argon-ion bombardment followed by heating.

On nickel, hydrogen atoms exist on the surface at 298°K. as a single phase. The
dissociated hydrogen recombines upon desorption with a constant activation energy
of 17.5 kcal/mole up to the maximum coverage explored, 0.5 x 1015 atoms/cm 2 .
A low sticking probability of 3 x 10-3 was explained by the presence of a weakly-
bonded precursor state.

A single phase of adsorbed hydrogen atoms was also found on iron. Desorption
follows a second-order reaction with an activation energy of 20.3 kcal/mole, which
value remains constant up to 0.2 x 10's atoms/cm2 and then decreases with further
coverage. Entropy calculations indicate that the adsorbate is mobile and its behavior
approaches that of an ideal two-dimensional gas. The initial rates of adsorption are
explained in terms of an activated complex, molecular in nature, which loses rotational
freedom with respect to the gas phase and requires about 0.5 kcal/mole to dissociate.
Lateral interactions are included in the interpretation.

On both nickel and iron, a second, small desorption peak appears at high temperatures
at long exposure times, suggesting diffusion of hydrogen into the interior.

Hydrogen readily penetrates titanium at room temperature; the penetration is appreci-
able at 130'K. Sorption at 400'K. and higher temperatures follows the solubility laws
of hydrogen in titanium. Two distinct peaks were found upon desorption. The peak at
100'K. is consistent with a first-order reaction with an activation energy of 4 kcal/
mole. A second broad peak at higher temperatures is indicative of both surface and
bulk hydrogen. At 298°K. and lower temperatures, the sorption rate is a linear
function of pressure.
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The initial heats of adsorption of hydrogen on nickel, iron, and titanium are consis-
tently lower than values reported by other workers who used evaporated films. The
low and nearly constant heats of adsorption are a characteristic of the clean and
smooth surfaces used in this work.

When a clean titanium surface is exposed to methanol, hydrogen penetrates into
titanium. Upon flashing, there is a violent reaction accompanied by a substantial
decrease in the amount of carbon monoxide as determined mass spectrometrically.
This reaction contaminates the surface and subsequent adsorption of hydrogen pro-
ceeds at a much lower rate than in the case of a fresh surface.

Pretreatment of metal wires by argon-ion bombardment, followed by annealing,
produces a clean reproducible surface on nickel, iron, and titanium. Small quantities
of carbon monoxide in the gas phase (5 x 10-9 torr partial pressure) results in con-
tamination of the surfaces during argon-ion bombardment as judged from the negligible
amounts of hydrogen adsorbed. Hydrogen chemisorption provides a useful criterion
of cleanliness of a surface.

Thesis

"Flash Desorption of Hydrogen on Clean Nickel, Iron and Titanium Wires,"
Esteban Chornet, Ph.D. Thesis, Lehigh University, submitted to the faculty for
action, June 1971
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Lehigh University

MOSSBAUER SPECTROSCOPY OF SURFACES

H. Leidheiser, Jr., G. W. Simmons, and E. Kellerman

Objectives

The purpose of this study is to determine the appicability of Mossbauer Spectroscopy
to analysis of very thin surface films on iron and steels.

Achievements

I T
Mossbauer spectroscopy is a form of resonance spectroscopy involving gamma-rays
with energies of 10-100 kev. The iron isotope, Fe-57, present in natural iron to the
extent of approximately 2%, is a Mossbauer-active species and resonantly absorbs
the 14.4 kev gamma-ray emitted by the activated state of Fe-57. Information about
the chemical environment of an iron atom and its magnetic properties can be obtained
from such experimental parameters as the chemical shift, quadrupole split, the
magnetic hyperfine splitting, and the superparamagnetic characteristics.

Techniques have been developed for improving the applicability of Mossbauer spec-
troscopy to the study of iron surfaces. The K-conversion and Auger electrons which
are emitted following resonance absorption of the 14.4 kev incident gamma-ray are
detected in 2-pi geometry. Further enhancement of the sensitivity for detection of
species at the surface is made by enrichment of the surface of the sample with
electro-deposited Fe-57.

The passive film on iron, 15-50 A in thickness, formed by immersion in sodium nitrite
solution or by anodic treatment in sulfuric acid or borate electrolytes, is readily
studied by the electron-detection technique. The experimental results obtained to
date suggest that the major component in the passive film on iron is gamma-Fe2 O3 .
The thinner films exhibit superparamagnetic behavior whereas the thicker films
show magnetic hyperfine splitting.

Mossbauer spectroscopy is proving to be a powerful tool for surface studies of
iron and steel.

Invited Talks

'Studies of Surfaces Using Mossbauer Spectroscopy," H. Leidheiser, Jr., First
Conference on Colloid and Surface Chemistry, Hungarian Academy of Sciences,
MatrafUred, Hungary, May 24, 1971

"Mossbauer Spectroscopy of the Passive Film on Iron," Gary W. Simmons, Elsie
Kellerman, and Henry Leidheiser, Jr., to be presented at meeting of the Electrochemical
Society, Cleveland, October, 1971
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Lehigh University

HYDROGEN ABSORPTION BY ALUMINUM

H. Leidheiser, Jr., and N. Das*

(*Graduate student)

Objective

The hydrogen which passes into aluminum during reaction with various aqueous solu-
tions is being determined. Correlations between hydrogen dissolution and stress-
corrosion cracking and fatigue properties are being sought.

Approach

Vacuum extraction at 6000C and 10-6 torr is used to measure the amount of hydro-
gen present in aluminum after exposure to aqueous solutions at 600 and 100°. After
vacuum treatment, aluminum samples with various surface/volume ratios are exposed
to water for several minutes to 24 hours. The hydrated oxide formed during corrosion
is removed with a chromic acid-phosphoric acid solution before extraction. Differen-
tiation between the hydrogen formed as a consequence of reaction with water and the
hydrogen formed by the reaction of the hydrated film with aluminum during extraction
is made by appropriate use of D 2 0 and H2 0 in formulating the reactive solutions. The
extracted gas is then analyzed mass spectrometrically.

Achievements

The total amount of hydrogen which penetrates into aluminum during reaction with
water at 1000 is linearly related to the surface area. A typical result for a sample
exposed to pure water for 24 hours at 1000 is 0.00017 ml./cm2 . For this particular
sample, the total amount of hydrogen is equivalent to 0.056 ml./100 g. of aluminum.
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Lehigh University

REVIEW OF THE ALUMINUM-HYDROGEN SYSTEM

R. D. Iyengar and H. Leidheiser, Jr.

Objective

A review of the literature concerning the aluminum-hydrogen system was prepared.

Achievements

Published data for the aluminum-hydrogen system were reviewed. The adsorption
of hydrogen on aluminum and the effect thereon of the oxide layer were considered.
In addition, reports of the diffusion of hydrogen in aluminum and of the solubility of
hydrogen in aluminum and its alloys were listed and discussed.

Publication

"The Aluminum-Hydrogen System: A Review", R. D. Iyengar and H. Leidheiser,
Jr., report distributed to ARPA participants.
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Lehigh University

REVIEW OF HYDROGEN IN IRON

H. Leidheiser, Jr., and E. Kellerman

Objective

An annotated bibliography of the literature concerning the effect of environment on
the diffusion of hydrogen in iron and steel is being prepared.

Achievements

Published data for the diffusion of hydrogen in iron were surveyed. Reports in the
literature of the effect of solution composition on the penetration of electrolytically
generated hydrogen into iron and steel were collected.



NRL REPORT 7329

Lehigh University

THE FRACTURE OF MICA

P. C. Paris and R. Leonesio*

(*Graduate Student)

Objective

The influence of moisture on the fracture energy of mica crystals is being studied.

Approach

The use of double cantilever beam specimens permits the fracture energy of uni-
formly thick mica crystals to be determined from G = 3 A2 / 2bKL4 where G is the
splitting energy in ergs/cm2 , A is the total displacement of the ends of the beam,
L is the crack length, b is the width of the specimen, and K is a constant represent-
ing the elastic stiffness of the beams. The value of K varies from specimen to
specimen and is found experimentally for each specimen used. Muscovite mica was
split in water, in air with varying humidity, in helium with varying humidity, and in
dry helium. The crack tip was located with a travelling microscope, and A was
measured with another microscope. The water experiments were done by immers-
ing the bottom of the specimen so that the water surface was above the crack tip.
The experiments at various relative humidities were done in a glass chamber.
Varying amounts of moisture were introduced by heating the bulb. The dew points
of the gas leaving the chamber was measured with a dew point hygrometer, and the
relative humidity was then calculated from the corresponding vapor pressures. Zero
humidity conditions were reached by first baking the system at 200 'C for at least
one hour under mechanical pump vacuum, and then passing high purity helium
through a liquid nitrogen cold trap and into the chamber.

