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FOREWORD

The work described herein was done at the Astronuclear Laboratory, Westinghouse Electric
Corporation, under NASA Contract NAS 7-725 with the NASA Pasadena Office. The Technical
Manager for the contract was Mr, Walter B. Powell, Member of the Technical Staff, Liquid

Propulsion Section, Jet Propulsion Laboratories, California Institute of Technology.
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ABSTRACT

Pertinent mechanical properties of three high conductivity metals and alloys; namely, vacuum
hot pressed grade S-200E bery!lium, OFHC copper and beryllium-copper alloy No. 10 were
determined. These materials were selected based on their possible use in rocket thrust chamber
and nozzle hardware. They were procured in a form and condition similar to that which might

be ordered for actual hardware fabrication.

The mechanical properties measured include (1) tension and compression stress strain curves
at constant strain rate, (2) tensile and compressive creep, (3) tensile and compressive stress-
relaxation behavior and (4) elastic properties. Tests were conducted over the temperature

range of from 75°F to 1600°F. The resulting data is presented in both graphical and tabular

form.
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1.0 INTRODUCTION

Rocket thrust chambers and nozzles are subjected to transient and steady state stress distributions
during firing and usually residual stresses following shutdown. The stress analysis of this problem
requires a knowledge of the time dependent creep and stress relaxation properties of the chamber-
nozzle material, as well as the stress-strain behavior in the elastic and plastic ranges of |
deformation - all as a function of temperature throughout the operating temperature range. In
support of the stress analysis program, the present program was initiated to measure the desired

mechanical properties on select candidate thrust chamber-nozzle materials.
Three materials were studied: (1) beryllium, (2) copper and (3) a beryllium-copper alloy.

The mechanical properties measured included (1) stress-strain curves at constant strain rate,
(2) creep, (3) stress relaxation, and (4) elastic properties. For each type of property, tests
were run in both tension and compression at temperatures ranging from room temperature to

1600°F.

The materials are characterized in Section 2. In Section 3, the experimental techniques are
described and the test results are summarized in graphical form in Section 4. Tabulations of
the data are given in the Appendices, Section 5 presents a general discussion of the experi-

mental data.

2.0 MATERIALS

The intent in purchasing the test materials was to obtain each of them in a form and condition
similar to what might be ordered for the actual fabrication of a rocket thrust chamber and

nozzle.



2.1 Beryllium

The beryllium was purchased from the Brush Beryllium Co. as Grade $-200-E, Type II. This is
a vacuum hot pressed powder metallurgy product. It was obtained in the form of a rectangular
block measuring 5" x 5 5/8" x 15" which was cut out of a much larger pressing as shown by

the sketch in Figure 1.

The vendor test report gave the following information:

e Lot No. 6044
e Density: 1.85 g/cc

e Composition: (wt/%) Be - 98.8 (Assay)
BeO - 1.5
C - 0.07
Fe - 0.10
Al - 0.05
Mg - 0.04
Si - 0.04
Mn - 0.01

Other Metallics 0.04 max. each
e Radiographic Inspection per MIL-STD-453 - Acceptable

e Penetrant Inspection per MIL-[-6866 - Acceptable

e Tensile Properties (Transverse to pressing direction)

Ultimate Strength 58.0 and 57.8 ksi
0.2% Offset Yield Strength 42.8 and 43.3 ksi
% Elongation 3.2and 2.7%

The specimens were tested in the as-received, as-hot pressed condition, i.e., they were not

heat treated. It is noted that the composition of this block of 5-200-E beryllium is within the
composition range for so-called brake grade beryllium. in particular, the iron to aluminum
ratio is high, being 2.0. Brake grade beryllium is sometimes heat treated (e.g., 72 hrs. at
1375°F) for the purpose of tieing up any free aluminum which might be present at grain
boundaries as an iron-aluminum-beryllide. Because of the large size of the pressing from which
the present material was taken, the cooling rate was probably slow enough to allow this reaction

to go nearly to completion during cooling of the pressing.
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The microstructure of the as-vacuum hot pressed material is shown in Figure 2. The average
grain diameter (linear intercept) measured about 6 x 10-4in. and was not noticeably changed
by 1 hr exposures at 1600°F. The density, measured by determining the weight and volume of
the dynamic modulus specimen, was 0.066 |b/in3. The room temperature hardness measured

70 DPH for a 10 kg load.

2.2 OFHC Copper

The pure copper (certified OFHC) was obtained from AMPCO Metal, Inc. It was processed
from a continuous casting measuring abeut 10" in diameter. The casting was 3-way hot forged
in the temperature range 1500° to 1300°F and water quenched. The final as-forged size

measured 5" x 5-5/8" in cross-section by 15-1/2" long.

The vendor test report gave the following information:

e Material Designation: Ampcoloy 900, Certified OFHC Copper

e Heat No. E-0313: This is the heat number supplied by American
Metal, the manufacturer of the continuous
casting.

e Composition: Certified to be 99.99+ %Cu; no actual

chemical analysis was made.

e A room temperature tensile test run on a sample cut from the end of the
forging showed these results:

Tensile Strength 31,000 psi
0.5% Offset Yield Strength 13,000 psi
% Elongation in 2" 57%

e Measured Conductivity:  99%

One end of the as-received, as-hot forged billet was macroetched to reveal the grain structure.
The grain size (diameter) was estimated to vary from about 0. 002 - 0. 01 in. The grain structure
was reasonably uniform, although it was somewhat coarser at the center and corners than at the

edges at mid-face. For a hot forging of this size the grain structure looked very good.



Samples of the as-received hot forged material were annealed for 1 hour in argon at temperatures
ranging from 800° to 1600°F. The grain structure was about the same for all the heat treatments
and was the same as the as-hot forged material. Thus, the hot forged block was well recrystal -
lized and the grain structure was stable with respect to 1 hour exposures up to 1600°F. Based
upon these results it was decided to anneal all mechanical test specimens for 1 hour at 1000°F

in an argon atmosphere to provide a definitive reference condition. The average grain size

determined by the linear intercept method measured ~0. 003 in.

The microstructure is shown in Figure 3. The hardness measured 60 DPH (5 kg load) and the
3
density measured 0. 322 lb/in determined by measuring the weight and volume of the dynamic

modulus test specimen).

2.3 Beryllium=-Copper Alloy

The beryllium-copper alloy, designated Alloy 10, was obtained from Kawecki Berylco Industries,
Inc. The billet was hot forged from a 9" diameter cast ingot to a 2:1 reduction ratio in the
longitudinal axis. Forging was done in air in the temperature range 1700°F (starting) to

1200°F (finishing). Following forging, the billet was solution annealed for 2 hours at 1700°F

and water quenched. This was the condition of the as-received 5" x 5 5/8" x 15" billet,

The test report supplied by Kawecki Berylco contained the following information:

e Designation: Alloy 10, Heat No. 92-218
e Composition: 0.61% Be, 2.70% Co, Bal. Cu
e Properties: Solution Annealed Condition:

48.4 ksi Tensile Strength
30% Elongation
B38 Hardness

After Aging 3 Hrs/900°F:
102 ksi Tensile Strength
20% Elongation

B92 Hardness

47.5% IACS Conductivity
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This alloy is a precipitation hardenable alloy. Hence the question arose as to the optimum heat
treatment for the intended application. A number of samples were heat treated to assess the

microstructure and aging response and the following are results of hardness measurements:

Condition RB Hardness
Solution Treated 2 hrs/1700°F 47,41
and water quenched (as-received)
ST + Aged 3 hrs/900°F 97
ST + 3 hrs/900°F + 1 hr/1600°F 37
ST + 1 hr/1600°F 39

The usual heat treatment for optimum low temperature mechanical properties is to solution treat
and age 3 hrs at 900°F. This gives a slightly overaged condition. The microstructure for this
condition as well as that for the solution treated condition is shown in Figure 4. There is still
some evidence of the as-cast structure. For the present program, the decision was made to use
the standard heat treatment. Thus, the test specimens were machined from the as-received
solution treated block and then aged in an argon atmosphere for 3 hrs at 900°F and furnace

cooled.

Dimensional measurements were made on the dynamic modulus specimen to assess the dimensional
changes due to aging that accompanied heat treatment, i.e., the dimensions of the specimen
(nominally 15" long by 1" by 1" in cross section) were measured before and after aging. In

both cases the specimen was housed for 24 hrs in a temperature controlled (68.1°F) instrumenta-
tion laboratory prior to making the measurements. The specimen length decreased by 0.00696
inch which gives AL/LO = -0.046% contraction. Measurements made at five positions along

the length gave contractions of -0,034%, -0.033%, -0.049%, -0.014% and -0.026%.



3.0 EXPERIMENTAL PROCEDURES
3.1 Test Specimens

The layout of the test specimens within the as-received block is shown in Figure 5. The same

layout was used for each of the three test materials.

The tension specimen design for the copper and beryllium-copper alloy is shown in Figure 6.
Figure éa shows the constant strain rate, creep and stress relaxation specimen while Figure 6b
shows the special specimen design (flat gage section) used for some of the elastic properties

tests. The beryllium tension specimen design is shown in Figure 7.

The compression specimen design and the dynamic moduli specimen design were the same for

all three materials and are shown in Figures 8 and 9, respectively.

The copper and beryllium copper specimens were finished-machined prior to heat treatment.
To remove the slight tarnish which developed during heat treatment, the specimens were bright
cleaned by immersing for ten minutes in a 25% sulfuric acid-water solution at 160°F followed

by dipping for 20 seconds in a 30% nitric acid-water solution at room temperature.

The as-machined beryllium specimens were chemically etched at room temperature in a solution
consisting of 250 ml deionized water, 50 g chromic acid, 35 ml phosphoric acid and 2.5 ml

sulphuric acid. Three mils (0.003") per surface were removed at a rate of about 0.2 mils/min.

3.2 Elevated Temperatures

Elevated temperatures were obtained with a resistance heated nichrome wound furnace. The
heating rate was generally 10 degrees per minute, with the specimen being held at test
temperature for 20 minutes to assure thermal stability prior to loading. Three chromel-alumel
thermocouples were tied to the gage length of each sample to monitor temperatures. Temperature

control during the test was +2°F with a maximum gradient over the gage length of +4°F,
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An inert gas environment was used in all elevated temperature tests. Commercially pure helium
was fed into the work zone from the fop of the furnace and evacuated from the bottom through
a copper tube which terminated in a glass contained oil bath. This bath served as a catch-all
for any debris emanating from the furnace (a safety feature in the case of tests on beryllium) as
well as an indicator of the flow rate, which had to be controlled to facilitate temperature con-

trol.

3.3 Constant Strain Rate Tests *

The tension tests were run in a 20,000 Ib capacity Instron screw driven machine and the com-
pression tests were run in a Wiedemann Mark "G" 60,000 Ib screw driven machine. Depending
upon the load range required, a variety of load cells were used ranging from 0-500 Ib to
0-60,000 Ib. The load measurements were accurate to within 0.1% of the load cell capacity.
The strain rate was nominally 0.05 in/in/min as based upon the constant crosshead rate (0.10
in/min for tension and 0.05 in/min for compression) and the initial gage length (2" for tension

and 1" for compression).

Strain (elongation) was measured by a combination of two procedures. A strip chart record of
crosshead motion versus load gave a reasonably good measure of the plastic deformation, particu-
larly for strains beyond 1-2%. An electro-mechanical averaging extensometer (ASTM Class

B-1) was also used which recorded strains out to 5-10%. The sensing element in this extensometer
was a dual strain gaged cantilever beam assembly currently manufactured by SATEC Systems,

Inc. The extensometer and load cell outputs were recorded simultaneously on an X-Y recorder.

Young's modulus was measured during each of the constant strain rate tests using the electro-
mechanical extensometer. Three runs were made at each test temperature at low stress levels
prior to running the complete stress-strain curve. Since the extensometer was attached to the
shoulders of the tensile specimens and to the compression platens in the compression tests it

* A summary of the parameters for each type of test and a schematic of each test setup is
in Appendix|.



was necessary to define an effective gage length upon which to base strain. This was done by
comparing the elongation, e, indicated by the extensometer to the strain, ¢, indicated by
strain gages, thus:

e

I(effective gage length) = —

The effective gage length is discussed in greater detail in Appendix II.

In the room temperature tensile tests the sensing element was attached directly to the shoulders
of the test specimen. In the elevated temperature tests two pairs of inconel rods attached to
the shoulders of the tensile specimen transmitted the motion (elongation) out of the furnace

to the sensing element.

The compression specimens were loaded between two parallel ground inconel platens using the
test fixture shqwrn' :in ﬁigurrer 10. With this fixture the crossheads actually move apart. The
platens were coated with molybdenum disulfide to minimize end friction effects. In the
compression tests the electro-mechanical extensometer was attached to the inconel platens.
This fixture could only be used up to loads of about 12,000 Ib. If the load during testing ex-
ceeded this limit then the test was stopped and the fixture was removed. The test was then
continued by loading the specimen between inconel platens attached to the crossheads which

then moved togefher and the strain measurements were taken from the crosshead motion. *

3.4 Creep Tests

Constant load (dead weight) creep tests were run in SATEC lever arm machines. These machines have a
ndminal lever arm ratio of 20:1. The exact ratio is verified annually by calibration with a

proving ring traceable to the National Bureau of Standards. For tests at 1600°F the loads

were too low to use the lever arm loading and in these tests the specimens were loaded directly

by means of a weight pan suspended from the specimen itself.

* Occurred for only one test.
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Creep strain was measured using the electro-mechanical extensometer described in Section 3.3
The outputs of the extensometer and one of the measuring thermocouples were recorded auto-
graphically as a function of time. Creep strain was also measured by means of a dial gage

fixed to the frame of the machine which measured the deflection of the weight pan.

3.5 Stress Relaxation Tests

Stress relaxation tests were run in Baldwin "spring” machines. These machines are so-named
because a heavy duty bar spring serves as a dynamometer for the system. These bars have a

spring constant of about 500 pounds per 1 mil deflection.

One of two Baldwin SR 4 load cells (500 lbs or 10,000 lbs capacity, having deflections of 5
mils full range) was linked in series with the test specimen. The specimen was loaded manually

by means of a crank to the initial stress at a rate of approximately 500 pounds per second. The

output of the load cell was plotted as a function of time along with temperature, An effort was
also made to run true strain-control stress relaxation by using an electro-mechanical extensometer

to monitor strain. This is discussed in greater detail in Appendix 1.

Each test system was evaluated for system relaxation; in tension by substitution for the test
specimen of a 3/4 inch diameter bar of Inconel 718 having approximately the same length as
the sample and in compression by running the two platens together with no specimen. Test

conditions such as load, rate of load application and temperature were duplicated

3.6 Elastic Properties Tests

Elastic properties were measured as a function of temperature using both static and dynamic

methods.

3.6.1 Static Measurements

In the static tests strain was measured by means of resistance strain gages bonded to the specimen

gage section and also by means of the electro-mechanical extensometer described in Section 3.3.



