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ABSTRACT

Continuous, tensio_loaded, creep tests of 150 and 1000 hours duration were made in

the 450 to 650 a constructed for measurement of average creep

deformation in per in. Materials tested were annealed

Ti Sn titanium alloys, PH 15-7 Mo Condition

RH 1100, AM-350 SCT and AM-355 CRT stainless

steels, and " The tests were made to determine

whether are stressed at

percent elastic limit which prevails at

various ................... may be e_ix)sed. Test results showed
occur under the conditions of stress and

difficulties arising from insufficient sophistication

in testing apparatus, M revealed by experience with the apparatus provided, prevented

obtaining data of _rotm, ilde_ significance. Recommendations for apparatus im-

provements _eM_8_i_o1_bli_ the extreme precision of temperature control
required Lincrement measurements are made. These ira-

than formerly availabIe
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SECTION 1

INTRODUCTION

Metallic creep is an irreversible, time-rate-controlled, deformation process which

occurs in metallic materials and structures when they undergo loadings of continuous

or cumulative duration. Creep deformation rates are dependent on the composition

and microstructural condition of the material undergoing creep, the temperatures at

which the material is maintained, and the loadings imposed on the materials involved

in creep.

Current airframe structural designs are predicated on the reversible and predictable

elastic behavior of metallic materials and structures. Conventional design practice,

however, recognizes the occurrence of small, irreversible, time-rate independent de-

formations which occur during initial loadings. The extent of these deformations is

limited in metallic materials by imposition of the yield strength criterion. This cri-

terion restricts initial loading deformations to 0.2 percent of an original two-inch

length. Structural designs rarely take advantage of the deformation range permitted

in materials evaluation practice because structural deformations are governed by

aeroelastic and loading design requirements which intend that aerodynamic and struc-

tural shapes be preserved by use of structures primarily designed to satisfy stiffness
criteria.

Two considerations currently mitigate against incorporation of metallic-creep-rate

data into airframe structural designs. One is that aerodynamic shapes be maintained

so that aircraft flight characteristics are not altered in service, and the other is that

allowing creep to enter designs will permit conditions conducive to constant dimen-

sional change in structures to occur duri ng service. As a consequence of dimension-

al changes load introduction joint positions would shift and, necessarily, load distri-

butions could be expected to shift accordingly to establish distributions not considered

in the original design. Thus, analytical procedures which anticipate dimensional

changes with respect to time would be required. These procedures would be difficult

to establish unless flight performances could be accurately predicted.

Aerodynamic heating effects encountered in current supersonic aircraft designs are

being satisfied by changing from materials which have proven useful in subsonic

serivce to alternate materials which possess heat resistance as a principal attribute.

Overaging which results from working the 7000 series aluminum alloys at temperatures

in excess of 250°F, for example, has required their replacement with aged 2000 series

aluminum alloys. Continuing increases in aircraft speed thus cause structural mate-

rial selections to move into the titmium alloy and nickel-base alloy areas. At some

stage in airframe development, it can be expected that payload fraction reductions



and increased fabricating costs entailed in the use of heavier metals will generate

economic pressures sufficient to warrant critical reconsiderations of limits to which

the uses of lighter metals can be extended.

In future reconsiderations of lighter metals, demands for information which delineate

fields of utility wherein creep processes are negligible can be expected.

2

I
i

I
I
I
I

I
I

I
I

I
I
I

I
I
I

I
I

I



I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

SECTION 2

ONSET-OF-CREEP STRESS MEASUREMENT

As mentioned earlier, the onset-of-creep stress concept arises from considerations

of the utility, of creep-rate-versus-stress information in structural design. At pre-

sent, these considerations are tempered by requirements for 30,000-hour guarantees

of transport aircraft structures. These guarantees imply that designer demand for

information will require data extending out to 50,000 to 60,000 hours. Accordingly,

eventual demands for information based on creep-rate-versus-stress data obtained

from tests which measure deformations to a degree of fineness not yet achieved are

expected to evolve. These measurements are also expected to require incursions

into fields of dimensional measurement of heated materials and precise temperature

control, which are not yet thoroughly explored.

The onset-of-creep stress concept resulted from study of a large variety of available

time-versus-creep-deformation curves of various metallie materials. The study was

made in response to structural designer demand for ,,better,, creep data for input into

structures analysis method development. The curves studied were derived from tests

made with equipment which permits latitude in ranges of accuracy of temperature and

strain measurement as specified in applicable American Society for Testing Materials

specifications. The curves studied were parametric with respect to temperature.

They plotted creep deformation versus time data for individual tests made with a

variety of applied stresses. Each curve family was distinguished by curve shapes

which flattened as stresses were reduced. Generally, at some stress in the neighbor-

hood of the elastic limit of the materials involved, the creep rates diminished to zero.

The suggestion in these data is that either the creep processes are not energized at

various temperatures by the stresses at which the creep rates are zero, or the equip-

ment was not sensitive enough to detect creep activity which may have been in pro-
gress under the conditions stated.

Knowledge of the influence of stress-temperature conditions upon activation of creep

processes is important because it will inform designers of those stress-temperature

limitations which should not be exceeded to avoid introducing creep considerations

into designs. Stress-temperature data which indicate creep activity initiation can

serve to reduce or eliminate the need for long-term structural component tests to

establish the validity of designs which do not directly include consideration of the

activating influence of critical stress-temperature combinations. In brief, forewarn-

ing of critical stress-temperature combinations which activate creep processes can

reduce or eliminate longtime structural test requirements for proofing design

integrities.



For convenience, those stress-temperature combinations which are sufficient to acti-
vate creep processes have beentermed onset-of-creep conditions. The testing de-
scribed in Sections4 through 6 was intendedto establish those stress-temperature
combinations in the 450 to 650_ F temperature range that would be expectedto activate
creep processes in the materials tested.

From the beginningof testing, the formidable task of measuring creep deformation
increments in the magnitude of a micro-inch was encountered. The magnitude of the
increment to bemeasured was determined by distributing a 0.2 percent total defor-
mation over a spanof 30,000 hours. The measured increment magnitude was found
to be in the sameorder as the thermal expansionmagnitude; hence, the requirement
for extremely close control of testing temperatures within the range of +1 ° F was

established.
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SECTION 3

MATERIALS

The following eight materials were tested:

a. Ti-8AI-1Mo-IV, Duplex annealed.

b. Ti-6AI-4V, Mill annealed.

c. Ti-5A1-2 1/2 Sn, Mill annealed.

d. AM-350, Condition H.

e. AM-355 CRT.

f. PH 15-7 Mo, Condition A.

g. PH 14-8 Mo, Condition A.

h. 1870 Nickel Maraging Steel.

These materials were in the form of 0.050 by 36 by 96-inch sheets. All materials

were procured on a commerical basis to obtain production run rather than sample

lot representations. Each material was supplied in the scale-free condition custom-

ary in the supply of commercial product. Any straightening or flattening represented

by the sheets was that normal to commercial production. Except for the PH 15-7 Mo

and PH 14-8 Mo steels (which were identified as 2D finish) and the AM-355 with its

cold-rolled finish, all materials were supplied with an annealed, de-scaled, and

flattened finish.

Chemical compositions of the materials are shown in Table 1. Mechanical properties

of the materials in the various conditions reported by sources are listed in Table 2.

3 .i MATERIALS CONDITIONING

The material conditioning steps required by the various materials were accomplished

by laboratory personnel. All furnaces used were surveyed for temperature uniformity

in the empty condition prior to use. Furnaces operating at less than 1000 ° F were

within 5° F and those operating in the 1000 to 1850 ° F range were within 15_F. In view

of the short time that any material was at temperatures over 1000 ° F, air atmospheres

were used. In all cases, the heat-treat scale observed was light and distinguished

only by discoloration. To avoid difficulties from variations in scale-removal pro-

cesses, pickling or etching was not used to improve the appearance of the heat-

treated materials. Conditioning at sub-zero temperatures, where required, were

carried out in isopropyl alcohol/dry ice baths maintained at -100 to -105 ° F. All



tempering and agingtreatments at temperatures under 1000 ° F were carried out in air

atmospheres. Air quenching or cooling as required was used throughout conditioning

treatments. In all cases, the materials were suspended from rods during heat treat-

ment and separated to provide free circulation of room air.

3 . 2 HEAT TREATMENTS

Ti-8AI-IMo-IV. Some early tension and preliminary creep tests were made with

material TMCA Heat V-1555, which was supplied in the single-annealed (1450°F, 8

hours, furnace cooling) condition. Prior to use, this material was duplex-annealed

by treating it at 1450°F for 10 minutes and by air cooling. The duplex-annealed

material (TMCA Heat D4539) used for onset-of-creep stress testing was obtained from
the mill in this condition.

Ti-6A1-4V. This material was tested in the as-received, mill-annealed condition.

Ti-5A1-2 1/2 Sn. This material was tested in the as-received, mill-annealed
condition.

AM-350. The two sheets of this material were received in Condition H, which repre-

sents solution treatment at 1900 to 1975°F and air cooling. Conditioning after receipt

consisted of re-solutionizing at 1710°F for 10 minutes and air cooling, hardening by

sub-zero cooling at -100°F for 3 hours, and tempering at 850°F for 3 hours and air

cooling.

AM,355. This material was received in the CRT condition and was tested in the as-

received condition.

PH 15-7 Mo. All tests with this material were made with Condition RH-1100 material

processed at Convair. This processing involved austenite conditioning (1750 ° F, 15

minutes, air cooling) the mill-annealed, Condition A, as-received material. One hour

after the austenite-conditioned material cooled to room temperature, it was hardened

at -100°F for 8 hours, then aged at ll00°F for 1 hour and air cooled.

PH 14-8 Mo. The Condition A, mill-annealed, as-received, PH 14-8 Mo used for

tests was processed to the RH-1050 condition at Convair. The conditioning included

austenite treatment (1700 ° F, 1 hour, air cooling) hardening (-100 ° F for 8 hours

within one hour after the austenite-treated material cooled to room temperature) and

aging (1050°F, 1 hour, air cooling).

18 Percent Nickel Maraging Steel. The mill-annealed, as-received, 18 percent nickel

maraging steel was conditioned for test by aging at 950 ° F for 3 hours and air cooling.

This aging treatment follows producer recommendation for obtaining 230,000 psi mini-

mum yield strength material.
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SECTION 4

TENSION TESTS

Tension tests were performed at 450, 500, 550, 600, and 650°F to determine the stress

required to obtain 0.01 percent tensile strain. This strain conventionally indicates the

elastic limit in materials which do not display true elastic limits. Materials tested

were:

a. Ti 8AI-IMo-IV Duplex annealed.

b. Ti 6A1-4V annealed.

c. Ti 5A1-2.5 Sn annealed.

d. AM-350 SCT.

e. AM-355 CRT.

f. PH 15-7 Mo, Condition RH-1100.

g. PH 14-8 Mo, Condition RH-1050.

h. 18% Nickel Maraging Steel.

4.1 PROCEDURE

All tension tests were made in a 60,000-pound capacity, electromechanical, universal

testing machine. This machine has a Tinius Olsen electronic strain rate controller

which can automatically control the strain rate within predetermined limits (ordinarily

0.003 to 0.007 inch per minute). Automatic strain rate control, however, was not

used in making these tests. Instead, the unit was used as a strain pacer. By manually

adjusting drive speeds with the infinitely variable speed control, tests were made at a

strain rate of 0.0045 to 0.0055 inch per inch per minute. Calibrations with Morehouse

proving rings showed the weighing accuracy of the machine to be within 0.5 percent.

All elevated-temperature tension tests were heated in a 10-inch wide by 18-inch high

by 24-inch deep, electrically heated, forced convection, box-type, testing machine

furnace. Temperature control for this unit was effected by a thermocouple attached

to the test specimen. This thermocouple actuated a strip-chart potentiometer-

controlled of 1/3 of 1 percent full scale accuracy which had its on-off mercury

switches adjusted for operation within 2°F. These switches regulated the on-off power

supply for the furnace heaters. The furnace was held to within 5°F temperature vari-

ation when surveyed in the empty condition. The iron-constantan thermocouples used

were point-checked against Bureau of Standards secondary standard thermocouples in

a Leeds and Northrup deep-well furnace. Leeds and Northrup K-2 potentiometers

were used throughout calibrations.



Strain pick-up in tension testing used modifed clamp-on reach-rod assemblies to actu-

ate ASTM Type B differential transformer extensometers. These extensometers have

an accuracy of one part in ten thousand, and are calibrated with an extensometer cali-

brating, super-micrometer device.

In the performance of tests, a tare load was applied to assure takeup of slack in grip-

ping devices and proper seating of spherical grip mounts. Then the extensometer was

attached and the test was performed out at the desired strain rate throughout the de-

sired range of strain. The extensometer was then removed and fracture was accom-

plished with a cross-head travel rate of 0.05 inch per minute. The tension test speci-

men configuration is shown in Figure 1.

4.2 RESULTS

Tension test results with the eight materials listed are shown in Tables 3 through 10.

Table 11 lists the stresses required to produce 0.01 percent offset in tension tests.

These data were obtained from the stress strain curves shown in Figures 2 through 9,

which chart the averages of data shown in Tables 3 through 10. The modulii of elasti-

city used were taken from Mil-Hdbk-5 or vendor data.
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SECTION 5

CREEP TESTS

Fifty-hour creep tests were performed at stresses required to produce 0.05, 0.10, and

0.15 percent offset at the various temperatures (450, 500, 550, 600, and 650°F) at

which the tension tests were made. These tests were run to facilitate a selection of

stresses for long-term onset-of-creep stress measurement tests. These selections

were desired to avoid abortion of long-term tests by excessive onset-of-creep stress

specimen deformation or breakage caused by overloading specimens.

The materials used for 50-hour creep tests were the same as those used for tension

tests (Section 4).

