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SECTION 1

INTRODUCTION

Advanced generations of inertial instruments require that induced
long-term microplastic strains be maintained at levels substantially
lower than 1076 to 1077 inch/inch. Strains of this low order of
magnitude are expected to occur in moderate strength engineering
materials with the application of very low applied stresses like those
that are associated with essential assembly operations such as shrink
fit, bolt tension, or rotational stress. These externally applied
stresses are the most difficult to control in that some minimum elastic
stresses need to be applied to the different structural members when the
instrument is assembled for satisfactory functioning of the instrument.
The gradual relief of such applied elastic stresses, with the passage of
time, results in permanent shape changes in the material (giving rise to
mass shifts) because of the induced plastic strain. These changes
manifest themselves in small amounts of mass shifts which become sources

of error in the performance of the inertial devices.

The sources of dimensional instability are several, azong which
some readily identifiable ones are phase transformation, relief of
residual stresses, and microplastic deformation (occurring because of
externally appliéd stresses) that was discussed above. Dimensional
changes related to phase transformations and residual stress relief
processes (unlike those related to externally applied stresses), can be
substantially minimized (if not altogether eliminated) by appropriate

material and process selection procedures.

Because it is not possible to reduce these stresses below a
reasonable limit. it becomes desirable to predict the plastic micro-

strain in such circumstances and compensate for the resulting errors.




In the past, much of the prediction criteria for the several instrument
component members has been based on the use of the measured microyield
strength (MYS) of the material. More recently, however, it has become
apparent that microcreep, which is a continuous dimensional change
measured at a 10~® or lower strain level at a given temperature and
applied load, is of considerably greater significance to the designer
than is the MYS of the material which appears only suited to short-term

: (1)*
strain effects.

Observations elsewhere(z) have shown that
significant microcreep will occur at stress levels that are but only a

fraction of the measured MYS value.

The emphasis in this activity has progressively shifted from a
determination of the MYS value of the HIP-50 beryllium material to an
examination of other experimental grades of beryllium. 1In particular,
the X-520 grade of beryllium produced by the Brush-Wellman Co. has been
examined for MYS in a manner analogous to the HIP-50 beryllium. A close
examination of the microstructure of the several beryllium samples using
standard analytical techniques has continued with the aim of being able
to explain the effects of selected heat treatments on the measured
micromechanical properties of the different grades of beryllium.

Earlier efforts at determining sample microstructures using X-ray and
microscopic techniques have been supplemented with detailed transmission
and scanning transmission electron microscopy (TEM/STEM) evaluations of
the as-processed and heat treated HIP-50 and X-520 materials. These
additional determinations are included in this report. Substantial
progress has been made on the development of an in-house capability for
measuring long-term tension microcreep at the 10'7 inch/inch level and
this is discussed. Also included is a description of results obtained
using finite element modelling techniques for predicting actual material

behavior from the measured rates of microcreep.

* Superscript numerals refer to similarly numbered items in the List of
References.




SECTION 2

OBJECTIVES

The present objectives of this program are - _llows:

(1) To study the microplastic behavior of HIP-50 and X-520

grades of beryllium and its relationship to microstructure.

(2) To predict microdeformation behavior of typical instrument
components using finite element analysis techniques and

experimentally determined microcreep data.

(3) To investigate the suitability of metal-matrix composite
materials as alternate materials to beryllium as the

structural members of the inertial devices.




SECTION 3

PREVIOUS WORK

Work accomplished prior to this past year's effort is described

in detail in References 1, 3, 4, and 5. A brief summary is included

here.

(1)

(2)

(3)

(4)

Procedures were established for preparing specimens and
measuring values of their microyield strength (MYS) while
ensuring that a reasonable precision of alignment was

obtained.

MYS and macroyield strength measurements were performed on
as-received and heat treated hot isostatically pressed
HIP-50 beryllium'produced by Kawvec.:i Berylco Industries.
Similar evaluations were also performed on as-pressed and
heat treated samples of the hot pressed X-520 beryllium
grade experimentally produced by the Brush-Wellman Co.
Significant differences were observed in the MYS
characteristics of these two beryllium grades, even though

their macro properties were quite comparable.