Four high temperature platinum free-filament strain gages (Type BLH HT1212-5b) were mounted
on each of the flat gage-section specimens shown in Figures 6b, 7b and 8b. Two gages were
mounted on opposing surfaces of the specimen with their strain measuring axis parallel to the
load axis (longitudinal strain) and two were mounted on opposing surfaces so as to measure
transverse strains, In each case the two opposing gages were wired in series so as to average
out any slight differences in strain due to bending or non-axial loading. The procedure for

mounting these gages was as follows:

1. Grit blast specimen surface with No. 80 silicon carbide.

2. Clean surface with acetone, then with alcohol. After this step, the sample is
handled with rubber surgical gloves.

3. Precoat sample with Allen H. T. Cement.
a. Cure 30 minutes at room remperature.
b. In vacuum heat to and hold for one hour each at 200, 400 and 600°F.
4, Apply gage paci@ge.
a. Apply cement through mask.
a.1 Cure at 150°F for 10 minutes.
b. Remove mask,
b.1 Cement remainder of gage.
c. Cure at 150°F for 10 minutes.
d. Air dry at room temperature for 1 hour,

e. Repeat step 3b.

The specimens were tested in a SATEC lever arm machine with a 10,000 pound Baldwin load
cell placed in series with the specimen. The specimens were tested at room temperature then

at successively higher temperatures until the gages burned out. Three runs were made at each
temperature at stress levels less than about 60% of the proportional limit at the test temperature.
The strain gages were compensated in Wheatstone bridge circuits with precision wound variable
resistors. The gage factor was corrected to take into account the lengths of nichrome ribbon
lead wire required to make the hookup. The outputs of the load cell, longitudinal and trans-
verse gages were recorded on an XYY' recorder. A number of tests were also run at room

temperature using BLH Type A7 and Dentronic strain gages.

10
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3.6.2 Dynamic Measurements

Dynamic measurements of the elastic constants were made by the pulse-echo technique using

a Sperry Reflectoscope, Type SNRF. A barjum titanate crystal was used to transmit longitudinal
waves and a Y-cut quartz crystal was used to transmit shear waves. The crystals were coupled
to the test specimen (Figure 9) with high viscosity vacuum grease. The beryllium was tested

at a frequency of 5 MHz while the copper and beryllium-copper alloy were tested at a

frequency of 1MHz.

The specimen was mounted in a vycor chamber which held a dynamic atmosphere of helium gas.
The "test portion” of the specimen (the 2" length between the hole and the end of the specimen)
was heated by RF heating. Chromel-alumel thermocouples were used to control the test
temperature within +5°F. The end of the specimen opposite the "test portion" passed thro ugh

a water cooled lead pot. Thus the transmission crystals were maintained at room temperature.

Two separate temperature excursions were made starting at room temperature, one using the
longitudinal crystal and one using the shear crystal. The important response signals were
displayed on an oscilloscope and photographed for measurements of the pulse lengths. The

longitudinal and transverse velocities were calculated as follows:

. _ Specimen Length
Velocity = V Kt x Pulse Length

where the time constant Kt was determined for the given settings on the reflectoscope using
an aluminum calibration specimen as follows:

_ Al Specimen Length
t  Long. Vel. of Al x Pulse Length of Al

From the measured longitodinal velocity, VL’ and shear velocity, VS’ the elastic constants

were calculated as follows:

11



G = Shear Modulus = (Vs)2 x density, gms/cc, x 1.45 x lO-SPSi/dyne/cm2

2 2
E = Youngs Modulus = 3VL - 4Vs G
2 2
_VL - Vs
2 2
J = Poissons Ratio = 0.5 VL - 2V
2 2
VL - Vs

4.0 EXPERIMENTAL RESULTS

This section summarizes the experimental data in graphical form. A complete tabulation of the

data is presented in Appendix IV.

4.1 Beryllium

4.1.1 Constant Strain Rate Tests

True stress-true strain* curves for beryllium as a function of temperature are shown in Figures
11 and 12 for tension and compression, respectively. Upper and lower yield points were ob-
served at test temperatures up through 750°F. In the compression tests the yield drops were
manifested as inflections in the load-deflection curves. Beyond the yield points, i.e., after a
few percent strain, the tension and compression curves are in reasonably good agreement. The
tension curves at 1250°F and 1600°F are dashed to indicate that the specimens necked-down
very early in the tests. The conventional engineering properties (yield strength, elongation,

etc.) are given in Table A-1 of Appendix IV.

The fracture appearances of the tensile specimens changed in an unusual way with increasing B}

temperature as shown in Figure 13. The light grey areas represent cleavage fracture typical

* The method of calculating true stresses and true strains is described in Appendix V.
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of beryllium tested at low temperatures. The dark grey or black areas are difficult to describe.
Optical and scanning electron microscopy failed to identify the microstructural nature of these
areas but did show them to have a sponge-like morphology. Note also the elliptical cross

section of the specimens tested at 500°F and 750°F. This result is presumably due to preferred

orientation,

4.1.2 Creep Tests

Creep tests at various stress levels were run at 500°F, 1000°F and 1600°F. The beryllium tension

creep curves are shown in Figure 14-16 and the compression creep curves are shown in Figures

17-19.

The creep behavior at 500°F was unusual as shown in Figure 14. There was virtually no strain
on loading. At the lowest stress level (35 ksi) the creep rate was low out to 60 minutes, the
duration of the test. The same creep curve was obtained for the two higher stress levels out to
a point where there was a "burst" of deformation followed by a higher creep rate. This
behavior is similar to that for niobium-oxygen alloys as reported by Stoop and Shahinian(1).
In the compression tests this behavior was manifested as inflections in the creep curves as
shown in Figure 17. The stress levels in these creep tests were in the range of the lower yield
stress determined in the constant strain rate tests. Undoubtedly, this unusual creep behavior

and the upper and lower yield points are due to the same metallurgical phenomenon.

o . .
The creep curves were normal at 1000°F and 1600°F, and the tension and compression curves
were in reasonable agreement, considering the inherent difference between tension and com-

pression deformation at constant load.

4,1.3 Stress Relaxation Tests

Stress relaxation fests were run at 500°F, 1000°F and 1600°F. The tension stress relaxation
curves are shown in Figures 20-22 and the compression curves are shown in Figures 23-25. The
strain-control tests were not generally successful because the specimen could not be unloaded

with sufficient speed and accuracy to maintain the specimen length constant. Hence, unless

13



otherwise noted on the figures the curves are for constant crosshead displacement. This is

discussed in greater detail in Appendix Ill.

The sudden drop after about 17 minutes in the curve for the highest stress level at 500°F
(Figure 20) is probably real and due to the yield point phenomenon described in the constant

strain rate tests and creep tests at 500°F.

4.1.4 Elastic Property Tests

The elastic properties of beryllium are shown in Figure 26 as a function of temperature. No
distinction is made here between tension and compression modes of loading as this is included
in the tabulation of the data in Table A-8 of Appendix IV. The dynamic values of E appear
quite high compared with the generally accepted static value of 40-45 x 106 psi at room
temperature. No source of error could be isolated to account for the high dynamic values.
However, it is noted that the FQrmUIGS used to calculate the dynamic moduli are based on
isotropic behavior, The extensometer data are for tensile loading only and are based on the
actual gage length, i.e., not a corrected or effective gage length. The extensometer was

found to be inadequate in the compression tests on beryllium.

4.2 OFHC Copper

4,2.1 Constant Strain Rate Tests

True stress-true strain curves for OFHC copper as a function of temperature are shown in Figures

27 and 28 for tension and compression loading, respectively. The conventional engineering

properties as determined in tension are shown in Figure 29 as a function of temperature. The
decrease in ductility with increasing temperature was accompanied by an increased tendency
towards intercrystalline (grain boundary) fracture as shown by the photograph of the fractured

tensile specimens in Figure 30.
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The stress-strain curves in tension and compression were in reasonable agreement. Figure 31
shows the flow stress for tension and compression as a function of temperature for strains of 0.2%

(yield stress) and 10%.

4,2.2 Creep Tests

Creep curves for OFHC copper as a function of stress at 500°F, 1000°F and 1600°F are shown
in Figures 32-34 for tension loading and in Figures 35-37 for compression loading. The tension
and compression creep curves are in reasonable agreement if the difference in prevailing true

stresses for otherwise similar test conditions are taken into account.

4,2.3 Stress Relaxation Tests

Stress relaxation curves for OFHC copper at various initial stress levels at 500°F, 1000°F

and 1600°F are shown in Figures 38 and 39 for tension and compression loading, respectively.

4,2.4 Elastic Property Tests

The elastic properties of copper are shown in Figure 40 as a function of temperature. These

data are tabulated in Table B-8 of Appendix |V. The tension extensometer values are based on an
effective gage length of 2.5" as compared with the nominal gage length of 2,0". The low
dynamic values of Poisson's ratio led to a cursory check on preferred orientation. A sample

cut from the as-received block was heat treated and examined by meas of x-ray diffraction on
three mutually perpendicular faces. The qualitative evaluation of the results was that there was
insufficient texturing to account for the low values of Poisson's ratio. Thus, for }J = 0.3

the dynamic ratio E/G would be in error by about 20%, assuming isotropy.

4.3 Beryllium-Copper Alloy No. 10

15



4.3.1 Constant Strain Rate Tests

True stress-true strain curves for beryllium-copper Alloy No, 10 are shown as a function of
temperature in Figures 41 and -2 for tension and compression loading, respectively, The tensile
specimens tested at 750°F and 1000°F broke in the threads prior to the onset of detectable plastic
strain. The photograph of the fractured tensile specimens shown in Figure 43 suggests that there
is a ductility minimum in this temperature range. Further, the compression curves show a peak

in the flow stress in the 500°F-750°F temperature range. Figure 44 shows some of the con-
ventional strength and ductility parameters as a function of temperature. The peak in the com-
pression flow stress curve suggests that additional precipitation, perhaps strain induced, occurred
during testing. The differences between the tension and compression flow stresses at the lower
temperatures is probably due to differences in heat treatment response, either response to solution

treatment or to aging treatment.

4.3.2 Creep Tests

Creep tests were run at various stress levels at temperatures of 500°F, 1000°F and 1600°F.

The tension creep curves are shown in Figures 45-47 and the compression creep curves are shown
in Figures 48-50. The tension specimens tested at 500°F fractured in the threads after relatively
small creep strains. To eliminate thread failure the specimens tested at 1000°F were tested

with a reduced gage section diameter. In these tests the specimens tested at the higher stress
levels fractured in the gage section again after relatively small creep strains, The differences
in the strains on loading between the tension and compression creep tests at 500°F and the

tensile creep fractures are generally consistent with the constant strain rate test results.

4.3.3 Stress Relaxation

The stress relaxation curves for the beryllium-copper Alloy No. 10 at 500°F, 1000°F and
1600°F are shown in Figures 51 and 52 for tension and compression loading, respectively. Note
that the tensile specimen loaded to an initial stress of 40 ksi at 1000°F fractured in the gage

section after 72 seconds under decreasing stress.
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4.3.4 Elastic Property Tests

The elastic properties of beryllium-copper Alloy 10 are shown in Figure 53 as a function of

temperature and tabulated in Table C-8 of Appendix IV. The tension extensometer values are

based on an effective gage length of 2, 5" as discussed in Appendix Il.

5.0 DISCUSSION
5.1 Literature Review and Data Comparison

Prior to and during the testing phase of this program a literature review was conducted on the

three materials being studied. The results of this survey are summarized in the following

sections.

5.1.1 Beryllium (5200-E)

The literature, for example references 2 and 3 presents mechanical property data for numerous
types of beryllium, but the quantity of data on any one type of material is generally not
extensive. The survey was limited to QMYV hot pressed block, specifically the grades $-200C,

D and E. The data for C and D are included since only meager data is available on the E

grade.

Before a detailed comparison with literature data is attempted, it must be realized that a
number of variables affect the mechanical properties of beryllium, such as, date of material
production i.e. grade $200 C, D, E, hot pressing size, grain size, BeO content, and testing

2,3,4 Frequently, it is

techniques such as specimen design, surface finish, strain rate, etc.
not possible to make direct comparisons with literature values and only interpretive
comparisons are possible because of the influence of one or more of the previously mentioned

variables,
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The room temperature properties of S200E grade beryllium which represent some 303 individual
tests are presented in reference 4 and tabulated in Table 1. The agreement with this data is
remarkably good when the fact that only two specimens were tested at RT in this program is
considered. The distribution and range of tensile properties at room temperature are presented

in reference 5 and thus will not be detailed here.

The tensile properties of beryllium tested in this study as a function of temperature are
presented in Figures 54, 55, and 56 together with selected literature data for hot pressed
block. The rather large spread of literature data should be noted as well as the relation of

the data generated in this study to the literature data,

A comparison of the compressive yield data for beryllium from this study with literature data
is shown as a function of temperature in Figure 57 while the comparison of modulus data is

shown in Figure 58.

Comparison of tensile creep data with literature values is complicated by the fact that the
vast majority of literature work is concerned only with stress rupture life. Thus the
stress levels studied are not the same as those evaluated in this investigation, Creep

rate versus stress at 1000°F for several literature values and present data are shown in

Figure 59.

The review of the beryllium literature did not reveal any significant data concerning

compressive creep, tensile stress relaxation or compressive stress relaxation.

5.1.2 Oxygen Free High Conductivity Copper

There is a scarcity of data in the literature on the mechanical properties of OFHC annealed
copper above 400°F. This is understandable due to the very limited commercial utilization .

of pure copper above that temperature,
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The comparison of tensile yield strength and ultimate tensile strength with the data generated
in this study are shown in Figure 60. Tensile elongation as a function of test temperature up
to 400°F is in substantial agreement with the literature values and ranges between 50 and 60

percent. The rather abrupt drop in ductility between 400 and 500°F is also in good agreement.
No reliable compressive properties for OFHC annealed copper were found.
Young's modulus data is compared to literature values in Figure 61.

Tensile creep data that exists in the literature, for example reference 11, has generally been
established ot temperatures lower than 500°F. The limited available data at 500°F is plotted
together with the data from this study in Figure é62. In the case of compressive creep dataq,
and stress relaxation at 500°F and higher no data was found that could be compared to data

from this work.

5.1.3 Beryllium Copper Alloy 10

The data available in the literature for beryllium copper alloy 10 (CA175) is primarily
restricted to rather low temperature since the main applications are those requiring high
strength coupled with high electrical conductivity at temperatures of from RT to perhaps
150°C. The principle form used is strip rather than the wrought form evaluated in this study

and generally the strip is evaluated in the "HT" condition rather than the "AT" heat treatment

used for this program.

The comparison of tensile test data generated during this program with literature values is

presented in Figures 63 thru 65. 1t will be noted that relative good agreement is demonstrated
for these data. The generally accepted room temperature modulus for this alloy is 17.5 x 106
psi and this value compares well with the average value of 17.6 x 108 psi determined using an

extensometer. The stress rupture times (1000°F tests) are plotted in Figure 66 together with data
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from reference 19. Additional comparable creep data was either not available or not found

during the literature survey.

Comparable data for the other properties evaluated in this study were not located during the

limited literature review conducted as part of this program.
5.2 Constant Strain Rate Tests and Elastic Properties

The stress-strain behavior is the same in tension and compression for the materials and con-
ditions evaluated, i.e., no strength differential between tension and compression was observed.
Hence, the tension and compression curves can be averaged to give a single uniaxial stress-
strain curve for monotonic loading at constant strain (crosshead) rate. However, the effect of
strain rate is unknown since only one strain rate was employed. Also, it is recalled that the
beryllium exhibited yield points at the lower temperatures, and the Alloy 10 showed low ductility

at the intermediate temperatures.