5.1 PROCEDURE

Arcweld Model J and XJ 12,000-pound capacity creep test machines were used in 50-

hour creep testing. The calibration of these machines with Morehouse proving rings

showed their accuracy to be 0.5 percent or better. The heat for testing was supplied

by Arcweld cylindrical vertical tube, electrically heated furnaces. Temperature sur-

veys with normal furnace arrangements showed these furnaces capable of maintaining

temperatures within 5°F. When furnace covers were augmented with additional exter-

nal insulation and plugs inserted in the top and bottom openings, temperature variations

within 2 °F were attainable. Temperature regulation during creep test was accomplished

by a chromel-alumel thermocouple attached to the center of specimen gage lengths.

This thermocouple actuated a 1/3 of 1 percent full-scale-accuracy potentiometer con-

troller which governs the on-off input of furnace power. In addition to the control

thermocouple, recording thermocouples were attached at each end of the gage length

of the specimens. The recording thermocouples serve chiefly to advise need for im-

proved external insulation and plugging to optimize furnace temperature distribution.

The strain pick-up from creep specimens was accomplished with Arcweld Model A-210

creep extensometers. These units consist of clamp-on reach-rod devices which me-

chanically transfer strain indications to an externally positioned differential trans-

former extensometer. The extensometer output was amplified and modulated to provide

input to a multi-point 1/3 of 1 percent full-scale strip-chart recorder which maintains

a continuous record of the creep strains.

Loads were applied to the creep test machines by dead weights. In normal operation,

dead weight loading is accomplished by a weight elevator which provides full support

of dead weights where they are applied, and then permits slow lowering of the weights

for applying their force to the specimens. In this series of tests, the application of

weights by the elevator was found unsatisfactory. To overcome the disadvantage of



elevator loading, the deadweights were counterbalanced; after the elevator retracted

to free the weights, the counterweights were slowly removed. The counterweight con-

sisted of a hopper-bottomed container fitted with an adjustable opening at the bottom

of the hopper. In use, this container is filled with small lead shot metered to provide

a very slow rate of load application. Load application times ranged four to seven

minutes by use of this method.

Figure 1 shows the specimen configuration used for the 50-hour creep tests.

5.2 RESULTS

Results of the 50-hour creep tests at stresses in the neighborhood of the 0.01 percent

offset stress are summarized in Figures 10 through 49. Tables 12 through 19 sum-

marize the primary creep strains observed from study of the autographic creep strain

curves and the times throughout which primary creep was evidenced. Plots of the

primary creep portions of the creep curves are not presented because the autographic

curves were too abrupt in most cases to trace the unfaired course of the individual

curves. The data presented in Figures 10 through 49 were obtained by projecting the

transition point at which the secondary and faired-in primary creep portions of the

creep curve intersected to the ordinate and by considering the difference between the

intersection of this projection with the ordinate and the point of departure of the creep

curve from the ordinate. This is indicative of the primary creep strain which appear-

ed during test. The creep times shown were obtained by projecting the point of inter-

section of the primary and secondary creep portions of the creep to the abscissa and

noting the times indicated by this intersection.

The short primary creep times shown for materials loaded at stresses near their

elastic limits is in keeping with primary creep behavior shown in the literature for

other similarly loaded materials. The primary creep data shown in Tables 52 through

59 did not prove helpful in relation to onset-of-creep stress data discussed below.

This situation occurred because the time required to obtain mechanical and electrical

zero of the differential transformers was greater than the time of primary creep.

This adjustment time was required to gain high sensitivity of strain indication and

involved extremely delicate manual adjustment.

The secondary creep rate data shown in Figures 10 through 49 were used for obtaining

those stresses used in onset-of-creep test specimens. Where slopes in the data could

be obtained, the data were enveloped and the average stress enveloped at 0.000001

in./in./hr creep rate was taken. Where slopes in the data could not be established

because of a preponderance of nil creep tests, the highest stress at which nil creep

occurred was taken. In each test case, stresses 2.5 or 5.0 ksi above and below (ac-

cording to the steepness of the secondary creep stress versus strain-rate curves)

were used for the two complementary onset-of-creep tests.
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SECTION 6

ONSET OF CREEP STRESS MEASUREMENT TESTS

Creep tests of 150 and 1000 hours duration were made with multiple-test, high-

sensitivity creep test apparatus designed and built for the task of determining those

stresses at various temperatures at which halt in creep processes, as indicated by

zero or negligible creep rate, would occur. These creep tests were made with the

eight materials (listed in Section 4) which had been tension tested and screened through

50-hour conventional creep tests. A set of three specimens represented each material,

and each material was tested at 450, 500, 550, 600, and 650°F. The stresses used for

the 150- and 1000-hour creep tests were selected as described in the 50-hour creep
test results discussion in Section 5.

6.1 PROCEDURE

The apparatus used for performance of 150- and 1000-hour creep tests for onset-of-

creep stress measurement is described in detail in Convair report GD/C-64-213,

March 1965, Onset of Creep Stress Measurements in Metallic Materials, Creep Test

Machine Construction and Operation. This report summarized work under NASA Con-

tract NASw-491 and was submitted upon task completion. Creep-test procedures used

for the 150- and 1000-hour tests are described on pages 34 and 35 of the report refer-

enced.

6.2 RESULTS

Temperatures recorded in performance of the 150-hour creep tests are tabulated in

Tables 20 through 34; those recorded in performance of 1000-hour creep tests are

listed in Tables 35 through 49. The stresses applied in performance of the 150- and

1000-hour creep tests are shown in Tables 50 through 58. The strain-gage readings

recorded in 150-hour creep tests are tabulated in Tables 58 through 72; those re-

corded in 1000-hour creep tests are listed in Tables 73 through 87.

In each of the 540 test cases, creep deformation versus time curves were plotted to

obtain secondary creep-rate data. These curves are not presented here, but a sum-

mary of the creep-rate data obtained is shown in Tables 98 through 102.

The undesired trend in the temperature data shown in Tables 20 through 49 were traced

in the course of the creep test campaign to:

a. Changes in heater unit insulating material characteristics.

b. Lack of reliability and uniformity in operation of electromechanical power relays.

c. Limited adjustment capability (for purposes of this task) of temperature controllers

which employ mercury-type impulse switches.

11



d. Inability of an on/off control of power input to provide the sensitivity of power

regulation required for the task.

The scatter tendency in strain-gage indications tabulated in Tables 58 through 87 were

also traced to:

a. Inadequate heater temperature regulation.

b. Inadequate temperature regulation of externally mounted differential transformer

strain gaging elements used subsequent to breakdown of the internal mounted units.

c. Induction effects arising out of heating element performance.

d. Thermal gradient and heat transfer influences on reach-rod characteristics.

The equipment inadequacies mentioned were brought out as operating experience with

the apparatus accumulated and study of the emergent data progressed. The information

gained thereby was used as a basis of inquiry into the feasibility and current avail-

ability of replacement and supplementary equipment items suitable for producing data

for design purposes. The results of this inquiry are discussed below.

The data listed in Tables 89 through 95 resulted from a data reduction method which

detracted the quantitative value of these data. The method required segregation of

temperature data into groups which fell within a I°F temperature range, plotting the

strain-gage indication versus time relationships which occurred in each temperature

range, enveloping the resultant data for determination of its average slope, and aver-

aging the slopes of the several curves representative of each temperature increment.

In several cases, scatter in the data precluded data analysis; these cases are noted

indeterminate.

The data tabulated in Tables 89 through 95 qualitatively indicate decreases in creep

rate as stresses at given temperatures diminish. In those cases where nil creep con-

ditions appeared, available data were inadequate for rigorously defining the conditions

where a halt in creep mechanism operations could be predicted. Also, where full

complements of test data were obtained in various test cases, disparaties in the nu-

merical data were present. These disparaties could be attributed to results where

characteristic of positioning in the heating unit and the strain-gaging apparatus used.

The condition of the data precluded plotting useful strain rate versus stress curves in

the conventional manner.
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SECTION 7

RECOMMENDED APPARATUS REVISIONS

This section briefly reiterates the initial design features of the temperature regulating

and indicating strain gaging and loading systems incorporated in the onset-of-creep

stress measurement apparatus. Operating experience with the apparatus is also re-

iterated and related to initial design concept. On the basis of this review, changes

necessary to improve the apparatus sufficiently to meet its originally intended oper-
ational standards are proposed.

7.1 HEATING UNIT AND CONTROLS

The heating unit consists of a metal core, a heat distributor sheath, and a set of heat-

ing elements. The heater core is a 6- by 30- by 96-inch block of Monel Metal weighing

5000 pounds. The metal mass is pierced longitudinally with nine rectangular channels

for instrumented test specimen insertion. The massive heater core is used as a ther-

mal flywheel to even and distribute heat inputs. Concentrated heat inputs from strip

heater elements attached to the exterior surfaces of the heater core are smoothed and

distributed into the core mass by a 0.2-inch-thick copper heat distributor sheath

which envelopes the core. The ability of this composite metallic mass to provide a

temperature distribution of within I°F throughout a full complement of nine test speci-

mens was demonstrated in initial temperature surveys made shortly after heating unit
construction was finished.

The heating unit assembly rests on a 6-inch-thick block of high-density, load-support-

ing, asbestos insulating board. The heater ends also are enclosed by a 2-inch thick-

ness of this material. The heater top surface is insulated with a 2-inch-thick layer of

insulating board and a 2-inch-thick layer of high-efficiency rock wool insulation. In

initial assembly of the insulation, it was fitted to avoid gaps; however, the insulating

board material shrank and gaps appeared at joints as initial heating progressed. At

the end of the initial 1500 hours of use, shrinkage gaps of 1/8 to 3/16-inch in width

appeared, and at this time the unit was partially disassembled for ramming macreated

asbestos grout into the gaps. Upon reassembly, a 1/2-inch layer of asbestos was ap-

plied to the aluminum alloy sheet metal cover of the heating unit. At the end of about

3000 hours operation, an additional 1/2-inch-thick layer of asbestos was applied in an

effort to reduce temperature distribution irregularities.

In future constructions or repairs, insulating boards should be thoroughly oven dried

before they are machined to dimension. Also, the use of grouting cement during lay-

up and fitting to attach and seal asbestos board insulating pieces can be advocated.

13



7.2 INPUT HEAT CONTROL

Electrical power for heating is provided from a 3-phase, 440-volt substation source.
Whenthe heater unit was first used, substation loads were moderate and day-to-night
and work-week-to-week-end power characteristic variations were slight. Later, how-
ever, substation loads increased to the extent that variations in input power voltage
were encountered. Although input voltage to the apparatus was supplied through a vol-
tage-regulating device, the source voltage variations affected the stability of this unit
to the extent that the fine control desired at the heater unit was disturbed.

The initial thermal design of the heating unit incorporated enough metal and insulation

to accommodate itself to on/off controls as they apply in industrial oven applications.

Experience showed that on/off controls, when worked in conjunction with a burdened

power source, were not sensitive or responsive enough to input power variations to

provide fine temperature regulation.

The electromechanical relays used to control current input were also found undesirable.

Contact wear caused by arcing during make-or-break operations contributed to irregu-

larities in the cycling characteristics of the contactor relays, and sometimes resulted

in contact sticking in the on position. The voltage supplied to the relay solenoids

(along with dust accumulations and spring aging) also influenced relay operations, par-

ticularly during periods when prompt relay opening was required.

The unfavorable experience in use of on/off power control systems for fine temperature

control indicates that they should be abandoned for the use at hand. Replacement with

a system which is immediately and continuously responsive to temperature variations

is desirable to avoid the irregular pulsing of heat inputs inherent in relay actuated on/

off control systems. The availability and use of resistance-thermometer-controlled,

silicon control rectifier units for regulating heater current inputs in the rapid and con-

tinuous manner required for fine temperature control are recommended. These units

will throttle the current input into heater banks rather than turning it on and off to de-

pend on the heater core mass to smooth out pulsed heat inputs.

The heater core mass and construction with insulating material interleaved between

heater-core laminations were intended to introduce of thermal lag characteristics into

the unit to prevent overshooting temperatures upon heating and to reduce thermal damp-

ing which follows overshooting. These objectives were thwarted by the on/off control

system characteristics. Overshooting and damping tendencies were not initially ap-

parent in temperature data, but their influences became apparent upon study of strain

or deflection, particularly because primary creep evidence was obscured. To obtain

control of overshoot and damping in temperature regulation, the use of proportional in-

put control is recommended in addition to resistance-thermometer-activated, silicon

control rectifier apparatus for regulating heat inputs. The resistance-thermometer

actuation operates to provide null electrical balance indications which activate silicon

power controllers without the use of electromechanical instrument relays. Because
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of the small currents handled, instrument relays are not subject to difficulties associ-

ated with power relays. They are, however, subject to irregularities introduced in

manually setting contact point gaps. These gaps must be wide enough to allow for con-

tact movement, and the gaps required by individual relay characteristics can signifi-
cantly affect the span of temperatures through which instrumentation effectiveness is

transmitted. Proportional input control devices are used to throttle power inputs in

proportion to the difference between desired and actual temperatures. They thus ef-

fect reduction of power inputs in areas of control where overshooting and damping
tendencies arise.

Each end of the heating unit is provided with an independently controlled array of heater

elements. These provisions were made to permit greater amounts of heat input into

end zones than is required to maintain central zone temperatures. These provisions

are made to compensate the greater heat loss in these zones resulting from end-wall

exposures. End zone thermal balance with central zone heating is maintained by more

frequent operation of the on/off controls and by setting the end-zone temperatures at a

slightly higher temperature than the central zone. Initial planning provided that the

end zones be maintained at the same temperature as the central zones, but this pro-

vision did not provide the even temperature distribution desired. Experience with the

unit showed that the differential temperature setting was inadequate because frequent

manual adjustments of control instrument settings were required to maintain temper-

ature balances. The frequency of readjustment was not predictable because ambient

temperature conditions were not closely enough controlled to provide constancy in

heat loss through the heating-unit ends. Although the heating unit was housed in an

insulated room, leakage through vents, door openings, and the operation of additional

creep-test units in the same room tended to offset the advantage sought in its use.

