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ABSTRACT

TEMPERATURE AND RISE TIME EFFECTS
ON DYNAMIC STRAIN MEASUREMENT
WITH RESISTANCE STRAIN GAGES

by
William James Bagaria

Strain pulses in a test specimen were measured over a temperature
range -100 to +300°F with foil and semi-conductor resistance strain gages.
These tests were performed to determine if the gage-output rise time and

amplitude change as a function of temperature. The existence of a con-

stant that should be added to the theoretical rise times of resistance
strain gages, as suggested by Koshiro 0i, was re-examined.

The foil gages were type ED-DY-031CF-350, manufactured by Micro-

Measurements. The semi-conductor gages were type SPB3-06-12, manufac-

tured by BLH Electronics, Inc. A1l gages were bonded to the test speci-

men with a large-temperature-range epoxy adhesive.

The test specimen was made from Ni-Span-C, Alloy 926E>manufactured

by The International Nickel Company, Inc. This alloy exhibited a con-

stant long wave velocity over the temperature range -100 to +300°F.

This characteristic was necessary in order to eliminate temperature
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effects in the dispersion of the strain pulse.

"Long" rise time strain pulses were produced in the test specimen by
a falling steel ball which impacted the end of the specimen. The rise
times of these strain pulses were on the order of 7 usec. and the strain
amplitudes were approximately 65 uwin/in. A new type of apparatus was de-
signed and constructed that would generate "short" rise time strain pulses.
The strain pulses were produced by impacting the end of the test specimen
with a short pendulum-type hammer. The rise times were on the order of
0.13 to 2 usec. The strain amplitudes were approximately 500 win/in.

The results of the 7-usec. rise-time tests showed that the rise time
and amplitude of the gage output do not change appreciably as a function
of temperature.

The results of the 2-usec. rise-time tests showed that the amplitude

of the gage output was relatively independent of the test temperature but

did exhibit a hysteresis effect. The rise times remained constant up to

a temperature of 200°F, then started to increase. The rise times at 300°F
were approximately 100 per cent larger than at room temperature.

The results of the sub-microsecond rise time tests indicated that
the theoretical rise time additive constant is 0.05 usec. or less. This
is one-half the value that Bickle arrived at by re-evaluating 0i's data.
An analytical study was conducted on the sub-microsecond results using

Taylor's theoretical work. From this analysis it was hypothesized that

the output rise times of resistance strain gages do not require an addi-

tive constant.
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CHAPTER 1

INTRODUCTION

1.1 General Comments and Purpose

Resistance strain gages are strain transducers consisting of a resis-
tance element cemented to a backing material. The two most common types
of resistance elements are made from metallic foils and from semi-conduc-
tors. These gages are commercially available in many shapes and sizes.

The associated strain-gage instrumentation is well developed and readily
available. The gages are easily bonded onto most specimens that are to be
tested. The above features have led to the increasing application of re-
sistance strain gages.

As the use of resistance strain gages becomes more wide-spread, the
types of strain (static and dynamic) and the conditions under which they
are measured are becoming more varied. Hence it is appropriate that re-
search is conducted in the dynamic response of strain gages at room tem-
perature. Before a gage can be used to measure dynamic strain, its dy-
namic response must be determined. The dynamic response of a gage is de-
termined ideally by subjecting the gage to a step-function strain wave.
Two parameters then define the dynamic response, the rise time and ampli-
tude of the output signal. The rise time is the time it takes the output
signal amplitude to rise from 10 to 90 per cent of its steady-state or

first peak value. The greatest single factor that has been hindering

1







2
this research has been the generation of a strain pulse that approaches

an ideal step-function.

Extensive research has been conducted on the application of strain
gages for the measurement of static strain at various temperatures. It
has been determined that there are two basic effects produced on a gage
by a temperature change. First, the gage resistance and sensitivity
(gage factor) will change. This is due to the non-zero coefficient of
thermal resistivity of the gage element. Second, the gage will experience
a strain due to thermal expansion. This "apparent" strain arises from
different coefficients of thermal expansion for the gage element and the
test specimen material. The dependence of gage sensitivity and apparent
strain on temperature is supplied by the gage manufacture. The measured
strain amplitude can thus be analytically corrected for temperature effects.
The apparent strain can also be corrected for by appropriate instrumenta-
tion. Since these two temperature effects on gage output are independent
of the type of strain being measured (static or dynamic), the same correc-
tion made for temperature effects under static strain conditions should be
made under dynamic strain conditions.