The elastic property data obtained with the electromechanical extensometer are probably the
least accurate of the elastic property measurements. The strain gage data are probably the
most accurate, particularly at the lower temperatures. Based upon the beryllium data the
dynamic values appear to be high, although they might be the best measure of the temperature
dependence of the elastic constants. The data for pure copper and the beryllium-copper
Alloy 10 might be averaged: the assumption that they have the same elastic properties would

appear to be consistent with the accuracy of the experimental measurements.
5.3 Creep and Stress Relaxation

Allowing for the fact that the creep tests were run at constant load and not at constant stress,
the creep behavior of the materials studied is the same in tension and compression within the
accuracy of the experimental data. Similarly, the stress relaxation behavior is the same in

tension and compression.
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Experimental methods of measuring stress relaxation and the correlation of stress relaxation

with creep are discussed in Appendix IlI.
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Compressive Load Sample Compressive Modulus Sample

Specimens C2 and C3 Only

Figure 8A Figure 8B

Figure 8. Compression Test Specimen Design
(A) Constant strain rate, creep and stress relaxation specimen.
(B) Elastic property test specimen.
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FIGURE 9 - Dynamic moduli specimen design

32




Astronuclear
Laboratory

i T

I i “M [

FIGURE 10 - Compression Fixture

33



True Stress, Ksi

= 2.12")

(Calculated Using Data in Table A-2, GLe

ff

35 ' (1) 750°F

(2) 1000°F

e e e o e e e e (1) 1250°F

(1) 1600°F
Obmrm b dmen e e e e = pmem e jm = |

I

0 .01 .02 03 .04 05 .06 .07 .08 .09 .10 .11

True Plastic Strain, in/in

FIGURE 11 - Tensile True Stress-True Strain Curves for 5-200 Beryllium
as a Function of Temperature. Numbers in Parentheses Refer
to Number of Tests
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(Calculated Using Data in Table A-3; GLefF =1.0")
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FIGURE 12 - Compression True Stress-True Strain Curves for S-200 Beryllium
as a Function of Temperature. Numbers in Parentheses Refer
to Number of Tests

35



75°F
Elong.2-3%
R.A. 2.1%

500°F
Elong.21.6%
RA. 39.6%

750°F
Elong.14.1%
RA., 49.1%

250°F
Elong.11.0%
RA. 9.4%

500°F
Elong.23.6%
R.A. 48,1%

1000°F
Elong.15.1%
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FIGURE 13 - Fracture appearance of beryllium tensile specimens
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Beryllium in Tension 500°F

Initial Stress = 37,5 ksi

35 ksi

-
=a

t 1 T

10 20 30 40 50

Time, Minutes

FIGURE 14, Tensile Creep Curves for Beryllium at 500°F
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True Plastic Strain, %

(Calculated Using Data in Table A-4; GL ¢ = 2.12")

l I I |

Beryllium in Tension 1000°F

Initial Stress = 20,000 psi

19,000 psi
3,000 psi
| | B | |
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Time, Minutes

FIGURE 15. Tensile Creep Curves for Beryllium at 1000°F
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(Calculated Using Data in Table A-4; GLeff: 2.12")
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Beryllium in Tension 1600°F

Initial Stress = 500 psi

10 20 30 40 50 60

Time, Minutes

FIGURE 16. Tensile Creep Curves for Beryllium at 1600°F
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FIGURE 17. Compression Creep Curves for Beryllium
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"insert" in Figure 17 is as follows: Curve la is for the specimen

The explanation of the
creep tested at an initial stress of 35 ksi. No strain occurred on loading. The dashed curve
shows that it crept to 2% strain in 60 minutes. The specimen was unloaded and then reloaded
as in a compression test (Curve 1b) out to a stress of 45 ksi and cumulative strain of about

2.8%. It was then crept at that stress out to a cumulative strain of about 3. 5%.

Curve 2 shows the specimen that was creep tested at 37.5 ksi. |t showed about 1/2% strain
on loading (solid portion of curve) and then crept to about 2-1/4% strain (dashed). This

specimen was not retested in a can pression test.
Curve 3a shows the strain on loading to a creep stress of 40 ksi (solid) and the creep strain
at that initial stress (dashed). The specimen was unloaded and then reloaded in a compres-

sion test (Curve 3b).

The purpose of these tests was to compare the yield stress of the virgin samples with that of

the samples after creep straining, and the result is evident in the figure.
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FIGURE 18. Compression Creep Curves for Beryllium at 1000°F
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(Calculated Using Data in Table A-5; GL off =1.0")
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FIGURE 19. Compression Creep Curves for Beryllium at 1600°F
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FIGURE 20. Tensile Stress-Relaxation Curves for Beryllium at 500°F
(Constant Cross-Head Control Except as Noted)
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(Calculated Using Data in Table A-6)
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Tensile Stress Relaxation of Be at 1000°F
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0
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FIGURE 21. Tensile Stress-Relaxation Curves for Beryllium at 1000°F
(Constant Cross-Head Control Except as Noted)
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FIGURE 22. Tensile Stress-Relaxation Curves for Beryllium at 1600°F

(Constant Cross-Head Control)
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FIGURE 23. Compression Stress-Relaxation Curves for Beryllium at 500°F
(Constant Cross-Head Control)
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(Calculated Using Data in Table A-7)
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FIGURE 24, Compression Stress-Relaxation Curves for Beryllium at 1000°F
(Constant Cross-Head Control
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FIGURE 25. Compression Stress-Relaxation Curves for Beryllium at 1600°F

(Constant Cross-Head Control)
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FIGURE 29 - Engineering Tensile Properties of OFHC Copper as a

Function of Temperature
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ing as a Function of Temperature.

in Crosshead Rate.

OFHC Copper Tensile Specimens After Test

Tension Tests Run at 0.1 in/m

FIGURE 30.



True Stress, Ksi
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FIGURE 31. Yield Stress (0.2% Strain) and Flow Stress at 10% True Strain of OFHC Copper

in Tension and Compression as a Function of Temperature
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TRUE PLASTIC STRAIN, %

(Calculated Using Data in Table B-4; GL ¢~ 2,5%)

T ] l I I I | T | ] |

APPLIED STRESS = 15 KSI

TRUE STRESS = 16.3 K3l

'\/
| 12 KSI
1%
12.6 KSI 7
L~
1 1 I | 1 | 1 1 | |
0 5 10 15 20 25 30 35 40 45 50 55

TIME, MINUTES

FIGURE 32 - Tensile Creep Curves on OFHC Copper at 500°F
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True Plastic Strain,%

(Calculated Using Data in Table B-4; GLgg = 2.5")
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A | | 1 1 | 1 I | 1 !

3 KSI

1 1 1 1 1 |

5 10 15 20 25 30 35 40 45 50 55

TIME, MINUTES

FIGURE 33 - Tensile Creep Curves on OFHC Copper at 1000°F
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True Plastic Strain,%

w

N

(Calculated Using Data in Table B-4; GL ¢ = 2.5")
| 1 ) | I { T 1

TIME, MINUTES

FIGURE 34 - Tensile Creep Curves on OFHC Copper at 1600°F
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True Plastic Strain,%
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FIGURE 35~ Compression Creep Curves on OFHC Copper at 500°F
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True Plastic Strain,%

(Calculated Using Data in Table B-5; GLe =1.0")
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True Stress = 5.6 Ksi

Applied Stress = 6 Kii
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Time, Minutes

Figure 36. Compression Creep Curves on OFHC Copper at 1000°F
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(Calculated Using Data in Table B-6)
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Figure 38. Tension Stress-Relaxation Curves for OFHC Copper (Constant Cross-Head Control)
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Engineering Stress, Ksi

(Calculated Using Data in Table B-7)
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FIGURE 39 - Compression Stress-Relaxtion Curves for OFHC Copper
(Constant Cross-Head Control)
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True Stress, ksi

130 ?Cclcu}cred lleing [)iafo inITabIeIC—3; ?Leﬂ?'lz ]LO")I I |

(1) 500°F
(2) 80°F

120 - 0.05 in/min Crosshead Rate

110
(1) 250°F

100

(2) 1000°F
50
40—

30 —

20(

10

(1) 1250°F

(2) 1600°F

ol L 11 l ] | L L | | 1

0 .02 04 06 .08 .10 Jd2 .14 16 18 .20 .22

True Plastic Strain, in/in

FIGURE 42 -Compression True Stress-True Strain Curves for Beryllium-Copper
Alloy (Alloy No. 10) as a Function of Temperature. Numbers in
Parenthesis Refer to Number of Tests.
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.2% Yield Stress, ksi

% Elongation in 2.50"
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Figure 44 - Tensile Properties of Beryllium=-Copper Alloy 10 as a Function of Temperature
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(Calculated Using Data in Table C-4; GL ¢ = 2.5")
I | | | |
A4 70.8 Ksi X Broke in Threads 7
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©
& 65 Ksi
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B 2 -
[a 7
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2
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g - 4
/ 60 Ksi X
0 [ | | | [
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Time, Minutes

FIGURE 45 -Tension Creep Curves on Beryllium-Copper Alloy No, 10 at 500°F
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(Calculated Using Data in Table C-4; GL ¢ = 2.5")
I I I | ]

X Broke in Gage Section

True Plastic Strain, %

1 L | ] |

0 10 20 30 40 50 60

Time, Minutes

FIGURE 46 - Tension Creep Curves on Beryllium-Copper Alloy No. 10 at
1000°F (0.357" Diameter Gage Section)
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True Plastic Strain,%

Calculated Using Data in Table C-4; GL ¢ = 2.5"

4

Astronuclear
Laboratory

] |
To 20% at 60 Mins.

|

0 10 20 30

Time, Minutes

FIGURE 47 - Tension Creep Curves on Beryllium-Copper

Alloy No. 10 at 1600°F
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True Plastic Strain,%

(Calculated Using Data in Table C-5; GL ., =1.0")
' I [

70.8 Ksji

65 Ksi

| |

10 20

FIGURE 48 - Compression Creep Curves on Beryllium-Copper Alloy

No. 10 at 500°F

30 40

Time, Minutes
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(Calculated Using Data in Table C-5; Glog = 1.0")
| | | I

5.0 I

True Plastic Strain,%

0 1 1 | l 1

ar

0 10 20 30 40 50

Time, Minutes

FIGURE 49 -Compression Creep Curves on Bery!lium-Copper
Alloy No. 10 at 1000°F
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(Calculated Using Data in Table C-5; GLggr = 1.0")
I [ [ | T

True Plastic Strain,%

Time, Minutes

FIGURE 50 - Compression Creep Curves on Beryllium-Copper
Alloy No. 10 at 1600°F
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(Calculated Using Data in Table C-6) Astronuclear

Laboratory
80 | 1 T | T
g =708 Ksi 500°F
70 P/\ _
| 65 Ksi
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50 | ] i | ]
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“ T I | I .
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35— —
- 30 \ —
¥ 30 Ksi
8 25
v \
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e
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0 ] | | ] |
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FIGURE 51 - Tension Stress-Relaxation Curves for Beryllium-Copper Alloy No. 10
(Constant Cross-Head Control)
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(Calculated Using Data in Table C-7)
T ! |

I T .
500°F
\ Ce 3 75ksi
70 b ] .
T — 65 ksi
60 b— |
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50 i | L L
B I 71 I I T
1000°F
! \ B '
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K '5
~ \ o i
3 3 3.5 ksi — :
[ N
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v . 5 -
2 1 1 | 1 1
[ | | ] | [
1600°F .
20 | ]
1.6 § ]
1.2 ]
0.8 2100 psi ]
1600 psi
0.4}
1200 psi
ol 1
0 10 20 30 40 50 60 M

Time, Minutes

Figure 52 - Compression Stress-Relaxation Curves for Beryllium-Copper Alloy 10
(Constant Cross=Head Control)
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40 |- '
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DATA THIS REPORT

v RANGE PER
é REF 8 (2.05% BeO)
(3
REF 9
20 -
RANGE PER
REF 8 (.97% BeO)
10 -
0 1 ] 1 L | [ | | 1
0 400 800 1200 16C0 2000 24CC
TEST TEMPERATURE - °F 613588-3B
FIGURE 54. Temperature Dependence of .2% Offset Yield Strength of Beryllium
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FIGURE 55. Temperature Dependence of Ultimate Tensile Strength of Beryllium
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ELONGATION - PERCENT
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TEST TEMPERATURE - °F 613588-58

FIGURE 56. Temperature Dependence of Tensile Elongation of Beryllium

80



50

40

30

20

10

. 2% COMPRESSIVE YIELD STRENGTH - 1000 PSI

Astronuciear

Laboratory
| N T | I 1 T
REF 5
_—DATA THIS REPORT
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FIGURE 57. Effect of Temperature on the Compressive Yield Strength of Beryllium
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YOUNGS MODULUS - E x 1078 s
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FIGURE 58. Effect of Temperature on Young's Modulus of Beryllium
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FIGURE 60. Effect of Temperature on the Tensile Properties of O.F.H.C. Copper
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FIGURE 61, Effect of Temperature on Young's Modulus of O.F.H.C. Copper
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FIGURE 63. Temperature Dependence of Yield Strength of Be-Cu Alloy 10
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FIGURE 64. Temperature Dependence of Tensile Ultimate Strength of Be-Cu Alloy 10
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FIGURE 65, Temperature Dependence of Tensile Elongation of Be-Cu Alloy 10
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APPENDIX 1

SUMMARY OF TEST PARAMETERS AND
SCHEMATICS OF TEST SETUPS
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APPENDIX II
EFFECTIVE GAGE LENGTH

The various test specimens were machined to have certain gage lengths as shown in the specimen

dimensions in Figures 6-8 of the text. These as-machined gage lengths were as follows:

Material Specimen As-Machined Gage Length
Tension Compression
Copper 2,0 (2.5)* 1.0
Be-Cu Alloy No. 10 2,0 (2.5)* 1.0
Beryllium 2,12 1.0

Note that the odd gage length of 2,12 in. for tension specimens of beryllium was due to an
error in machining; it was intended to be nominally 2.0 in. This error, however, was of no

consequence since each specimen was measured prior to testing.

Now the electro-mechanical extensometer used to measure displacements was mounted on the
shoulders of the tension specimens (see Figures 6-7 of text) and on the loading platens in the
compression tests. This means that the displacement measured by the extensometer included

not only the displacement in the as-machined gage length but also that in the fillets and
shoulders in the case of tension and in the platens in the case of compression back to where

the extensometer was mounted. Since it was the strain in the uniform gage section (as-machined)
that was desired, the question arose as to what effective gage length the displacement (change

in length) measured by the extensometer should be divided by to give the correct strain. To
answer this, specimens were tested which had strain gages mounted on the gage section in
addition to the extensometer on the shoulders or platens. Assuming that the strain gage gave

the correct strain in the gage section, it follows that:

* Effective gage length = balance Glesr = Glachined
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AL (as-machined gage section)
L, (as-machined gage section)

correct strain = strain e of strain gage

_ AL (extensometer)
" L (effective gage length)

The effective gage length was of particular importance in connection with the elastic property
measurements. For the compression tests on all three materials it was found that very little
deformation occurred in the platens, i.e., the change in length measured by the extensometer
was about the same as that of the specimen, hence the effective gage length was the same as
the as-machined gage length. The same was true for the tension tests on beryllium, i.e., the
effective gage length was the same as the as-machined gage length of 2. 12 inches. However,
for the copper and Be-Cu Alloy No. 10, there was considerable elastic deformation in the
shoulders of the tension specimens, and the effective gage length was found to be 2. 5 inches.
This is the gage length listed in Tables B-8 and C-8 for the constant strain rate tests, except

for specimen No. 9 which was of different specimen design.