The MYS measurements showed that if a correlation is desired
between the processes of microyield and microcreep one must
take into account the value of the strain exponent in the
low strain regime (obtained by plotting the data on
logarithmic coordinates) in addition to the measured MYS

value.

Optical microscopy was determined to be of limited utility
in determining the effects of the several thermal treatments

on sample microstructure. It was concluded that extreme
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(5)

(6)

(7)

care was needed in sample preparation for microstruciure
examination to avoid introducing damage in regions ne +r the

surface.

Transmission electron microscopy was determined to be a
substantially more powerful tool for examining sample
microstructure. 1Initial examinations of the as-HIPed
material were made at the National Bureau of Standards using
a perchloric-based sclution. Subsequent examinations were
performed on heat treated HIP-50 samples at a local facility
using a chromic-acetic solution which was successfully
investigated for this purpose. The differences noted in the
samples were related mainly to phase precipitation and

segregation.

Scanning electron microscopy (SEM) performed on fractured
surfaces of HIP-50 and X-520 samples showed a few regions in
the X-520 material that appeared less crystalline than the
surrounding material. X-ray analysis showed that these
regions contained higher levels of silicon, oxygen, and
aluminum. Long-term Debye-Scherrer exposures of the several
samples showed extra X-ray diffraction peaks associated with
the X-520 samples which were attributed to the formation of

the compound Bezsi04.

Modelling studies were performed on a typical gyro component
and on a disc~shaped specimen for biaxial loading.
Deflection, resulting from microcreep processes, was
calculated for these instances. Finite element analytical
techniques were also used for evaluating the stress field in
a proposed test specimen for microcreep measurements. It
was determined that if three individual lugs were used to
replace the axisymmetric ribs of a conventional tensile
microcreep sample, a substantially more uniform stress field

is obtained.
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(8)

A reasonably extensive effort was expended on the design of
an experimental piece of apparatus for measuring microcreep
at the 10~7 inch/inch level. The system was designed to
accommodate the application of load in the range of 100 to
10,000 lb/in.2 with test runs that allow sample temperature
to be maintained at a given value between 100 and 180°F,

requlated to within t0.02°F.
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SECTION 4

PRESENT WORK

Work accomplished during this past year has included a further
detailed microstructure characterization of the HIP-50 and X~-520
beryllium grades and interpretation of their measured mechanical
properties with respect to these observations. A substantial level of
progress was achieved in the design, fabrication, and assembly of a
10-7-inch/inch microcreep measuring facility, which is to be used to
generate experimental microcreep data on beryllium for research as well
as engineering purposes. Use of the finite element modelling technique
for predicting the microdeformation of typical instrument parts from
experimentally obtained microcreep data has continued. Most of the
microcreep data used so far have been collected on I-400 instrument
grade beryllium at the National Bureau of Standards (NBS) under a
parallel program, which is also supported by the Office of Naval
Research. (The Charles Stark Draper Laboratory, Inc., serves as a
source of applications information to NBS and has provided the
specialized beryllium machining facilities for manufacturing of the

microcreep specimens.)

4.1 Microstructure Evaluations

Earlier attempts at examining these beryllium materials using
optical microscopy had demonstrated the minimal utility of this
technique in defining the microstructure of the material. It had,
nevertheless, assisted in the determination of the grain structure and
had also indicated that considerable care was needed during sample
preparation because of the likelihood of incorporating into the
microstructure mechanically induced artifacts. To avoid this,
considerable care should be exercised over the processes of machining,

sectioning, grinding, and lapping of the beryllium surface.