Achievements

The fracture energy of mica in water varied between 150 and 250 ergs/cm2 for the
several specimens tested. This energy is virtually independent of crack velocity
from 0. 1 micro-inch/sec to 10, 000 micro/inches/sec. When tested as a function of
relative humidity in both helium and air, the fracture energy varied uniformly from
350 ergs/cm2 at 100% relative humidity to 600 ergs/cm2 at 2 to 5% relative humidity.
Further testing is being done to determine any shift in energy with a change in temp-
erature. Below 5% relative humidity and especially at 0% relative humidity the data
points showed much scatter. Values for the fracture energy varied from 600 ergs/
cm2 to 3, 000 ergs/cm2 at atmospheric pressure and room temperature, and from
1, 000 ergs/cm2 to 14, 000 ergs/cm 2 in a vacuum of about 10-2 mm. of mercury.
These results indicate that for very low humidity the fracture energy of mica is
strongly dependent on impurities within the system. A unique feature which mica
possesses is its ability to reheal itself upon load release. The crystal can then be
resplit and a new fracture energy measured. For mica resplit in water and in
moist helium or air, the energy for refracturing is always lower that that of the
original fracture. This is to be expected because adsorbed moisture trapped between
resealed layers will lower the energy needed for the second fracture. In a dry
environment in many cases the energy for resplitting was found to be greater than the
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original fracture energy. This phenomenon was observed in environments of air,
helium, hydrogen, and carbon dioxide, and also under mechanical pump vacuum.
That the energies for refracturing were sometimes two or three times higher than
the original fracture energy was totally unexpected and is as yet unexplained.

Thesis

"Environmental Effects onthe Fracture of Mica Crystals," Robert B. Leonesio, Ph.D.
Thesis, June 1970
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Lehigh University

GLASS CRACKING

E. Sommer and G. Irwin

Objective

New apparatus, experimental techniques, and mathematical methods of analysis
applicable to fracture mechanics studies of glass were investigated.

Approach

An apparatus was designed and constructed for propagating cracks in glass, and an
interference method was developed whereby the opening displacement of the cracks
can be accurately and simply determined. Experimental results were compared to
analytical predictions.

Achievements

Using a travelling microscope mounted on an optical bench associated with an ec-
centric loading apparatus, simple measurements of the interference fringes pro-
duced by monochromatic illumination of a crack tip were used to determine ac-
curately the opening displacement of cracks in glass. Some studies of plastics were
also attempted. Results of glass cracking under eccentric tension load were com-
pared with analytical prediction from the boundary collection method and from
Westergaard analysis as detailed in the second publication listed below. Additionally,
since the crack opening displacement is analytically related to the stress intensity
factor, K, a K-calibration curve for the crack-line-loaded, single-edge notched
plate was established. Finally an original method for crack initiation in glass was
investigated.

Publications

"A Remark on Crack Initiation in Glass Plates, " E. Sommer, Eng. Fracture Mech.,
to be published.

"An Optical Method for Determining the Crack-Tip Stress Intensity Factor,"
E. Sommer, Eng. Fracture Mech., to be published.

159



B. F. BROWN

Lehigh University

RUTILE STUDIES BY ELECTRON SPIN RESONANCE

R. D. Iyengar

Objective

Further characterizations of the oxygen species produced by oxidation of outgassed
rutile powders were made.

Approach

Standard ESR techniques were used to determine spectra of powdered rutile samples
which had been outgassed and then treated with oxides of nitrogen under various
conditions.

Achievements

Nitrogen dioxide restored the oxygen deficiency at the surface of outgassed rutile,
and produced a signal which has been attributed to 0°. Nitrous oxide reacted with
rutile to produce the same signal. Neither oxide of nitrogen produced 0 -on inter-
action with vacuum-outgassed high-area rutile.

Publications

"An ESR Study of the Nature of the Surface Oxygen During Oxidation of a Non-
stoichiometric Rutile Surface with Oxides of Nitrogen, " R. D. Iyengar, M. Codell
and J. Turkevich, J. Catalysis 9, 1967, p. 305
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Lehigh University

ELECTRON SPIN RESONANCES STUDIES OF ZINC OXIDE

R. D. Iyengar and V. V. Subba Rao

Objective

Identification of the chemical species formed by surface interaction of zinc oxide
with oxygen, chlorine, nitrobenzene, oxides of nitrogen, and tertiary butyl hydro-
peroxide was sought.

Approach

Electron spin resonance spectra were recorded after treatment of vacuum-outgassed
ZnO with NO2, NO, N2 0, 02, C12, nitrobenzene, and tertiary butyl hydroperoxide
From variations in the spectra with further treatments such as outgassing, heating
and/or cooling, as well as from power variation studies, the ESR results were cor-
related with species formed on the oxide surface.

Achievements

Both NO2 and NO were found to be adsorbed as rigid neutral molecules. Confirma-
tion of the assignment was provided by the use of the two adsorbates enriched in
15N. The origin and identity of the signals produced by N20, NO, or Cl2 were in-
vestigated, but no final conclusions concerning the species involved could be
reached. Nitrobenzene on the oxide surface was converted to the anion radical.
With tertiary butyl hydroperoxide two signals are formed which can be understood
in terms of oxygen ion vacancies and interstitial zinc ions.

Publications

"Electron Spin Resonance of Nitrogen Dioxide (NO 2) Adsorbed on Zinc Oxide,"
R. D. Iyengar and V. V. Subba Rao, J. Am. Chem. Soc. 90, 1968, p. 3267

"ESR Studies of the Interaction of 02, NO2 , N2 0 and Cl 2 with Zinc Oxide, "1
R. D. Iyengar, V. V. Subba Rao and A. C. Zettlemoyer, Surface Science 13, 1969,
p. 251

"An ESR Investigation of Nitrobenzene Adsorbed on Zinc Oxide, " V. V. Subba Rao,
R. D. Iyengar, and A. C. Zettlemoyer, J. Catalysis 12, 1968, p. 278

"Electron Spin Resonance Study of Hydroperoxide on Zinc Oxide, " M. Codell,
H. Gisser, J. Weisberg, and R. D. Iyengar, J. Phys. Chem. 72, 1968, p. 2460

161



B. F. BROWN

Lehigh University

ELECTRON SPIN RESONANCE STUDIES OF TITANIUM DIOXIDE

R. D. Iyengar and R. Kellerman*

(*Graduate Student)

Objective

Identification of the source of two of the more frequently observed ESR signals from
oxygen-treated rutile and anatase was sought.

Approach

Standard ESR techniques including determinations of hyperfine splitting and isotopic
substitution were employed. Sample pretreatments (e.g., outgassing and oxygen
exposure) were varied, and the source and preparation method of the samAples
(ammonia-precipitated TiO2 was compared to other types of TiO2 ) were changed to
determine the cause of the observed signals.

Achievements

The two signals were shown to be due to impurity centers. Final identification of
these centers was not made, but by a comparison of the known hyperfine splitting
associated with the 14 N nucleus and the change in the spectrum when 14 N was re-
placed by 15 N, they were shown to involve nitrogen. The origin of the nitrogen
impurity was established as being the ammonia precipitation stage of rutile
manufacture.

Publications

"Formation and Nature of Radical Species in the Oxidation of Precipitated Titanium
Dioxide," R. D. Iyengar and R. Kellerman, Z. Phys. Chem., N. F. 64, 1969, p. 345

"The Nature of Paramagnetic Species Observed in Ammonia-Precipitated TiO2

Powders, " R. D. Iyengar and R. Kellerman, J. Catalysis 12, 1968, p. 107
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Yale University

LOW ENERGY ELECTRON DIFFRACTION

W. D. Robertson, J. V. Florio, D. G. Fedak*, and Robert Zimmer*

(* Graduate Student)

Objective

Determination of the atomic structure and composition of surfaces.

Approach

Surface structure, unit cell parameters and unit cell contents, are determined by
low energy electron diffraction (LEED) observations. Surface composition is deter-
mined by Auger electron spectroscopy. Reactivity of surfaces and identification of
reaction products are studied by flash desorption into a mass-spectrometer. All
these determinations are carried out on the same surface, in the same vacuum
space, as functions of pressure, temperature, and time.