It should be noted that the effective gage length for the elastic property measurements was
determined at room temperature and assumed to be the same at elevated temperatures. The
effective gage length in the plastic range would not necessarily be the same as in the elastic
range and could be different in constant strain rate tests, creep tests, and stress relaxation tests.

In this program, the appropriate effective gage length in the plastic range was not determined.
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APPENDIX (Il
STRESS RELAXATION AND CORRELATION OF STRESS RELAXATION AND CREEP

Stress relaxation refers to the decrease in stress in a specimen held at constant length (strain)
due to the gradual conversion of the initial elastic strains (which gives rise to the initial stress)
into plastic strains as a result of creep or time dependent plastic deformation. [t is virtually
impossible to experimentally measure stress relaxation in specimens held at absolutely
constant length since there would be no way to measure the change in load. Experimentally,

two approaches are commonly used.

In one method, referred to as "stress relaxation at constant cross head displacement”, the
specimen is loaded in series with a load cell to an initial length and then the cross head
is held in a fixed position. The specimen then creeps continuously under continuously de-
creasing stress. The analysis of the stress relaxation must include not only the deflections in

the specimen but also those in the loading system, load cell, load bars, ete.

In the other method, referred to as "stress relaxation at constant specimen length"”, true "strain
controlled stress relaxation" is approximated by allowing the specimen to creep a small amount
at constant cross head displacement and then the cross head is moved, thereby relaxing the
load even further, to bring the specimen back to its original strained length. This process is

repeated incrementally.

Since stress relaxation occurs as a result of creep, it follows that there should be a relationship

between the two.

In this Appendix, stress relaxation and its correlation with creep are discussed.

-2
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Parts A and B describe stress relaxation in such a way as to clarify the experimental details.
Part C rederives succinctly, the main results of Parts A and B, but with the details omitted.
Part D discusses the relationship between the two methods of measuring stress relaxation,and

Part E discusses the relationship between stress relaxation and creep.

A. Stress Relaxation at Constant Cross Head Displacement

As the specimen is loaded, there is deflection not only in the specimen but also in the load
cell, loading bars, and frame of the test machine. For simplicity, all the deflection other
than that in the specimen is considered to be in the load cell. Thus, the specimen is in series
with the load cell as shown in Figure Alll-la. After loading to some initial load, P., the cross
head displacement is held fixed, Figure Alll-1b, Thereafter, the specimen elongates due to
creep. The load cell relaxes and the load drops from P; to some fower load P' while the total

deflection remains constant at L + 1, Figure Alll-lc and d.

The initial loading to Py might produce plastic as well as elastic deformation of the specimen,
Figure Alll-1e. The load is the same on the load cell and specimen and is related to the elastic
deflection in each as shown in Figure Alll-1f, where k is the spring constant of the load cell

and K is the spring constant of the specimen.

At P.and L;, i.e., at t:2 0, the specimen extends to L' and at ' the load has dropped to P'.

Thus,
L'=L;+ AL" where AL' = the difference between the "plastic” extension AL'p

and the "elastic" contraction AL'e due to the load drop.
=L;+ (A L'p -ALl'Y)
_ . _ (Pi-PY)
L.+AL p g

or,

-3
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FIGURE Alll-1. Stress Relaxation for Constant Crosshead Displacement
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(P -P), (P-P) _ ;
_t_+ —l-—--—K —ALp

A
("i-a')_i

(o]

(g

We now define a;2 o, the initial stress on loading, and drop the superscripts; thus

o k+K, _
(00“’)—L°— (—E“"K ) = ‘p
where
A = initial applied stress
o = stress after some time t
S = plastic (creep) strain of specimen after time t

In terms of rates, by differentiating with respect to time f,

L0 kK p
Note the following:
i) The maximum range of specimen extension during relaxation is limited by Ali, i.e.,

the initial extension of the load cell, which is all elastic.

if) The maximum range of specimen plastic (creep) extension during relaxation is limited
by (Al + ALY)
ith) There is also a correction needed for"machine relaxation” (here considered to be

entirely in the load cell) which occurs independently of any extension in the specimen.

The machine relaxation data is given in Tables D1 and D2 of Appendix V.
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iv) For the experimental setup employed in the stress relaxation tests at constant crosshead
4 . . .
displacement, the value of k was k =6 x 10" pounds/inch, where k is the spring con-

stant of the machine (including grips, load bars, and load cell).

B. Stress Relaxation at Constant Specimen Length

After loading the specimen to an initial load Pi' the specimen creeps and relaxes the
load to P' as shown in Figure Alll-2a (which is the same at this point in time as Figure Alll-1c¢).
Now in order to keep the specimen length constant, the cross head is moved to bring the
specimen length back to Li' the initial length after loading. The load further relaxes from
P' to P! as shown in Figure Alll-2b and c. Thus,

P = P - (P, - PY) - (P - P")
and P -P'=(p -P)+ (P -P")
= kAL +kAl'" .., AL" = Al' = AL
=k AL + K AL' ...P' =P =k Al' = KAL"

Al = X ALt

=kAL' + K (AL' - AL')
p e

k

=kAL'+ KAL' -K = AL'... P, - P' =kAL' = KAL'
P K i e
co_ ko
ALe— g AL
and
P, - P = KAL'
! P
Lo
or ai_a”=A_° K f”szf”p

Again, defining ai':'ao, the initial stress on loading, and dropping superscripts,
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FIGURE Alll-2. Stress Relaxation for Constant Specimen Length
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where o = stress after time t
E = specimen modulus
¢ = specimen plastic (creep) strain after time t
p

In terms of rates,

Note the following:

i) The maximum range of specimen plastic (creep) extension during relaxation is ALie ’

i.e., the elastic extension of the specimen on loading to the initial stress.
if) The cross head movement required to keep L constant at Li increases as k decreases.

Therefore, the cross head rate must be greater than the specimen creep rate in order to "keep

up".
An effort was made to run strain-control stress relaxation by following the strain output from
an electromechanical extensometer and manually decreasing the load to maintain the total
strain constant. This was generally unsuccessful for the stresses and temperatures employed
because the load could not be reduced fast enough with accuracy during the initial portion of
the test. The results of a few strain-control tests on beryllium are shown in Figures 20 and 21
of the text. However, it is noted that unless otherwise specified, the stress relaxation plots
in Section 4 refer to constant cross head displacement and represent the load on the load cell
divided by the initial specimen diameter. Since the spring constant of the machine was much
less than that of the specimen, these curves should be corrected as discussed in Part D of this
Appendix. In addition, some of the data should be corrected for the relaxation of the system

according to the data given in Tables D1 and D2 of Appendix IV.
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C. Alternative Derivations of Stress Relaxation Equations

By leaving out the details, the stress relaxation equations of the previous sections can be

derived in a much more direct manner as shown below:

i) Constant Cross Head Displacement

P
Load |
Cell o |
| + L = Constant
Specimen Lo
L=L +L
e
L+ =L +L +1
e P
d(L+1)=0=dL +dL +dl -
e P
O=dL +dL +-E . P=k({-1)
. otk o
dLe dL Ao”
T * L +L—F P=K(Le-l'o)
o ° o
AO g AO
ettt T K=, ¢
o o
=Z +€ +A° a
E p Lo
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or,

1 Ao
"[E*f"l:]"fp
(o)
or
oo o [EKT
A, Lkwx] %

And in terms of rates,
L

5=- 0 [ _"_K] ;
A k +
) K P
ii) Constant Specimen Length
L=L +1L
e P

dL=0=dL_ +dL
e

And in terms of rates,

. L
¢7=-Ee=-A—9- K e
o]
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Relationship Between Stress Relaxation at Constant Cross Head Displacement and

D.
at Constant Strain
Let ¢ denote cross head control and s denote strain control. Then,
L
v o k K .
o = K-o— Tk ‘% vee.. from Part A or C
. L . . ,
and o0 = - >~ K € = -F ¢ from Part B or C
s A, p p

Now, for given ¢, o, o etc., it follows that:
p

o <o ... forall k

) Ss ... fork=10K

4 =]70 vees fork=K

c s
I 1
UC—TTUS seve 'FOI"I(—.I—OK
L] _k .

o = —o eve. fork<< K

¢ K s

These comparisons are shown graphically in the schematic plot of Figure Alll-3, Thus, the
actual shape of the stress relaxation curve, o vs t, depends on the method of testing. For
constant cross head control, the curve can fall anywhere between that for constant strain
control and that for creep at constant stress, depending on the elasticity of the machine

(load cell, loading bars, etc.) relative to that of the specimen.
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FIGURE AllI-3, Comparison of Stress Relaxation at Constant Crosshead
Displacement and Constant Specimen Length (Total Strain)
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E. Relationship Between Creep and Stress Relaxation

The stress relaxation curve can be predicted, in principle, if the specimen plastic strain
rate € _is known. In correlating stress relaxation with creep, the plastic strain rate ¢

is identified with a creep rate EC. If ;c is further associated with a steady-state creep
rafe ;ss then reasonably simple empirical expressions for the stress and temperature depen-
dence of € can be used to predict stress relaxation. Since the creep behavior in the
present tests was mostly nonsteady-state, identification of the appropriate creep rate

is problematical. This complication in the formulation of mathematically tractable
expressions for the time dependent deformation behavior makes correlation of creep and
stress relaxation difficult. No correlation was established using the experimental data

developed in this program. However, the general approach that would be followed is

outlined below,

From the previous sections the stress relaxation equation is

L]

Keff <5

0 = -

o>|0'—

and for any given experimental setup there results a stress relaxation curve like that
shown in Figure Alll-4a. From this curve, get, for each value of o, a value for o,

and for each value for o calculate a value for ¢ from the above equation. Then plot

€ vs oand get a curve as shown in Figure Alll-4b, The argument now runs that one

should get the same curve of ;p vs o for all Keff (Figure Alll-4¢c) if ¢ isa unique

. P
function of . Thus, in Figure Alll-4c, ep for Keff’ 2 is less than c'p for K 1 for

. eff’
const. o because o, is lower than 2 (see again Figure Alll-4b),

The analysis at this point is straightforward. It says that stress relaxation is due to creep

and, conversely, should be predictable from creep data. Thus,

. L
g = o o K :

_— €
Ao eff p

. .
- o0 =E¢ forstrain control or true stress relaxation.

MH-13



for Keff

t o
For each ¢ get ¢

Plot ;p vs g ; should get the same curve for all Keff if ép is a unique function of o.

o = Const.

FIGURE Alli-4. Correlation of Stress Relaxation with Creep Rate for Various Values of Keff
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To get o as a function of t we must integrate the above differential equation, and to do this
we must know how .(p varies with o, t, and T in creep tests. For simplicity, we assume
constant temperature T. (Even for const. T the analysis is difficult, and for variable

T it is very difficult.) Creep curves at constant T and o (in text book fashion) are

of the form shown in Figure Alli-5a, and the steady-state creep rate is a function of

o as shown in Alll-5b. If ¢ of the above equation is associated with ;ss then integration
of the above equation can be carried out in closed-form solution to yield ¢ as a function

of t, i.e., the stress relaxation curve, as was first done by Robinson (E. L. Robinson,

"A Relaxation Test on 0, 35C Steel K20", Trans. ASME, Vol. 59, p. 451, 1937; and

also Trans. ASME Vol. 61, p. 551, 1939).

If ;P is associated with primary creep then ;p is a function of time as well as 0. Gittus

(Phil. Mag. 9, p. 749, 1964) has discussed stress relaxation for the case where

€ o = (constant) "t

=15



€ Constant T

55 "4
‘ %3
o >0 > 02 > a]
€ // "2
/ //, / o
4"’ ]
——_:_—_——
t
()
e.ss
éss =C 0" at Constant T
o

FIGURE Alll-5. [llustrating Creep Curves and Power Law Stress Dependence
of Steady State Creep Rate
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APPENDIX IV

TABULATION OF TEST DATA

This appendix contains a tabulation of the "raw" test data. It is hoped that the tabulation
is sufficiently complete to allow replotting of the data according to whatever method is
desired. The beryllium data is tabulated in Tables A-1 through A-8, the pure copper data
are in Tables B-1 through B-8, and the beryllium-copper Alloy 10 data are in Tables C-1
through C-8. Tables D-1 and D-2 contain correction data for machine relaxation. The

symbols employed in these tables are defined as follows: *

P = Load in pounds

Ao = Initial cross sectional area in inches

L = Initial gage length in inches (as-machined or effective, see
° Appendix |l and footnotes to Tables)

6 = Plastic deflection, inches

E = Elastic modulus, psi x 106

G = Shear modulus, psi x 106

v = Strain ratio

Other abbreviations used are:
PiS. G.
A7 S. G,

AFX7 S. G. =Biaxial constantan strain gages

Il

Platinum strain gages

Constantan strain gages

E-M Ext. = Electromechanical extensometer

* Also see Figures AlV-1 and AlV-2 for illustration definition.
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Tables A-1, B-1, and C-1 give conventional engineering properties of yield and ultimate

strengths based on Ao and % elongation and reduction in area based on Ao and Lo'

Tables A-2, B-2, and C-2 (Tension Tests) and Tables A-3, B-3, and C-3 (Compression Tests)
give the raw data for the constant strain rate tests where § is the plastic deflection as illus-
trated in Figure AIV-1. Thus, the first load listed corresponds to the proportional limit,

the highest load is the ultimate load, and the final load listed is the load at fracture,

Tables A-4, B-4, and C-4 (Tension) and Tables A-5, B-5, and C-5 (Compression) give

the raw creep data in tems of the terms defined in Figure AIV-2, Thus, § is the plastic com-
ponent of the deformation. The first value of 8 given at time t = 0 corresponds to the

plastic deformation on loading to the creep stress (load) and the subsequent values give the
additional deformation due to loading plus time dependent or creep deformation. Tables A-6,
B-6, and C-6 (Tension) and Tables A-7, B-7, and C-7 (Compression) give the raw data from

stress relaxation tests,

Tables A-8, B-8, and C-8 give the elastic property measurements.
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FIGURE AIV-1. lllustrating Terms Used in Connection with Constant Strain Rafe Tests
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FIGURE AlIV-2,

Constant Load

Loading

.

Time t = O for beginning of
creep test at constant load

Deflection (inches) measured with

E-M Ext.