To gain further information on the finer microstructure details
of the material, transmission electron microscopy (TEM) was attempted on
as-HIPed and heat treated HIP-50 samples and this technique was deter-
mined to be a considerably more powerful tool for sample characteri-
zation. Differences in second phase precipitation distribution were ob-
served among the several samples. However, using the conventional TEM
technique it was not possible to identify the chemical species that were
present in the second phase particles. Subsequent long-term X-ray
Debye-Scherrer exposures on the as-pressed and heat treated HIP-50 as
well as the X-520 materials revealed the existence of extra lines in the
X-520 samples that were absent in the HIP-50 samples. These extra lines
were attributed to the phase Be,SiO,. Here too, however, even though
differences were observed between samples belonging to the two grades of
beryllium, there was no apparent distinction that was observable between
samples belonging to a given beryllium type even though these had been
subjected to different heat treatments prior to examination. As a con-
sequence, we have now performed a considerably more detailed analysis of
the second phase particles in these materials by combining the TEM tech-
nique with the more recently developed scanning transmission electron
microscopic (STEM) technique to obtain chemical information on the
second phase particla:s in addition to information on their size and

distribution.

4.2 Sample Preparation for Electron Microscopic Examination

Because of the likelihood of inducing excessive mechanical damage
during the preparation stages of the TEM samples (if proper care is not
exercised), a reasonably gentle procedure has been developed and was
found to be quite satisfactory for this purpose. This procedure
consists of slicing a 0.020-inch-thick beryllium slice from rod stock
using electrical discharge machining (EDM) and then coring 3-mm discs
from the thin slice, also using EDM, The disc samples are then rigidly
mounted on a reasonably flat surface and the exposed surfaces gradually
ground on progressively finer silicon carbide abrasive papers while

taking care to ultrasonically clean the surfaces after each operation.

10
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The thickness of the sample is reduced to about 0.010 inch with these
operations which are performed using papers of grit sizes 240, 320, 400,
and 600, respectively. The ground surfaces are next lapped using 6- and
3-um diamond paste followed by additional polishing using 0.3- and
0.,05-um A1203 particle suspension in water. These lapping operations
involve polishing of the surface for roughly two to three minutes with
each medium and all of this results in the production of surfaces that
possess a metallurgically polished appearance. The samples are removed
from the mount and the remaining surface is exposed and polished in an
identical manner. This results in samples which are about 0.002 to
0.003 inch thick and ready for further thinning using electrochemical
means. Samples are typically stored prior to the jet-thinning step
glued onto glass slides with DiOctyl Phthalate. The final thinning of
the sample has been accomplished with a dual-jet electropolishing
procedure. The electrolyte that was used for this work consisted of 60%
phosphoric acid, 35% glycerol, 2.5% chromic acid, and 2,.5% water. The
applied potential was 30 volts.

4.3 TEM/STEM Studies

A JEOL 200CX electron microscope was used for performing the
conventional TEM analysis and a Vacuum Generators HB-5 unit was used for
the STEM work. The chemical composition analysis that was performed on
the second phase particles in the STEM was made possible by employing an
energy dispersive X-ray analyzer which detected the X-rays that were
generated from these particles. Two different X-ray detectors were
used, one of which had an ultra-thin energy window and was capable of
detecting oxygen. Detailed analyses were performed on as-pressed and
heat treated X-520 as well as HIP-50 samples. Analyses were performed
with respect to particle size, density (number of particles per unit

volume), distribution, and chemical composition.

4.4 X-520 Beryllium

Figure 1 is a low magnification, dark field detector image from

an as-received (which is also the as-pressed) X-520 specimen.

1
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Figure 1. Annular dark-field image in stem showing second-phase
particles and grains in as-received material.

The micrograph clearly shows the presence of the second phase particles,
which appear in dark contrast, distributed throughout the material.

Most of the particles were observed at the grain boundaries; however, a
significant fraction of the particles, 'n this sample, also appeared to
be located elsewhere in the beryllium matrix. Similar, low magnifica-
tion observations were also made on the other specimens, which were heat
treated under a variety of conditions. These heat treatments, identi-
fied as HT1, HT2, and HT3, were reported earlier.{1) The observations

made on the heat-treated specimens were similar to those observed in

12




Figqure 1, except that the second phase particles were less uniformly
dispersed in the heat treated specimens with a larger majority of them
segregating preferentially at the grain boundaries. Using images of the
type shown in Fiqure 1, Table 1 was constructed with respect to data
obtained on these second phase particles. The data were obtained
primarily for differences in these samples with regard to size,
distribution, area fraction, and spatial density of the second phase

particles. A reasonably large number of particles was examined for this

purpose.