Achievements

1. To perform the operations outlined above, it is first of all necessary to develop
techniques for transforming measured LEED intensity into surface structure. An
optical simulation technique was first developed for this purpose (see bibliography).
The results of the optical technique led to a reconsideration of the scattering mech-
anism, and a complete computer program for simulation. Subsequently, the en-
tire physical process of multiple elastic and inelastic scattering of low energy elec-
trons was formulated and is now being programmed on the Yale Computer by Dr.
Brian Holland and Dr. Richard Hannum. It appears that this program, and that of
C. B. Duke (at General Electric) are the only two physically realistic treatments of
the LEED interpretation problem.

2. The combined operation of structure and composition analysis has been performed
on silicon by Dr. John Florio with the following results, which are being submitted
for publication. Auger electron emission spectroscopy has been used to identify and,
with suitable calibration, to quantitatively specify chlorine surface concentrations on
Si(11l) surfaces. Adsorption rates of Cl 2 on Si(111)7 and Si(1l1)V1W surfaces have
been measured as a function of substrate temperature, and sticking probabilities
have been subsequently calculated. The initial sticking probability is in the range
0. 1 to 0. 2. Adsorbed chlorine is observed to exist in two states, one, weakly bound
and the other, strongly bound to the surface.

Electron beam desorption of chlorine from Si(111) surfaces can be significant with a
focussed electron beam. Starting with an ordered (lxl) chlorine structure, the re-
sult of beam desorption is a disordered surface. The electron beam desorption
cross-section for chlorine was calculated to be 2 x 10-19cm 2 .

Various LEED structures were observed for chlorine on Si(111) surfaces. These
include two with chlorine monolayer concentrations, Si(111)7*-Cl and Si(111)1*-Cl,
and a third with only a trace (4-5% of a monolayer) of chlorine present, Si(111)1.
The lxl structures at high and low coverage are different, as shown by the voltage
dependence of the reflected beam intensities.
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The reaction between chlorine and the Si(111) surface follows second order kinetics
in its dependence on chlorine surface concentration. The desorption reaction prod-
uct is SiCl4 . From the temperature dependence of the rate constant, an activation-
energy of -35kcal/mol for the desorption process was measured. A reaction mech-
anism, involving the surface species [>SiCl2] which is formed on the surface ledge
at the junction of (001) and (111) planes, is suggested.

Detailed analysis of the structure of silicon surfaces in different states, which can be
obtained from LEED intensity data, is currently being performed. This data will
also be employed to test the new formulation of the scattering problem and the com-
puter program which calculates the intensity from an assumed structural model.

Publications

D. G. Fedak, T. E. Fischer, W. D. Robertson, "Surface Structure Analysis by
Optical Simulation of LEED Patterns", J. Applied Physics 39, 5658 (1968).

D. G. Fedak, J. V. Florio, W. D. Robertson, "The Interaction between Chlorine
and the (100) Surface of Gold", to be published in Structure and Chemistry of Solid
Surfaces, G. A. Somorjai et al., Eds., John Wiley and Sons, Inc., New York, 1969.

J. V. Florio, W. D. Robertson, "Chlorine Reactions on the Si(111) Surface", sub-
mitted to Surface Science, April 1969.

Invited Presentations

American Institute of Chemical Engineers, Annual Meeting, 1968.

Department of Materials Science, University of Pennsylvania, 1968.

International Nickel Company Research Laboratory, Sterling Forest, New York,
1968.

Kennecott Copper Corporation, Research Laboratory, Legermont, Massachusetts,
1968.
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Naval Research Laboratory

STRESS-CORROSION CRACKING (General)

B. F. Brown

Objective

To present general and tutorial reviews of the subject.

Publications

"The Application of Fracture Mechanics to Stress-Corrosion Cracking," B. F. Brown,
Metallurgical Reviews 13:129, Dec 1968, pp. 171-183

"Coping with the Problem of the Stress-Corrosion Cracking of Structural Alloys in
Sea Water," B. F. Brown, J. Ocean Engineering 1:3, Feb 1969, pp. 291-296

"Interpreting Laboratory Stress-Corrosion Cracking Data in Materials Selection,"
B. F. Brown, presented at 1969 ASME Metals Engineering and Pressure Vessels &
Piping Conference on Environmental Effects in Failure of Engineering Materials,
Washington, D. C., 31 Mar 1969; ASME Preprint 69-MET-10

"Stress-Corrosion Cracking: A Perspective Review of the Problem," B. F. Brown,
NRL Report 7130, 16 June 1970

"Corrosion Effects in Mechanical Failure; Corrosion Fatigue and Stress-Corrosion
Cracking," B. F. Brown, Proc. of the 15th Meeting of the Mechanical Failures Pre-
vention Group-MFPG Technical Report No. 8, Office of Naval Research, June 1, 1971

Presentations

"The Application of Fracture Mechanics to Stress Corrosion and Other Cracking
Problems in Advanced Metallurgical Materials," B. F. Brown, presented to the Lehigh
Valley Chapter, ASM, Bethlehem, Pa., 1 Nov 1968

"The Three Facets of Stress-Corrosion Cracking," B. F. Brown, presented to Washing-
ton Section, ASM, as the 1969 Burgess Memorial Lecture, Washington, D. C., 10 Feb 1969

"Relation of Corrosion to the Use of Modern Metallurgical Alloys in the Sea," B. F.
Brown, presented at Department of Ocean Engineering, Florida Atlantic University,
Boca Raton, Florida, 28 Feb 1969

"Environmental Effects on Fracture," B. F. Brown, presented at Seminar in Deformation
and Fracture of Engineering Materials, Carnegie-Mellon University, Pittsburgh, Pa.,
17 Mar 1969

"The Fundamentals of Stress Corrosion," B. F. Brown, Lecture to graduate students
in corrosion at the University of Delaware, Newark, Delaware, 29 Mar 1969

"Mechanisms of Stress-Corrosion Cracking (SCC)," B. F. Brown, presented at Rice
University, Houston, Texas, 28 Apr 1969
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"Mechanisms of Stress-Corrosion Cracking (SCC)," B. F. Brown, presented at ARPA
Materials Research Council Conference, Centerville, Mass., 15 July 1969

"Implication of Cathodic Reduction of Hydrogen to Stress-Corrosion Cracking," B. F.
Brown, presented at the Symposium on Cathodic Processes and Effects of Hydrogen
on Metal Properties, 136th National Meeting of The Electrochemical Society, Detroit,
Michigan, 5-10 Oct 1969; to be published in Extended Abstract Book

"The ARPA Coupling Program on Stress-Corrosion Cracking," B. F. Brown, presented
at the 1969 Tri-Service Meeting on Corrosion of Military Equipment, Annapolis, Md.,
19-21 Nov 1969; to be published in Proceedings

"The Application of Fracture Mechanics to Stress-Corrosion Cracking," B. F. Brown,
presented at the ASM Educational Conference on Fracture Control for Metal Structures,
Philadelphia, Pa., 27 Jan 1970; Chicago, Ill., 21 May 1970

'Implications of Stress Corrosion Cracking in Materials Selection and Design," B. F.
Brown, presented to the Department of Mechanical and Aerospace Engineering Seminar,
University of Delaware, Newark, Delaware, 10 Apr 1970

"Advances in Stress Corrosion," B. F. Brown, The Institute of Materials Science
Lecture Series, University of Connecticut, Storrs, Connecticut, 24 Apr 1970

"Stress-Corrosion Behavior of High Strength Alloy Systems," B. F. Brown, presented
at the Session on Stress Corrosion, Air Force Materials Symposium '70, Miami Beach,
Florida, 21 May 1970

"Studies on Occluded-Cell Corrosion Phenomena," B. F. Brown, The Gordon Research
Conference on Corrosion, New London, N. Y., 26-31 July 1970

"Overview of Stress-Corrosion Cracking," B. F. Brown, presented at the ASM Educa-
tional Conference on Stress Corrosion, Philadelphia, Pa., 4 Aug 1970

"Stress-Corrosion Cracking," B. F. Brown, presented to Graduate Course on Behavior
of Materials in the Ocean Environment, The Catholic University of America, Washing-
ton, D. C., 24-28 Aug 1970

"Mechanical Failures under the Combined Action of Stresses and Corrosive Environ-
ments," B. F. Brown, presented to the Meeting on Corrosion Effects in Mechanical
Failure, Mechanical Failures Prevention Group, Dayton, Ohio, 14-15 Apr 1971
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STRESS-CORROSION CRACKING IN TITANIUM (General)

E. P. Dahlberg and B. F. Brown

Objectives

To present or publish, or both, general reviews on stress-corrosion cracking in
titanium alloys.