One area that is becoming increasingly important is the measuring of
dynamic strain at different test specimen temperatures. However, the
effects of extreme environmental temperatures on the output of resistance
strain gages when employed for the measurement of dynamic strain haye not
been investigated. When strain gages are to be used to measure dynamic
strains at various specimen temperatures, two important parameters must
be known: the rise time of the gage, and the effect of temperature
on the gage output. Two additional problems arise which were not present
when conducting dynamic tests at room temperature. First, the various

test temperatures must not produce changes in the strain-generating
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apparatus. If any changes occurred it would be difficult to separate the

effects produced by changes in the test apparatus from those produced by
any changes in the gage. Second, a test-specimen material must be chosen
so that the material properties that affect a propagating wave do not
change with temperature.

The purpose of this experiment was to determine the temperature
effects on the rise time and output amplitude of foil and semi-conductor
resistance strain gages. In order to accomplish this purpose the strain
gages were mounted on a test specimen such that they could be subjected
to a propagating strain wave. It was necessary that the strain-wave rise
time be short and that the strain-wave shape be reproducible over the
test-temperature range. It was not necessary that the wave have a
specific shape. The wave fronts had rise times on the order of 1 to 2
microseconds. The tests were carried out at environmental temperatures

ranging from -100 to +300°F.

1.2 Previous Studies of Strain Gage Dynamic Response

The first studies on the dynamic response of the resistance strain
gage were conducted by De Forest (1939).* The resistance strain gages
that he used had just been developed by the Hamilton Standard Propellor
Company and the Massachusetts Institute of Technology. These gages con-
sisted of a resistance strip, made from bakelite resin impregnated with
graphite, sandwiched between layers of pure insulating bakelite. The
gage length was one inch, the width was 0.25 inch, and the thickness was

0.015 inch. The amplifiers and oscillographs required to record the

* Surnames followed by dates in parenthesis refer to Bibliography.







4
resistance strain gage signal had been developed the previous year.

De Forest conducted tests on impacting bars. He compared his ex-
perimental results with the theoretical results computed by Sears (1908).
From this investigation he concluded that "progress is being made in the
measurement of stresses which are propagated at the speed of sound, and
that impact strains need no longer remain in the realm of conjecture."

The magnetostrictive effects of wire strain gages were studied by
Vigness (1956). This effect is the "self-generation” of a voltage by a
ferromagnetic material. The magnetic domains in a ferromagnetic material
can be aligned by repeated mechanical impact while the material is carry-
ing a "large" electrical current. Once the domains are aligned, the
material can self-generate a voltage when subjected to mechanical impact
in the absense of an external voltage. Vigness "conditioned" strain
gages made of various types of materials by subjecting them to different
amplitude strain-pulses while they were carrying electrical currents of
approximately 0.15 amp. This caused a preferential alignment of the gage
material magnetic domains. When the gages without a supply current were
subsequently subjected to dynamic strains they would generate a voltage.
He found that gages made from strongly magnetostrictive materials, such
as nickel, will self-generate voltages on the order of "several" milli-
volts. For materials such as isoelastic, which are "weakly" magneto-
strictive, the self-generated voltages may be as large as one millivolt.
Since typical outputs from strain-measuring systems range from 0.1 to
1000 millivolts, the above source of error can be appreciable for small-
amplitude strain measurements.

A theoretical investigation was conducted by Taylor (1966) in order

to study the effects that gage length has on measurement of strain-wave
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rise-time and amplitude. His basic premise was that the output of a

finite length strain gage will be the average value of the strain that
is within the length of the gage. Then he computed the rise time and
amplitude errors as a function of the length of the strain-pulse leading
edge and the strain-gage length. From this he derived "application de-
sign charts”" for use with resistance strain gages. With these charts,
the rise time and amplitude outputs of the gage could be corrected.
There are two limitations to the use of these charts. First, the ex-
perimental strain-pulses must be of a similar shape as compared to the

theoretical ones upon which the charts are based. Second, since his

approach was theoretical, he neglected effects such as instrumentation
circuit capacitance and inductance, skin conduction, magnetostriction,
gage backing and cement properties.