All of the heat treated specimens showed an average particle size
of about 0.1 uym as compared to the as-received sample which had an
average particle diameter of roughly 0.25 um. The increase in the
density of particles in the HT1 and HT3 samples was interpreted as
indicative of increased precipitation in the beryllium alloys. This
additional precipitation might well have contributed to a lowering of
the measured average particle size as well as resulting in a greater

preference for the grain boundary segregation that was observed in these

samples.

Besides considerations relating to size, distribution, and number
density of the second phase particles, many of these were also examined
for elemental analysis using the STEM. The data that were collected for
several arbitrarily selected particles in the different samples are
shown in Table 2. BAs stated earlier, the presence of oxygen in the
particles was detected using an ultra-thin-window, energy-dispersive
detector. The analysis for oxygen presence was performed on the
particles present in the as-received and in the HT2 heat treated
samples. Huge oxygen signals were measured from all of the particles
that were examined, indicating that mostly all the particles present in
the X-520 materials contained large amounts of oxygen. It was alseo
noted that silicon and iron were also invariably present (in addition to
oxygen) in all the particles that were analyzed. Other elements,
including aluminum, phosphorus, sulphur, and chromium, were found to be
only occasionally present. The capability for detecting beryllium was
not present with this instrumentation.

13
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Table 2. X-ray analysis of selected second-phase particles

in X-520 ber'rllium.

SAMPLE ELEMENT
No. Location 0 Al Si P Cr Fe
5 B1 Vs s S - - s
5 c1 Vs w W - - S
) D1 vs W w - - )
5 E1 vs - W - - -
5 F1 vs Vs ) - W vs
5 G1 Vs - W - - -
5 H1 Vs - - - - -
6 A ND - W - - w
6 B ND - - - - W
6 C ND W S - W S
6 D ND W W - - W
6 E ND S Vs W - ]
6 F ND - W - - W
6 G ND - W - - W
6 H ND - - - - W
6 I ND - W - - W
6 J ND - S - w S
7 A ND w S w - S
7 C ND - S S - w
7 D ND - W W - W
7 E ND - w - - W
7 F ND W S S - S
7 G ND - S s - s
8 A Vs w S ] - w
8 [o] Vs - s S S S
8 D Vs w S S - S
8 F Vs w w - - w
8 G Vs w S S ) S
8 I Vs w Vs W S Vs

NOTES: VS=Very Strong,

S=Strong, W=Weak,

ND=Not able to be Detected

15
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These oxygen-related observations clearly showed that
precipitates consisting of binary and ternary compositions of beryllium,
aluminum, and iron such as those reported to be present in ingtrument
grade, 1-400 beryllium,(6’7) are not present in detectable quantities in
the X~-520 materials. The observations were in agreement with X-ray
diffraction results reported earlier on as-pressed and heat treated
x-520'(5) which had shown the presence of extra lines attributed to the
Bezsio4 phase composition. The STEM analysis, however, did show that
the particle composition itself was substantially richer in oxygen than
would be expected for stoichiometric Bezsio4. A typical STEM analysis
performed on a second phase particle in the as-pressed specimen is shown
in Figure 2. The implication of these observations, therefore, is that
the bulk of an individual particle must still be BeO with some reacted
regions consisting of the Be,Si0, phase. Silicon is believed to assist
in the agglomeration of the BeO particles. It is possible that the
formation of this orthosilicate phase is a result of such a process.

The presence of iron can be explained as being associated with a small

solubility of iron in the BeO particle.