Publications

"An Annotated Bibliography of Recent Papers and Reports on the Subject of Ambient
Temperature Aqueous Stress-Corrosion Cracking of Titanium and Titanium Alloys,"
E. P. Dahlberg, NRL Bibliography Report 29, Oct. 1966

Presentations

"Theory and Technology of Stress-Corrosion Cracking in Titanium Alloys,"
B. F. Brown, presented at Bureau of Mines, College Park, Maryland, 30 Apr 1969

"Titanium Alloys in the Marine Environment," B. F. Brown, presented at the
Symposium on Titanium for the Chemical Engineer, National Meeting of the American
Institute of Chemical Engineers, Atlanta, Georgia, 15-18 Feb 1970; Monograph on
Symposium on Titanium for the Chemical Engineer, in press
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Naval Research Laboratory

CORROSION FATIGUE PROCESSES IN ALUMINUM ALLOY

D. A. Meyn

Objective

To examine the difference between the propagation of cracks in an inert environment
and in (humid) air.

Approach

Crack propagation experiments were conducted on aluminum alloy in vacuum and in
(humid) air using fracture mechanics to quantify the stress factor. The fracture
surfaces were studied by replication electron fractography.

Publication

"The Nature of Fatigue-Crack Propagation in Air and Vacuum for 2024 Aluminum, "
D. A. Meyn, ASM Trans. 61:1, Mar 1968, pp. 52-61
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Naval Research Laboratory

DIAGNOSTIC CRITERION FOR STRESS-CORROSION
CRACKING IN ALUMINUM ALLOYS

D. A. Meyn and J. E. Flint

Obj ective

To examine corrosion product films on Al-Zn-Mg stress-corrosion cracking
specimens for indications to differentiate SCC from other fracture modes.

Achievements

The pattern of fractured corrosion product films known as "mud-crack pattern"
is a reliable method for positive identification of SCC when it is seen, but it may
be missing over a large portion of the SCC surface.

Publications

"Fractographic Diagnosis of Stress-Corrosion Cracking in Al-Zn-Mg," D. A. Meyn,
Corrosion 26:10, Oct 1970, pp. 427-429

C_
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Naval Research Laboratory

ELECTROCHEMISTRY OF STRESS-CORROSION CRACK TIPS

B. F. Brown, E. P. Dahlberg, C. T. Fujii, M. H. Peterson, and J. A. Smith

Objective

To determine and analyze the electrochemical conditions within growing stress-
corrosion cracks.

Approach

Three approaches have been tried in order to determine the thermodynamic conditions
(pH and E) corresponding to either stress-corrosion cracking initiation or growth:
1) Potentiostating smooth stressed specimens in buffered solutions of known pH,
2) freezing (liquid N) specimens with growing cracks, opening crack wide, and
analyzing corrodent as it thaws, and 3) theifing corrodent at intersection of crack
with edge of specimen and making instantaneous determination of pH at crack front
using antimony electrode or glass electrode.

Achievements

The pH at a growing crack tip in all alloy steels is about 4, as determined by pH
papers, antimony electrode, and glass electrode. The acid condition is due to
hydrolysis. Potentiostating to various potentials causes large changes in cracking
kinetics, but regardless of alloy content, the minimum in kinetics is at about -0.85
or -0.9 volts SCE. This potential corresponds to that for the thermodynamic sta-
bility for iron in water. Regardless of alloy or potential, while cracking is occur-
ring the conditions at the crack tip are favorable for the reduction of hydrogen, and
only the hydrogen mechanism is required to explain SCC in high strength steels.
There is no basic reason why a given area (e.g., the crack tip) cannot be simulta-
neously an anode for iron dissolution and a cathode for hydrogen reduction.

The pH at the tips of growing cracks in aluminum alloys is about 3.2-3.5, and in
titanium alloys about 1.6. Cathodic polarization tends to neutralize this acidity and
thereby to reduce cracking kinetics. The addition of CuCl2 decreases cracking
kinetics in titanium alloys, probably by substituting the reduction of copper for the
reduction of hydrogen.

Publications

"A Technique for Measuring the pH of Aqueous Solutions Within a Propagating Stress-
Corrosion Crack," E. P. Dahlberg, C. T. Fujii, and B. F. Brown, Rept/NRL Prog.,
Aug. 1968, pp. 28-29

"Methods for Studying the Solution Chemistry Within Stress Corrosion Cracks,"
B. F. Brown, C. T. Fujii, and E. P. Dahlberg, J. Electrochem Soc. 116:2,
Feb 1969, pp. 218-219

"On the Electrochemistry of Stress-Corrosion Cracking of High Strength Steels,"
B. F. Brown, Bulletin of CEBELCOR 8, March 1969, pp. E. 76/1-4
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"Solution Chemistry Within Stress-Corrosion Cracks in Alloy Steels," G. Sandoz,
C. T. Fujii, and B. F. Brown, Corrosion Science 10:12, Dec 1970, pp. 839-845

"A Method for the Direct Measurement of the Electrochemical Conditions at an
Advancing Crack Front," J. A. Smith and M. H. Peterson, Rept/NRL Prog.,
Jan 1970, pp. 32-33

"On the Existence of a Threshold Stress for Corrosion Cracking in Titanium Alloys
in Salt Water," B. F. Brown, Journal of Materials 5:4, Dec 1970, pp. 786-791

"Mechanism(s) of Stress Corrosion of High Strength Steels as Deduced Using
Indicator Papers," B. F. Brown, Acta Mexicana de Ciencia y Tecnologia, in press

"Electrochemical Conditions at the Tip of an Advancing Stress Corrosion Crack in
AISI 4340 Steel," J. A. Smith, M. H. Peterson, and B.F. Brown, Corrosion 26:12,
Dec 1970, pp. 539-542

Invited Talks

"Thermodynamic Conditions at the Tips of Growing Stress-Corrosion Cracks in
High Strength Steels," B. F. Brown, presented at the Belgian-American Symposium,
CEBELCOR, Brussels, Belgium, 3-4 Sept 1969

"Solution Chemistry Within Stress-Corrosion Cracks in Titanium Alloys,"
B. F. Brown, presented at the ASM Materials Engineering Congress, Philadelphia, Pa.,
15 Oct 1969

"Advances in Stress Corrosion," B. F. Brown, presented at the University of
Connecticut, Storrs, Connecticut, 24 Apr 1970

"Solution Chemistry Within Stress-Corrosion Cracks in Titanium 8-1-1 Alloy,"
B. F. Brown, presented to the International Symposium on Stress Corrosion
Mechanisms in Titanium Alloys, Atlanta, Georgia, 27-29 Jan 1971



B. F. BROWN

Naval Research Laboratory

STEELS

G. Sandoz, M. H. Peterson, J. A. Smith, B. F. Brown, and E. P. Dahlberg

Objective

To determine the resistance of high strength steel to stress-corrosion cracking and
to further extend our knowledge of the mechanisms involved.

Approach

Determine the threshold values of stress intensity for stress-corrosion cracking in
salt water for high strength steels. Study the chemistry of reactions within propagating
cracks. Study the effect of individual alloying elements.

Achievements

The susceptibility to stress-corrosion cracking in salt water of a number of high
strength steels at various levels of yield strength was measured. The susceptibility
of the steels increases with increasing yield strength. Among commercial steels,
the higher alloy steels are generally superior, but there are wide variations within
any one steel class because of sensitivity to processing variables. In quenched-and-
tempered steels the elements C and Mn lower markedly the threshold stress inten-
sity parameter for stress-corrosion cracking; the elements Cr, Ni, Co, Mo, S, and
P have little effect.

It was shown that the solution within propagating stress-corrosion cracks in a wide
variety of high strength steels has a pH of 3.6-3.8. The metallic elements are in
the solution in about the same proportions as in the alloy. A mechanism involving
embrittlement from hydrogen released by corrosion reaction explains the observations.