8 at t = 0 gives the plastic deflection (elongation
or compression) on loading

O Creep

Deflection on loading

Time, minutes

ITlustrating Terms Used in Connection with Creep Tests

V-5

Astronuclear
Laboratory



Al

o._\._q uo paspg suolyobuo|]

o<\m UO paspd $3553.44S 9]15UB) BJDWI|N PUD 5355BLLS PlaIA

“AjaAL4oadsas uolsseiduiod pup LOISUSY 1oy B4p) DY S50.0 a4nUIW Jad saysul g0"0 PUL {0°0
L

Wbusn abpo) aapay] = (PauiyoDUI-SD YjOq) UOISS3IdWOD 10} S3YDUI () °| PUD UOISUAY 40} SBYDUI 7|7 = wbua| abooy
EX Y

patiodas os|o ppoj yseybiy jusnbesqns ‘pja1A 4o peulbyD PRO} B4pWIN
*

09€ 0008 0S€6 00s1Z 0008¢ 00492 00vSE 0olLse 0018e oolLse 15d ‘55345 PJ3IA %Z°0
ol 8 9 I4 6 S ¥ 61 0g L "ON Uawidadg
0091 06l 0sct 0001 05/ 0sZ 00% 06¢ Sl 74 EI ~dwa|
uotssaduwon
S¥'6 96'L L6t 8e¢l 4\ 9°e 9'1Z o't 91z (A A |pioL
g [NV 19 6'S 8y 0’8 6 0Ll 9l'e T wiojiun
xxU01406UO|] oy
0’1t 0'S £oe 8'¢e 4 18y 9°6€ ¥'6 [ 1’z % Doty Ul UoldNPay
06l L 0926 0,0) 744 00952 DOOEE,/000¥E 0090+/0029¥ 0000%,/009Z¥ 00925 00428 009%S 1sd ‘ssaug afIsuay a4
0611 0988 00LeT 00/12 * * * 15d ‘ssug 485140 %270
0026C 008/¢ 0019¢ 0091y 00€L¥ 0061y 15d ‘ssaufg pjaip samon
oove 0029y 0092y 0019 000vy 00vsSy tsd “ssaug p|at A Jaddn
zl Lt 8 Vi 9 S v € Z L "ON uswidadg
0091 05l 0001 0001 0sZ 00§ 00¢ 0sz 74 174 4, ‘dwa) s3]
uolisua|

»xx28 UO 0J0Q 3joy uipyg jupisuor) BuiasuiBuy |-y 9iqp]



LAl

“9AIND (§XJW-3) UOI4D9|jaP-PLO] By} UO painspdw uoypbBuoja oisojd = ¢

yibue aBpoy aA108443 = (PAUIYODW-SD) 58YDUL 7| "z = Yibua| 8boy

££60"0=0V
€€2°0 | 0TS
S19L60°0=0V | U19/60°0=CY | UI0860°0=0V | ,UIEFL0'0=0V | ,UIZL600=0V 6906°0=V | -0 | oesr £960°0=0V | ,UIG960°0=CY
0Z€'0 | 0EEZ | 292°0| S80Z | 66Z°0| 0S9T | 00S°0 | 0€ZE | 6S¥°0 | 09/€| ZEL'O | 086y | 9¥0°0 | 080S | SBYO'O | 082S
691°0 | S/€| ¥S2°0 | S/ST | 00Z°0| OE¥Z | 0SL°O| 00ZE | 0OL'O | OV6E | 982°0 | 006E | 090°0 | 089% | 8E0'O | 0967 | 9SE0°0 | 000G
001°0 | S£9| Zel'0 | S92 | Sz1'0| 005z | 0S0°0 | OLOE | 0SL'0 | 0S6E | STO'O | 00LE | OEO'0 | 08Z¥ | STO'0 | 08SY | ¥SLO'0 | 00TV
0S0°0 | 58| S€0°0 | 00SZ | 990°0| O/¥Z | £00°0| 006Z | L10°0 | OE9E | ZOO'O | 0ZSE | ZOO'0 | 0SO¥ | 0LO°0 | O¥O¥ | Z100°0 | OEO¥
G00°0 | $98! S00°0 | SszZ | S00°0| SZ1Z | €00°0 | S6¢€ | 2000 | 00S¥ | 2000 | OZly | Z00'0 | 08¥F | 00070 | 086E | TL0OO0 | O8BEY
000°0 | 009! 000°0 | 000Z | 000°0| S6/L | 0000 | OO¥Z | 000°0 | 00Z¥ | 000°0 | 000E | 000°0 | OiZE | 000°0 | O¥ZH | 000070 | 008E
Ur’e [sq1°d| ul'e | sal'd | ur'e | sq’d | ur'e | sqpfg | w’e [ sq’q | ur'e | osqid | ufe | sq’d | w9 | sql’d ur'e | sq)’y
[[=L °3dg | -1 "23dg /-1 3dg 9-1 '32dg G-1 "oadg p=1 "dadg g-1 "29dg Z-1 "oadg 1-1 ">3dg
agoset 34,0001 “_.oomn 4,005 4,052 4,52

DD 24Py UIDIG LUD{SUCT) a|isua] ED___\A\_Nm .Nl< 2|90}




8-Al

"BAIND(4X] W-3]) UOI4OB|4OP—PDO| SY4 UO PaINSDBLL LOISSAIAWIOD D14sp|d

=Q

YiBua aboo) aAlDaY] = (pauUlydDW-sD) seyoul 0| = ybus| ebogy

gUeT600=0V | UIB960°0=Y | SUIBLEO'0=CV | UI6960°0=CY | UIB9E0T0=CY | UIZ9S0'0=OV | UILLGO'0=OV | UIE960T0=0V | UIZOOL'0=OV | UIB960"0=0V
o€z orLs 1 TvT’ 0029
4t 00ss | Z1Z 0048
/A 090+ | €91 000S | £S1° 00LS 962" | 000Z1
Loz’ 000¥ | 6iL° 00S¥ | OLL® oosy  Zil 0009 | 8€Z° | 0000l | 8vl" | 000Zl
80Z" gézL  9LL 00SE | §£0° 000¥ | 891 000y  SEL’ 0095 | 8SL™ |00S8 | lZL* | 00OLL
00z 0sZL  ¥90° 000€ | ¥EO" 00SE | 6€0° 009 080 0005 | ZOL™ [00¥Z | Z&O® | 00Z6 | SSL° | 0S9LL
gl | & LT 006 | LU Szl 910 005z | v10° 000€ | 910 000€ 950 009% | ¥90° | 00¥9 | €50° | 0008 | S80" | 0006
VO | Oy 00" 006 | 6€0° S0l +00° 0SZ¢ | 200° 0082 | L1O° 0082  0£0° 000y | 9€0° | OOYS |OETO | 00Y9 | €0 | 000/
z00" | 9t | zoo’ 008 | 200 se6 200 0s1z z00 0/9Z . 200 O¥SE | ZIO© | 000¥ | 00" | 000S | SlO° | OO¥S
W 200" |0l | Zoo" | otge | Z0oO" | OLLE
0000| Ol ! 000°0] 005 | 0000 | 008 g, 0000 | 0SZ1 | 0000 | 00SZ | 0000 | 06¢Z ' 0000 | OEYE | 0000 | 00LZ | 0000 | OSLE | 0000 | 0082
ur'e {sq)’q c_s_ 'd | e | osqg | ou'e | osqiy u'e | osqltd |owt s Lours osqg [ou'e [ osqfd 1 w'e |osqrg ur'e oury
Zi-2 8-2 9-2 £-D 6-D §-D ) 61-D 0€-2 -2
4,0091 4,052l _ 34,0001 4,052 4,008 4,052 1,54

D30 21Dy UIDAG Jupisuor) aalssaidwony wny|jhiag

£-v 21901




6-Al

Yibuoa abnzy aaljosyg = (paulyopw-sb) saydul 7| "z = Ysbusy 9bog

8€90° 9200’ 6650° 20 S€L0° 00" ésiL £8st” 09
9850° £200° ¥ZS0° S8e0" 90€0" upw 7y o0 601" 0é¥L” £
8¥50° 0£00° 58¥0° 6VE0° 18z0" 40 9xj0.g 000 8860 L6EL 14
S6v0° 9900 GSPO’ 80€0’ €sz0° 9GpL” 8€00° 8980° SOEL” rA 4
SYr0” 7900 Z1y0° 0£20° ¥Zz0° gelLL” g€00° 9950° AN 9¢
£6£0° 0900 99¢€0° €20’ 8610’ 0060 £€00° ¥200° ozl o€
L¥€0° $500° £0£0° 0020 S/10° S0L0° 0£00° ¥200° szol” vT
98Z0° L¥00° 1520 0410’ Zelo 6€50° £200° 0200 8160’ 8l
G120 Zy00° z810° lzio’ £600° 69€0° 6200’ 2100 9LL0° 4
Zrlo’ ¥£00° £010° 0£00° 1900° G1Z0" 0z00° £100° £6€0° 9
0600 ¥Z00° $900° €400’ L¥00" 210 G100 Sl00 9100 £
6¥00°0 £100°0 820070 £200°0 12000 $600°0 110070 L1000 0100°0 {
0000°0 0000°0 0000°0 00000 0000°0 0000°0 0000°0 0000°0 0000°0 0
sayoul ‘uolypbuo|] OHsDld = @ ajnutw ‘awij
0091 0091 0091 0001 0001 0001 005 00¢ 005 4, dwa) 459
050 05Z°0 oo 06l 08l 0'0Z 0°6e 1A SLE 1SM ‘oy/d ‘ssaug |puiy|
£y A4 0°6€ y€81 Z6/1 Zrél oLve 14453 099€ 'sq1 ‘"4 ‘poot pai|ddy
65960°0 9£960°0 ¥5260°0 6¥960°0 L€£60°0 6146070 1€££60°0 SLL60°0 ¥5£60°0 - ‘oy ‘DBIY UOLDIG §5047)
FA%A e e e AN A4 TAN4 e Lz ul 07 ‘yibuey 9boo
[43 b4 1z 6l 81 1 0z 9l o "oN dadg

wni||A19g uo pipg] dasal) UoIsUd ‘p-y 8)qD)




0i-Al

YiBua 8b00) 341498447 = (PaUlLOPW-$D) sAYdUL 0 *| = YiBua] aboo)

§200° z/00° 9el0° Lo Zrio’ 9£20° 0020° p20° ¥9£0° 09
9200 L£00" 6210 5600° Zelo zzzo’ 0020 ovz0’ 19€0° v
£200° 0£00° ZLio 8800° £z10’ Lzo 00Z0° vZ0" 95€0" 8y
9200° 8900 9010 1800’ zZLo" 9610 0020 9%20° LGE0° (A
¥200° §900° £600° 5200 1010 &10° 8610° 6£20° SYE0” 9¢
£200° £900° £800° 0£00° £800° 5910 S610° 8220 8£€0° 0g
£200° 1900 2400 Y900 6200 9710’ 1610° 0720 6250° A
2200° 6500 $900° $S00° 2900° ALY z810° L1207 180 8l
£100° £500° £500° SY00° 0500° 0010° oc10’ v1z0° 20€0° Al
6000° £¥00° ££00° SE00° LE0O" 9500 6800 £020° 8/20° 9
8000° 8200 9200 £200° 7200 ££00° 6500° 2020° £520° €
000" £100° 8000 9100° 100" £100° 6200° 910" §120° t
0000°0 00000 0000°0 0000°0 0000°0 00000 0000°0 $500°0 0£10°0 0

‘u1 ‘uoissesdwon) olsDld = @ synuiw ‘awi j

0091 0091 0091 0001 0001 0001 00S 00§ 00§ 4, "dway isa)
€Z'0 or'0 05°0 0’8l 0°6l 0°0Z 0°6e S LE 0’0 ISH ‘Oy/d ‘ssaug [puIu|
AL A 9°8¢ g8y Ll vZ8l 9z6l 43 ¥¥9e 888¢ *sqq “*d ‘poo pal|ddy
£8960°0 £¥960°0 §9960°0 £8960°0 665060 £2960°0 $9960°0 02£06°0 02£60°0 oV ‘Daty Uo93g $5017)
£966°0 ££66°0 £066°0 £866'0 6866°0 18660 66660 7866°0 2666°0 ui o7 “ybua 9bog)
0z g 8! L1 9l Sl vl Al £l "op "aadg

wny|(A1ag uo pjpg deain uoissaidwony G-y 3|qo)




LI=Al

YiBus 86y aAlDRY] = (P aUIYODW-SD) saYdUL 7| "7 = Yibue abog

"I1X34 235 ‘PS||OHUOD UIDYG

¥

§5°0 yEL'0 68zl 89°¢t Ziyl SE°0€E 05°LE 0922 09
85°0 GeL°0 ZLel Zg'€1 Al SE'0E 05" 1€ 0LL2 149
$9°0 9€1°0 seel S6eL (ol 0+"0¢ 0S'1€ 0822 8y
08°0 8el’0 8eel SLvi Aadl S¥°0€ 05°1€ 0642 Zy
G460 orL0 09°€l vl gy vl 05°0€ 66 1E ol'gz 9
oLl A4 K] 8Lel oe vl Z9'%1 08°'0€ =) 0£'82 og
0€1 E¥L0 Z0'vl Sryl G8'¥1 56°0€ 06'1€ S8 (4
861 144K0) vl syl s0'sl SL'Le oL'ze 00°0€ 8l
€T 44¥¢ 0s'vi 0L vl 0E'St SLTIE (14143 00°¥€ Zi
GL€ %10 0£'s1 8151 sT91 oL'ze 06°Z¢ 0F'vE 9
8l's 9510 56°61 SL'61 86°91 LrATAY oL'€e SLVE £
$0'9 <
05’z 06170 SL91 8e'91 AP\ §LTE 09°€€ L
0$°£1 2es°0 cr'sl 0s°£1 Zr 6l 6T¥E G1'GE Se9¢e 0

o<\n_ ‘1Y ‘ssauig ajisua) ajnulw ‘awl)

0001 0091 0001 0001 0001 005 005 00S 4, “rdwa) is3]
05°LL z5°0 Sp'8l 05°£1 Zv6l STvE GUse Se'9¢ ISH ‘oy/d ‘ssaug |olIu}
6960°0 1£260°0 §2/60°0 1££60°0 60£60°0 689600 67960°0 26960°0 ,Ut 70y ‘palty uoydag 550y
AN4 e AN/ A4 rAW4 AN AW A4 "up “*o ‘yjbuan abogy
#€€-1 62-1 8z-1 [T-1 9z-1 Sz-1 yT-1 £2-1 "oN "o3dg

wni||£i8g UO DJL(] UOLDXD|3Y SSBHG UOISUD) “9-y 3|qp|




FARIA|

ybue 9Bp9) BAlyoay = (PAUIYIPULSD) Yaul (7| = Yibua abbg

8EL’ 8yl 1445 SOEL 0¥l Syol 05°8¢ 00°0€ §9°CE 09
o¥tL” sy’ 14 80°¢cl oLvlL 0691 05°8Z 00°0¢ 08¢ 123
(V4% ost” ost” el oTvt €741 0¢°8¢ 00°0¢ 06°CE 8y
1243 851" o051’ 05°€L o'yl 008l 09°8¢ 00°0¢ oL'ee rA4
ost” osr’ i 08°€l 05’1 £6'8l 08'8¢ 000t (%3 9¢
1279 gL’ o so'vt (7 41 99761 0678 0z°0€ ov'ee 0t
961” o9l oLL” A5 4 £0°S1 8°02 ore AU Sy'ee ¥
9s1° o9t” 9L’ 0LvL Sy'sl SETC Sv'éel 05°0€ 06°ee 8l
o9l osl” 121 16l 686l S6'ee 00°0¢ D6°0¢ GL'EE 4}
o/’ (AN 6l° 0461 09°9L ¥6'9¢ 0670t 0Z°LE g8t 9
oL 8oL’ VA S0"91L [ WA\ 66°6C 0s'LE G8'IE oLve £
asl’ osl’ 0z’ 0991 051 86°vE 1
0sz’0 ovy 0 0zs'0 008l G061 96'0S 0e£°5e GT'9e 09°LE 0
o<\m ‘1§ ‘ssaug uolssaidwon ajnuiw ‘awi |
0091 0091 0091 0001 0001 0001 00s 00S 005 £ “dwa} 4s3)
0s2°0 ory’o 0¢s°0 008l G061 96'0S 0e°6E GZ9E 09°LE IS ‘Oy/d ‘ssaus |puiu
9L960°0 12960°0 01960°0 £8960°0 92,600 02£60°0 07460°0 £8960°0 €6960°0 "oy ‘Daly uolOag $s0IT)
£¥66°0 £100°L 2196670 2E66°0 810071 06660 CL66°0 GE00 L L6670 “uy o7 "ybueq #bog
& 8z Vi % 74 T X4 k44 1z "oN "2adg