To provide desired effectivity in end-zone heating, it is recommended that the end-

zone heating units be operated as slave units mastered by the central-zone heating

unit. This can be done by controlling the end-zone heat inputs with a silicon-control

rectifier driven by temperature controllers which are required to maintain constant

temperature differentials between the end zones and the central heating zone.

7.3 SPECIMEN TEMPERATURE INDICATING SYSTEM

The specimen-temperature-indicating system measures specimen temperatures by

thermocouples which contact the test specimens. The temperature-indicating system

is independent of the heating control system.

The specimen temperature-indicating system uses thermocouple hot junctions to sense

specimen temperatures and ice-water-immersed cold junctions to provide a reference

for the hot-junction outputs. The read-out of thermocouple outputs is magnified by

partially cancelling their outputs with a reverse polarity current and amplifying the

resultant differential outputs for recording.

15



The ice-water cold junction requires daily ice replenishment, stirring of ice-water

mixtures, and stabilization prior to each USeo The arrangement is cumbersome and

subject to error if improperly used. The mercury cell voltage dividers which provide

opposing currents for partially canceling thermocouple currents are adjustable, but

become fixed after adjustments are made. Differential temperature recording is ac-

complished by a multiple-point, thermocouple-type temperature controller. The wide

swings of the recording pen which result from recording small temperature differences

can result in error because the period of swing can, at times, be longer than the in-

terval through which the chopper bar operates. The recording pen can thus be depressed

too soon, resulting in erroneous recordings. Consequently, multiple recordings must

be made to ensure that all points are correctly recorded. Each thermocouple was found

to have some error, necessitating individual corrections to each recorded temperature.

This creates a burden and delays receipt of data.

To reduce specimen temperature-indicating system difficulties and recording labor,

it is proposed that ice-water cold junctions, mercury cell voltage dividers, and the

multiple-point recorder be deleted from the system. Instead, the thermocouple out-

puts will be sequentially switched into adc proportional output controller with digital

setpoint and automatic ambient temperature compensation. This unit will be used to

provide opposing current for obtaining differential temperatures and adjustment for

thermocouple error compensation. Compensated differential temperature currents

will then be amplified and read-out on a single point recorder.

7.4 STRAIN GAGING SYSTEM

The strain gaging system is a high-precision, differential-transformer-actuated ap-

paratus capable of accurately indicating a total linear displacement of 0.0003 inch.

Digital read-out indicators provided in read-out apparatus permit reading the total

displacement in 1000 increments. The unit read-out interval thus spans a displace-

ment of 0.000003 inch. A 20-inch-long specimen gage length is used in testing, and

thus the average unit deformation of 0.00000015 inch per inch can be read.

In initial testing, differential transformer strain sensors intended for operation at

temperatures of 450 to 600 ° F were used. These transformers proved servicable for

about 600 hours. At this time, the potting compounds in the transformers degraded,

resulting in internal short circuiting which immobilized each transformer. As a re-

sult of this experience, the transformer manufacturer refused to furnish exact replace-

ments and made replacement with units satisfactory for room temperature operation.

The change from high to low temperature differential transformers required using

reach-rods for transmitting specimen gage length displacements to the externally

mounted units. This change proved disadvantageous because minor temperature gradi-

ent changes in the heating unit end zones and temperature changes in transformer

mountings that result from heat flow through the reach-rods apparently occurred. Also,

the external mounting of differential transformers subjected them to unfavorable drifts

in the room-temperature environment which was not tempered against night-time
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chill. Precautions to circumvent effects of air currents were taken to provide stability

of the transformer environments. Forced air convection in the transformer mounting

areas was employed to maintain this region within 2° F day-time temperature range,

but this was not entirely effective in stabilizing transformer temperatures as indicated

by strain-gage readings.

Proposals for stabilizing differential transformer temperatures include (in addition to

the master/slave end-zone temperature control mentioned) installation of thermal in-

sulators in the reach-rods to block heat flow into the transformers, and mounting the

transformers in an enclosure which is controlled at constant temperature to offset ef-

fects of day-to-night room temperature drifts. These objectives will be approached

by inserting lengths of fused silica rods into the reach-rod assemblies and by instal-

ling the differential transformers in chambers kept under forced convection air main-
tained at 120 ±1 ° F.

7.5 LOADING SYSTEM

A non-indicating, dead-weight loading system is used for applying specimen loads.

The non-indicating feature of the system requires initial calibration by electrical-

strain-gage instrumented dummy specimens which were incrementally loaded to ob-

tain load-deflection data for calibration chart preparation. The calibration charts

thus require interpolation for selecting specific test loads and dead weights for devel-

oping the loads.

The loading system consists of a set of weight-multiplying levers and bell cranks. The

bell cranks contribute to weight multiplication and translate vertical into horizontal

motion. Several pivots and changes from linear to curvelinear paths of force direction

are thus present.

In practice, 0.050-inch-thick by 0. 500-inch-wide test specimen cross sections are

used. A factor of about 40 is thus involved in translating force into stress values.

Interpolation error, variations in pivot bearing contacts, and the influence of the

multiplying factor in magnifying experimental error affect the accuracy of stress

(loading) data. Accordingly, the non-indicating load system can be reconsidered to

include the insertion of dynamometers in the loading systems to measure the actual

loads present during test with the same rigor that creep deformations and testing tem-

peratures are measured.

7.6 ELECTROMAGNETIC SHIELDING

Electromagnetic induction effects resulting from the rise and fall of electrical currents

during on/off periods of heater control operation were observed in thermocouple and

strain gage behavior. To avoid induction instability in temperature and strain gage

readings, the practice of interrupting the power supply while taking readings was fol-

lowed; this may have detracted from temperature stability.

17
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To minimize induction effects and avoid repetitive power interruptions, it is proposed

that soft iron liners be provided for shielding each strain gage instrumentation instal-

lation, each thermocouple well, and the heater unit itself. These liners should be '

bonded to an earth ground connection.
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SECTION 8

CONC LUSIONS

Onset-of-creep stress measurements of metallic materials require performance of

creep tests in new fields of testing technology. Obtaining information pertinent to

design of long-term items (such as 30,000-hour airframes} requires strain-gaging

sensitivity in micro-inch increments at elevated temperatures and temperature regu-

lation of 0.2 percent accuracy. This accuracy is at the limit of available temperature

sensors and temperature controlling equipment. The testing campaign reported

showed that rigorous creep testing over long periods was not feasible when electro-

mechanical temperature control of heating units and unsophisticated temperature

regulation of high-precision, differential-transformer, strain gages are attempted.

Long-term thermal degradation of potting compounds used in high-precision, elevated-

temperature, differential-transformer strain gages results in performance inaccura-

cies and malfunctions which preclude their use. Room-temperature-operating, high-

precision, differential-transformer strain gages display critical response to the tem-

perature of the environment in which they are maintained. Carefully chosen and

regulated room environments proved inadequate for consistent environmental control

of the strain gages. The use of rigorously controlled, thermostatic chambers for

differential transformer housing is indicated.

Intermittent-operating, non-throttling, independent heating-zone control regulation of

heating-unit power inputs is inadequate because it does not regulate temperature trans-

ients in the heating unit mass which result from non-synchronous zone controller sys-

tem operation. Continuous-operating, throttling, master-slave interconnected regu-

lation of heating-unit power inputs is required for minimizing temperature transients

which superimpose thermal expansion effects upon creep deflections. Moderate-cost,

commercially procurable equipment for implementing desired temperature-regulation

systems is now available and adaptable to the existing heating unit.

Temperature overshoot and damping during test-initiation periods and the times re-

quired for critical mechanical adjustments of differential-transformer strain-gage

elements precluded the production of primary creep data from the onset-of-creep

stress measurement apparatus. Strain-gage adjustment experience showed that al-

though good temperature control was obtained, the strain-gage stroke (0.003 or

0.0003 inch} was restrictive for measurement throughout the primary deformation

range and the readjustments required were too time consuming to keep pace with the

deformation progress. Special autographic-recording testing machine equipment

capable of loading-rate control and the maintenance of predetermined loads were in-

vestigated for obtaining primary creep information pertinent to onset-of-creep stress

measurements and were found suitable and available for use.
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Secondarycreep curve blending procedures were used for compensating irregularities

in test data caused by temperature variations in the heater unit or in the differential-

transformer elements. These procedures involved enveloping and curve-slope aver-

agings for curve fairing purposes. The approximations thus introduced preclude pre-

sentations of secondary creep-rate data or conclusions derived from them as being

sufficiently rigorous for design considerations.
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TABLES



Table 2. Mechanical Properties of Materials

t_

Material

Ti-8AI-1Mo-IV

Ti-6A1-4V

Ti-5A1-2 1/2 Sn

AM-350

AM-355

PH 15-7 Mo

PH 14-8 Mo

18% Ni M. A. S.

Heat No.

v-i555 (a)

D-4539 (a)

D-4321 (a)

D-2242 (a)

5543i Co)

55467 (b)

890681 (c)

33570 (c)

xz54oo (d)

Condition

Single Annealed

Duplex Annealed

Duplex Annealed

Mill Annealed

Mill Annealed

Annealed

SCT

D.A.

CRT

Annealed

TH

RH

Annealed

SRH-950

SRH-1050

As Shipped

950 ° F.- 3 hr. age

Mechanical Properties

Yield Strength
KSI

148.5

138.5

134.5

134.0

127.5

49.1

172.6

151.6

Ultimate Strength

KSI

153.4

149.2

149.9

139.0

132.1

132.2

204.7

178.3

231.0

54.5

195.0

218.5

54.5

2O8.2

199.5

124.4

231.3

236.0

133.3

201.5

236.5

133.3

229.0

205.0

164.2

249.5

Elongation

%

11.5

10.0

14.0

13.0

16.3

46.0

16.0

13.0

15.0

25.0

8.0

6.0

25.0

5.0

6.0

5.0

2.5

(a) Titanium Metals Corporation of America

(b) Allegheny Ludlum Steel Corporation

(c) Armco Steel Corporation

(d) United States Steel Corporation

m m m m mm m m ,mm m m m,,mm m m m m m m m



4_

0

_)

c_

<

0

0

Z

<

0

.F=I

r_

rJl

to

o

_ ,..4 _ _

t..-

_4

_ 0 ,.-t

_2

¢_ ,-I

0 0 _ 0 0 ._

I I 1 I _ LO L"- 09
_ _ _ LI_ LO I I .,._

tO I I ,...I

• _ ._ ._

I

LO

I

LO

I

o_._

-I(-

L'--

i

m m m m m m m m mm m m i m m m m m mm m



F_
O

m._

O

tm_

C_

--X"

I
©

!

O(2)
I

*,-.¢

O

OO

*L'i

O

O

C_

O

C_

OO

L_.

L_

C_

• • • • • • • •

O

(_(i)OO _ OO

OO OO C)C'

O'_ '--( _':)¢""(
• • ° •

OO OO GO

*°_* **°* °°'o

**** ***° O°*°

OO _ OO GO

OO 0(2) _ OO

OO OO OO

• • ° *

OO _ OO CD(:>

(i)(2)_

O0 O0 O0 O0 L'- O0 O0 O0 O0 L_- O0 O0 L"- _ L"- _ L'_" L_ L"_ L_"

#

L_

0

Cl)

O_

L_

L_

m m m m m m m m n m m u mm m m m m m m



m m n n m m m m m m n m m m m m m m n

F_

0

c_

!

0

O

C_

C_

orm_

C_

0

C_

E_

c_

0

0

_F_
o

4

L_



o

LO

©

LO

C_

I

I
0_--i

0

(D
.r-i

0

,T-I

,.Q

o_

d

t_

t_

d

_d

--

_,, _

g
© o

d

i,-4

u_

.... _,_ ........

*,,, ,,,, .,., °,,.

..°. °°,.

• ..° ,,** .,,. ,°**

J
LO

n m m m m m m n m mm m m u m m m n m m



0

I

e,,n-,I
o

©

0

o

C_,1 C.,,_ C,a C'q

• • ° •

_ _ L_

• o • •

• • • • • 0

_°_o_ • • • o o • • ° o ° • •

• • o • o •

• ° • •

,,-4 _

_'_
Q_

|

L_



©

v

F_
0

0

m._

c_

E_

oO

I

14-I
@

oo

,r-I

c_

@

c_

c_

o.)

c_

@

o)
,4.1,

****°*

,--.#,,_qL',-b.- oO _

O0

I

u_
,.-4

I

,,-.I

,.°...

<

/
/

,J
|

|

m m m m m u m m u m u m m m m m m mF¸



m I I m m m I u I I u m I I I m m I m

L_

0

L_

I

O

C_

_e

O

°F-I

O -.-

cg_ _d ....

I

........ _ _ ...........

L._

|

O0



m _1 n n u _ HI _ _ all m _ _ HI _ _ U

o
0

0

0

*
0

I

,..;-,

0

0

0
0p,-i

0

N

,.Q

0 _

1_ .it

r_

o

L_

0

0

0

0
C_

I

0

1--1

0

t_
0

• • 0 ° • ° • • °

oo_

0

0

I

0

°_,_
n_

0

r_

r4P

_4P

_4

0

i

0
oo

I



k_

0

C_
k_

-X-
@

L_
I

k_
T_

0

r_

Im4

c_

*I-=K

,.a

I-,-4

c_
E_

o
u'_

0

L_
q_4

o

u'3
c_

c_

q.) !

0 _

q) o

i-I
i-I

m
0

0

*_,=4

r_

c_

cej

oo

¢)

ao

q)

4(-

.J
b

b.-

f,,,.



©

°r-I

Z

° i,,,-I

©

O -

m

I

o

)



m m m m m m m m m u m m n n m m m m m

or-i
c_

o

r_

°=--4

o0

bO
c_

c_

,-j
r_

<_

,.Q
c_

E-,

P-.l v.,-(

o
m

v..-I v-¢

q)

I 0 L_ _ (30

,-I ,.-.l
I r.o m._ I I

oo



I

I
I

I
I

I
I

I
I

I
I
I

I

I
I

I

I

I/'

Table 12. Primary Creep Strains and Times, Ti-8AI-IMo-IV

Temp.