0i (1966) devised a method by which an elastic step wave, that had

a calculated rise time of 1.4 microseconds, could be produced in a test

specimen. These step strain waves had rise times that were several times
shorter than those used by previous investigators. For example, Cunning-
ham and Goldsmith (1959) had reduced the rise time of strain waves to 7
microseconds and 10 microseconds in steel and aluminum bars respectively.
0i conducted tests on polyester-backed wire gages that had theoretical
rise times of 0.16 and 0.48 microsecond. Linearly extrapolating his
data and using the most conservative results, he determined that a gage

has a rise time of less than

0.2 usec + 0.8 L/co .
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where L is the active gage length, and cois the long wave velocity of the
test specimen material. The constant 0.8 arises from the definition of
rise time. 0i felt it was "dangerous" to use the 0.2 microsecond value

which was obtained by extrapolation of his data. His "moderate conclusion'

was to estimate the rise time of a resistance strain gage as less than

0.5 usec + 0.8 L/c0

Dispersion, induced by Poisson's effect, will alter the rise time
and amplitude of a prupagating step wave and thus must be considered when
using Oi's results. The rise time of the strain-wave in 0i's experiment
was determined by a theoretical calculation based on crack-propagation
theory. Then he compared the measured with the theoretical results.
While he "supposed" that the amplitude differences of the experimental
results compared to the theoretical were partially due to the dispersion,
he apparently considered that the rise times were not affected. Because
of dispersion, it seems 1ikely that the strain-wave initially had a
shorter rise time than the theoretical one. Subsequently, dispersion
probably increased the rise time of the strain-wave by the time it reached
the gage location. Consideration of dispersion effects would then seem
to indicate that the original 0.2 additive constant arrived at by 0i
might be conservative.

0i's work was re-evaluated by Bickle (1970). He first considered
the 0.5 microsecond additive constant. Bickle felt that a 0.3 microsecond
“safety factor" should not have been added to the rise time, since 0.2
microsecond "represents actual experimental results." He examined the

effect of 0i's instrumentation system on the measured rise time. Bickle
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concluded that the rise time of a strain gage is less than:

0.1 usec + 0.8 L/c0

Next, Bickle considered the 0.8 L/co term. By making a coordinate-system
transformation, he derived a closed-form analytical expression which
yielded the input to the resistance strain gage based on the output. The
use of this analytical method for resistance strain gage data reduction
eliminates the 0.8 L/c0 term from the rise time expression. Bickle, then

conducted an experiment which verified his analytical results.

1.3 An Investigation of Strain-Wave Generation Methods

1.3.1 Pijezoelectric

Piezoelectric materials have been used to generate sinusoidal stress

(strain) waves in various substances. For example, they have been used

to generate sonar waves in water and resonate standing waves in the
“horns" of ultrasonic welders and drills.

Stuetzer (1967) analyzed the transient behavior of thin piezoelectric

elements. One of the many configurations and applications that he de-

scribed was the use of a thin piezoelectric element as a mechanical pulse

generator. The operating principle was as follows. A thin piezoelectric
element was bonded between the ends of two "long" cylinders. A transient
electrical voltage was applied across the faces of the piezoelectric ele-
ment. When the voltage was applied by means of an “open-circuit opera-
tion," a stress wave traveled into each of the cylinders. The waves were
identical rectangular stress pulses traveling in opposite directions.

This method of producing stress pulses appeared very attractive.

i.IlllllllIIIIIIllllllIII---c:;________________, o







The pulses would be easily initiated by the application of a voltage
across the piezoelectric element. The resulting stress pulse would have

a step front. In studying this method two limitations were found. First,
there was a maximum voltage that could be applied to the piezoelectric
materials. This voltage 1imited the amplitude of the stress pulse to
small values. Second, there were very few materials that exhibited piezo-
electric properties over the temperature range selected for this testing.
It was theoretically determined by this author that the generated pulse

9

would have a maximum amplitude of approximately 9 x 10°° in/in. This am-

plitude was too small to be measured by existing strain gage systems.
Mechanical amplification of the stress pulse as suggested by Rader
and Mao (1972), could raise this amplitude to an acceptable level. With
this technique a stress pulse was amplified as it traversed a tapered
bar. However, the rise time of the pulse would rapidly increase due to
dispersion effects, before the amplitude would be sufficient to measure

with resistance strain gages. It was decided that this method would not

be applicable to this testing.