ED___XLWm uo oiog COIUXD_WM ssalg Co_mmw._&EOU Nl( O_ﬁc.—




El-Al

LU g9e| L0 Gée| 90 el | 20 LTy | €0 zev| 107 L'vy (¢ "oN) 95 id
v LE
¥'9€ S°CY
g0y TEY

I"lE A sor vy | Po=(iz 19)

1eg 7'9¢ €5y Ak a4 ¥y L9 G'[E (¥sD) »aw-3

YArA4 (punoy) ©¢ dluonuaQg

&y (punoy) 5Ly

£0¥ (0L °N) 954V

14 (6 "°N) D52v

90" 9ze ! so° | €0 Ty | v0° A 20" ‘&A% (01 "°N)

S0’ Sy | v0° vy | v | 0 A% (6 "°N) ©5 4

uolsua|

860" T°lZ O'Fv | ¥€0° 67T &Sy | €VOT 6'TT L'Lv| 6¥0" T'ET S8y | 8E0T SVT L0S | 620" T'ST LTS 890" Z°ST Svs d1pukq
+ o 31« o 3+ o5 3« 9o 3|+ 9 I« © 3F|~ O 3

40091 4,061 4,0001 4,052 44005 4,052 1Y

wni}jAiag 0QZ-S Uo PIn(g Aysadoug ou4spj] "g-y °|qp|




vi-Al

o.ﬂ\.‘q uo pasoq suolypbuo|]y

o<\..._ UO paspq Sassalys 3JDWI}|N Pub pIaiA
*AjaA1yoadsas uoissesdwoD pup LolsuBy Jo) poads ppay 55012 34nulw uad saydul GO0 PUR | 070
* ¥
uo)ssa.dwoD 104 (PaLIYODW-5D) YOUL () | PUR UDISUBY JOj (BA1408y48) SALYPUL 057 = Wbua ETS)
*

0041 oLv1 0012 00£Z 05Zs 001S 006¥ 004S 00Z9 00¥9 0089 15d ‘559045 PIBIA %Z 0
L ot é 8 L 9 S 4 € 0 i "oN uawioadg
0091 0091 oSzl oSzl 0001 05 05 005 0sC 174 SL 4, ‘anipiadus)
uoissaidwony
gLl 901 £ZL 74 £'8l Z°6l A (074 £ey Wig 9°cy [o40L
8y g'e 99 £zl ) $91 zee €07 474 FALA o'Le wiojiun
suonpbuo|3 9
g'Gl .8 6zl L"ze 6'82 682 L'y £y £'68 888 L"88 9% ‘DY Ul LoldNpPaY
oLz 0802 olzZv 0488 0£TL 004 | 00561 00961 00052 00162 00062 15d ‘ssoug B|1sua] a4puwiliN
0191 0Ls! 056Z | 0Z0S 0LSY 08vS 0z£8 0r0L 0969 0798 0zL9 1sd ‘559448 4ISHO %L'0
0 1yl te 8 L 9 S 14 € z L "oN uawyoadg
0091 0091 0sz1 0001 0001 0sL | 005 005 05Z Sz S/ 4, “dwa] i3]
uoclsua)

»x04DQ 830y UIDLG Jupysuol) Butiesuibuy saddony -|-g 3|9p}



Si-Al

*aAIND (4XJ W-1J) UOL402|Jap-PDO| BY} UO paunspdW LolipBuo|a ouyso|d

=9

seyoul ¢'7 = Yibua aBog) aAlIdeyy] /(PRUIYPPW-SD) S3YDUL () 7 = Yibua Sbog

Z|1661°0=0 | /ul00Z°0=0 | ,H1002°0=0V ZU1661°0=0Y | RI00Z°0=0Y | ,U100Z'0=0V Nc_ocm.onoi ZU1661°0=0v [ ,UI00Z°0=0Y |, uLL0Z 0=V oz o=ev

Zsze'L| ozze | z9zTL | 0SlE

00vS™ | 00t G906 | O¥8S | 05/8" | 0€8S

089y’ | 08/ 08ZS° | 09¥S | 0BYS" | 00SS

0895 | 0€/Z| 8628 | OOEE | 78S | OSZE | S61T°L| 0L6Z | 0S8 | 096¥ | O¥&E™ | 000S

zLLe | 002 ceess | 001 | ZSIST | EF | 00ZT | 08¥Z| S619° | SO&E | 0665 | OE6E | 9TSY' | 000G | 0SLL° | 09y | ST | 00SY

coel” | 1zv| ozez | ooz | osser | oov | 0029" | 0001 | O¥SY' | 009 | 0¥l | OEZZ| S6ve" | 0LSE | OELE" | OESE | H¥E™ | O6vy | GL6L° | 096E | 09127 | 00O¥

cr00" | €48 | 06E1° | Ziv | S98L° | z¥8 | OSKE" | 991 | OZL¥' | 000L | 0060° | 0861| S1ZZ° | OLIE | OLEZ" | OELE | LEL' | 066€ | G98L° | O9¥E | 0CSL™ | 0OSE

cl10° | eve | o180" | 00v | 0901" | 008 |OSEL" | BESL| 0ZLZT | w¥¥L | OVSOT | OELL| S6ELT | 0T | OSYL™ | OELZ | 98SL" | 06VE | OVBO™ | 096C | 2860" | 000E

cb00" | 0zZE | 0620 | 0SE | 01y0" | 00Z | S¥SO" | 86EL | OZyL' | 0O¥L | 090" | 08¥1| 580" | OLET | 5690° | OEET | 990" | 066Z | OEVO" | 09¥C | 1950° | 00SC

0Z00° | £6Z | S¥00" | 00E 0810 | 8611 | 0850° | 00zl | 00L0" | O£zl S6v0™ | 061 | 9680 | OE6L | 90L0° | 06¥Z | S8L0° | 0961 | 0920° | 000C

100" | evz | 0000| 05z | sv00'0| 065 | Sv00°0| 0001 | S¥00 | 0z6 | S¥0O | 00LL| 0610° | 0§61 | 0ZTIO" | OESL | OZEO™ | 0661 | S¥00" | OvZL | 6500° | 00SI

0000'0 | 0£z | 0000°0| 0zz | 0000°0 | 00s | 0000°0| 08 | S100°0| 008 | 0200 | 086 |S¥O0" | OSEL | S¥0O" | OOVL | YOO | O6EL | 0000°0| 0091 | S¥00" | OSEL

0000°0| 099 | 0000°0| 00Z | 0000°0| 0OLL | 0000°0| OSLL | 00000} 0ZZL 0000°0 | 00LL

ui‘e [sq‘d | ut‘e isqfg | wfe |sarg | wie | sqd| we | s9d | ure [sqi'd | ut'e | sai'd ur'e | sqp'g ur'e | sqfg | w'e | sal'd ur‘e | sq’y

o€ (l * L 8 9 _ S | y € z

4,009 305! 14,0001 105 | 4,005 4,062 4054

DID(] 3JDY UIDIG JUDISUOT) B|IsUd) saddony "Z-§ 2)9p)




9L-Al

"IAIND (§xJW-J) UOHDB|4BP-PPO| By} LO PasNSDaW Uoissaidwod ousojd = g

.tw._mu = (peunyopw-sp) you)  *| = ybua aboo
*21n§opiy 1049q paddoys 159]

g"15660°0=0V | JUIVO0L'0=0V | ;UIE00L'0=0V | ,UIB460'0=CY | ,UISO010=0F | ,UIY00L'0=0Y | ,UI0001°0=0V | ,UIEOOL'0=OY | LI000L'0=OY | ,UI/001'0=0Y Z115001°0=0v
807" | sze Z€e" | 008 | 8¥T' | OLvl| 26" | 000V | Zev" | 00O¥ | 082 | 000¥ | 0/Z° | 000S | 0OZ° | 00OS | 00Z' | 000G
Lv1’ | 00E| OSL" | O0E| OFF" | 00B| Z6L" | 00L | €¥l" | OSZL| 692" | O00E | 68Z° | 000E | O€Z" | OOSE | Z9L' | 00SE | ¥¥l° | 00OV | OLL" | 00OV
€90° | 0SZ| 850" | 0SZ| 880" | 009 | 60L° | 009 | 180" | 00OL| EEL° | 000Z | vvl™ | 000Z | ¥EL° | 00SZ | 160" | 00SZ | 8¥0" | 000Z | 0£0’ | oOSZ
€20 | 00Z| €20' | 00Z| 920" | OOV | TEO" | 0OY | 620" | OSZ | 920" | 00OL | 920" | 00Ol | ZSO° | 0OSL | 980° | 00SL | OLO° | 00OL | ©OI0° | 00Ol
200" | OZL| 200" | Lvl| 00" | OLZ| ZOO" | 0/ | 200" | SZS | 200" | OLS | 200" | 06 | 200" | 0L | 200" | 029 | ZOO' | O¥9 | Z0O" | 089
000°0: G¥l, 000°0| OEL| 000°0| 00Z | 000°0{ OvZ ' 000°0| O/ | 000°0| OZy | 000'0| OSE ' 000°0| OOv | 000°0| 00S | 0000 | 0SS | 0000 | 00S
utfe 1sqpid | ue isqpgl ufe sqpfgl o ufe s’y | ou'e | osqgl u'e | osqp'g | wr'e | osqpfg | owife | sqp'd | ue | sqig | ui‘e | sqid | wi'e | sqid
L11-D 01-3 6-D 8-2 ) 9- 5-D ) ) 06-> | 1-D
440091 450621 450001 4,05z 4,005 4052 4.5L

£DIP 940y LIDYG JUDJSUOT) dAtssaudwiony Jaddon '£-g 2901




L1=A)

sayoul ¢z = Yibua 8bocy aaley] *(peulyopu-s0) saysu) (°z = Yibua| abog

SLLL”
"SIYG6 0 40
yOy0 * ¥10° @3o0iq *23dg ZLo- G000 " 12240 oz’ ozl " 9510° 09
¥5€0° 2010~ ¥980° 010° G000 * 8GElL” LAz oL’ ¥S10° 1%
¥0€0 2600 " 990" 600° G000 " 774 8Lve” ¥v6ll” £€S10° 8Y
8620° 2800° 0850 ° 2800 " ¥000 " 8gllL” yove” 0611L° 1510° A4
¥120° 9900 ° 9640 " 9900" ¥000 * olLtL” z8ez” a8l 0510"° 9€
0L10° 8600 ° 0240 ° 8500° ¥000 * 9001 " rAS XA vLLL® 8vi0° o€
9zi0” 00" 8ee0” 9¥00 * €000 " 9680 ° y0gT” o9LL” ¥¥10° 144
0600° 8£00° 0920° 8€00° £000 " 040" 8¢ce” 1441 A4 8l
9500 ° 200" ¥810° ¥200° €000~ ¥Z90° 80lZ” (AN lv10° zl
G200° 1100~ ¥0l0° 1100~ ¢000 * 8E¥0” 8y61° ysotL” r#AlVM 9
0100° ¥000 " 9600 * ¥000 * 2000 " 90e0 " €8l 0001 * 0z10~" €
0000 " Z000° 00 ” Z000° 2000 " 810”7 0zl 0v60° 810" L
0000 "0 0000 °0 0000 "0 0000 °0 00G0 "0 0010° 0591 " T160° 010° 0
‘ut ‘uoiypbuoly  ousply ajnuilw ‘swi |
0091 0091 0091 0001 0001 0001 008 00§ 00§ 1, dwaj 459
oLt 00°1 0Z'L o'y (U 0'¢ 0°GL (el 0L 1S ‘o /4 ‘sseug |pLiu|
[¥A4 00¢ \ve 008 165 0001 000 0ove ool 'sq ’°d ‘ppoT patjddy
£00T°0 £661°0 ¥00Z°0 L00C°0 666170 L00Z°0 8661°0 £661°0 £661°0 Nc_ "oy ‘Daly UOLD3G 55017
0°¢ 07 0°¢ 0°2 0°¢ 0°¢ 0°¢ 0°¢C 0°¢ 4« Ul 7707 ‘yibua ebog
0z el 8l /L 91 st 7l el zl "oN "23dg

hman_ou uo pipg daai) UOISUB]  ‘p-g d|qD)




8l-Al

yiBus7 8806 sALDaY] = (PaUIYIDW-50) saydul °| = YBue 8bog

9¥00° Sslo’ 2800° €900 L510° ¥890° E9V0° 2900 LLED” £€950° 09
Z¥00° Py 107 ¥L00° £500° 1510° ¥990° 0’ 2%00° 89¢€0” 950" ¥S
8£00° LE10” 9900° £500° erLo’ 1¥90° 0ev0° 1900° 9€0’ 9650° °14
£L00° 6100° 8500° L¥00° 8107 L1907 48408 1900" 29e0’ 2550 A4
0€00" 9010’ 0500° Z¥r00° 1210’ 2660’ 06£0° 0900° 66E0° 8yso’ 9¢
eTA 2600 <¢r¥00” 8€00° solo’ 0960° 990 0900° GGEO’ 1¥S0° ot
(44000 900" ¥£00° €00’ 8800° ¢eso’ Oveo” 6500° 16€0° SECo” 4
8100" 6500’ 9200’ 9200° 007 8/¥0° coe0” £500° S¥e0” 42850 8l
Z100° 00’ 8100° 0200° £500° 81¥0° 1920° 9500° 8€L0° 9150 4
9000° 9200" 0100 cloo” ££00° 62€0° £020° £500° 82E0” 86¥0° 9
$000° 100’ 9000° 8000° £200° 920° 9G10° LY00” L1€0° £€810° €
2000° 000" 000" £000° 9100° 2810’ 1010 £¥00° 20€0” L9¥0° 1
0000°0 0000°0 0000°0 0000°0 110070 0800°0 9¥00°0 0€00°0 0920°0 ZLyoo 0
sayoul \commmoiEoU OUSD|d = @ aynuIw ‘aw |
0091 0091 0091 0091 0001 0001 0001 00§ 006 006 EPS ‘rdway 4s9)
1 'L o'l [N | (V84 09 0's 0L €611 €8yl IS "oy /d ssaug jolituj
oLl 0clL 001 0Ll 00v 009 006 00£ g6ll £gri 'sq] ‘*d ‘pooq pat|ddy
£8660°0 28660°0 6¥001°0 £4001°0 8€001°0 6¥001°0 £2001°0 ¢6660°0 09001°0 800170 Nc_ ‘roy ‘pary uoly2ag s5017)
8510°L ze0o’L €€00° 1 ¥E€00° 1 06660 610071 £200°1 200" 1 0€00°L GE00"t "up "o “yibua sbog
1z 0z 6l 8l L 91 st ¥l el zt "oN 23dsg

leddony uo pypQ dessny uoissesdwony "G-q 9|qo]