OF

450

450

450

450

450

450

500

500

500

500

500

500

500

500

550

550

550

550

550

550

550

550

6OO

6OO

6O0

6O0

6O0

6OO

6O0

6OO

92.3

92.3

85.0

85.0

71.5

71.5

91.9

91.9

91.1

91.1

82.2

82.2

71.6

71.6

87.5

87.5

86.0

86.0

83.9

83.9

80.8

80.8

86.1

86.1

84.1

84.1

79.2

79.2

74.2

74.2

Loading

Strain

In.

0.007 53

0. 00753

0.00583

0. 00583

0. 00573

0. 00573

O.00698

O.00698

O.00680

O.00680

0.00565

O.00565

O.00482

O.00482

0. 00612

0. 00612

0. 00583

0. 00583

0.00570

0.00570

0. 00545

0.0O545

O.00620

O.00620

O.00582

O.00582

O.00526

O.00526

O.00482

O.00482

Primary Creep

Strain

In.

0.00687

0.00632

0.00620

0.00573

0.00553

0.01562

0.01502

0.00700

0.00320

0.00595

0.00255

0.00558

0.00498

O.00197

0.00370

0.00330

0.00515

0.00295

0.01020

0.00900

0.00578

0.00398

0.00538

0.00118

0.00538

0.00658

Primary Creep

Time

Min.

17

17

4

2

20

20

20

20

20

20

20

20

20

2O

20

20

20

20

20

20

20

20

20

20

20

20

20

20

20

20

I
83



Table 12. Primary Creep Strains and Times, Ti-8AI-IMo-IV (Cont.)

I
I

I

Temp.

°F

650

650

650

650

65O

65O

65O

650

Stress

KSI

84.2

84.2

83.3

83.3

80.5

80.5

76.2

76.2

Loading

Strain

In.

0.00572

0.00572

0.00555

0.00555

0.00545

0.00545

O. 00508

0.00508

Primary Creep
Strain

In.

0.00808

0.01008

0.01425

0.00705

0o 00635

0.00515

0.00522

0.00292

Primary Creep

Time

Mtn.

20

20

20

20

20

20

20

20

I
I

I
I

I

84

I
I

I
I
I

I
I

I
I
I
I



I

I

I Table 13. Primary Creep Strains and Times, Ti-6A1-4V

I

I

I

I

!

I

I

I

I

I

I

I

I

I

Temp.

OF

45O

450

45O

45O

45O

45O

450

45O

45O

450

500

500

5O0

500

500

500

500

500

500

500

55O

550

550

550

55O

550

550

550

550

55O

Stress

KSI

100.0

100.0

97.2

97.2

94.8

94.8

94.5

94.5

93.3

93.3

95.5

Loading

Strain

In.

0.00775

0.00775

O. 007 30

O. 007 30

0.00728

O. 00728

0.00720

0.00720

O. 00693

0.00748

Primary Creep

Strain

In.

0.01325

0. O0940

0.01365

0.00690

m

0.00730

O. 00507

O. 00497

95.5

94.2

94.2

90.6

90.6

88.4

88.4

88.4

88.4

92.3

92.3

88.7

88.7

85.4

85.4

82.9

82.9

80.6

80.6

0. 00748

0. 00735

0. 00735

0. 00675

0.00670

0.00670

0.00670

0.00670

0.00830

0.00830

0.00875

0.00875

0.00635

0.00640

0.00640

0.00620

0. 00437

0.00267

0.00955

0.00670

0.00970

0.00430

0.00125

0.00005

0.00920

0.00350

0.00400

0.00000

0.00485

0.00335

0.00135

0.00620

0.00380

0.00315

0.00095

l>rimaryCreep

Time

Min.

27

42

17

0

6

4

4

D

5

27

27

5

58

14

4

30

2

0

9

8

5

0

17

2

2

0

3

3

1

2

I

I
85



Table 13. Primary Creep Strains and Times, Ti-6A1-4V (Cont.}

I
I

I
Temp.

OF

6OO

6O0

6O0

60O

6OO

6O0

60O

6O0

600

600

65O

65O

65O

65O

650

650

65O

650

65O

650

Stress

KSI

90.8

90.8

87.3

87.3

84.0

84.0

81.8

81.8

79.5

79.5

88.8

88.8

80.8

80.8

76.3

76.3

73.9

73.9

69.4

69.4

Loading

Strain

In.

0.00850

0.00850

0.00720

0.00720

0.00675

0.00675

0.00650

0°00650

0.00625

0.00625

0.00900

0.00685

0.00685

0.00630

0.00630

0.00595

0.00595

0.00540

0.00540

Primary Creep

Strain

In.

0.01110

0.00240

0.00460

0.00085

0.00835

0.00605

0.00700

0.00315

0.00095

O.OO59O

0.00485

O.OO435

0.00030

0.01585

0.00165

0.00150

Primary Creep

Time

Min.

24

8

5O

9

5

5

4

0

1

2

20

55

30

5

8

I
I
I

I
I

I
I

I
I

86
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I

I

I Table 14. Primary Creep Strains and Times, Ti-5A1-2 1/2 Sn

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

Temp.

OF

450

450

450

450

450

450

450

450

450

450

500

500

500

500

500

500

500

500

500

500

550

550

550

550

550

550

600

600

600

600

600

600

Stress

KSI

82.9

82.9

78.0

78.0

73.2

73.2

69.2

69.2

67.0

67.0

78.5

78.5

77.3

77.3

70.6

70.6

68.5

68.5

66.5

66.5

73.1

73.1

72.0

72.0

65.9

65.9

68.4

68.4

66.3

66.3

64.0

64.0

Loading

Strain

In.

O. 00590

O. 00590

O. 00529

O. 00529

O. 0495

0.00468

0.00468

0.00450

0.0O450

O. 00570

O. 00570

O. 00562

O. 00562

O. 00500

O. 00500

0.00483

0.00483

0. 00467

0.00467

0. 00575

0.00575

0.00558

0.00558

0.00488

0.00488

0.00545

0.00545

0.00515

0.00515

0.00495

0. 00495

Primary Creep

Strain

In.

0.04800

0.03940

0.0177.4

0.01976

0.02325

0.00825

0.00907

O. 00540

0.04750

0.03980

0. 03453

0.02188

0.01720

0. 00417

0. 00210

0.00210

0.02230

0.01810

0.01567

0.01517

0.00252

0.00720

0.00385

0.00085

Primary Creep

Time

Min.

708

4022

5O4

54O

560

600

5

8

6

180

28

540

480

300

20

8

8

4

6

31

28

48

4O

6

4

38

20

4

87



Table 14. Primary Creep Strains and Times, Ti-5A1-2 1/2 Sn(Cont.)

|

I

Temp

OF

65O

650

650

650

65O

650

650

Stress

KSI

69.1

69.1

65.6

65.6

64.6

64.6

62.9

Loading

Strain

In.

0.00530

0.00530

0.00498

0.00498

0.00490

0.00490

O. 00470

Primary Creep

Strain

In.

0.01050

0.007 55

0.00502

0.00202

0.01770

0.00250

0. 00710

Primary Creep

Time

Min.

18

42

20

10

30

8

4

88

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I



I

I

I Table 15. Primary Creep b_rains and Times, AM-350 SCT

I

I
I

I
I

I
I

I
I

I
I

I

I
I

I
I

Temp.

OF

450

450

45O

45O

450

45O

450

45O

500

500

500

500

550

550

550

550

550

550

6OO

6O0

600

600

6OO

600

6O0

600

650

650

650

650

650

650

650

650

Stress

KSI

111.5

111.5

98.6

98.6

92.3

92.3

88.0

88.0

108.8

108.8

96.1

96.1

91.4

91.4

85.3

85.3

79.1

79.1

96.3

96.3

93.8

93.8

93.0

93.0

9O.2

90.2

94.5

94.5

88.2

88.2

85.2

85.2

81.5

81.5

Loading

Strain

In.

O.00528

O.00528

O.00432

O.00432

O.00380

O.00380

O. 00355

0.00355

0. 00532

0. 00408

0. 00408

0. 00445

0. O0445

0.00368

0°00368

0. 00345

0. 00345

0. 00452

0. 00452

0. 00445

0. 00445

0. 00430

0. 00430

0. 00412

0. 00412

0. 00403

0. 00403

0. 00375

0. 00375

0.0O348

0.00348

0. 00340

0. 00340

Primary Creep

Strain

In.

O. 00012

0.00605

0.00225

0.00985

O.00825

0.00498

0.00318

0.00492

0.00092

0.00325

0.00225

0.00362

0.00995

0.00413

0. 00148

O.O0O55

0.00358

0.00088

0.OO497

0.00497

0.00310

0.00010

O.OO467

0.00167

0.00260

0.00260

Primary Creep
Time

Min.

5

5

8

6

8

6

6

6

8

10

12

8

10

8

6

4

6

6

10

6

6

12

6

8

8

12

6

8

6

6

6

6

8

I0
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Table 16. Primary Creep Strains and Times, AM 355 CRT

Temp.

•F

450

450

450

450

450

45O

450

450

5OO

5OO

5OO

5OO

5OO

5OO

500

5O0

550
550

550
550

550
550

550
550

6O0

600

6O0

6OO

6OO

60O

60O

6OO

Stress

KSI

173.0

173.0

173.0

173.0

182.6

182.6

192.2

192.2

143.0

143.0

157.8

157.8

166.5

166.5

179.0

179.0

140.2

140.2

157.8

157.8

166.5

166.5

175.3

175.3

142.7

142.7

160.2

160.2

169.1

169.1

178.0

178.0

Loading

_rain

In.

0.00743

0.00743

0.00743

0.00743

0.00815

0.00815

0.00903

0.00903

0.00600

0.00600

0.00697

0.00697

0.00760

0.00760

0.00865
0.00865

0.00597

0.00597

0.00697

0.00697

0.00767

0.00767

0.00852

0.00852

0.00594

0.00594

0.00724

0.00724

0.00792

0.00792

0.00894

0.00894

Primary Creep

Strain

In.

0.01027

0.00427

0.00217

0.00160

0.00805

0.00795

0.00900

0.00197

0.00700

0.00100

0.01623

0.01303

0.00370

0.00340

0.00765

0.00215

Nil

Nil

0. 00363

0.00933

0.00293

0.OO633

0.01148

0.01018

0.00739

0.00166

0.01526

0.00646

0.01508

0.01438

0.01606

0.00806

Primary Creep

Time

Min.

120

36

6

1

10

10

16

22

6

12

5

4

4

5

8

32

12

8

4

2

6

12

14

14

8

10

56

54

16

8

14

10

9O

I

I
I
I

I
I
I

I
I

I
I

I
I
I
I

I
I
I

I



I

I

I Table 16. Primary Creep Strains and Times, AM 355 CRT (Cont.)

I
I

I
I

I

Temp.

*F

650

650

650

650

650

650

650

650

Strain

KSI

138.0

138.0

155.0

155.0

163.6

163.6

172.2

172.2

Loading

Strain

In.

0. 00615

0. 00615

0. 00725

0. 00725

0. 00797

0. 00797

0. 00860

0. 00860

Primary Creep
Strain

In.

0. 00675

0. 00675

0.0O1275

0. 00955

0. 00903

0. 00433

0.00380

0. 00340

Primary Creep
Time

Min.

8

10

2

Nil

6

10

10

22

I

I
I

I
I

I
I

I

I
I

I
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Table 17.

Temp

OF

450

450

450

450

500

500

500

500

500

500

550

550

55O

550

550
550

600

600

600

600

60O

600

650

650

650

650

Primary Creep Strains and Times, PH 15-7 Mo, Condition RH-1100

Stress

KSI

120.0

120.0

99.3

99.3

101.9

101.9

95.8

95.8

89.1

89,1

126.0

126.0

122.0

122.0

115.2

115.2

123.6

123.6

119.2

119.2

112.0

112.0

Loading

Strain

In.

0.00492

0.00492

0. 00377

0.00377

0.00395

0.00395

0.00367

0.00367

0.00342

0.00342

0.00583

0.00583

0.00515

0.00515

0.00445

0.00445

0.00528

0.00528

0.00486

0.00486

0.00445

0.00445

0.00535

0.00535

0.00490

0.00490

125.0

125.0

117.7

117.7

Primary Creep

Strain

In.

0.01328

0.00338

0.00323

0.00188

0.00605

0.00005

0.00143

0.00013

0.00518

0.00308

0.00317

0. 00247

0.00795

0. 00045

0. 00555

O.00170

0.01432

0.01114

0.00879

0.00130

0.00470

0.00205

0.00710

0.00360

Primary Creep

Time

Min.

6

10

8

8

16

8

12

10

10

8

10

10

14

10

12

8

10

16

8

8

10

I

I
I
I
I

I
I

I
I
I

I
I

I
I
I
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I
Table 18. Primary Creep Strains and Times, Ph 14-8 Mo, Condition RH-1050

I

I
I

I
I

I
I

I
I

I
I

I
I

I

I
I

Temp

°F

450

450

450

450

450

450

5OO

50O

500

5O0

50O

5OO

55O

550

550

550

550

550

600

600

600

600

600

600

650

650

65O

650

650

650

Stress

KSI

145.0

145.0

137.0

137.0

129.0

129.0

122.0

122.0

115.0

115.0

107.5

107.5

128.9

128.9

121.0

121.0

113.0

113.0

131.5

131.5

127.5

127.5

124.2

124.2

118.2

118.2

110.8

110.8

103.5

103.5

Loading
Strain

In.

0.00570

0.00570

0.00523

0.00523

0.00478

0.00478

0.00468

0.00468

0.00478

0.00478

O.0O395

0.00395

0.00488

0.00488

0.00458

0.00458

0.00425

0.00425

0.00518

0.00518

0.00495

0.00495

0.00468

0.00468

0.00468

0.00468

0.0O428

0.00428

93

Primary Creep

Strain

In.

O.O0740

0.00610

0.O1342

0.00747

0.01347

0.00827

0.00732

0.00732

0.00187

0.00390

0.00280

0.00547

0.00527

0.00592

0.00092

0.00210

0.00210

Primary Creep

Time

Min.