These observations, to some extent, also appeared to correlate
with the earlier SEM examination of the fractured surface of the X-520
material that had shown what appeared as a region possessing less
crystallinity than the beryllium matrix. Using X-ray mapping of this
region it was determined, as reported earlier, that there was a greater
concentration of the elements silicon, oxygen, and aluminum in this area
as compared to the surrounding beryllium. Iron concentration, howeQer,
was not detected using the mapping procedure. It is likely that the
indicated absence of iron concentration in that region (which is
indicated to have been present based on current results) was due to a
similarity in the dissolved level of iron in the particles and in the
surrounding matrix. The presence of aluminum observed in the SEM can be
explained by the STEM observations shown in Table 2 in that it was
frequently (if not always) found to be present in the particles.
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It should be noted, however, that TEM examination has shown these
particles to be composed of crystalline material and the reason why the
SEM observed region appeared less crystalline than the beryllium matrix
is believed to have resulted from the very small size of the second
phase particles that were present (0.1 to 0.26 um average) compared to

the much larger grain size of beryllium (about 10 um).

4.5 HLIP 50 Beryllium

Figures 3 through 6 are repregentative of as-HIPed and heat
treated HIP 50 microstructures as observed in the electron microscope.
The observations that were made during this study, for the most part
were quite similar to what was reported earlier;“’ however, a more
detailed analysis of the second phase particles was attempted in this
work to quantify the data in a manner similar to what was done on X-520

beryllium. The results of this effort are tabulated in Table 3.

Briefly, the following observations were made with respect to the

microstructure of the as-HIPed and heat treated specimens.
(1) As-HIPed

The average grain size was larger in this specimen than what was
observed for most of the other samples. Essentially, only high angle
grain boundaries were observed in this condition. Most of the second
phase particles were located at the grain boundaries with the grain
interiors appearing relatively clean. A low density of particles was

observed to be uniformly dispersed throughout the sample.

(2) BTV

The interiors of this sample were very clean. This sample,
however, unlike the other specimens, was from a different lot of HIP 50.
Again, most of the particles were located at the grain oundaries even
though several boundaries were found to be reasonab.y ci: ir of

precipitates.
18
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Figure 6. HT3 teated HIP 50. TEM micrograph.
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(3) HT2

As with the previous specimens, the majority of the second phase
particles appeared at the grain boundaries. The number density of the
particles as shown in Table 3 was the highest for this sample. Several

grain boundaries were found to be free of particles.

(4) HT3

In this sample, even though most of the particles were located at
the gréin boundaries, many low angle grain boundaries were observed that

were found to be free of the particles. As indicated in Table 3, the

number density of the particles was reasonably high even for this sample.

4.6 Comparison of X-520 and HIP 50 Microstructure Data

Analysis of the second phase particles in HIP 50 beryllium has
shown these to be composed primarily of the oxides of beryllium. This
differs from the particles in X-520, which contained reacted regions of
the Be,SiO, phase, and many of which were found to contain iron, possibly
in solid solution. The HIP 50 average particle size (as shown in Table 3)
was typically one-half of what was observed for X-520, while the number
density of particles in HIP 50, in general, was substantially larger than
what was observed for X-520. This was generally expected because the
total oxide levels for HIP 50 (~ 1.7% BeO) and X-520 (~ 2.3% BeO), as

(3) are reasonably comparable, and for finer particle

reported earlier,
sizes (in HIP 50 compared to X-520) one would expect a larger number of
particles in a given volume of material. These observations also showed
that differences existed within specimens heat treated differently from a
given beryllium grade. However, the differences between the two (X-520
and HIP 50) beryllium grades appeared to be more significant, principally
because the TEM samples were obtained from material removed from only one
sample representing a given heat treatment condition, and this type of
data could conceivably be discolored by spatial inhomogeneities in

composition that might exist in these materials. However, since certain
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aspects such as second phase particle composition, size, and number
density were substantially different for one grade of beryllium with
respect to the other (as indicated collectively by all the samples that
were examined), these differences were deemed significant and considered
important for purposes of explaining the micromechanical property
differences that were earlier observed between the two beryllium grades.
The grain size in these samples appeared to be reasonably comparable and,
therefore, possibly not very significant.