1.3.2 Gas Pressure

Commerford and Whittier (1970) generated propagating waves by the use
of a gas dynamic shock wave. The experiments were performed at the low-
density shock-tube facility at The Aerospace Corporation. The working
fluid was air and the driver gas was high-pressure helium. The shock tube
had a driven section diameter of 17 inches. The shock wave traveled down
the shock tube and impinged on the test sample. The desired strain pulse

was thus produced in the sample. The shock wave parameters were approxi-

mately as follows: a rise time of 13 nanoseconds, an amplitude of 70 psi,
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and a Mach number of 3.4. The shock wave produced strain pulses in the

test sample that had rise times between 29 nanoseconds and 1 microsecond,
depending on the sample material.

There were many advantages to this technique as a strain pulse gen-
erator: nanosecond rise times, amplitudes independent of sample material,
uniform loading over the sample face, less critical sample alignment and
flatness. The major limitation to this test system was lack of financing
for the construction of such a facility.

Daniel and Marino (1971) produced stress waves in plastic models by
the use of an explosive. They detonated a 50 mg charge of pentaerythri-
tol tetranitrate (PETN) on a test model. The PETN explosive was held in
a plexiglas cap and detonated by means of gold exploding-bridge-wire. A
typical stress pulse produced by PETN had a rise time of less than one
microsecond and mean width of 6 microseconds. Investigation of this
technique revealed two major limitations. First, the commercial size of
PETN was too coarse for ease of use in 50 mg quantities and had to be re-
duced. Second, a small variation in the weight of the charge and the use
of the exploding-bridge-wire as a detonator produced large variations in
the amplitude of the stress pulse. Both of these limitations seemed to
preclude testing that would produce repeatable data.

In order to overcome the above limitations and still attain the de-
sirable pulse properties of explosives, this author investigated the use
of "hot" pistol primers as the stress pulse generator. The hot primer
had the fastest rise time of the available primers. The primers used
were manufactured by Omark Industries, (type CCI, Small Pistol Primers

#500). They produced a repeatable pressure pulse with a 80 microsecond
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rise time. This rise time was deemed much too long for this testing.

Therefore, this technique was abandoned.

1.3.3 Pulsed Radiation

Peffley (1967) produced strain waves in a cylindrical rod with a
linear accelerator. A high-energy transient pulsed-beam of electrons
impinged on the test specimen. His test showed the feasibility of this
method.

Percival (1967, 1969) used a pulsed ruby-rod laser to generate
strain waves in aluminum rods. The laser output was approximately 5
joules in a 35-nanosecond pulse. Hartman and Forrestal (1970) used a pul-
sed neoydmium-doped glass laser to produce strain waves in a magnesjum-
fluoride (Irtran I) ring. The laser output was approximately 12 joules
in a 30-nanosecond pulse. Both these methods produced strain pulses
in the specimens with rise times on the order of 5 microseconds and am-
plitudes on the order of 1.5 microstrain.

There were two ruby-rod high-energy-output lasers available to this
author. An investigation was undertaken to evaluate the use of these
lasers as a strain pulse generator. It was determined that one of the
lasers was not "Q-switched", therefore, its output was not regulated.
Instead of the 1ight energy being emitted in a single high-intensity
pulse, it was released in a series of pulses. This "pulse train" was
unsuitable for generating the desired strain wave. Furthermore, it was
not feasible to convert the laser to a Q-switched type. The second laser,
which was Q-switched, became inoperable sﬁortly before its suitability
could be investigated. Since these were the only two lasers available,

this method of strain wave production was discarded.
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1.3.4 Mechanical

An extensive study on the longitudinal impact of metal rods with
round ends was conducted by Sears (1908). His work Ted to a great prolif-
eration of stress(strain) pulse studies on impacting objects.