8

8

8

12

14

180

8

12

8

8

6

5

8

8

6

7

6

5

0.00912

0.00912

0.00770

0.00580

0.00532

0.00422

0.00837

0.00422

0.00912

0.00188

12

12

6

11

10

180

180

6

6

6



Table 19. Primary Creep Strains and Times, 18% Nickel Maraging Steel

Temp

°F

450

450

450

450

450

450

5O0

500

5OO

5OO

500

50O

500

5O0

500

5O0

50O

50O

600

600

600

600

600

600

650

650

650

650

650

650

Stress

KSI

169.6

169.6

164.1

164.1

158.5

158.5

186.2

186.2

175.8

175.8

165.3

165.3

171.0

171.0

168.3

168.3

160.7

160.7

161.4

161.4

151.2

151.2

141.2

141.2

153.6

153.6

144.0

144.0

134.4

134.4

Loading

Strain

In.

0.00664

0.00664

0.00646

0.00646

0.00612

0.00612

0.00744

0.00744

0.00728

0.00728

0.00668

0.00668

0.00728

0.00728

0.00716

0.00716

0.00675

0.00675

0.00658

0.00658

0.00612

0.00612

0.00555

0.00555

0.00640

0.00594

0.00594

0.00545

0.00545

Primary Creep

Strain

In.

0.00776

0.00469

0.00154

0.00239

0.00728

0.00678

0.00841

0.00041

0.00852

0.00852

0.00962

0.00695

m

0.00719

0.00149

0.00090

0. 00907

0. 00667

0.00333

0.00223

0. 00925

0.00810

0.01040

0.00960

0.01266

0.00056

0.00390

0.00355

Primary Creep

Time

Min.

10

4

8

10

10

8

10

I0

10

8

I0

10

10

10

10

8

6

8

14

10

16

8

10

10

6

10

8

10

8

6

94

I
I

I
I
I
I

I

I
I
I

I
I

I
I
I
I

I
I
I



I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

;> ,

:>

O a_

i O

°f.'4

k

_ L_ _

C',I

o

I

r_

O
f..,
r_

GO

i_ _ b- _ _ @_1 _'_ L_ b,- L"- _,D _d_

L_ L_ L_ i._ i__ L_ I._ U'_ L_ L_ U'_ L_

L_ i._ _ OO C_ @,1 _,D _:_ _ _ _:_ b.- "._

L_ L_ U_ L_ L_ U'_ L_ L_ L_ I._ L_ I._ i__

i_- C_1 @,1 I._ @'J _ @,1 _--I _ C,,I @,I C',I

_'_ O_ _-I _ O0 i._ L_- I._ @,I _ _ @,I

i._ I._ L_ I__ U_ L_ i._ L_ L_ L_ I._ L_ L_

@,I

L_- I._ _ _ _.I _:_ C_I C'-- L_- _--_ I._ _'_

C_I _I 4 _d_ ",_ L_- O_ _ ,-i _'_ _ O_

I
9_



a_

_E_

! O

r_

o

I

q_

a_

o[3

L'--

u_

o

L_J i._ I._ L_ L_ L_ i._ I._ L_ i._ L_ i._

O0 _ _ O0 _ _ b- _d_ b-- _1 _ i._ rJD

L_ U'_ L_ L_ L_ L_ _ L_ L_ U'_ I._

_'_ '_ 0"_ L'-, _ b'- _" L_- O0 b'- L_ C_1 _"

L_ L_ I._ L_ I._ L_ i._ U'_ L_ I._ L_ i._ L_
_d_ _ _'_ _'_ _ _d_ _'_ _ _ _ _'_ _I _ _d_

L_ L_ I._ L_ L_ I__ L_ L_ L_ L_ i._ I._ L_
•_ _., _ _'_ _d_ _ "_' _ _ _d_ _' _d_

L_- _ _ _ C_I _ L_- O0 O0 U_ I-I _ _P_

_ 0"_ r._ 0"_ _ C',1 L_ _ O0 @,1 _d_ O0

@,I _ 0'_ _'0 r,_ U'_ _ _ 0'_ _ C_

_:_ _ _ O0 _d_ _I O0 _ @,1 _ O0 _"

96

I
I
I

I
I
I

I
I
I

I
I

I
I
I

I
I
I

I
I



I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

oo

.,-4

>
v--i

I ""

o_
• ,,,,4 o

I 0

_:_ ° 0

P...i
r._ m m

o_

o_

c_

tm

I



I
0

o_

o

0

o

o_

,4

..Q

o

I

0

0

I
I

I
I
I

I
I

I
I
I

I
I

I
I
I

I
I

I
98 !



I

I

I

I

i

I

I

I

I

I

I

I

I

I

I

I

I

I

I

_d

> i

_>

I 0

Z

L_
0 L_

_d C_

r_O

o_

I

r_

0

¢o

99



I

i,-=I .,-4

°

0

I 0

oi.-I

L_
0 U'_

,-... 0

C,I

o

I

co

L_.

_D

_. L_

a_

E_

i._ L_ L_ U'_ L_ I._ L_ L_, i__ L_ U'_ L_, L_ I._

C_1 O_ I._ _ C,,1 @,1 _ i_. _'_ @,I C_1 _ _'_ @,1

L_ U_ I._ L_ I__ L_ I._ _ L_ L_ i._ i._ U'_ L_

100

I

I
I
I'

I
I
I

I
I

I
I

I
I

I
I
I

I
I
I



;>
I

0

_4

_." _ _ _ _ _ _ _ _ _

L_ _ L_ L_ _'_ _ _._ _ _ L_ L_

i01



;> '

I 0

.vd

0 _

I

,.Q

<_ _ _ _-_ i_ _ _'_ _'_ L_- _ L_-

L_.

•,_ I_ _P_ _ _P_ _:_ _- U'_ _ L_- L'-

L'.- _ _ L_- _ _ _J_ _ _ _

@,I _ L_- _ <3_ _-_ _ _'_ _

I()2

I

I
I
I
I

I
I

I
I

I
I

I
I
I

I
I

I
I

I



I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

0 _

I 0

< Z

-_ '

N

r/l -_ 0

N

m _

N

4

,.Q

o

I

r/l
0

_u u_

0

103



cr_

oo

a_

;:> ,

>

I 0 rJo

rJl

o i
_ o

c,,1

c_ L_ _-I oO L_ _ C,,1 C_1 _ L"_

' .u_ L_ L_ _ L_ _ L_ L_ L_ ,_

o

_ L_ ,-4 L'- _'_ L"- Cq _ 12'-.

L_ U_ U'_ L_ _ U'_ _'_ U_ L_ _

O0 _ L"- _ C,,I O0 L_ O0 _--I CO L"-

L_ L_ L_ L_ "_ L_ L_ _ L_ _'_ ._

L_ L_ _ L_ L_ L_ L_ L_ _'_

L_ L_ L_ L_ ._ L._ L_ L._ L_ L_ _'_

• _ "

_-_ c_1 _ _t _ _ _ o_ L_ _ t'-

104

|

I
I

I
I
I

I
I

I
I
I

I

I
I
f
I

I
I

I



I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

_o
0 _

I

_E_
4_

L'- •

*,=.l

=

_z

i

k

m _
e_.._
_ m

0

od_

_4

,.Q

A .... r .......

i

=l

(9:
_J

I.,-4

==
¢d'--q

rj

r.-<

105



oo I
I

L'..,. •

=:E

Q

E_

0 _ c'.]

0,]

o

I

oo

iz3

03

--.-.-a

106

I
I

I
I
I

I
I

I
I
I

I

I
I
I

I
I
I
I

I



I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

0

I

==

,

0

m _
m e_.

N

m _

_ m

,.Q

I

I'

0

I

107



"0

c_

0

I

e-I

_ .,.,

k_

m _

4_

m _

_ m

,.Q

I
I

, . ,I

I

oo

o

I

r/l cl_

r/l

0

'1

;i

t

!
I

t '

t
t

rD

o o c; o o o o o o o cb o o o

108

I
I

I
I I

I
I

I

I
I
I

I
I

I
I
I

I
I
I

I



I

I

I

I

I

i

I

I

I

I

I

I

I

I

I

I

I

I

I

0

0 o

O0 I
I

0

t,--

_z

0

J

o

!o

l-

i
I

,L_____

0

!

, J

-4" 4 ,q. o_, c_ _ _-4 A o_ _ ,_ o

0 ¢_ _-_ _, cO _1 0

• • • • • •

,g c; J _ ,.¢, J ,-_ A o:_ d S &

o,I u'_ _0 cO cO cO cO ,-I r_ ¢,_ ',.,0 0
$ • • • • • • •

u'_. 6_ a'_ _ ...._. _ _ u'_ _ _ u'_

_0 C_ r--I 0 _0 0"_ 0 _ cO 0 (_ 0

..... A • _ " _ "0 _-I H 0"_ Ch 0,1 _-I _ 0

_D ,-I _ ,--I CO 0 _ 0 _ 0 _ 0

%o oJ 0

,-I r"!

109



"_ 0

o
0

O0 I

0

0

_-I I

m _

m_

_ m

_ --t _ _. ._ _ ._ _ _ _ .-;.,1" _

'-------..-,F

0 _ _ _ _0

t',.

o

I

rll

0

"0

c_ x.O 0 Ox _ 0 0 oC) ',._0 04 '._) u'_

d c;, _,', d S S _ & d, S & &

¢ "_ r','_ _ _ 0", c.O _ _ ,- t 0 cO 0

'_ _ _-I OJ O_ CU C", 0 c,_ oh 0 u'_

,4 d _ ,4 ,4 ,---,: _"

0 cO u'_ ',.0 _ 0

0 CT_ 0 0 r-I
,..f'x u_. ..._- _."_ _
_"_ _ d'X _ _ Lt_ _",,. I.C",. CC",. _ Lt_

:-- .._ _ 0 _ 0
• • • • |

r4 0 0 ,'-I 0 _1

0",, -:.1" OJ Cd _ 0

S ,4 d ,4 3 ,4

0 cO o'1 CO c_
• • o , ! --

oO 0_. cO CO Ox

,4 ,4 o ,4 ,4 ,4
0 0 u"_ _'x _ On,

d _ ,4 _4 S

0 _0 ,-¢I- C_
GI c_ x.O

,-.I

110

I
I

I
I
I

I
I
I

I
I

I
I

I
I
I

I
I

I
I



I

I

I

I

, i

! _o
_ Z

o

0_

o

F_

i

!

o_

oo

o

I

0

0

0
N

_._ =

i 111



L_

<

0

oo
i

C'--

L_

I

_,} .,=.i

_Z
r_

f_

r_

@,I

r_
o

I

r_

r_

r_

@,1

112

I

I

I

I
I
I

I

I
I
I

i

I

I
I
I

I
I
I

I



I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

0 I

oo_

_E_
d

..,.=¢
I

m_

0 u'_

Q)

o_o_

L',-

o

I
qD

u'j
_J

_J

4_

E_
4=_

0

v.M

"0

oo i._ ,M _ o_ oo co _ ._i ,.-..i i._ oo ,.-I _

113



0 I

d

I

0

a_ f_

@

c,I

c_

o_

L_.

r_
o

I
c_

cq

00 @,1 oo c,,I oo _I_ @,1 _ _ c,I Go _._ @,1

114

I
I
I

I
I
I

I
I

I
I

I
I

I
I
I
I

I
I
I



I

I
I

I
I

I
I

I
I

I
I
I
I

I
I

I

I
I

I

ow=d

_f

o

0

C_
I

o_

0
o_

c_

O0

i

_) G} •

C?

L_'_ _ L_. LO _ _ _ I..C'. _ Lt_ Lt_ _ Lf_

115



"_ 0

i._ L_
Lt_
¢q

I

¢,M.4 ow-I

o

u_

<9

c_

,.Q
c_

.... i

o_

oo

L'-

I

_t

_t

-' u'_

_J_ _ ,d_ _ _d_ *_ _1_ _ *_ _ _d_ _ _P

*d_ _ _ ,d_ _ _ _t _ _, *_ _t_ _ _d_

L_ L_ t_ LO U_ t_ LO L_ L_ LC t,O t_ t_

LO ¸ ¢_ C_ ¢0. '--_ 0 0 L_ _ O0 O_ 0 0

L.C' _ L.t"J L_ t._ L'_ L_ _._ U'_ L._ _ I._
,,_ ,,_ ,,_ ,,_ ,,_ _ "_ ,,_. ,_ ,,_ ,,_ ,,_ ,,_

t._ <30 L@ 0,,] L"', _ C',1 O0 O0 ¢,_ O0 _ 0

_d_ _ ¢0 ¢_ I.O ¢,D <_ _ 0'3 • O0 O0 ¢'_

tO U3 U'_ u'3 _ u'3 u'_ u3 L'3 Lq t._ U3 Le_

116

I
I
I

I
I
I

I
I

I
I.
I

I
I

I
I
I

I
I

I



I

I

I

I

I

I

I

I

I

I

I

I

I

I

il

I

I
I

I

i===_

r_

u'_

C_ .re

L_

_) I

%-I

',_ LO _ t_3 L_ I._ L,"3 t._ t._ _ L"3 L_

I
I

I
i

I
t

t

_l

1 _7_1o

|



• ,=.,I

os_

L._

.,,..4

o_.,_

oq i._

"0

118

I
I

I
I
I
I

I
I

I
I

I
I

I
I
I
I

I
I

I



I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

o,=.i

_[_

f_
Lr_

_, i

0_

o

e_

0

119



a_

o

o ...-'

_3

_o

I

d

o

I

=
=

,=

E_

I

I
I

I
I
I

I
I

I
I

I
I

I
I
I
I

I
I

120 I



I

I

I
I

I
I

I
I

I
I

I
I

I
I

I

I
I

I
I

r_

0

L_ L_

I

• 0

_._

_z
ul
m_

rJl

_4

o

!

r/l

o

4,O

0

121



I

I

c_

L_ L_

I

op-i

.I=.4

C.D

C_

O_

o

I

C',I I._ _'_ I._ i._ _ _ @,1 b'- _ L_ _ C',I _ ¢_

L_

4=_

C',1

I

I
I
I

I
I

I
I
I

I
I

I
I
I

I
I

122 I



I

I
I

I

I
I

I
I

I
I

I
I

I
I

I

I
I

I
I

4_

["4

I

o

o

I

c_

o

i

123



4-I

L_
C_

I

f_

f_

oO

L',-

o

!

r_

_0 _'_ _ O0 _ O0 L_ O0 _'_ _ _ _d_

L_ I._ L_ I._ L_ '_ L_ L_ i._ i._ L_ L_

I._ L_ L_ L_ i._ L_ _ L_ i._ L_ _ U'_ I._

i._ _ I._ _'_ C_ Ci_ _'_ _ rM Cq O0 @,1 _--I

L_ _'_ Lr_ _'_ U'_ _'_ L_ _d_ U'_ U'_

_. P..l L_ 0'_ L'_ i._ i._ L'- @,1 _ @,I _

_ b" _ 0 L"= ¢_ _ ¢_ _ @,1 O0 ,--_

_ _ L_ 0 _ _ _,_ CO _ _ ':',1

L_ U'_ _'_ _'_ _'_ _'_ _" _'_ _'_ _'_ _'_ _'_ _I _

_'_ O0 C"- I._ _ C_ L_ _'_ 0"_ _ _ L_-

124

I
I
I

I
I
I

I
I

I
I

I
I

I
I
I

I
I
I

I



I

L_

oo

I

o

0

L_.