61-Al

sayoul ¢'Z = Yibua| abob aA1408443 ‘(PRULYOPW-5D) SBYOUl () 'g = Yibuag abby

e 0s° 6L€ 90°¢ 82°€ 9821 09°01 or'9 0%
€e’ 0s° e 60'€ vE'E 9871 1901 or'9 ¥S
Ve’ 0s’ 92°E zZLre 45 8721 z9ot or'9 8y
s¢’ 0s° zee Sle Sr'e 0621 z9°0l ov'9 v
%€ 0s’ ov'e e £5°€ 06Tl 89701 17’9 9¢
or' s’ 8r'e 9°€ £9°€ £6°C1 69°0L 1¥'9 o€
Sy’ 95’ 95°E e L€ L6T1 1270l 179 (4
0s° 09 $9°€ L¥€ 16'¢ E0°EL ol w9 8l
gs’ L9 08°€ IS°€ ZL'y oLEl z8'ol Sy'9 4
99’ 74 00"y 99°€ ev'y sLel zéol 05°9 9
7 Lg’ Ty 9LE A4 orElL 0011 5’9 £
6L 98° 'y 88'C LS 2331 gLl 099 !
£0°L 0zl 00°S 007 009 0061 00°ZL 00'L 0
o<\m ‘19 ‘ssaug 9|lsuay BynuIw ‘awi |
0091 0091 0001 0001 0001 005 00§ 00S 4, "dwal s3]
00°L 0zl 0's 0% 09 0'sl 0zl 0L 1S) oy /d ‘ssaug o1
566170 £661°0 ¥002°0 6661°0 $00Z°0 L00Z'0 866170 £661°0 ,ut "oy ‘paly Uol3g $50.3
0z 0z 0z 02 0z 07 0°Z 0°Z »'ut "0 ‘yiBua 2bog
62 Jz4 ze 9% 74 4 144 ¥4 "oN "oadg

1addony uo pipQ UOI4LXD|IY $SBAG UOISUB)  9-g B|qP|




0Z-Al

Wybusq 9609 8A1DRY4] = (pauwiydpw-so) youl (| = Yibues aboo

9y’ L9 ¥ SL'E 9'E £0°E 8etl 96'01 9L9 09
8y’ £9" A 9L°€ £9°€ L0°e 62°¢lL 26’01 9L'9 ¥S
0g’ £9° 9¢” 08°¢t 0L’e oLe or'el 26701 QL9 14
[A*N 9’ A €8°¢ £€L°€ [A > 1243 86°01 L9 fA4
143 ¥9° e 8°E 9LE sL'e 8v'ElL 86°01 QL9 9€
95° L9’ A 16’ 08¢ e ¥SEL 00711 9L°9 oe
09’ osL e 20’y /8¢ 't 09°€lL 90711 L9 14
144 va e’ 1 4 ¥6°€ €Lt goel Lol 8’9 8l
oL L o’ &y 0y e 12€l FANN! 6L'9 A\
£8° L Sy Vil 4 44 4 42 08¢l il 6.9 9
68’ QL 1g” £8°'y £y 19°¢ z6’el 6711 08’9 £
880 18’0 09°0 AN 50 4 SL'E ot'vl oriL c8'9 L
0z°1 8071 00°1 86°S 00°¢ 00’y 00°G1L 0021 00, 0
o<\m 16y “ssau4g uolssaidwon ajnuiw ‘awi |
0091t 0091 0091 000t 0001 000t 00§ 005 00S n_o:mEm._. 4531
0cL 8071 oL 86°¢ 'S oy 0°Gl 0°¢lL 0z IS “"oy/d ‘ssaug |oltu|
£¥00L°0 ZE001°0 €¥001°0 09001°0 1£660° 6€001° 6¥001°0 6¥001°0 6500170 ‘*oy ‘Dary uoljdag 55017
0€00°1L GE00°L 0100°L LE0O" L 2100°1 2€00°1 1200°L 6E00°L 000" 1 7 “ybus abog
£z 1z 44 vz 9 74 8z @ & "oN "22dg

;O&OU U0 pip(Q UOIIDXD|3Y S59HC CO_mmN‘_&EOU "L-9 D_QU._.




12-Al

67l (o't 19)
S/ £'8 Vel 98 Lot LSl (¥5D) X3 W-3
6’8 Zol 0Tl Lot 19)
(Z20) 3 W-3
661 (220) 95 Lv
rAN 08l (€20) 95 LXdV
061 (€D0) O5 Lv
Lyl ALY umo( (Pa4nD) 2pA)
Y0 L'zl [vl0° vl | 810 0°S1 dn (2D0) ©5 44
Z'£1|PaanD ay(ED0) OF 4d
uoissaidwon)
0’8 Sl 9Tt 1'8l (¥5D) (uS°T  19)
0L 8’6 41! zol &Gl 97/l 87/l (¥8D) "4¥3 W-3
Lz 8Ll 6Tl 0wt 0°£1 umoq (,0°T  19)
6Ll 9 L1 L6 6l 291 v 9N (6 "ON)" X3 W-3
641 (1 °N) o5 v
ze” 0'8lL (6 °N) 95 Lv
og’ LGl ze G9l SSL| 1y 6'81 (6 "°N) 95 4d
Co_mcw._r
EL” LS LTI $90° §9 8El 6’9 GEL| OVO" L'z 8VL|6Y0" 9Z LyL|980" 64 S9L| T uny
9L LG TEL|8YOT 69 S¥L} L¥O° ¥'L €SL| L30T 9L 9SL|¥Z0T 6L 6°SL|SZ0° 9L 9GL Luny “Swpudg
9 3|+ 9 J|l 4 9 3F| a 9 | « 9o 3F|l« 9o |« 5 3
14,0091 41,0521 41,0001 4,052 4,008 4,052 17y

1addony HH4O uo pipq Ayaadoiyg ouso)g *g-g 9jqol




ZZ-Al

*UO1559.d 10D 104 (PSULYIDW-SD) LoUL () °| PUD UOISUDY 4Oy (A1}00) say Ul 0G°Z = Yibuas abpo
*

o.d\._d uo paspq suolpbuo|y
o<\n_ UO pasng $9S5A4S S40WLN PUD PJ3LA

*A|oAi4o5dsa) Uo)ssaIdWoD PUD UOISUBY JO) B4D) PDBY 55012 a4nuiw Jad ssydul cOO°0 PYP 100
ET3

*

'

‘uolydas abob Lo ssauys 1sd 0Og‘YE 40 /-] Pub Isd O’OS 40 9-1 SPPSIY] UL 9Xoig uswidadg
M

| T
ooge ! 00LE | 00602 0088y 00£05 00987 ! ooviL 0008 00059 00502 00462 1sd ‘ssaug PIaIA
It o1 6 8 i - S v e Ot "o usiioadg
0091 0091 0sZL 0001 . 0001 0S2 0s2 00s 0sc SL 174 4, ‘aunosadua)
! |
uotssaidwory

¥'8¢ [N fArA\ €€l * x 1584 oy L'vi S°s1 97 /1 joi0)

¥¥°0 09°0 14 0y (4} 9°0L 9°Zl ullogtun
_ , wxU01IDBUO| 30,
6'l6 [ 4 [T 6'EE k * * 9'8 L A4 6°8¢E L€ % ‘Dary Ul uolINPIY
0G.E 0,03 06512 ogloz 00004 0086 ooElLlL 00111 o0oLZl1L isd “ssa4g 9)isua) ajowli|n
AR 0042 0660C 0€961 00092 00808 002/8 00858 00448 tsd ‘ssaug JAO %L 0
1=-1 1€-1 0g-1 8-l L1 -1 G-1 -1 €-1 -1 -1 "oN usw)dedg
0091 0091 0sZlL 0sclt 0001 06/ 00s 00§ 0s¢ SL 174 £ dwal ys9)

uolsuaj

¥

Byo(] B4DY UIDLG jubjsuoy Bunieauibug | Aojpy teddony-wanijjhiag |- 9i9p)




£2-Al

*BAIND (T W-3) UOLJOB|43p-poo| 3L U paunsoaw uolipbuo)a dusoid = ¢

yibua| abob aaloayya seyoul ¢'7 = (pPIUIYobw--sD) sayou) ( °Z = Yibuey sbog

41002 0=0y UH10Z°0-0y Z14102°0=0v Z110z°0=0y Z11002°0=0y £1002°0=0v Z11002°0=0% Z1002°0=0v Z1110Z°0=0y

geey’ 0000Z

081€" 00922

00€Z° 00€2T

zZese” 00zeT g9l 1224

+00S0" | 0§/ 9001 008l | SzZoE 00zze | o/8€ 00102 | OSLL 00€12

0S10" | 084 090€" 059 901 0008l | 0Z60° 0088l | S/61 00022 | 066Z° 00VZZ | 5/80° 0080Z

§800° | SOZ |+£1S0° | 09 | 00¥0’ ovey | Oeee 08ST | S/60° 0008l | 08£0° 0018l | SOl 0001Z | 0921 00Z1Z | 0090° 00£0Z

§Z00" | 6§59 | 020" | 009 | S¥00° 01Zy | ovso’ ovor | SOE0° 00021l | STLO° 00141 | 0050° 0000Z | 0290° 00Z0Z | 08E0’ 00861

Sl100" | 0£9 | £500° | 00S | 00O’ 0Sly | S¥00° 0S6€ | 0010° 00091 | Sv00° 00ZSL | 5120 00061 | S6Z0° 00Z6L | 0SLO" 00881

0l100° | 609 | 6l00° | 00 | 0100° 056€ | §100° 089€ | SY00’ 00ZS1 00" 0ovLL | SYOO° 00Z£1 | S¥00° 00921

S000° | 08S | €000° | 00£ | S000' 0S.£ | S000° 08¥E | 0Z00° 000¥L | 0100 00yl | SE00° 0002l | 100" 00Z9L | 0200° 00891

00000] SSS | 0000°0{ 00Z | 00000 | OS9E |, 00000 | OSEE | 00000 | OOOEL | 00000 | O0O9EL | 00000 | 0009L | 00000 | 00ZSL | 0000 | OOESI

ur'e | sq)'d ur's | sq|’q u'e | sql'd ut’e s9)'d ui’e s9)’d ur'e sql’d ut'e 9’4 ur'e sq1'd ur'e 91'd
-1 te-1 0€-1 8-1 -1 -1 €-1 -1 t-1

1,0091 41,0521 4,006 44052 4,52

DID(] S4By UIDMG JubjsuoT) B|1sua] taddony wnijjhieg -z-o 9|qpL




vZ-Al

,_ Nc_moo_.o\o«‘ Nc_moo_.0uo< m:_moo_.ono< N:_moo_.?o,q mc:oofo‘ oy N:_moo_.o oy
M _ o€t 00LEL
"aAIND (1XJ W-3) UOJID8|38p-poo| dyi U0 painsnaw uoissaudwod olsojd = g oLzl 000Z | 08s1’ 0/EL
ybua) 2606 aAloaya = (pautlydow.so) ysul 9| = Yibus| abboy 880L° 00611 ¢580° ovét L
aunyxiy uoissasdwon 3o 4] (2) ¥560° 00S 11t 02£0° ovvii
@eiq duo (1) ¥a6l’ oosvl | T8’ 00011 9850° 0v60l
¥590° 000Z1 § 0690 00501 | 901" 0O¥Z1 | 24%0° ool
90€£0° 00011 | 2650 0001 | 9990° 00011 | 08€0° 0v66
8610° 00501 | 8550 0056 | 0550° 00501 | 99€0° 0¥S6
N:_moo_dho( Ncwwoo—.ouc,ﬂ Nc_voo—.ouo.q N:wmoo—.Oh.o( N:_voo_.ouo.q or10" 00001 | eveo’ 0006 | oevo- 0000t | 09g0° | (2100001
ooet” 0ov9 0 00g6 ] OvSO™ | (2)0000L | 91%0° 0056 | 91€0° 0096
090Z° 805 0660 0599 8z10° 0006 | 02S0° 0486 | 90v0" | (z)ooool | 0ogo 0SE6
sisU 00s | sziz 067 091" 0Z19 { 05¥0" 0529 0190 | (2)oogoL | ¥Z10° | (2)00001 | OE+0" ove | veeo' 0096 | ve20" 0026
[02Y¢ osy Sivl’ SLy osel” ores | sslo 0509 | s650° 00001 | SZ2S0° 0986 | ¥010° 0686 | 0SEO° 0406 | ¥920° 0026 | 08Z0 0088
S080° 09¥ 0/80° 09t 0520 0¥09 | 0ZLO° 0685 | 0050 0546 | 00V0° 0956 | ¥900° 0556 | 0820° 098 | 0610 0088 | 020" | (L)oses
§950° ory 650" Syy osLL 09ve | S8v0° orgs § 0800 0695 | S8E0° 0sv6 | 0820° 09Z6 | TYO0" 056 | olZo’ 028 | 0£10° oov8 | ¢ico’ 00¢é
0/E0° ozy S/E0 ogy 00ZL” oyve | SVEO oy9s | §500° 0os¥S | 0820° 0516 | S120° 0968 | Z€00° 0568 | 0510 082 | v/00° 0008 | +Z10 0088
01zo” 00¥% S¥Z0° Sly 06£0° 0veZ | 0220° ovys | <4007 0S¢5 | 0210 058 | OviO° 0998 | 0Z00° 00/8 | y0IO° 0Ly | O¥00° 0092 | 9700 oov8
S010° 08g oL ooy Tl orzZe | SELO ovZs | 0200 0£0S | 0£00° 0528 | $800° 09€8 | 8l00° 0598 | 0900 002 | 9200 002/ | 9v00° 0008
0500° 09¢ SS00° (2213 QE00° oviz | 0900 ovos | S100° 0s8v | 600 0564 | 0500 0908 | Z100° 0se8 | 0E00° 099 | 0200 050/ | $200° 0094
0200° 0te 0200 0/€ 0200 0602 | 0200 088y | 0100 0S9v 1 0Z00 0982 | 0200 ov/L | 80007 0508 | 0200 0059 { 9100 0089 | 0200 0452
0100° 00€ 0100 ove 0100’ 0¥0Z | 01007 ovoy | S000° 0syy | 5100 0592 4 0100 09vL | 9000° 0542 | 0100 0429 | 8000° 0019 | ¥000° 0089
00000 08¢ 00000 43 0000°0 Oor6l | 000070 Ovvv | 0000°0 0SZ¥ |0000°0| 0SEL § 000070 0912 | 0000°0 0S¥, | 000070 0£8S | 0000°0 0009 | 000070 009
ur'e sqiid | ure sqid | u'e sqrd | w'e sqr'g | oure sard 1ot qi'g | we qI'd | w'e Qg | ui'e sqIig{ w'e , o sardfowe q1°d
'
L1 ] 6 8 L 9 G % LE 0¢ L
41,0091 14,0521 34,0001 4,06/ 4,005 | 4,052 4,62