Cunningham and Goldsmith (1959) generated strain pulses in narrow
rectangular bars by longitudinal impact of a 1/2-inch diameter steel ball.
The ball produced plastic deformation in the end of the bar. Therefore,
1/4 inch of the bar end had to be removed and the bar end had to be re-
ground between tests. The amplitude of the strain pulses were in the
plastic range of the test-bar materials, and the rise times were on the
order of 12 microseconds. Although the ball impact velocity could be re-
duced to produce elastic strains, the rise times produced by this system
were not short enough for the proposed testing.

Chiddister (1961) conducted tests with round-ended rods and flat-
ended rods that were not "precisely" aligned and produced pulses with
rise times on the order of 20 microseconds.

Becker and Conway (1964) described an apparatus for precisely align-
ing and impacting a pair of plane-ended cylinders. The plane ends of
both cylinders were lapped with the use of optical techniques, to within
10 seconds of arc deviation from the geometric plane. The bars were
aligned by a three step procedure. First, coarse alignment was checked
with spirit levels. Second, intermediate alignment was checked with
carbon paper between the impacting ends of the cylinders. The third and
final alignment was accomplished using an audio technique suggested by
Sears (1908). It was observed that higher impact velocities produced
shorter strain-pulse rise times. The rise times ranged between approxi-

mately 8 to 18 microseconds, depending on the impact velocity. These
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rise times produced by this system were too long for this investigation.

Halpin et al. (1963) described the construction and use of an air
gun to produce strain-pulses with sub-microsecond rise times in a test
sample. An air gun was used to propel and guide a projectile against the
test sample. The resulting strain-pulse rise times were on the order of
0.04 microsecond. The rise time was influenced by two parameters, the
mis-alignment between the projectile and sample impact faces and the im-
pact velocity. The rise time was proportional to the tangent of the
angular mis-alignment between the faces and inversely proportional to the

projectile velocity. For example, the 0.04 microsecond rise time was pro-

duced by an impact velocity of 1000 feet per second and an angular mis-
alignment within 0.0002 radian.

A smaller version of this air gun was constructed to investigate its
suitability to this experiment. The results were less useful than expected
due to the Tower projectile velocities that were required to produce elas-
tic strains. At these low velocities the projectile-to-barrel friction

would produce erratic strain-pulse amplitudes. Thereby, the repeatability

of the device was severely impaired. If the projectile-to-barrel clearance
was increased, to reduce the friction, then the projectile/specimen
alignment could not be maintained. Erratic rise times resulted.

Thus, the method of strain-pulse generation of Halpin et al. was deemed
unsuitable .

Elastic step-waves were produced in wires by 0i (1966). He notched
long pieces of music wire and heat-treated the notched area. By subject-
ing these wires to tensile load, they catastrophically fractured at the
notch. This resulted in a step strain-wave that propagated along the

wire. The strain-wave had a rise time of approximately one microsecond.
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Thus, this method produces strain waves with properties that would meet

the requirements for this experiment. However, the destruction of each
sample would introduce many unwanted variables between tests. These
variables arise because of the impossibility of constructing identical
test samples. An assessment could not be made as to what effects the

combination of unwanted and desirable variables would have on the output

of the strain gage.

1.3.5 Hammer-Type Apparatus

It became apparent that the strain-wave generation devices currently
in use were either unsuitable or too expensive to be usable in this ex-
periment. It was decided to design and construct a new type of mechani-
cal test apparatus. This device had a short pendulum (hammer) as the im-
pact member. The hammer was mounted in a holder which also contained a
torsional spring to drive the hammer. The test specimen was bonded into
a holder with epoxy potting compound. The two holders were designed so
that the holders, hammer and specimen could be machined and lapped to
very precise tolerances. When mated, the two holders would position and
align the hammer with the specimen. This apparatus was inexpensive to
build, repeatable in its operation, produced strain-pulses with micro-
second or sub-microsecond rise times and produced strain-pulses with
amplitudes that could be varied within the elastic region of the test-

specimen material. See Chapter 2 for a detailed discussion of this de-

vice.
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1.4 Selection of Test Temperature Range

In order to select an appropriate test temperature range, it was
necessary to review some of the areas in which the resistance strain
gage is being used. The following are some typical dynamic tests and
environmental temperatures.