I

_a

_D

L_ L_ I._ L_ I._ L_ L_ L_ Lr_ L_ tO L_ L_ L_ I_ L_

0

I

0

125



v--g

i

I

E_

o

@

@

_z
ob

I

0 _ _,1
._ [-.4 o,.._

_4

o

i

g

_ _ • ,

i._ t._ I,_ t._ L_ t._ L_ _ L_ _ t._ i._ _ L._ _ t._ I._

@.,)

I

I
I
I

I
I

I
I

I
I

I
I
I
I

I
I

I
126



I

I
I

I

I
I

I
I

I
I

I
I

I
I

I
I

I

I

I

E_

I

0

I i-.4
0

_o

@ I

4_

_o

d

I

rll

_u

0

b-

_D

L_

• _ "I._ L_ L_ L_ L_ L_ C_ I._ L_ _ I._ L_ L_ C_ L_ LC_ L_ LO

",.D E:) _,D _ b- b- b- L'- _0 (:}0 O0 O0 _ O0 oO (3_ _

I 127



C13

C_

I

L_
0,.=i

I

"'_ _o

I 0

o_

_Z

<_ I

_4
c_

o

rJl
0

0
e_

0

• • • e •

I

I
I

I
I
I

I
I

I
I

I
I
I

I
I
I

I
I

128 I



I
I

I
I

I

I
I

I
I

I
I

I

I
I
I

I

I

I
I

@4

P.4

I

L_

_>

I

[_
0

0
_Z

o
_o

L_

I

°_

_4

o

I

r,.)

rll

129



_g2

v-.4

I
o-,,,I

oe,,4

I
v-,,4

0

I i.-4
0

I

op-I

0

_z

t

oo

L',.-

o
e_

i

• • • • • e • • • • • • •

L._ _ t._ t._ t_ t._ L._ t._ L._ L_ L._ t._ L_ L._ _ O._ _ L._

130

I

I
I
I

I
I
I

I
I

I
I

I
I

I
I

I
I

l
I



I

| ,.

I

I

I
I
I

I

I
I

I
I

I
I

I
I

I

I

oo

L.O LO i._ I._ L_ L_ L_ i._ i.O LO 1.0 _'_ I._ _ U'_ L._ 1.0 L_

L¢_ _ O0 I._ _'_ C',I _ _ _--I _ @,I _ 0'_ O0 ¢'_ L" L"- 1.0

L_ 1.0 1.0 1.0 I._ i._ I._ 1.0 I-_ L_ LO L_ i-O _'_ L._ L_ 1.0 tO

_._ _ _ _i _ _" i._ _'_ L" I-0 _'_ O0 C_ O0 OC. O0 C,,I

I,_ _ I._ _ L_ O0 O0 _ i._ _._ _ _ _'_ _'_ O0 _ _'_ _'_

I
131



L_ L_ L_ L_ L_ L_ L_ _ L_ L_ L_ L_ L_ L_ L_ L_ L_ iX')

L_ L_ L_ L_ I_ L_ L_ L_ L_ _ L_ L_ L_ L_ IZ_ L_ L_ L_

L_ L_ _ L_ L_ L_ L_ I_ L_ L_ I_ _ I._ L_ L_ iX') L_ L._

L_ L_ L_ L_ L_ L_ I._ t-_ I_ I_ L_ I-_ L_ L_ I-_ L_ L_ L_

L._ I._ L_ L_ L_ L_ L_ L_ L_ _ L_ L_ L_ L_ L_ L_ I-_ L_

L_ I_ I_ I._ L_ I._ L_ L_ L_ L_ L_ I_ I_ L_ I._ L_ L_ I._

L._ L_ L_ L_ L_ L_ _'_ L_ L_ L_ I-_ L_ L_ I_ L_ L_ L_

132

I
I
I

I
I
I

I
i

I
I

I
I
I

I
I
I

I
I

I



I

I

I

I

I
oo

E_

I _
_o_ o,

I _ °_

I • I
_!_ eI __oo oO

I _

I

I

I
133



;>

Wi4

p-(

0

i-(

oo i._ I

f..,

o_

O0 i

L'-

t._ _ L_ ',_ i._ L_ L._

L_ _ I._ _ L_ t._ L._

_._ • ...............
_ N
_ .
N _

r/l

_ o

i

I

134

I

I
I

I
I
I

I
I
I

I

I
I
I
I

I
I
I

I
I



I

I

I

I

I

I

I

I

!

i

!
r_

!
134a



I
I

I

I
I

I
I

I
I

I
I

I
I

I
I

I

I
I

I 135



I
I

_>

.-.4

.w-i

0

_o_
I

oo
I I

G)

0Q

f.-, r_ Q
•4 _co

<_ _ [-_

o_=i I

=4

P.-4
,Q.

E_

oo

_-_ _ oo _ oo _ L_ _ _ I._ _--I O0 I._ _ _ I._

I
I
I

I
I
I
I

I
I
I

I
I
I

I
I

I
136



I
I

I

I
I

I
I

I
I

I
I

I
I

I
I

I

I
I

i

I

_z

• ,..4 I

f.-,

rJ3

t

0 .,..i

,.Q

I

i L_ L_ I._ L_ L_ _'_ _,_

L_ L_ L_ I._ L_ _'_ I._

L_

_D L_- L._ _ _ _ _._

L_ _ I._ ,_ <_ _ L_

137



I

.p.i

_z

T-I o

O0
.,.., I

C_

Cq

Iosul

0

L'-

I

C_

U'_

E_

cd

0
f..,

_°_

L'.- O0 O0 0"_ I._ @,1 _ _'_ C_ L_ _ _ _D _ L",. _ C_' 0"_

L_ L_ I._ L_ i._ L_ L._ I._ L_ i._ i._ I._ L_ _ L_ L_ I._ 14"J

_ ¢0 _ _ I._ I._ _ _'_ _'_ _'_ _-i _ _'_ L"- @,1 ,-..4

i._ L_ _ I._ I._ L_ I__ I._ L_ L_ L_ I._ L_ L_ L_ L_ L_ L_

I__ L_ I__ L_ I._ L_ L_ i._ 14_ I._ L_ L_ I._ L_ i._ L_ I__ L_'

I
I

li

I
I

I
I

I
I

I
I

I
I
I
I
I

I
138



I

I

I
I

I
I

I

I
I
I

I
I

I
I

I

I
I

I
I

cr_

;>

Io_

_ o

°,=, I

._ "_ C'4 f,.,

r,.)

0 .,=, I

[_

I._ i._ i-O I._ _ I_ I._ t._ L_ I._ U'_ I._ I-@ L_ L_ L_ _ L_

'0

139



I
1,4

_D

i
I o cD

•,-i I Q)

l
_ •

r_ o,1

_z

_ _ _ I._ L_ _ _ L_ L_ L_

_ _'_ L_ _ t._ L_ _ L_ _ L_

140

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I



I

I
I

I
I

I
I

I
I

I
I
I

I

I
I

I
I

I

;>

"_,._

o_=.4 I A

°_

O

O

• .-.i I
4_

o

I

@

I 141



i

8 _

I

I
I
I
I

I
I

I
I
I

I
!

I
I
I

I
I
I

142



I

I

I
I

I
I

I

I
I
I

I
I

I
I

I

I
I

I
I

oo

• ,=4 • L""

I
_ °

_ N

,el

"0

143



!
l=-.i

c_

I
I

I
I
I

I
I

I
I
I

I

I
I
I
I

I
I
I

144 I



I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

_D

I

r/l

m ,.m

N m

_, ,--4 0

O .,..(

o

I i

0 i

I-4

,=
O

E_

0

--. . . .

L_ _D tO tO L_ LO LO LO LO LO L_ LO LO LO LO I._ L_

4 .....................

c_

"0

I
145



oo

I
,=='4

0

o,-i I

o

I

°_

_ .,.o c'_ ,_,

i==-I

146

I

I
I

I
I
I

I
I
I

I
I

I
I
I

I
I
I

I
I



I

I

I

I
I

I
I

I
I

I
I

I
I

I

I
I

I

>

o

N N

_ N

u'_a m

o_=,1

I 147



I

I

I
o_

°p,_ I

1

1

I

1

I

1

I

1

1

1

I

1

I

1

1

I
148



I

I

I
I
I

I

I
I

I
I

I
I

I
I

I

I
I

I
I

!

°-!
0

°,.=4

oo

p==4

,.Q

o

I

L'.-

............

I
1 •



I

I
I
I

I
I
I

I
I

I
I

I

I
I

I

I

I

I

I
150

I



I

I
I

I
I

I

I
I
I

I

I
I
I

I

I

I
I

I

0

i
oZ

v-(

Wi(

oo
•F-I |

• J-,4 I

!

i
151



I

• i-.( •

I 0

L._

I
o,,-,4

0

oo

L_,

0

I

:::S

o_ | ......

(.-,

o I
I
I

I

I

I

I
I
I

I
I

I
I
I
I

I
I

152

I



I

I
I

I
I

I

I
I
i

I
I

I
I

I

I
I

I

I
I

;>

Ip.I •

_._
I 0
oZ

,&

I

rJl

r/l

_ 0

°p,,4 I

!

_4-_ d d d

u'_ (1o _ ,_ _

d _4 _4 d _

d _d d _ _

153



L_

,.==(

_:_. _ ,_ L_ "_ L_ L_ L_ L_ L_ _ L_ L-_ _ I._ _ L._

154

I

I
I

I
I
I
I

I
I

I
I

I
I
I

I
I
I

I

I



I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

;>

I
o_

I

Qo
I

[_

O

Q I
°,-4

0

I

L'-,

L_

155



I

oo

L',.-

oZ

.,,., I _i

N e_. m

(9

_N z
!o_,=I

• Q • • • • • •

156

I

I

i

I
I
I

I

I
I
I

I
I
I

I
I

I
I

I



I

I

I

I

I °

I _
I

°p,,l I

l _o

.4-o

I

I

I -

I

|

I

I

I

]

157



0

I

0

_o_

o

GO

0

158

I
I

I
I

I
I

I

I

I
I

I

I

I

I

P

I

I

1



I

I

I

I

I

I

I

I

I

I

I

I
i

I

I

I

I

I

0

0
I

0

_' _

I1) r_

0 _

I
159



0

0

I

L_

°_
.+_

p=4

co

co _, _ oo _-I oo _w oo _o _ oo oo oo ¢_ _-I _,o ¢o o,1 _ ,_

Lo Lo LO LO 1.0 LO LO LO LO LO LO LO LO LO LO LO LO LO LO LO

LO LO 1.0 LO LO LO LO 1.0 LO LO LO LO LO LO LO LO LO LO LO LO

LO LO LO LO LO _ LO LO tO LO LO LO LO LO LO LO LO LO LO L_

i • .....

I_ O0 _': CO L_- O0 ¢_ _ 0,1 C_ ,_ LO ID'- O0 O_ _ _--I CO ¢0 cO

I
I

I
I

I
I
I

I
I

I
I

I
I
I
I

I
I

I
160



I
I

I

I
I

I
I

I
i

I
I

I
l
I

I
I

I
I

0
I

I

c_

L'-

L._

_<::;

°_

cr_

oo

12..

!
161



0

0

L_

_Z

0 L_

<_ ['_ _.