4.7 Correlation of Microstructure with Microyield Behavior

MYS measurements reported earlier(1¢5) naa shown that the HIP 50
grade of beryllium was substantially superior in its MYS value compared to
the X-520 grade. The latter, however, had shown a substantially greater
level of strain hardening characteristic (as indicated by the measured
strain hardening exponent) than the HIP 50 samples. Because it appears to
be quite desirable to have both a high MYS value as well as a high strain
hardening exponent for developing a maximum resistance to microcreep
processes, it is important to understand their dependence on the

microstructure of the material.

The TEM/STEM results (discussed earlier) show a much finer particle
size and a higher number density of the second phase particles in HIP 50
compared to the X-520 grade. In both these grades of beryllium, the
second phase particles are mainly segregated at the grain boundaries. The
foregoing would therefore suggest that the finer particle distribution of
HIP 50 is responsible for the high MYS that is measured. This would
further imply that initiation of microplastic deformation in these
materials occurs primarily in the grain boundary regions, since these are
expected to be strengthened (by the fine particles that are distributed)
to a larger degree in HIP 50 than in X-520. The lower level of strain
hardening observed for HIP 50, in comparison with X-520, can be attributed
either to a lowered level of solid solution strengthening of the grain
interiors (associated with its higher level of purity) or to the presence
of the very high level of stresses that are needed to initiate the
microplastic flow process as indicated by the measured MYS value.
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The coarser distribution of the second phase particles observed
in X-520 is believed to have resulted from: (1) the presence of an
excessive amount of silicon, which has apparently aided the
agglomeration of the oxide, thereby accounting for the existence of
reacted Be,SiO, regions in the BeO particles, and (2) the possible use
of a higher temperature during consolidation with hot pressing. Since
mach higher pressures are available during hot isostatic pressing, the
HIP 50 materials were possibly densified at a lower consolidation

temperature.

The implication of the foregoing appears to be to keep the level
of silicon low in the material. Silicon is a desirable constituent in
beryllium produced by hot pressing because it aids in the densification
process. However, if the process of HIP is used for consolidation, the
silicon can be dispensed with and tﬁe densification performed at
temperatures substantially lower than are required for hot pressing.

All of this should result in the production of beryllium with a fine
particle distribution in the grain boundary regions similar to what was
observed for HIP 50 beryllium. The lower temperatures of HIP would also
inhibit thermally activated grain growth in addition to minimizing
particle agglomeration. The use of impact attritioned powder, such as
what was reportedly used for fabrication of HIP 50, is also expected to
impact favorably on the overall properties. Surface cracks and fissures
will occur in powder particles produced by this method, which will
develop an surface oxide film, and when these flaws heal under the
effects of temperature and pressure, during consolidation, fine particle

distributions are also expected to occur deeper in the grain interiors.

The role of impurities other than silicon in X-520 is less
clearly defined. Iron apparently is not significant because it is found
to exist in similar amounts in both the beryllium grades (see Table 1 in
Reference 5)., Aluminum and carbon, however, are higher in X-520 %han in
HIP 50. It is conceivable that if solid solution strengthening of the
grain interiors is responsible for the increased strain hardening

measured for X-520, then aluminum is responsible for the observed effect.
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4.8 Microcreep Modeling

Previous work(4) at CSDL has shown that modeling of instruments

using an existing finite element code allows performance prediction if

accurate creep laws are known. Results to date from NBS have been

limited to NBS's 10'7-1nch/inch apparatus, and at relatively high

stress. On this basis a creep law of the form

t
€ = eop + Aln (1 + E)

where ¢ = total creep strain
€ = instantaneous plastic strain
Aop = constant (nondimensional)
t = time (hours)
B = constant (hours™')

has been proposed.(z)