Dynamic tests are performed on reciprocating-engine components,
such as piston connecting rods. The normal connecting-rod operating
temperatures on a summer day range from 200 to 240°F. Under extreme
loading conditions these temperatures may reach 350°F.

The aircraft industry performs dynamic tests on aircraft struct-
ural components such as spars, stringers and stressed skins. In the
stratosphere, these members are subjected to a temperature of -65°F.

Spacecraft tanks, which in some applications are also structural
members, are dynamically tested. Liquid-oxygen tanks are at approxi-
mately -298°F; liquid-nitrogen, -320°F; 1liquid-hydrogen, -423°F.

The majority of dynamic testing is performed by the aircraft and

automotive industries. Thus, it was felt that temperatures of -100 to

+300°F would be a representative test range.







CHAPTER 2

TESTING APPARATUSES AND INSTRUMENTATION

2.1 Criteria for the Hammer-Type Apparatus

The following criteria were used in designing and constructing the
hammer-type strain-pulse apparatus.

a) The strain-pulses should have rise times on the order of tenths
of microseconds. This was necessary since the traverse time of "short"
commercially available gages when mounted on "conventional" engineering
materials was on the order of tenths of a microsecond.

b) The strain pulses should be repeatable. Statistical methods
could then be used to reduce the test data.

c) The apparatus should have provisions that would enable the ampli-
tude of the strain-pulse to be varied. This would allow the selection of
appropriate test amplitudes.

d) The apparatus should be inexpensive to build.

e) The apparatus should be of a type that could be constructed by
a “conventional" machine shop.

Criteria d and e would make the device available to experimenters
who have neither unlimited funds nor "exotic" aero-space/governmental
machine shop facilities available.

f) The apparatus should produce strain pulses by mechanical impact.
This criterion was dictated by criteria d and e.

15
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g) The faces of the impacting member of the device and the impacted

face of the test specimen must meet the following criteria.
i) The impacting faces must have surface finishes of 5 rms
microinches or Tess.
ii) The faces must be flat within 1/2 to 1 wave length of
6510 R red light, as determined by conventional optical techniques.
ii1) The mis-alignment of the faces upon impact must be less
than 10 seconds of arc.

These 1imits were determined partly from other devices and partly
from experiments conducted on the apparatus described in section 2.2.

h) The apparatus should have provisions to control the test speci-
men temperature between the limits of -100 to +300°F. This temperature
range was based on section 1.4.

i) The apparatus should have a means of measuring the impact veloc-
ity.

It is necessary to determine the impact velocity, since the strain

amplitude is a function of the impact velocity. Any variation in impact
velocity would then produce an undesirable variation in the strain ampli-
tude.

Jj) The apparatus should have means by which the recording instru-

mentation could be triggered.

2.2 Hammer-Type Apparatus

2.2.1 General Discussion

The hammer-type strain-pulse apparatus used in these experiments was

comprised of two major assemblies: the test specimen assembly and the

hammer assembly. The two primary parts of the specimen assembly were the
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test specimen and the specimen holder. The specimen was bonded into

the holder with epoxy potting compound. The two primary parts of the
hammer assembly were the hammer (a short pendulum) and the hammer holder.
The hammer was mounted into the holder by means of a shaft and two
bearings. These assemblies were designed in a manner that would allow
them to be separated for mechanical "lapping" operations. The lapping
operations were necessary to produce the surface finish and flatness of
the impacting faces as required in criteria g i) and g ii). The two
assemblies, when joined together, were designed to meet the alignment
requirement imposed on the impacting faces by criterion g iii).

There were two sub-assemblies which fasten to the hammer assembly.
One was the transducer that was used in conjunction with appropriate
instrumentation to determine the hammer impact velocity. The other was
the hammer drive assembly.

There was a heating-cooling sub-assembly associated with the speci-
men assembly. The heating-cooling assembly, along with a system that
provided a heated or cooled fluid, controlled the test specimen tempera-
ture.

The strain-pulse apparatus was mounted in a vacuum chamber. This
eliminated a cushion of air between the hammer and specimen faces prior
to impact. An air-cushion would have increased the strain-pulse rise

time.