Publications

"Stress-Corrosion Cracking Resistance of an 18Ni 200 Grade Maraging Steel Base
Plate and Weld," G. Sandoz and R. L. Newbegin, NRL Memorandum Report 1772,
Mar 1967

"Analysis of Environmental Cracking in 4340 Steel by Scanning Electron Microscopy,"
E. P. Dahlberg and E. J. Brooks, Rept/NRL Prog, Jan 1969, pp. 23-24

"The Effect of Carbon Content on the Stress-Corrosion Cracking Susceptibility of
Quenched-and-Tempered Low Alloy Steels," G. Sandoz, R. L. Newbegin, and B. F.
Brown, Rept/NRL Prog, July 1969, pp. 28-29

"Effect of Some Elements on the Susceptibility to Stress-Corrosion Cracking," G.
Sandoz, Navy Materials Bulletin I11:3, Navy Advisory Council on Materials, Oct 1969,
p. 7
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"The Effect of Manganese Content on the Stress-Corrosion Cracking Susceptibility
of Quenched-and-Tempered Fe-C-Mn Alloys in Salt Water," G. Sandoz and R. L.
Newbegin, Rept/NRL Prog, Feb 1970, pp. 26-29

"The Effects of Sulfur Content on the Stress-Corrosion Cracking Susceptibility of
Quenched-and-Tempered Steel Similar to AISI 4340," G. Sandoz and R. L. Newbegin,
Rept/NRL Prog, May 1970

"Electrochemical Conditions at the Tip of an Advancing Stress-Corrosion Crack in
AISI 4340 Steel," J. A. Smith, M. H. Peterson, and B. F. Brown, Corrosion 26:12,
Dec 1970, pp. 539-542

"Solution Chemistry Within Stress-Corrosion Cracks in Alloy Steels," G. Sandoz,
C. T. Fujii, and B. F. Brown, Corrosion Science 10:12, Dec 1970, pp. 839-845

"The Effects of Alloying Elements on the Susceptibility to Stress-Corrosion Cracking
of Martensitic Steels in Salt Water," G. Sandoz, Metallurgical Transactions 2:4, Apr
1971, pp. 1055-1063

"Mechanism(s) of Stress Corrosion of High Strength Steels As Deduced Using Indicator
Papers," B. F. Brown, Acta Mexicana de Ciencia y Tecnologia, in press

"Stress-Corrosion Cracking of High Strength Steels," B. F. Brown, Proceedings of
the NATO Conference on the Theory of Stress Corrosion Cracking in Alloys, in press

"The Resistance of Some High Strength Steels to Slow Crack Growth in Salt Water,"
G. Sandoz, submitted to Journal of Materials

Presentations

"The Susceptibility to Slow Crack Growth of Some High Strength Steels in Salt Water,"
G. Sandoz, presented to the ASTM Fall Meeting, Atlanta, Georgia, 2 Oct 1968

"Fractographic Analysis of Stress-Corrosion Cracking in High Strength 4340 Steel,"
E. Philip Dahlberg, presented at 1969 WESTEC Conference, Los Angeles, California,
13 Mar 1969

"The 'Hydrogen-or-Nothing' Model for Environmental Cracking of Alloy Steels,"
B. F. Brown, presented at Naval Air Development Center, Philadelphia, Pa., 6 May 1969

"Implication of Cathodic Reduction of Hydrogen to Stress-Corrosion Cracking," B. F.
Brown, presented at the Symposium on Cathodic Processes and Effects of Hydrogen
on Metal Properties, 136th National Meeting of The Electrochemical Society, Detroit,
Michigan, 5-10 Oct 1969

"Stress-Corrosion Cracking of High Strength Steels," G. Sandoz, presented at the
1970 Westec Conference, Session on Stress Corrosion, Los Angeles, California,
9-12 Mar 1970

"Mechanism(2) of Stress Corrosion of High Strength Steels As Deduced Using Indica-
tor Papers," presented at the Latin American Colloquium on Corrosion and Protection
of Materials, Mexico City, 8-10 June 1970

"Stress-Corrosion Cracking of High Strength Steels, B. F. Brown, presented at the
NATO Conference on the Theory of Stress Corrosion Cracking in Alloys, Ericeira,
Portugal, 29 Mar 1971
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Naval Research Laboratory

DEVELOPMENT OF STRESS-CORROSION CRACKING SPECIMENS
AND TEST METHODS

E. P. Dahlberg, C. D. Beachem, J. E. Flint, G. Sandoz, and R. L. Newbegin

Obj ective

To develop specialized specimens for determining stress-corrosion cracking (SCC)
characteristics for both research and technology.

Approach

Specimens were sought which would contain a precrack and would be analyzable by
fracture mechanics methods.

Achievements

A small specimen suitable for SCC tests of sheet material was designed and compliance
measurements were made. When the notched specimen is stressed by a wedge to a
measured displacement and is then exposed to a corrodent, a stress-corrosion crack
propagates until the crack tip has reached a region where the stress is too low to
propagate the crack further. This condition is defined as KI5CC for arrest, and the
K number can be determined from the compliance calibration, the crack length, and
the displacement. The specimen is thus similar to the Manjoine specimen which had
been adopted by Rolfe for SCC testing, except that the present specimen is suitable
for sheet material. An equivalent specimen was designed for thick plate and was
stressed by an elastic ring which relaxed as the crack grew, again permitting a crack-
arrest characterization. A simple constant K specimen has been demonstrated useful
for SCC kinetic studies; this specimen, designated the double torsion specimen, can
be made from sheet material with a minimum of machine work.

Presentations

None.

Publications

"Stress-Corrosion-Cracking Test Methods," E. P. Dahlberg, Rept/NRL Prog, Oct 1967,
pp. 41-42

"Stress-Corrosion-Cracking Characteristics of Several Aluminum Alloys by a Crack-
Arrest Method," E. P. Dahlberg, Rept/NRL Prog, Jan 1968, pp. 23-24

"A Self-Stressed Specimen for Measuring Stress-Corrosion Cracking in Aluminum
Alloys," E. P. Dahlberg, Rept/NRL Prog, April 1968, pp. 25-27
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"Characterizing Stress-Corrosion Cracking in a 7079-T651 Aluminum Alloy by Using
a Self-Stressed Double Cantilever Beam Specimen," E. P. Dahlberg, Rept/NRL Prog,
Aug 1968, pp. 25-28

"Compliance Measurements for a Simple (WOL) Stress-Corrosion Cracking Test
Specimen," E. P. Dahlberg and J. E. Flint, Rept/NRL Prog, Oct 1968, pp. 20-21

"A Constant K Specimen for Stress Corrosion Cracking Testing," C. D. Beachem,
J. A. Kies, and B. F. Brown, Materials Research & Standards 11:4, April 1971, p. 30



B. F. BROWN

Naval Research Laboratory

SCC IN TITANIUM

G. Sandoz, E. P. Dahlberg, R. L. Newbegin, and D. A. Meyn

Objective

To determine the effects of various environments on titanium alloys and use this
information to determine the mechanisms of stress-corrosion cracking.

Approach

Use the cantilever beam test or the wedge load-type specimen test, or both, to deter-
mine values of KISC,

Achievements

Found that dissolved hydrogen in titanium alloys produces effects similar to effects
of some environments. Generally, a common fracture plane is favored, regardless
of the environment. Environment may be organic and need not be an electrolyte to
produce cracking. Values of threshold stress intensity are similar in all organic
environments, but values in water and methanol are somewhat lower.

Publications

"Effects of Some Organics on the Stress Corrosion Susceptibility of Some Titanium
Alloys," G. Sandoz, DMIC Memorandum 228, Battelle Memorial Institute, 6 Mar 1967,
pp. 10-15

"Stress Corrosion Cracking Susceptibility of a Titanium Alloy in a Non-electrolyte,"
G. Sandoz, Nature 214, 8 April 1967, pp. 166-167

"Fractography and Crystallography of Subcritical Crack Propagation in High Strength
Titanium Alloys," D. A. Meyn and G. Sandoz, Trans. TMS/AIME 245, June 1969,
pp. 1253-1258

"Subcritical Crack Propagation in Ti-8A1-lMo-lV Alloy in Organic Environments,
Salt Water, and Inert Environments," G. Sandoz, Proceedings of Conference on Funda-
mental Aspects of Stress Corrosion Cracking, NACE, Houston (1969), pp. 684-690

"Thin Foil Electron Microscopy," E. P. Dahlberg, Rept/NRL Prog, Apr 1967, pp. 19-21

"Delayed Fracture Characteristics of Ti-8Al-lMo-1V Alloy," G. Sandoz, Rept/NRL
Prog, May 1967, pp. 31-32