DIPQ 24Dy UIDIG 4UDISUC)) dAlssaudwo)) saddo) wnijjhieg *g-D 3|qp]




ST-Al

ysBua| abpb sAI18440 sayoul 67 = (peutyopw-sp) sayoul 0 *g = Yibua abng

. [T
9610° v66€" 7880 “uw g 1700 1o sposayl 09
0810° 95ZE” 06L0° i avjosg 6£00° u1 axjoig %
1910’ 9LLT 9690 vLLO" ££00° 6000 8
9710 YraxA 8090° 8z10’ Se00" 6000° Zy
0g10 741N SLs0’ 9010’ ££00° 6000 9¢
. . . . . ulw 0°ze ulw 6'gl
Lo gevl 6240 1600 0£00 6000 10 spod1yl 1o spoouy o¢
$600° o901t 8¥€0" ££00° 00 £200° 6000° u @>jo.g up a40.g v
6£00° 9940 0420 £500° ¥200" 6000’ $600° oL’ 8l
1900° (150" Z610 o0’ 0200 8000° £500° 2600’ zZt
6£00° ¥s20’ Lo £200° uw 4z $100° 8000 2500° 0600° 9
$Z00° or10’ 1£00° £100° 40 3xqoug 1100° £000° 0600" £800° £
0200 ZLo 8500° 100" 6500 8000° 9000° 600" 6L00° Z
$100° 0800 L¥00° 6000° P00 9000 €000’ LY00° v£00° {
00000 4£00°0 0000°0 £000°0 $100°0 L0000 £000°0 (#00°0 1900°0 0
uj ‘uoyobuo|y  ouso|d = ¢ asnuiw ‘awl ]|
0091 0091 0091 0001 0001 0001t 00S 005 00 4, ‘rdwaj 4s9)
0z°L ore 09°1 0°0¢ 0°0¥ §e 0°09 069 8°0L 1§ ‘o /d ‘ssais [pUIu|
oz 1Zy (0743 Z10¢e Zlov 8vZZ 09021 0%6CL 91091 *sq ‘4 ‘poo] pai|ddy
66610 #0020 Z00Z2°0 700170 £001°0 6660°0 0102°0 £661°0 £00Z°0 - “*0y DAy UOIIOIG S50
0z 0z 0z 0z 0z 0 0z 0z 0z LUl "0 ‘yibua 9600
0z 6l 8l Al 91 €€ il €l A "oN oadg

ag nD) uo oy dassy uolsual “p- 2[qoY




9Z-Al

Yibua) o606 oAl4o0y4e = (pauIyoDW-5D) Youl 0°| = _tm:3 abooy

5€80° 660" 9510° 8£00° ££00° £0¥0’ 9400 9100 £Z00° 09
TLO’ 6240° vr10° 6900° 6900° £L80° 900 9100 £200° 149
£0L0° 0980° 8EL0” £900° $500° 82€0" S00° 9100’ £200° 8
0£90° 16£0° ézlo 6500 8¥00° £820° SP00° 9100’ 9200 FA 4
¥550° SLLO 8zl1o’ 9500 0+00° S¥20° S¥00° 9100 9200° o€
9L¥0" 8€50° oz1o ¥500° 6€00° 610 €400 9100° 9200° og
G6€0° G6S0° €010 £500° L#00° 9510 1#00° 9100’ 5200 144
9LE0" £9%0° ¥800° 1500 L¥00" 0z10° LE800° 9100° £200° 8l
GEZ0° 0S¢0’ £900° L¥00’ 0+00° $800° 2€00° 9100 0Z00° 4
9€10° S0Z0’ L¥00" zz00° £200° 2500 zz00° ¥100° 9100 9
600 FAT} SE00° 9100 100 00 5100 Z100° £100° £
££00° 0900 L100° 0100 100 9200’ 0100 £000° 6000 1
0000°0 01000 0000°0 0000°0 0000°0 0000°0 $000°0 000070 0000°0 0
‘u ‘uoissasdwon) J14sojd = @ aynuiw ‘awi )
0091 0091 0091 0001 0001 0001 00§ 005 005 4, “"dws) is3)
09°1 otz 0z't 00°GE 00°0¢ 00°0¥ 00°52 00°69 0870/ ISN ‘oy/d ‘ssaug [pHty|
9091 9012 Al oLse z10¢g 000% zTsL 9269 Sl 'sq ‘4 ‘poot paitjddy
$001°0 £00L°0 #0010 £001°0 ¥001°0 00010 £00L°0 ¥001°0 S001°0 o~ ‘roy ‘Daly uoldag ssoi)
0001 0£00°1 S£00°L 0¥00° 1 Z€00" L S¥00° L £E00°1 £V00° 1 ¥£00° | ‘ut 7o Tybuay SBog
z€ 6l £l 0z 91 Sl vt £t zZl "oN "dadg

saddory wn1||Aisg uo pyog deesu)y uoissaidwony *c- 9|9p)




LN

YiBuay 9606 aAlinayya sOYDUL G°Z = (PIUIYIDW-SD) SaYdUL () "7 = Y4bua abpo

LY

s 0021 08'2 06°25 0529 0z'99 09
81’ 8" 5v° oLzl o1'sz 06'25 0529 0£'99 v
81’ ov' o' 0e"2L 0v'sZ 06°25 0429 0v'99 8y
61° o 8y’ 0s°z1 06's2 06'L5 08°29 099 2
1z o 05" 08°2L 029z 06°15 0629 08'99 9
£z’ oy v 00°81 05°92 06'25 ot'ee 0z'19 o€
5z & 8" 0zsl 08'92 06'L5 0z'€9 05°29 vz
8z’ £c" 59" 08l 0z'sz 00°85 05°€9 029 8l
& 9 st 0z'61 0s'2 09°85 08'€9 01°89 2t
& v 06 08°0 06'22 06'85 009 109°89 9
8’ 8 y0'L Siiag £
zr 80°1 521 10 0 _
29°0 59°1 1z 0szz 00°0€ 00'0r 00'09 00°9 08°02 0
°V/d "Isy ‘ssaug [1sus] ainup ‘ow |
0091 0091 0091 000l 0001 0001 00 005 005 4, ""dwe] 4so)
290 'L 'z orez 000 00'0¥ 00°09 00°59 08°0z IS Oy/d ‘ssaus oLy
7002°0 9002°0 8002°0 £001°0 #001°0 0001° $001°0 £001°0 00010 U ‘Dasy uowo3 ss0r
0z 0z 0z 0z 02 0z 0z 0z 02 {0y 7oy "qiBuan abog)
& 8 z 9% sz ¥z €2 2z 1z ENESE

saddony wni||A19g UO DiPQ UOI4DXD|RY SSBHG UOISUB| “9-7) B|qR|




8Z-Al

(pauiyoow-so) youl | = yibua aboo

08’ Sy’ 049" 0’8l 0¢'ee oy've or'Ls 00°¥S yL°z9 09
(45 Sy 049" 0g'8¢z 06°€C 09'v¢ ov'is 00°vS yLZ9 129
ooy” A4 0/9° 0s°8¢ 0C've 08'vE ov'LL 00'¥S 14%4% 14
%4 a8y’ 9L9" 08'8¢ 05°ve 00°6E ovis 00°vS ¥1°29 [A4
sTy* 86¥y" 069° 00°6C 06'vC 08'sE or'lL 00°vS LE'Z9 9t
ey’ 81s” VA 0c 62 05°'sT 00°9¢ ov'LL 00'¥S LA~ ot
oLy’ 8ys” (7 08°6C 00°92 05'9¢ oriL 00°'vS 48°C9 ve
Gog* 846" 008’ 0eoe 05°9Z 00°/€ or'tL 00°¥S ¥1e? 8l
09s° TA 598° 00°'LE 08'9¢ 05°LE 08'LL 00°¥S LY'E9 4}
829" :1VA GL6° 0Z°ce 05742 08°/E 0g°es 00°vS ZL7E9 9
0L’ 80 06071 £
G08° £6¢’ ole’l L
L2271 009"t 260°C 00°6E 00°0¢ 000y 00°GZ 00°vS 26%9 0
o<\¢ 1SN :mmm.:m co_m,m,mﬁEoU ajnuIW “sw |
0091 0091 0091 0001 0001 0001 00S 00S 00§ 44 dwa) 4sa)
et 009°L 260°C 00°GE 00°0¢ 00°0% 00°6L 00°'vS L6'Y9 1S) "oy"d ‘sseug [oliu)|
¥001°0 ¥00L°0 20010 £001°0 £001°0 too1'o ¥001°0 £001°0 10010 N:_?od. ‘Daly UCI§d3g 5017
LE00" L 1€00"L 0¥00°1L Sy00°1L L€00°t LE00"L ¥E£00°1L ¥E£00°L 0v00°1 ‘up 7o "yibua abog
6 8z Vrd 9% 4 T x4 44 t4 "o 2adg

1addony wny||A1ag Uo bIBQ UCHDXD|BY ssIlg LOIssadWOD - /-ny B[YDY




62-Al

Z'0l
—— (0"l =19)
8¢l LSl (8% £ ©N)
1'SLOpL
L'y Gzl £zl vyl LSl (oL 19)
6 e'L o] 6LL | 061 g'viy'yl| (4SD) #*3 W-3
(.ot 19)
8zl 6l Syl (Z "oN) 1x3 W-1
0z (8 '°ON )OS LV
60T (£ "°N )OS 2v
<A zoL | ¥ L] oog 9cL | g 34 (¢ "oN) 95 id
£'916°91
£'819°8l
6°£18°LL
rAL} 67t L£1 L9LL6L WS'Z=19)
0L 86 €21 9Tl 9zl 08t 0611781 ] (¥5D) X3 W-3
(.0 19)
v'9 £6 g1l 9zl ¥t 8¢l (6°°N) +x3 W-3
Gél oS LY
ge” 6’6 | 8L el | sz g'cl | € 8'vt | € T4 rAVAL (6 "°N) ©S i
Commcm._.
9¢" 9% SZTLZE TS U'vl| T& TS TWL |[L& 886G &G | 8 1’9 Lwl]| 8 19 69L |8 19 89l “owoukg
«a 9 3|1 9  J}j« © 3|« 5 F| 4« o J|« o5 3|+ 9 3
40091 4,052l 41,0001 4,052 4,005 4,052 1y

0l "oN Aoj}y 1addony-wni}jA1ag ioj bipg A4iedosg ouspjg ‘8- d|qp]




CE-Al

ozt ovl 0/l 08/ 026 o8ll 0962 S9El 09€2 066 0961 0962 09
0zl ovl 01 08z 026 ostl 0962 o9EL 09€T 066 0961 0962 vs
ozl ovl o1 08/ 026 o8t 0962 9L 09€Z 066 0961 0962 8y
4 ovi 01 08/ 0L6 08l1 0962 G9EL 09€T 066 0961 0962 zv
ocl ovl 01 082 026 08t1 0962 59e1 09€C 066 0961 0962 9
oel ost ozl 08 026 08ll 0962 s9eL 09€T 066 0961 0962 o€
ovt 091 o8l 08/ 0L6 081l 0962 $9€1 09€2 066 0961 0962 1£4
ovi ozl 061 082 06 08ll 0962 $9EI 09¢€z 066 0961 0962 8t
0sl 08t 00z 08/ 026 08l1 096Z $9eL 09€Z 066 0961 0962 zt
91 00z 02z 08/ 026 0811 0962 $9el 09€e 066 0961 0962 9
A 00z 0zz e/ 0L6 08t1 0962 g9ElL 09€Z 066 0961 0962 £
08l 00C 0zz 08/ 06 08lL 0962 $9EL 09€C 066 0961 0962 z
08l 01z 0€Z 08/ 06 061 062 0sgl 0L£2 066 0961 062 L
00z 0zz ove 008 0001 00zt 000€ oovt 0072 0001 0002 000€ 0
sq] ‘poor "sq| ‘poo sq1 ‘poo] sqp ‘proy
440091 440001 4,005 “dws) wooy ulW ‘auwi)

UOISUD | Ul UOIIDXD |8y SUIYDDW

"1-a ®|9el




Astronuclear

Laboratory
Table D-2. Machine Relaxation in Compression
500°F 1000°F 1600°F
Time, min. Load, Ibs. Load, 1bs. Load, ibs.

0 7000 4000 210
1 7000 4000 204
2 7000 4000 202
3 7000 4000 200
6 7000 4000 199
12 7000 4000 199
18 7000 4000 199
24 7000 4000 199
30 7000 4000 199
36 7000 4000 199
42 7000 4000 199
48 7000 4000 199
54 7000 4000 199
60 7000 4000 199

fv=31
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APPENDIX V

CALCULATION OF TRUE STRESSES AND TRUE STRAINS



APPENDIX YV

CALCULATION OF TRUE STRESSES AND TRUE STRAINS

Conventional engineering stress and strain are based on initial cross sectional area A and

gage length, L , whereas true stress and true strain are based on the actual or instantaneous values
of Aand L. Now at small strains, say, less than 1-2%, the magnitude of the difference
between engineering and true values of stress and strain are quite small, and generally con-
sidered to be insignificant. At larger strains, say, greater than 1-2%, the elastic component

is small compared to the plastic component, and hence can be neglected. Since plastic defor-
mation occurs at constant volume, at least to an approximation which is excellent in terms of
stress analysis, we can calculate true stress and strain from the engineering values. (This is
equivalent to assuming that the material is incompressible, which is equivalent to assuming

that Poisson's ratio is 1/2. Usually, by the time the strain reaches 1-2%, Poisson's ratio will
have changed from its elastic value to the fully plastic value of 1/2.) The calculations proceed

as follows:

= load
= initial area

= actual area

~ »>» >
I

= initial (effective) length
= instantaneous (effective) length

volume = constant = A Lo = AL ... for plastic flow
= plastic elongation

o L
1]

Engineering stress = 0 = P/A

Engineering strain = e = LL— Lo - ?L* "
o o o

* AL (total elongation) =ALelcsfic + ALplos’ric = —E— Lo+ 8

&
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P P _ P _
Truesfress-.:af = 3 ALL = 'K—o ro- =g (1 +e)
Truesfrai:*‘-_'- €= |n L . In (1 +e)

Lo

These calculations are good so long as the deformation is uniform. Thus, they are good out
to the point of instability, i.e., out to the maximum load in tension tests and out to the onset

of barrelling in compression tests.

Note that the above definitions of true stress and strain are always correct, i.e., the true
values, even in the elastic range. Again, at small strains the difference between true and
engineering values (ficticuous values based on constant Ay and L ) are insignificant and at
larger strains the true values can be calculated assuming constant volume deformation with an
accuracy exceeding what is required for stress analysis in the elastic-plastic and elastic~

plastic-creep regimes.

In the present test program, the quantities measured experimentally were the load P (from

a load cell in series with the specimen) and deflection AL (from an electro-mechanical extenso-
meter). These quantities were recorded simultaneously on an x-y plotter. The engineering
stresses and strains were calculated from the P- AL curve and the true stresses and strains were

calculated from the engineering stresses and strains.

It should be noted that the calculated true creep strains for the latter portion of the curves,

particularly for copper, could be in error due to necking of the specimen.

s 6 P P/Aq 5
* 0o =90 (1+ + —) = 1+ + =)
b |3 L, K'o /AE L,
P 5
*% € = | (.|+a + _5_)=| (]+ °+_)
n [ n ET
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