(3.) • ',,=--'

_°_

0

,.Q

cX_

i L_ L_ L_ L_ I-0 L_ L_ L_ L_ L_ In In L_ _ L_ L_ U'_ L_ L_

I

_i "_E_

i

L_ c:_ L'-., _ _ _ _ _ _ '_ _'_ _'_ _ _,0 C_ L'-- @'_ ",_ @,1

L_ L_ L_ L_ L_ L_ i._ L._ i._ L_ L_ L_ L._ L_ L_ _ I._ L_ L._

_ L"- L_- _ _'_ _ L"-- _ _ I'D L'-- _ _:_ QO _'_ L"-- L'-" L_

L_ L_ L._ I._ L_ L._ L__ L_ I__ i__ L_ I._ L_ L._ I._ If) I'D L._ L._

L_ L_ tO I._ L_ If) I._ I._ I._ I._ L._ I._ L_ L_ L_ I._ L_ I._ t__

_ _ _ "_ L"- _:_ L"-- L"-- ,_ _'_ L_ @,1 c:_ L._ 0 I._ I._

I
I

I
I
I
I
I

I
I
I

I

!
i

I
l
I

I
I

162



I

I

I

I
I

I
I

I
I
I

I
I

I
I

I
I

l
I

I

0

I

0

oo

.... i

i
1

163



0 I

.4-a

d

_Z

0 o

_) I

°'_rD

o_

0 _

U'_ L_ L_ I-_ Ira L_ _ U'_ l__ L_ L_ L_ L_ L_ L_ L_ L_ i.O L_

0
f,-,

c_

164

I
I

I

i

I
I

I

I
I
I

I
I

I
I

I
I

I
I

I



I

I

I

I

I

I _

I _t.=
L_

0

_g
L_

I

I _°_
| °_

_+_ I

o_

I _<g
O

I

I
I

_u

D

r_

rll

0

4 _ 4 _4 ,4 ,4 4 4 ,4 4 _4 _4 _ 4 4 4 4 4 4

r/l

I
165



G_

0

GO I
I

,-I

0

166

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I



I
I

I
I

I 0 I

oo
I

_Z

I _o
°_
co

I _°_
_r_

I _°_
I

o_

,.Q

I

I

I

"0

_°

I 167



O I

i "-'

d

L._

_Z

0

E_

r_

°_N m

o_

8 °

,.Q

I
I

I
I
I

I
I
I

I
I

I
I

I
I
I

I
I
I

168 I



I
I

I
I

I

I
I

I
I

I
I

I
I

I

I
I

I
I

0 I

i °_'='

o"

L'--

L_

0 0
•,_ i.O

I

0 _ ,-_

c_

0o

L'-=

o

I

0

r_

f-,
c_

c,,1

L_ I._ i._ I._ I0 I._ L_ U'3 I/3 L_ 1.0 L_ I._ i._ i._

L_- L_" L". O0 O0 _0 O0 O0 O0 0"_ C_ 03 C_ 0

I 169



_'_ 0,1 _'_ L_ _ _ _ 0,1 _ L_, _ _ _ ",_ _'_ LO _'g

LO L_ LO L_ L_ L_ ia_ i._ Li_ L_ L_ ",_ _ LI_ LO L._
L_ ia_ Li_ _ L_ Li_ I_ LO I_ LI_ L{_ L_ _ I_ la_ L_

0 I

I •

1-4 L_ L¢_ L_ L_ L_ LO LO L_ tO L_ L._ L_ LO L_ L_ L-O L_

o"

0

o

o

0 O0 0'_ ",0 ",0 "_ "_ _ L_ r,.O ",.O O0 LO O0 LO 0 O0

_ _ ,.4 _ ,._ _ ,.4 _ ,4 ,.-; 4 _ _ _ _ _ ,-;
tO L._ L._ L._ LO _ t._ LO L_ L_ L_ L_ i._ LO L@ L_ L_

0 L_

L_ _ _ L¢_ L._ t._ LO L_ LO _ L_ L_ L_ LO L_ L_ L_
_ _ _ LI_ _ Li"_ _ _ L(_ _ LI_ _ LI_ Ll_ LI_ L,_ LL_ Ll_ LI_

r/l

_N _.) I._ L_ I._ Lf3 Lf3 Lf_ L_ Lf_ Lf_ L._ LO Lf3 I._ Lf_ L_ L_ tf3

E_

o_
L_ LO LO I._ LO Lf3 Lf3 Lf3 LO "_ LO LO Lf3 Lf3 LO LO LO

L_ L_ t_ LO L_ L._ L_ t_ t_ L._ L_ L_ tO i._ L._ L_

d

I
I

I
I
I

I
I

I
I
I

I
I

I
I
I

I
I

I
170



I

I
I

I
I

I

I
I

I
I

!
I

I
I

I

I
I

I
I

0 I

o"

L._
0

_Z

LO LO _ LO _'_ 1.0 _'_ LO LO L_ LO LO LO LO LO LO LO
I._ L_ LO LO I._ I._ I.f3 LO I_ L_ LO LO LO LO LO LO I__

L_ L_ L_ L_ LQ LO L_ LO L_ LO LO LO [._ LO k_ t.O LO

<30 O0 LO L'.. _'q Cq O0 _ _ _ b.. L_ LO LO ¢._ _ _'_

LO LO '_ L_ _ LO LO LO LO LO LO LO LO LO LO LO LO
k_ LO _ LL_ LO L_ L_ L_ L_ I._ I._ L_ _=J L_ L_ I_

r_
o

I

r_
_3

LO

¢) I

(1) 0.1

q)
I_ 0"_ 0 O0 (30 LO 0 _'_ ,"4 _ CO LO O0 LO CO D- CO CXl

q3 LO LO _'_ LO LO LO LO LO LO LO LO LO LO LO LO tO LO
L_ Lf3 LO Lf3 L_ LO LO LO Lfj LO LO L_ LO LO L_ L_ LO

LO LO (30 _ _.0 ,"4 CO 00 LO O0 ,-"4 CO _l_ _ C_ _0

LO L_ LO 1.0 LO LO LO LO LO LO LO LQ LO LO I-Q LO LO
LO CO LO CO LO tO LO LO CO LO LO LO LO LO LO LO LO

o_

0

_0 LO tO LO LO LO LO LO LO LO LO LO LO LO tO LO LO
L_ L(_ L_ L_ LO LO L_ L_ L_ L_ 1._ _0 L_ L_ L_ LO IZ'3

o

b- L'-- CXl L'-- 0 O0 0"_ OlD LO _ _1_ 0"_ 0,1 03 L'-- 0

LO LO _ LO LO LO LO LO LO LO LO LO LO LO tO LO LO
tO LO LO LO LO LO tf'J LO LO LO tO LO I-0 LO LO LO LO

t 0 LO L_ L_ L_ L_ L_ L_ L_ LO L_ L_ L_ L_ L_ '0 L_

171



LO LO LO LO L_ LO [0 LO LO LO LO LO LO LO LO LO LO

0 I

LO LO LO LO LO LO LO LO LO LO LO LO LO LO LO LO LO
L_ L_ L_ L_ L_ LO I_ L_ L_ i._ I._ L_ L_ L_ L_ L_ L_

I •

.4.a

C'.,1 cO L"- _ L,"3 CO C'J e_ _ O0 _--I L_ _ _ 0'_ L,"3

LO L_ L_ _ LO _ t..,'3 tO L_ L._ t._ L_ I.,"3 L._ L._ L@ L_

L",,, _ I

_° _NZ

tO LO LO LO LO LO LO LO LO LO LO LO L_ tO LO LO LO
LO LO LO L_ LO LO LO LO LO LO L@ L_ t._ L_ LO LO tO

0

C'_ O_ O0 CO LO _'_ _l _ O0 _--I O0 O0 _ CO CO _ L'-- LO

LO LO LO LO LO LO LO LO LO LO LO LO LO LO tO LO LO
LO LO LO tO L._ LO L_ L.O LZ'3 L_ L_ L_ L_ LZ"3 LZ'3 LO L_

"0

¢',1 GO e_ ",0 _1_ _ oO _'_ @,1 oO _ _ O0 _ ¢'_ oO

L'- L'.- L_. _ L'-- O0 O0 O0 O0 O0 00 O_ _ _ _ <_ 0"_

I
I
I

I
I
I

I
I

I
I

I
!
I

I
I
I
I

I
172

I



LO LO L_ [_ L_ L_ L_ L_ L_ LO LO LO LO

LO LO L_ LO LO LO LO LO LO LO LO LO LO
LO LO I._ l.O LO LO LO LO LO LO LO LO L_

LO L_ L_ Le_ LO L_ LO LO LO L_ LO LO LO
LO _ L_ tO LO LO LO LO LO LO LO LO

O

I

O0
LO LO L_ LO UO LO LO ',.0 LO LO LO LO LO
LO L_ t_ L_ L_ L_ I-_ _ L_ L_ L_ L_ L_

LO LO _ _ _ _ _ _ _ I_ LO LO L_

['_ LO LO LO LO LO LO LO LO LO LO LO LO LO

0 !

I •

.¢,.I

L"-

LO LO LO LO LO LO LO LO tO LO LO LO LO
LO LO LO LO LO LO LO LO LO LO LO LO LO

LO LO LO LO LO LO LO LO LO LO LO LO LO
LO LO L_ LO LO LO LO LO LO LO _ LO LO

L_'_ L_ L._ LO L_ LO LO L_ L_ _ L_ L_ I._

LO LO LO LO LO LO LO LO LO LO LO LO LO

LO LO LO LO LO LO tO LO LO LO LO LO LO
LO LO LO LO LO LO LO tO LO LO tO tO LO

"0

0,1 _ _ 0",1 _ ",.0 _Y C:_ 00 _-I 0,1 ¢.0 ¢)

_ _ _ ,..4 ,..4 _ _._ ,...4 ,'-'4 0,1 _ 0,1

173



0 I

L_ LO L_ L_ L_ L_ LO t._ L_ t._ L._ _ L_ t._ LO L_ LO

L_ L_ L_ L_ L_ _ _ t._ _ L_ _ L,_ L_ L_ L_ L_ i._
L_ LS_ L_ LO t._ _ t._ _ L_ L._ L._ L._ t,_ _ L._ L_ L_

L._ L_ L_ t._ L_ L_ t._ i._ L_ _ i_ L_ L_ L_ L_ t._ L_
_ _ _ _ L_ _ _ _ _ _ L_ _ L(_ L_ _

0 LO

C

I _ Lt*_

Coga

_t I CO O0 O0 LO LO L_ _ O0 _ O0 _--I _:_ _t _ L_ 0

LO LO LO LO LO LO LO LO LO _ LO LO _ _0 LO LO LO
LO LC_ _ _ Lt_ Lf_ _ 13_ _ Lf_ _ LO L_ LO L_ Lf_ L_

_1 C_1 0,1 0 oO _ _ O0 O0 CO OO C_ _ LO _ CO 0

_O _ LO LO _ LO _ LO LO _0 _0 _ LO LO LO _'_

LO _--_ OO O0 (30 LO 1"4 (30 LO C_1 LO 0 0 0 L_ LO C_

L'_ _ LO _ _ _ LO L_ tO L_ L_ Lf_ L_ I_ L_ L_ L_

I

I
I

I
I
I
I

I
I

I
!

I
I

I
I
I
I

I
174



I
I

i
i

I

i
I

I
I
I

I
I

i

I
I

I
i

I

_4

,Q

L_ I._ L_ _:_ .,_ L_ L_ _ L_ L_ L_ L_ L_ L_ L._ L_
_ L(_ Lt_ L(_ _ _ L(_ L('_ _ _ L_ _ L(_ _ L(_ I_

LO LO _'_ _'_ _'_ _ LO ,_ LO LO LO LO LO LO LO LO LO
LO LO LO L_ LO LO LO I-0 LO LO LO LO LO LO L_ LO LO

LO LO LO LO LO LO LO LO LO LO LO LO LO LO LO LO LO
LO LO LO LO _0 LO tO LO LO LO LO LO LO LO LO LO LO

LO LO LO "_ _'_ LO LO _'_ LO LO LO LO LO LO LO LO LO
L_ L_ I_ L_ L_ L_ L_ L_ L_ LO L_ L_ Lf_ L_ L_ L_ L_

LO LO LO LO LO LO LO LO LO LO LO CO LO LO LO L_ LO
CO LO LO LO LO LO I-0 t_ LO LO LO LO LO LO LO LO LO

i
175



0 I

I

:_ o
L--_ I

I

0 LO

:q

LO LO L_ L_ LO Lt_ L_ L_ L_ _ LO LO L_ LO LO L_ LO
LO L_ LO LO L_ L_ LO _ _ LO LO LO LO _ L_ LO LO

LO O0 O0 ¢'0 0 _ 0,1 _ L"_ 0 LO _ O_ O0 ,-'4 0'_

LO LO LO LO LO LO LO LO LO LO LO LO LO LO t_ LO LO
L_ L_ L_ L_ L_ L_ L(_ LO L_ L_ L._ I._ L_ L_ L_ L_ L_

LO Z_ LO LO LO LO LO LO LO LO LO LO LO LO LO LO LO
LO LO LO LO LO LO LO LO LO LO LO LO LO LO LO LO LO

¢0 0,_ O0 0'_ ¢"0 0 L_ 0'_ 0,1 0 O0 _--4 ,"4 _ _--I _ LO

LO LO LO LO LO LO LO LO LO LO LO LO LO LO LO LO LO
L_ L_ L_ Ls_ I._ LO I_ I._ LO L_ Ls_ L_ L_ L_ L("_ L_ Ls_

L_ L_ L_ L_ L._ L_ L_ L_ L_ L_ L_ L_ L_ L_ L_ _ L_

L_ L_ L_ L_ L_ t._ L_ L_ L_ L._ i_ L_ _ L_ L_ L_ I._
L_ L@ L_ L_ L_ L_ L_ t._ L-_ L,_ L_ L._ L_ L_ t._ L_ L_

o _ ,_ _o _ _ _ ,_ o_ ,_ _-. ,..4 _ _o ,_ ,_

LO LO L_ LO _ LO LO LO L_ LO LO LO LO _ LO LO Lt_
LO LO LO _ I-0 LO LO LO LO LO LO LO LO LO LO LO LO

L_ LO L_ LO LO _ LO LO LO L_ L_ LO tO L_ L_ t_ LO

"0

_:_ 0,1 O0 _ _ _ 0 O0 _ 0-) O0 _ 0 O0 _ O_ O0

L"- L'-- L'-- L"- L"- L"- O0 O0 O0 O0 O0 O0 O_ 0"_ O_ O_ 0'_

I
I

I
I
I

I
I

I
I
I

I
I

I
I
I

I
I
I

176



I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

0 I

0 L_

v

o_

_D

o

I

L_ I._ L_ L_ L_ L_ L_ _ L_ L_ L_ L_ L_ L_

L_ _ L_ Lr_ L_ L_ L_ L_ L_ L_ L_ L_ L_ '_
["4 L_ L_ _ L_ L_ L_ L_ L_ L_ L_ L_ L_ L_ L_

L_ L_ L_ L_ L_ L_ L_ L_ L_ t._ L_ L_ L_ '_
L_ L_ L_ L_ L_ L_ L_ L_ L_ L_ L_ L_ L_ L_

L_ L_ L_ L_ U'_ L_ L_ L_ L_ L_ L_ L_ _ L_
L_ L_ L_ L_ L_ L_ L_ L_ L_ L_ L_ L_ L_ L_

L_ L_ L_ L_ L_ L_ L_ L_ L_ L_ L_ L_ L_ L_
L_ t_ L_ L_ L_ L_ L_ L_ L_ L_ L_ L_ L_ L_

O0 L_- "_ 0'_ _ O0 ¢_ _ _ _ ¢_ _ ¢_ O0

L_ L_ L_ L._ L_ L_ L_ L_ U'_ L_ L_ L_ L_ i._
_ _ Lrr_ _ _ Lt_ _ L_'_ L_"_ I_ _ _

177



0

I .I,-,

d

I

0

mz

0

r_

_ [-_ _

O

,.-.M

oo

b.-

o

I

f..,

0

r_

178

I

I
I
I
I

I
I

I
I
I

I

I
I
I
I

I
I

I
I



I

I

I

I

I

I

I

I

I

i

I

I

I

I

I

I

I

I

I

0 I

d

L_

O

I

m _

o_

_ o

179



0 !