"Effect of Specimen Breadth on Susceptibility to Stress-Corrosion Cracking of Ti-8Al-
lMo-1V Alloy in Salt Water," G. Sandoz and R. L. Newbegin, Rept/NRL Prog, Aug 1967,
pp. 45-46

aDelayed Failure of Ti-7AI-2Cb-lTa Under Mode III Loading in Air, Salt Water and
Methanol," D. A. Meyn, Rept/NRL Prog, Nov 1967, pp. 33-34

176



NRL REPORT 7329

"Effect of Hydrogen Content on Subcritical Crack Growth in Ti-8Al-lMo-lV Alloy,"
G. Sandoz and R. L. Newbegin, Rept/NRL Prog, Nov 1967, pp. 35-36

"Stress-Corrosion Cracking Tests of Surface Flawed Specimens of Ti-7Al-2Cb-lTa,"
R. W. Judy, Jr., and E. P. Dahlberg, Rept/NRL Prog, May 1968, pp. 30-31

"Effects of Hydrogen Content and Environment on Subcritical Crack Growth in Ti-
7Al-2Cb-lTa and Ti-6A1-4V Alloys," G. Sandoz and R. L. Newbegin, Rept/NRL Prog,
Nov 1968, pp. 31-32

"Subcritical Cracking of Ti-8Al-lMo-lV in Mercury," D. A. Meyn and E. P. Dahlberg,
Rept/NRL Prog, Mar 1969, pp. 17-18

Presentations

"Evaluation of Some Stress-Corrosion Cracking Characteristics of Aluminum Alloys
Using Precracked Specimens," E. P. Dahlberg, presented to the ASTM Fall Meeting,
Atlanta, Georgia, 3 Oct 1968

"Solution Chemistry Within Stress-Corrosion Cracks in Titanium 8-1-1 Alloy," B. F.
Brown, presented to the International Symposium on Stress Corrosion Mechanisms
in Titanium Alloys, Atlanta, Georgia, 27-29 Jan 1971
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Naval Research Laboratory

TOPOLOGY OF STRESS-CORROSION CRACKING FRACTURES IN TITANIUM

D. A. Meyn

Objective

To examine the details of stress-corrosion cracks in titanium alloys.

Approach

Replica electron fractography was used on laboratory specimens and on a specimen
from an Apollo fuel cell tankage failure analysis.

Achievements

The fracture of Ti-6A1- 4V by SCC in methanol demonstrated that the relative pro-
portion of cleavage, peculiar to SCC in Titanium alloys, and mechanical rupture
(by microvoid coalescence) depends upon stress intensity K. When K is low, most
of the fracture is by cleavage; when K is high, there is a high proportion of micro-
void coalescence, and thus the total process is a mixture of two mechanisms.

Publications

"Effect of Crack Tip Stress Intensity on the Mechanism of Stress-Corrosion Crack-
ing of Titanium-6A1-4V in Methanol, " D. A. Meyn, Corrosion Science 7:10,
Oct 1967, pp. 721-723
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Naval Research Laboratory

THE CONCEPT OF THE OCCLUDED CORROSION CELL

B. F. Brown

Objective

To analyze the process of stress-corrosion cracking (SCC) and the other forms of
localized corrosion, such as pitting, crevice corrosion, intergranular corrosion,
filiform corrosion, and exfoliation.

Achievements

It is concluded that the corrodent within all these local corrosion cells is acid by
reason of hydrolysis and that it remains acid because of the restricted communica-
tion with the outside environment. This acidity militates against repassivation.
Cathodic protection is effective in both preventing and stopping this form of attack
by increasing the pH to the level at which protective metal oxides or hydroxides will
form. (In alloys susceptible to hydrogen cracking, cathodic protection against SCC
may not be a satisfactory solution.) This work has led to the organization (largely
by Dr. Roger Staehle of Ohio State University) of an International Conference on the
Occluded Corrosion Cell to be held in December 1971.

Publications

"The Role of the Occluded Corrosion Cell in Stress-Corrosion Cracking of High
Strength Steels," B. F. Brown, CEBELCOR's Rapports Techniques 112, Jan 1970,
pp. RT 170/1-3

"The Concept of the Occluded Corrosion Cell," B. F. Brown, Corrosion 26:8, Aug
1970, pp. 249-250

Presentations

"New Light on the Solution Chemistry of Stress-Corrosion Cracking," B. F. Brown,
presented as the RESA Lecture at the Naval Research Laboratory, Washington, D. C.,
19 Nov 1968, consequent to the receipt of the E. 0. Hulburt Award

"Three Forms of Occluded-Cell Corrosion," B. F. Brown, presented at National
Bureau of Standards, Gaithersburg, Maryland, 14 Apr 1969

"Studies on Occluded-Cell Corrosion Phenomena," B. F. Brown, presented at the
Gordon Research Conference on Corrosion, New London, N. Y., 26-31 July 1970
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Naval Research Laboratory

APPLICATION OF TENSILE LIGAMENT INSTABILITY MODEL
TO STRESS-CORROSION PROBLEMS

J. M. Krafft and A. M. Sullivan

Objective

To apply the ligament instability model to studies of stress-corrosion in an attempt
to provide a consistent explanation of observed time to fracture and crack growth
rate data.

Approach

A model which attributes stress-corrosion crack growth rate to erosive surface
attack of dT size ligaments is proposed. The ratio of surface reaction rate V, and
crack growth rate V, can readily be evaluated from details of the stress strain curve.
Relative specimen life tf can be estimated from the summation. The model is examined
by comparing the life time, or crack velocities, of notched bend specimens in aggressive
environments with bulk plastic flow properties.

Achievements

Using either time to fracture or crack velocity data, generated as functions of the
stress intensity factor KI, substantial agreement with the material property dependent
Vr /Vs curve is evident. Thus, the validity of this essentially mechanical model is
demonstrated. Indicating the essential V, curve shape it provides a rationale both for
the threshold and observed non-sensitivity of velocity to K, level.

Estimates of surface reaction rates, Vs, are also possible which agree well with the
few published values.

Further calculations combining ligament area and V. can generate information con-
cerning the weight of metal involved in the corrosion process, which has been con-
firmed by micro-chemical analysis.

Publications

"Role of Local Dissolution in Corrosion-Assisted Cracking of Titanium Alloys,"
J. M. Krafft, Rept/NRL Prog, March 1967, pp. 6-18

"Dissolution Velocities of Different Organic Media," A. M. Sullivan, Rept/NRL Prog,
April 1967, pp. 18-19

"Tensile-Ligament Instability and the Growth of Cracks in High Strength Alloys,"
J. M. Krafft and J. H. Mulherin (Frankford Arsenal), Trans ASM, 62, 1 March 1969,
pp. 64-81

"Weight of Metal Involved During Progress of a Stress Corrosion Crack," A. M.
Sullivan, Rept/NRL Prog, March 1969, pp. 18-19
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"Velocity of Stress-Corrosion Cracks," A. M. Sullivan, Rept/NRL Prog, July 1969,
pp. 30-31

"Velocity of Cracks Extending Under Stress in an Adverse Environment," A. M.
Sullivan, Proceedings of Second International Conference on Fracture, Brighton,
England, April 1969

Presentations

"Environmental Effects on Crack Growth Rates with Sustained and Repeated Load
Cycles," J. M. Krafft and A. M. Sullivan, Invited talk at Symposium on Practical
Aspects of Fatigue and Fracture, Derby, England, March 1970

"Stress-Corrosion Crack Velocity in 4340 Steel," A. M. Sullivan, presented to the
4th National Symposium on Fracture Mechanics, Pittsburgh, Pennsylvania, Aug 1970;
to be published in Journal of Engineering Fracture Mechanics
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Naval Research Laboratory

DUAL SCC-RATIO ANALYSIS DIAGRAMS FOR HIGH STRENGTH STRUCTURAL
MATERIALS

R. W. Judy, Jr., and R. J. Goode

Objective

The objective of the dual SCC-RAD approach was to provide interpretative proce-
dures for relating laboratory K 1C data to materials applications.

Approach

Fracture mechanics technology provides equations to relate KIC values determined
in the laboratory to flaw size-stress level relationships for fracture. Ratio Analy-
sis Diagram (RAD) procedures have been evolved to make engineering assessments
of conditions for fast fracture of the entire strength range of high strength metals.
Expression of stress-corrosion cracking (SCC) characteristics in fracture
mechanics parameters permits the effects of hostile environments on the same
structural metals to be included in the RAD framework.