The rate of change of creep is then given by

de A/B

dt 1+ t/B

Evaluating this slope at 1000 and 10,000 hours at the stress

levels tested gives:

o

de ¢ _pinch de ¢ _pinch
Stress at (Tnchonz) at (Tach-nt)
(1b/in.?) A B at 1000 hours at 10,000 hours
3000 0.110 1.21 1.099 x 10~4 1.1 x 1072
10,000 0.162 0.069 1.62 x 104 1.62 x 107>
15,000 0.328 0.165 3.279 x 1074 3.3 x 1073
20,000 0.19€ 0.014 1.96 x 10°4 1.96 x 107>
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A detailed finite element analysis of gyro members has shown that
the largest beryllium stresses are caused by assembly joining methods such
as shrink fits and torque nut loads. These stresses could produce
instrument drifts due to stress relaxation. However, at least 1000 hours
elapses between the time of assembly and when the instruments are
tested. At the creep rates predicted (with the NBS creep law) after 1000
hours, no detectable instrument drifts would be observed. Each time the
instrument is made operational, lower level stresses are created by wheel
speed and thermal gradients (less than 1000 1b/in.2). These stresses have
yet to be tested, and therefore ii0 firm conclusions with respect to

instrument drift related to beryllium microcreep can yet be reached.

4.9 Development of Instrumentation for Microcreep Measurement

During this past year, the CSDL-designed 10'7-inch/inch microcreep
tensile testing facility has been built according to very stringent
requirements. Several iterations of design have evolved that should
improve the soundness and sensitivity of this mode of measurement. In
addition, new technology has been gained in the application of a
sputtered insulating film onto a large beryllium surface. Overall, the
success of the facility will depend on the practicality of the design
philosophy, which can be considered in several categories: 1load train,
specimen design, capacitive extensometer, testing environment, and

signal instrumentation,

The system is shown in Figure 7. The Applied Test Systems'
Tester (12K pounds capacity) is in the lever arm mode (ratio 10:1) and
it is applying a load of 10 KSI through the in-house developed load
train to the specimen. The oven is awaiting the installment of a
platform at the date of this photograph. All the supportive

electronics sit on the left of the tester.
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Figure 7. CSDL designed/microcreep testing apparatus.
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The load train is aligned with two commercial knife-edge
couplings of 6000 pounds capacity. A BLH load cell with a rated output
of 3mV/V t0.10 percent and a nonlinearity of 0.05 percent of the rated
output has been installed in line to give accurate, direct readings of
applied load. This feature is particularly necessary for the lever arm
mode with which the constancy of the load is dependent on the levelness
of the lever arm, which can change with temperature and metal

relaxation.

The underlying philosophy for the lcad train is that once the
initial alignment is made, the only change to occur during a test run
should be to the specimen. It is for this reason that the load train
has been designed and fabricated by CSDL as shown in Fiqure 8. The pull
rods were rough-machined, stress-relieved, and ground to ensure maximum
straightness. The coupling between the pull rods and specimen is made
through a bronze ball and a steel socket arrangement. Both were lapped
together to ensure minimum contact friction for the required supportive
strength. The radial centering of the specimen is done with a split

ring which holds and centers it within the ball and socket.

Two modes of operation are required to apply the wide range of
stresses needed. The lever arm mode is best suited for loads in the
3 to 20-KSI range while the dead-load mode is more accurate in the
100 to 3000-1b/in.2 range. Conversion from one mode to the other is
made through connections below the lower pull rod. This keeps most of

the instrumental errors common to both modes.

The specimen design incorporates two three-lug systems to which
the extensometer is attached, as shown in Figure 9. Finite element
analysis has indicated that the reduction to this scheme from the full
axisymmetric rib reduces the interference stress field in the specimen
by a factor of five. Three lugs have also been found to be sufficient

to support the extensometer weight.
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The chronology and identification of each specimen is recorded

from the date of material acquisition through all processing steps until

it is tested. This information may be useful if it is suspected that

processing parameters are affecting specimen-to-specimen results.

The machining of specimens is done in a controlled manner similar

to the way all other beryllium hardware is fabricated at CSDL. From the

as-received state, the steps are as follows:

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

Rough machine the beryllium shape allowing 0.005 to 0.015

inch over the finish size.

Stress-relieve the part in a vacuum or inert atmosphere by
heating it to a temperature of 1450° +20°F and retaining it
at that temperature for a period of one hour.