2.2.2 Detailed Description

The test specimen is shown in Figure la. The specimen was a cylinder
with a solid and a hollow section. Impact occurred on the face of the solid

end. Four strain gages were located at 90° intervals around the specimen.
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The gages were positioned with their active elements parallel to the

cylindrical axis of the specimen. The leading edge of the active element
of each gage was positioned 0.03 inch from the impact face of the speci-
men. Dispersion effects, as discussed in section 3.1.1, required the gage
to be placed at the end of the specimen. The machining and lapping opera-
tions would remove some material from the end of the specimen. The 0.03-
inch dimension was chosen as a compromise between these two requirements.
An iron-constantan thermocouple was located between two of the gages.

The hollow portion of the specimen provided a passage for the heating-
cooling fluid. The hollow section was terminated 5/8 inch from the impact
face. This distance was chosen in order to allow the initial strain-pulse
to reach its peak value at the gage locations, before the wave that would
be reflected from the solid/hollow interface would reach the gage locations.
In addition, this length was chosen in order to reduce the thermal grad-
jents in the solid portion of the test specimen.

Figure 1b, shows the instrumented test specimen. This specimen was
pressed out of the specimen holder to show how the specimen was supported
by the potting compound. The potting compound is the large cylinder
through which the gage-leads and thermocouple wire pass.

The test specimen assembly is shown in Figure 2. The specimen holder
performed the following functions: a) provided a means of mounting and
locating the test specimen, b) provided a locating surface for the hammer
assembly, c¢) provided a lapping fixture for the test specimen, d) pro-
vided a means of mounting the heating-cooling assembly, and e) provided
a means of mounting the entire test apparatus in the vacuum chamber.

After the specimen was instrumented it was bonded into the specimen

holder with an epoxy potting compound. The potting compound must fulfill
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two requirements. First, it must be rigid. This is to insure that the
specimen does not move relative to the holder during lapping or testing.

Second, its thermal conductivity should be low. This will reduce thermal

gradients in the test specimen.
The potting compound was prepared from the follow ingredients:
Resin: Type DER 332, Dow Chemical Company,*
Filler: Type Vicron 15-15 (finest grade), Pfizer Corporation,
Hardener: Type H2-3561, Dexter Corporation.
The ingredients were measured by weight and mixed as follows:
Resin 50 parts
Filler 60 parts

Hardener 15 parts.

Curing time for the potting compound was 24 hours at room temperature.
After the specimen was bonded into the holder, the assembly was

faced-off in a lathe to insure that the impact face of the specimen was
coplanar with the large face of the holder. This machine surface was
then lapped and polished. The resulting surface had a measured finish

of 3 to 5 rms microinches, and a measured flatness within 1/2 to 1 wave
length of 6510 R red 1ight.** The three inch diameter large end of the
holder prevented the assembly from rocking during lapping. A rocking
motion would have produced a convex surface. In addition, this large
surface provided a precise means of locating the hammer assembly relative
to the specimen. Figure 3 shows the specimen assembly after lapping.

The hammer assembly is shown in Figure 4. The hammer assembly

* See Appendix A for addresses of manufacturers.

** See Appendix B for lapping, polishing and surface-finish-measuring

techniques.
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served the following functions: a) provided a means of mounting the

hammer, b) provided a means of precisely aligning the hammer with the
specimen, c) provided a lapping fixture for the hammer, d) provided a
means of mounting the transducer assembly, and e) provided a means of
mounting the hammer drive assembly.

The hammer is a short pendulum semi-permanently assembled into the
hammer holder. This design of the hammer assembly was a major departure
from previous devices. The hammer assembly automatically accomplished
and maintained the required alignment between the impacting face of the
hammer and the impacted face of the specimen. Thus, the hammer assembly
was the key factor that enabled this apparatus to produce repeatable,
sub-microsecond rise-time strain-pulse, while being inexpensive to build.

Of the three parameters (surface finish, flatness and alignment)
that influence rise time, alignment of the impacting faces was the most
difficult to achieve. The required surface finish and flatness are rau-
tinely produced by commercially available lapping machines. The precise
alignment of the impacting faces was directly dependent on the design of
the apparatus. The following description of the hammer assembly will ex-
plain how the necessary alignment of the impacting faces was accomplished.