Achievements

Dual SCC-RAD procedures were derived for high strength steels and for titanium
alloys. The ASTM E24 Committee's recommendations for specimen dimensions in
KIC testing were imposed for the SCC specimens to determine a thickness require-
ment. The thickness requirement was necessary to separate plane strain and plane
stress fracture conditions. With these criteria, SCC data were added to the RAD
for steels and the RAD for titanium alloys by using the existing K IC scales. The
thickness criteria were included on the RADs in the form of lines of constant ratio
KIcC/oYS; the value of the ratio depended on the thickness of the specimen involved.
A region of SCC tunnelling was defined for which KIsC values cannot be obtained.
Below this region KIScc measurements are possible, and engineering interpretation
of flaw size-stress level conditions for SCC and for fast fracture can be made.

Publications

"Stress-Corrosion Cracking Characterization Procedures and Interpretations to
Failure-Safe Use of Titanium Alloys," R. W. Judy, Jr. and R. J. Goode, NRL
Report 6879, 8 April 1969; ASME Journal of Basic Engineering 91, Series D(4),
Dec. 1969, pp. 614-617

"Procedures for Stress-Corrosion Cracking Characterization and Interpretation
to Failure-Safe Design for High Strength Steels," R. W. Judy, Jr. and R. J. Goode,
NRL Report 6988, 29 Nov. 1969
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Naval Research Laboratory

EFFECTS OF HEAT-TREATMENT ENVIRONMENTS ON THE STRESS-CORROSION
CRACKING RESISTANCE OF TITANIUM ALLOYS

D. G. Howe and R. J. Goode

Objective

The objective was to determine the effects of heat-treatment environments on the
salt water stress-corrosion cracking (SCC) characteristics of four titanium alloys.

Approach

Cantilever bend tests were conducted in 3 1/2% salt water environments for samples
of Ti-8Al-lMo-WV, Ti-7Al-lMo-lV, Ti-6A1-4V, and Ti-7AI-2.5Mo alloys which
had been heat treated and aged in helium or argon atmospheres or in vacuum. The
K Iscc data for the various environments were compared.

Achievements

The K I characteristics were determined for a variety of heat-treating conditions
involving different furnace environments at each step. Vacuum solution annealing
and cooling in a helium atmosphere resulted in material immune to salt water SCC
for all four alloys. Heat treatments in argon or helium atmospheres resulted in
KISCC values that were dependent on the solution annealing temperature rather than
the heat treating environment. The results of chemical analyses of the inter-
stitial hydrogen content of all materials tested indicated a conjunctive relationship
between the salt water SCC resistance and the interstitial hydrogen content of the
material.

Publications

"Effects of Heat Treating Environmental Conditions on the Stress-Corrosion
Cracking Resistance of Several Titanium Alloys," D. G. Howe and R. J. Goode,
ASTM STP 432, (1968) pp. 189-201

"Effects of Heat Treatment Environmental Conditions on Stress-Corrosion Crack-
ing Resistance of Several Titanium Alloys," D. A. Howe, Rept/NRL Prog, Feb
1967, pp. 32-35

"Effects of Heat-Treatment on the Stress-Corrosion-Cracking Resistance of the
Alloy Ti-6A1-6V-2.5Sn," D. G. Howe, Rept/NRL Prog, Sept 1967, pp. 51-52

183



B. F. BROWN

Naval Research Laboratory

CHARACTERISTICS OF STRESS-CORROSION CRACKING RESISTANCE OF HIGH
STRENGTH TITANIUM ALLOYS

R. W. Judy, Jr., R. J. Goode, and R. W. Huber

Objective

The objective of these studies was the determination of the effects of salt water
(simulated seawater) environments on structural titanium alloys.

Approach

Cantilever bend tests were conducted for a wide variety of titanium alloys in a
3 1/2 wt-% salt water environment. The SCC threshold (KIsc) values were com-
pared with mechanical property data.

Achievements

Characteristic K Iscc values were determined for a wide variety of titanium alloy
plate materials and metal-inert-gas (MIG) and electron-beam (EB) weldments.
These represented one-inch-thick materials with variations of heat-treated con-
ditions and welding parameters. It was shown that comparison of salt water SCC
resistance of titanium alloys was not related to other mechanical properties of the
material. Interpretation of the KI5cC data to predictions of critical flaw size for
yield stress loading was summarized on a SCC-index diagram based on linear
elastic fracture mechanics.

Publications

"Stress-Corrosion Cracking Characteristics of Alloys of Titanium in Salt Water,"
R. W. Judy, Jr., and R. J. Goode, NRL Report 6564, 21 July 1967

"Fracture Toughness and Stress-Corrosion Cracking of Some Titanium Alloy
Weldments," R. W. Huber, R. J. Goode, and R. W. Judy, Jr., Welding Journal
Research Supplement 32: 10, October 1967, pp. 1-9

"Fractographic Study of Titanium Alloy SEN Fracture Mechanics Specimens,"
R. W. Judy, Jr., and R. J. Goode, Rept/NRL Prog, Nov 1966, pp. 18-20

"Stress-Corrosion-Cracking Characterization Studies of High Strength
Titanium Alloy Weldments," R. W. Judy, Jr., A. Friedland, and R. J. Goode,
Rept/NRL Prog, Nov 1966, pp. 20-21

"Stress-Corrosion-Cracking Characteristics of Alloys of Titanium in Salt Water,"
R. W. Judy, Jr., and R. J. Goode, NRL Report 6564, 21 July 1967

"Stress-Corrosion-Cracking Behavior in Titanium Alloys, " R. W. Judy, Jr., and
R. J. Goode, Rept/NRL Prog, July 1967, pp. 38-40

"Fracture Toughness and Salt-Water Stress-Corrosion-Cracking Resistance of
Titanium Alloy Weldments," R. W. Huber, R. J. Goode, and R. W. Judy, Jr.,
Rept/NRL Prog, Nov 1967, pp. 1-11
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"Study of Notch Acuity on the SCC Characteristics of Titanium Alloys,"
R. W. Judy, Jr., and R. J. Goode, Rept/NRL Prog, Nov 1967, pp. 34-35 _

"Procedures for Stress-Corrosion Cracking Characterization and Interpretation
to Failure-Safe Design for High Strength Steels," R. W. Judy, Jr., and R. J.
Goode, NRL Report 6988, 29 Nov 1969
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Naval Research Laboratory

IRON HYDRIDE PREPARATION

Forrest L. Carter and M. O'Hara

Objective

To prepare and characterize the iron hydrides which are logical precursors to the
understanding of the role hydrogen plays in the stress-corrosion cracking of steels.

Approach

The preparation of the iron hydrides is being attempted by four different chemical
methods involving glove box procedures to provide an inert working atmosphere.
These are: 1) The Grignard reaction between phenylmagnesium bromide and an
anhydrous iron chloride in the presence of purified hydrogen, 2) the reaction be-
tween pyrophoric aluminum triethyl and an iron chloride in the presence of
hydrogen, 3) the electrolysis of ammonium chloride in liquid ammonia using iron
electrodes, and 4) the sputtering of iron via argon-hydrogen bombardment. In this
latter method it is hoped that the atomic iron produced by energetic argon ions will
react with hydrogen while it is in the finely divided state.

Achievements

It has been shown that the earlier work using the Grignard-reaction (1, above) is
in error in that one obtains not the transition metal hydrides, but rather transition
metal ether complexes of low hydrogen content (as hydride). Using the second
method involving triethyl aluminum, small quantities of a black crystalline
paramagnetic powder have been obtained. This material, containing iron, hydro-
gen, and 10-20% aluminum, is readily indexed as BCC with a 3.30A cell edge com-
pared with BCC iron, the unit cell volume is 50% greater, and generally appears
to be related to the iron hydride sought. It is possible that the compound is stabi-
lized by the incorporation of aluminum, for which well-characterized hydrides are
known. An alternate synthesis of this "iron aluminum hydride" is being attempted
via the reaction of iron trichloride with the alkali aluminum hydrides. A reaction
intermediate involving tetrahydrofuran has been obtained using LiAlH 4. The
decomposition of this product will be attempted by refluxing in a hydrocarbon
solvent. The electrolysis of ammonium chloride in liquid ammonia gave no de-
tectable change in the x-ray powder pattern of an iron wire electrode. However,
the electrolysis of a liquid ammonia-ammonium chloride electrolyte containing
FeCl3 did yield a brown deposition on a platinum wire cathode. Difficulties in the
isolation of this deposit have prevented its characterization to date. Definitive
results for the argon bombardment method are yet to be obtained.
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Naval Research Laboratory

POTENTIOSTATIC BEHAVIOR AND PASSIVATION OF ANODIC
REACTIONS OF IRON AND PLATINUM

S. Schuldiner

Objective

The electrochemical behavior of iron and platinum has been investigated in closed
high purity systems. Especial attention was paid to determination of the mechanism
of passivation.