Cool the part in the oven to 400°F at a maximum rate of
100°F per hour. (A vacuum or inert atmosphere is not
required at temperatures below 700°F.)

Still-air-cool the part at room temperature.

Final machire the specimen.

Heat the part to a temperature of 210° +10°F and hold for a

period of 10 minutes.

Cool to 70°F 15°F and hold for 10 mintues.

Cool to =-100°F +10°F and hold for 10 minutes.

Repeat (6) through (8) for a total of five thermal cycles.
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The capacitive extensometer is of a novel concept and consists of
three 1-400 beryllium disks approximately three inches in diameter. Two
of them are attached to the three-lug sets which define the gage length.
The third is situated between the other two and is free to move up and
down through the adjustment of micrometer spindles whic-h are attached to
the lower disk. Along with the upper disk it defines the working gap of
the capacitor. Both contain thin-film nickel plates which were

sputter-deposited onto them.

The disk material was chosen to be beryllium for its good
thermomechanical match to the specimen. 1Its small mass density is also
favorable to the three small lugs which support it. The planarity of
the disks when attached to the specimen is ensured by the tongue and
groove design shown in Fiqure 10. The lugs are mated to the disk groove
after their angles have been custom-matched, and the mating is done with

very little torque so as not to deform the groove.

The method of formation of the capacitive films required some
development. It was decided that sputter-deposited films afforded the
best quality and bonding strength. In addition, the deposition
temperature should be maintained below 250°C to avoid distorting the
disks. Based on the minimum surface roughness achievable by lapping and
the dielectric of choice, Sioz, the thickness of 12,000 A was decided
upon to give good coverage and a minimum breakdown voltage in excess of
10 times the operating voltage of 30 volts. Since pinhole formation in
the insulating film is not always avoidable, it was necessary to apply
the coat in two 6000-A steps with an exposure to air and a cleaning step
ir. between. Prior to the deposition of the nickel, the Si0, film was
carefully inspected to be clear of pinholes. (Otherwise, it would
easily lead to a breakdown rendering it useless.) SiO, was also chosen
for its resistance to scratching and cleaning solvents. The electrical
leakage resistance of the film was tested to be about 500 megohms with

500V applied across it.
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The capacitive plates are a 12,000~-A-thick sputter-deposited film
of Ni-7% Va. The mixture renders the f£ilm nonmagnetic. Photo-
lithography was used to define the capacitive plate patterns on the two
disks. The unwanted nickel was then removed chemically. The patterns
are shown in Figure 11. The pads which extend onto the beveled edge are
for soldering short electrical leads which terminate on the opposite
side of the disk at a more rigid connector wherefrom a shielded coaxial
wire continues to the electronics. The three capacitive plates on one
disk are intended to give separate readings 120 degrees apart to detect

bending motion if it is desired.

The testing environment is comprised of a room with temperature
and humidity control that is also vibration-free. This is important for
keeping the electronic instrumentation and tensile tester stable over
long periods of time. The local environment about the specimen will be
controlled by the oven, which will also be in use in room temperature
work so as to be electrically common to the extensometer for all
temperatures. The full extensometer is also within the oven so that it
will be at the same temperature as the specimen. A proportional-type
controller will hold the system to +0.02°F regulation within the testing
temperatures of 90° to 200°F. The oven is of a cylindrical design and
congists of three shells of aluminum separated by closed-cell neoprene
insulation. It is mounted on a platform which can be raised and lowered
smoothly with a manual crank to allow access to the extensometer. A
photograph of the oven is shown in Figure 12 and a schematic showing the

monitoring and controlling features in Figure 13.

The signal instrumentation consists of a General Radio type 1620A
Capacitive Measuring Assembly with 10~ uf resolution and 0.01 percent
accuracy, which gives capacitive readings through null detection. A
phase-locked amplifier can also be used in conjunction with this system
to give a dc voltage output proportional to the plate separation. The
working air gap will be about one mil. The schematic showing the full

instrumentation and the extensometer assembly is given in Figure 14.
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Figure 13, Micro-creep test thermal chamber.
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