The hammer was installed into the holder as follows. Super-precision
bearings were pressed into the holder, on either side of the hammer slot.
The hammer shaft was pressed through the bearings and the hammer. The
hammer was pinned to the shaft. The underside of the holder and the im-
pact face of the hammer were faced-off in a lathe. This insured that the
impact face of the hammer was coplanar with the underside of the holder.
This machined surface, along with the impact face of the hammer was then

lapped, polished and checked for surface finish and flatness. The hammer
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assembly was then joined to the specimen assembly as shown in Figure 5.

The lapped surface of each assembly automatically accomplished and
maintained the alignment between the hammer holder and specimen impact
face. The press fit of the bearings in the holder maintained the posi-
tion of the bearing outer races with respect to the hammer holder. Thus
the position of the bearing outer races was maintained with respect to
the specimen impact face. The press fit of the hammer shaft into the
hammer and bearings maintained the position of the hammer impact face
with respect to the inner race of the bearings. Thus, the clearance in
the bearings is the only possible source of mis-alignment between the
hammer impact face and the specimen impact face.

The hammer shaft mis-alignment due to bearing clearance is shown in
Figure 6. The bearing clearance, which is required to allow rotation of
the bearings, is shown as d. The distance between the bearings is shown
as L. The angular mis-alignment of the hammer shaft center 1ine from the
center 1ine of the bearings is the angle y . Geometry then gives y in

terms of d and L as:
v = tan™ (d/L)

The mis-alignment y can then be minimized by reducing d or increasing L.
To reduce the cost of the apparatus, inexpensive commercially-available
super-precision bearings were used. This gave a minimum d at reasonable
expense. Requiring y to be 10 seconds of arc or less determined the low-
er 1imit on L. The lower Timit on L was found to be approximately 2
inches. The dimensions of the lapped surfaces are governed by the size

of the available lapping machine. The maximum surface diameter that the
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Specimen and Hammer Assemblies

Figure 5.
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lapping machine available for this experiment could accommodate was
4 3/32 inches. Therefore, the hammer holder could be sized to achieve
the required L dimension and still fit into the lapping machine.

The design features of this strain-pulse apparatus permit the impact-
ing face of the hammer and the impacted face of the specimen to meet the
surface finish, surface flatness and alignment criteria.

The hammer drive assembly is shown in Figure 7. The hammer drive
assembly fastened to the hammer assembly. The functions of the hammer
drive assembly were as follows: a) provide a torsional reaction member
for the torsional spring that drives the hammer, b) provide a means of
indexing the hammer, c) provide a means of changing the torsional spring
pre-load, and d) provide a means of releasing the hammer from the index-
ing position, thereby allowing the hammer to impact the specimen.

The hammer drive assembly was removed from the hammer holder assembly
during the lapping operation. They were joined for test purposes.

An interconnecting shaft coupled the hammer shaft to the indexing
gear. Rotating the index gear thus rotated the hammer. The rotation was
accomplished by a rack and pinion drive installed in the vacuum chamber.
The rack was operated from outside the chamber. This allowed the hammer
to be indexed without releasing the vacuum. The hammer was held in the
indexed position by the sear which engaged the indexing gear.

The interconnecting shaft passed through the torsional drive spring.
This prevented distortion of the spring when the hammer was indexed. One
end of the torsional drive spring was fastened to the hammer shaft. The
other end was fastened to a worm wheel. The worm wheel was engaged with
the worm gear. Rotation of the worm gear changed the pre-load on the

drive assembly. By changing the indexing position and/or the spring







29

A1quesSy dALJQ Jdumwey °/ aunbl4

4e3y bulxapuy

3jeys Hul3o9uUu0dU4aIU]

fuLuds aALJQ |euoLSJ4ol

Jeag
JUNOY JB3Y WUOM

JOp |OH A|quassy dAL4Q







30
pre-load, the impact velocity of the hammer could be set to the desired
value. The worm gear was rotated by a flexible shaft that passed>through
the vacuum chamber.

A plunger passed through the vacuum chamber. The plunger performed
two functions. First, when it was pushed, it disengaged the sear from the
index gear. This allowed the torsional spring to drive the hammer which
resulted in the hammer impacting the specimen. Second, when the plunger
contacted the sear, it completed an electrical