Approach

Steady-state potentiostatic polarization curves were determined under conditions
in which reactable impurities were reduced by pre -electrolysis to extremely low
levels. Effects of added impurities were determined after the behavior under high
purity conditions was determined. Effects of anion adsorption were determined under
both steady-state and transient conditions.

Achievements

Over a dozen identifying characteristics due to small amounts of impurities were
described and most of the interfering impurities were reduced to a level of less than
one part in 10 12 .Under these conditions, iron gave results similar to platinum and
acted as a noble metal, showing no corrosion at any applied potential. Current densities
were only a few percent of those given in the literature where iron corroded under
conditions of ordinary purity. The high purity system can act as a standard for deter-
mining electrode reactions and the nature of passivation and was used here to evaluate
quantitatively the effect of adding various amounts of chloride ion to the system, thus
showing the initiation of corrosion and of passivity. A mechanism of inert anion
adsorption on the passive behavior of the hydrogen oxidation reaction on platinum was
demonstrated under both steady-state and transient conditions.

Publications

"Passivation of Anodic Reactions," S. Schuldiner, Rept/NRL Prog, March 1968,
p. 21; J. Electrochem. Soc. 115, Sept 1968, p. 897; and NRL Report 6703, 30 Apr 1968

"Anodic Oxidation of Hydrogen on Iron and Platinum in Sodium Hydroxide Solution,"
S. Schuldiner and C. M. Shepherd, J. Electrochem. Soc. 115, Sept 1968 p. 916; and
NRL Report 6718, 24 May 1968

"Potentiostatic Current-Potential Measurements on Iron and Platinum Electrodes
in High-Purity Closed Alkaline Systems," C. M. Shepherd and S. Schuldiner, J.
Electrochem. Soc. 115, 1968, p. 1124; and NRL Report 6748, 26 Aug 1968

"Effect of Chloride Ion on Corrosion of Iron," C. M. Shepherd and S. Schuldiner,
submitted to Corrosion Science

187



188 B. F. BROWN

"Characterization of Platinum Electrodes in Sulfuric Acid Solution. I. Transient
Conditions," M. Rosen, D. R. Flinn, and S. Schuldiner, submitted to the Journal of the
Electrochemical Society

Presentations

Each of the above papers has been given at technical meetings. In addition, the follow-
ing have been presented:

"Passive Films," S. Schuldiner, presented at the ARPA-IDL Navy Briefing, NSRDC
(David Taylor Model Basin), Nov 2, 1967

"Passivation of Platinum and Iron in High-Purity Systems," S. Schuldiner, presented
at the Gordon Research Conference on Corrosion, July 24, 1968

"Mechanisms of Passivation of Anodic Reactions on Inert Electrodes," S. Schuldiner,
presented at the University of Pennsylvania, Chemistry Seminar, Philadelphia, Pa.,
Nov 6, 1968
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Naval Research Laboratory

ROLE OF CHLORIDE IONS IN STRESS-CORROSION CRACKING

T. A. Kovacina and D. L. Venezky

Objective

Determine distribution of chloride ion between liquid (sodium chloride solution) and
solid [iron (IV) oxide] phases and determine the reaction mechanisms involved.

Approach

Specific ion electrodes (H+ and Cl1) and the radioisotope 36C117 are used to monitor
the effect of the addition of aFe2 03 to various aqueous solutions.

Achievements

Additions of pure aFe2O3 (< 10 ppm total impurities)to carbon dioxide free water
or aqueous sodium chloride solutions resulted in significant changes in the hydrogen
ion concentrations of the solutions. The results are consistent with a postulated
initial hydration of the solid oxide surface, followed by acidic or basic hydrolysis,
depending on the environment. Although a much weaker base than the hydroxide
ion, the chloride ion appears to successfully replace hydroxide ions on the hydrated
oxide surface.

Publication

"Investigations of Selective Interactions of the Iron/Aqueous Sodium Chloride System.
Part 1-The Adsorption of Chloride Ion by a -Iron (In) Oxide in Oxygen-Saturated
Sodium Chloride Solutions at 300C," T. Kovacina and D. L. Venezky, NRL Report 7264,
May 1971
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Naval Research Laboratory

EFFECT OF CHEMICAL ENVIRONMENT ON STRESS-CORROSION
CRACKING OF METALS

H. R. Baker and C. R. Singleterry

Objective

To define chemical factors influencing stress-corrosion cracking (SCC) of metals
and to identify chemical inhibitors of SCC.

Approach

SCC of U-bend specimens is studied under conditions of controlled pH, temperature,
and ionic environment. The effect of corrosion inhibitors on SCC is examined as a
function of these variables.

Achievements

Conditions have been established for the rapid SCC of 4340 steel in various salt
solutions. It has been shown that conventional inhibitors of steel corrosion are
effective in preventing SCC of this alloy, but that the inhibitors must be present at
much higher concentrations than are required for the prevention of surface corrosion.
As could be expected from the observations of the characteristic pH encountered in
stress-corrosion cracks, the presence of an adequate alkaline reserve, by itself or
in conjunction with conventional inhibitors, exerted a marked inhibiting effect. A
report of this work is in preparation. Suitable buffering of chromate solutions has
also been shown to delay the SCC of 7075 T aluminum alloy. Corrosion of 4340
alloy in boiling NaCl solution lowers the solution pH with concurrent formation of
Fe3O4 , thus accelerating corrosive processes.
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Naval Research Laboratory

OXIDE FILM EFFECTS IN STRESS-CORROSION CRACKING

M. C. Bloom* and S. H. Smith, Jr.

(* Retired 1 July 1969)

Objective

To determine whether the presence or absence of an oxide film on a metal alters
its SCC behavior and whether the electrical conductivity or some other physical or
electrochemical property of the oxide is a factor.

Approach

Some suitable SCC evaluation test having been selected, a specimen would be coated
with either conductive or insulating oxide and tested. Expected to be of importance
would be porosity of the film and its dependence on the method of growth. Ease of
hydrogen permeation might be germane too.

Achievements

A procedure was devised for preparing type 4340 steel specimens for cantilever
beam tests, but it was necessary to start the required fatigue crack before heat
treating and this impeded experimental control of oxide in the crack. Instead, the
simpler U-bend technique was put to use.

Experiments have thus far shown no performance difference between conductive
(Fe3O4 ) film coatings and insulating (MnFe2O4 ) ones, but these were porous films.
Other specimens coated with Teflon to simulate the physical but not chemical
presence of oxide have tended to crack where pits formed at the bottom of pores.
Iron plating 0.002 to 0. 030-in. -thick curtails SCC in either acid (pH 2-3) or
alkaline (pH 6-9) media, but oxidation of this plate to Fe3O4 hastens it.
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Naval Research Laboratory

SURFACE CHEMICAL STUDIES OF METAL SURFACES

L. B. Lockhart, Jr., and R. L. Patterson, Jr.

Obje ctive

Radiochemical techniques are used to investigate the nature of the bonding between
adsorbed molecules and active sites at the surface of ferrous metals and their
alloys.

Approach

Adsorption/desorption studies are made of carbon-14-labeled stearic acid and
octadecylamine on iron, steel, and glass surfaces to learn more about the extent
of surface coverage, the effective surface area of highly polished surfaces, and
the number and type of active adsorption sites present in the surface layer. Fire-
polished soft glass is used as a reference surface.

Achievements

Procedures have been developed for the preparation of condensed monomolecular
films of stearic acid-l-C 14 on both soda-lime glass and ferrous metals using
retraction from nitrobenzene solution. Desorption studies have shown that 20-40%
of the adsorbed molecules are strongly bonded, presumably through chemical
reaction with active surface sites. A relationship has been developed between the
extent of surface coverage and the contact angle of the adsorbed film.

Publications

"A Study of the Adsorption of Carbon-14 Labeled Stearic Acid on Iron," C. 0.
Timmons, R. L. Patterson, Jr., and L. B. Lockhart, Jr., NRL Report 6553,
June 2, 1967; also J. Colloid and Interface Sci. 26, Jan 1968, pp. 120-127

"The Adsorption of Carbon-14-Labeled Stearic Acid on Soda-Lime Glass,"
R. L. Patterson, Jr. and L. B. Lockhart, Jr., NRL Report 6901,
May 23, 1969
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