_o_

c_

!

_'_ 0

:n Z

0 0

r._

o_

o_

_4

o

1

0

g_

180

I
I
I

I
I
I

I
I

I
I
I

I
I

I
I
I
I

I
I



I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I,..4

i

°_
_°

_'_ _ _ i_. _ _ ¢',1 I._

o

I

_)

_)
[_

_)

0

i.-i

181



O I

I "

L'--

O

O 0

_ _ L_

v

°_

o

I

I

I
I
!

I
I
I

I
I

I
I

I
i
I
I

I
I
I

182



I

I
I

I
I

I

I
I

I
I
I

I
I
|
i
i

i

i
I

0 I

_ o
I

d ®

_z

°_

,..Q

183



L_ L_ L_ L_ L_ L_ _ L_ L_ L_ I._ _.0 ¢.@ L_ L_ L_ L_

L-_ L_ L_ L_ L_ L_ L_ L_ i_ L_ L_ I_ L_ L_ L_ L_

o

I
I
I

I
I
I
I

I

I
I
I

I
I

I
I
I
I

I
184



I

I
I

I
I

i

I
I

I
I

i
I
!

I

I

I
I

I
i

0 I

I

_ o
i

L._

°_

_o

L._ t._ L_ _,_ _,_ _,_ _ t._ L_

0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0

O0 _D O_ C_ 1,,.,I O0 O0 L_ L_,

_- _ O'3 C_ L_- _ _ _ _-_

_ _ C_ C_ C_ _ C_ C_

185



I
I

0 o

N °

!

r/l

_ o
_Z

I

m _

m _

0

_ • _
oN_

4

t---

I

r/l

o.

r/l

0

186

I

I
I
I
I

I
I

I
I

I
I
I
I

I
I

I
I



I
I

I

I
I

I
I

I
I

I
I

I
I
I

I

I

I
I

0 I

LO
0

_z
0 L_

C_

_" _ _ 0"_ b.- O0 _--I i.O _ @,1 _ O0 L'.- I._ _ _ _

LO I._ I._ I._ L_ L_ L_ I._ i._ L_ _ LC, I._ _ I__ ,d_ i.O I._

1.0 L_ 1.0 L_ LO L_ i._ 1.0 i.O i._ I._ i-O 1.0 L_ I__ L_ L_ I._

I 187



0 I

L,_

Z

L_

t

0

I

r_

@

O0
L._ L._ L_ L._ L._ L._ L_ L._ L._ L_ L._

L"-
L_ t._ L_ U'_ L._ _'_ L._ L_ L_ L._ L._

L_ L._ L_ L._ L_ L_ L_ L._ L._ L._

L_
L._ L_ i,_ L._ L._ L._ L._ L._ L_ L._

L_ L_ L._ L._ L_ L._ L_ t._ t._ _ L._

C_ L._ L_ L._ L_ L._ L._ L._ L._ L._ L_ L._

C_1 L._ L_ U'_ I._ L_ L._ I._ L._ L_ _ L._

_ L_ _ _ U'_ L_ L_ L_ L._ L_

_4_ _ L"- L_- O0 _ O0 C_ O0 _

188

1

i

I

I
I
I
I

I
I

I
I

I
I
I
I

I
I

I
I



I

I
I

!
I

I
I

I
I

I
I

I
I

I

I

I
I

I

I

0 I

I

_-._
!

_Z

0 i_o

I

o_

m

o

I
r/l e_

r/l

i._ L_ U'_ L_ i._ I._ i._ L_ L_ _d_ L_ _'_

i._ L_ I._ U=_ U'_ LO L_ I._ i._ U'_ I._ I._ L_

I._ I._ L_ L_ i._ L_ L_ _ L_ i-O 1.0 L_ U'_

0

_ _ _ _ _ •

L_ _ O0 L"- I._ CO _ O0 L_- L_ CO _ CO

189



O i

J °,=.l

d

°_..d

0

_Z

L._

o;_

L_

o

J

"I
t

_3

190

I

i



I

!
I
I
I

i
i

I
I

I
I

!
I

I
I
I

I

i
I

0 I

I o_

d

oF=¢
I

o_

o

E_

,_ <_ _ 0 ¢_ _ ,d_ _ _ _ .,_

<_ t_ _ L_- _ CO _ _ _ L_ ,c_

r._ L_. L_- _ _ _ _ oO _

191



(D

_'_ r_

•_ o

0

_J
0

_Z
171

N_
m _

m

m r/l _

_4

,.Q

o

I

r/l

r_

0

oo

Lo

0xl

"0

• .

I

I

192



i

I

I
I

I
I

I

I

I
I

I
I
i

I

I

I
I

I

I

L_

_z

I

,.Q

I

r_

_D

' I

!

• 0

I 193



I
I

I

0

oq
I

_4

,.Q

o

I

rJ

t_

194

I

I

I

I

I

I
I

I

i

I

I

I

I

I

I

I

I



I

I
I

I
I

I

I
I

I
I

I
I

I
I

I

I
I

I

0

o

u2

0 _ _1_
.,_ ["_ ,+_

O_

_4

i i

o

I

1

I

I 195



_r_

0

_z

L_

O_

o

I

c_

"0

E_

I
I
I

I
I

I

I
I

I
I

I
I

I
I
I
I

I
196 I



I

I
I

I

I
I

I
I

I
I

I
I

I
I

I

I
I

I
I

op.._

,...4

O

L_

f_

.+._ ['_ +.)

O0

0

C_

a_

c,1

L_ I._ i._ L_ L_ L_' '_ L_ i._ i._ _ L_ U'_ L_ L_ L._ -._
,@

197



0

oi° o

_ •

_ ,p,,4

_g
r._ u-_

0 _ ,-i

I

0

0

"0

198

I

I
I

I
I
I
I

I
I

I
I

I
I

I
I
I
I

I
I



I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

Q)
Q)

f_

L_
L_ I

0

_/_ L_

i

_-No

o

I

r-t

4.o

0

I 199



rJ_

o -_
r_

o

_'_ L_

J

_o

o_

d

oo

t--

0

200

I
I
I

I
I
I
I

I
I

I
I

I
I

I
I
I
I

I
I



I

I

I

I

I

I

I

I

I

i

I

I

I

I

I

I

I

I

I

t:_ o

L._
_'_ r_

o --;

o

_ o

J

o

I

_U

o.

r_

r/l

o

_ 4 d _4 _ _4 _4 _4

CO _'_ _1 _1_ _ (10 ',_ _,1

L._ _ L._ L_ L._ L._ L_ L._

L._ L_ L._ L__ L,_ L._ L_ L._

L._ L._ L_ L._ L._ L._ L._ L._

L._ L._ L._ L_ Lr_ L._ L_ t._

L._ r,_ C',,1 _ L._ _ L'_ O_

201



¢)

r_

t_

LO _.M

1.0 I
CO

,i-i

0

E _

LO

0 _ _

d

o

I

e_

C_
LO LO LO LO LO "_ LO I_. LO LO LO "_ LO LO LO LO

202

I

I
I

I
I
I
I

I
I

I
I

I
I
I

I,
I
I
I

I



I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

E_

b_

0

I_ 1-4

<._
0

°

_'_
_o
mZ

k _

d

,.Q

0

I

0

r/l

I 203



I

!

o

0
0

bJ0

o

i.o I
¢o

0

o

o_

_°Z

tm !
o

o _ t-.-
o

o

,.Q

o

I

o

_u

0

o.

0

o

_m

,el

_:o

I
I

I
I
I

I
I
I

I
I

I
I
I

I
I
I

204 I



I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

0

0
0

o_

o
1--4

0

0

o'_
o

_Z
m _

t_
_ n
o

d

o

• • • •

¢o

_-_ _ oo oo i._ _.. ,_ i--I

o'_ o o o _ o o o'_

n_

o_ _ _ _ o_ _

205

i



0

io
u_

NE

r/l

_ o

r_ m

r/l

o

I

e_

0

_ _o

206

I
I

I
I
I
I

I
I

I
I

I
I

I
I
I
I
I

I

I



I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

r_

I===I

0

tO

r_

I1)

_ o

e_

,.Q

0

I

rj

r/l

0

CO

o

LO LO LO LO LO LO LO I._ LO LO LO LO LO LO LO LO

LO _ _ ,_ LO I_ L_ LO LO LO LO _0 LO ,_ ,_
LO LO LO LO LO LO LO Lt_ LO LO LO LO LO LO LO LO

LO LO LO ,qW ,_W LO LO LO LO LO 1.0 LO _ LO LO LO
LO _ LO LO LO LO LO LO LO LO tO LO LO LO LO LO

LO tO LO LO LO LO LO I..0 LO LO t_ LO LO LO LO LO
LO LO LO LO LO LO L_ LO LO LO LO LO LO tO LO LO

0,1 ,"4 -_ ¢_ ,"-4 C',1 _ O0 ,_ L'-- L"- _ ,"4 CO _ CX]

LO LO LO LO LO LO LO LO _ LO LO LO LO LO LO LO
LO LO LO LO LO LO LO LO LO LO LO LO LO LO LO LO

¢Xl O0 L'-- ",,0 O0 _--t _ LO _ ¢'q _--I _0 LO _ LO CO

LO LO LO _D LO LO LO LO LO LO tO LO LO LO LO LO
LO LO LO LO LO LO LO LO LO LO LO LO LO LO LO LO

O0 LO L'-- O0 _0 O0 0'_ ,.--I O0 Ob O0 ,_ ,_W _ ,_ ,--_

LO LO LO LO tO LO LO tO LO LO LO LO LO LO LO LO
LO LO LO LO LO LO LO LO LO LO LO LO LO LO LO LO

LO LO LO ,_W ,q_ LO LO LO LO I-0 LO LO LO tO LO LO
LO LO LO LO LO LO LO LO LO LO LO LO LO LO tO LO

LO _ CX] CO _J_ LO CO LO ,_ _ CO _ _ _ _

_'_ LO LO ,qw ,_w LO LO LO LO LO tO LO -_ LO LO LO
LO LO LO LO tO LO LO _0 LO LO LO tO LO 1.0 LO LO

207



,+_>
r_

o

r/l

Nz

t"-

o

I

o

t/l

208

I
I
I

I
I
I
I

I
I

I
I

I
I
I
I

I
I

I
I



I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

o

L_
L_ I

J

r/l

o

I

t_

r_

0

_o

t_ I._ t._ t._ t._ t._ t._ • L._

t._ t._ t._ t._ I,_ t._ I._ t._

• ._. _ _ _ _
t._ t._ t_ t._ t._ I._

._ _.4 t._ t._ t._ t._ t_

L_ L_ I__ L_ L_ I._ L_ I._

L_ L_- _'_ _'_ L_ 0"_ _I_

_'_ _'_ U'_ _ L_ I._ L_ L_
i._ i._ L_ U'_ L_ L_ L_

C,1 _ @,I _'_ ¢._ _ L_ _:_

_'_ _'_ _'_ _ L_ L_ L_ L_
L_ L_ I__ L_ L_ U'_ I._ L_

_ _'_ _ C,,1 _ _ O0

L_ I._ I._ L_ I__ L_ L_ i._

L_- C_ _ _ L"- _'_ _

209



0

r/l ,_

r_ u_

r/l

!

r/l

,=

r_

i

I
I

I
I
I
I

i
I

i

I
I
I
I

I
I
I

I
210



I

I
I

I

I
I

I

I
I
I

I
I

I
I

I

I
I

I
I

@

0

L_
U'_ I

0

I

r_3_

@

cxl

L._ L_ t._ _ L._ L_ t._ L_ L._ _ L._ L._ L_ L_ L._
L._ t._ L_ t._ L_ L_ L._ _ _ L_ L,_ L_ L._ L._ t._ i._

L_ L_ _ _ L,_ i._ _ L._ L._ L_ _ L,_ _ _ L._
_ _ _ L_ L._ L._ L_ _ _ _ L._ L._ t._ L._

L_ _ L._ _ L_ L_ L_ _ _ L._ _ L._ L._ L_ L_ L_
L_ _ _ L_ L._ L._ L._ L_ _ L._ L_ L_ _ L_ L_

t._ L._ _ L._ L_ L_ _ _ i._ L_ L_ L._ L_ _ L._ L._
L_ L._ L_ L_ _ t._ _ L._ _ _ _ L._ _ L._ L._

I._ _ L._ _ t._ _ _ _ L._ L_ L._ L._ _ _ t._ t._
t._ L_ I._ L_ L_ L._ _ t._ L._ t._ L_ L._ _ L,_ L._ L_

211



[_

,,==4

r.o']

_l 0

o

tt_ !

0 _

_._

_ 0
Nz

_-_ o

,.Q

o

t-,-

I

t-i

0

r/l

o,1

r/l

212

I
I

I
I

I
I
I

I
I
I

I

I
I
I

I
I
I

I
I



I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

a_ o

L_ l

[_

°_
0

O
.+_ J._

_, I

L'.-

o

I

213



L_

0

0

I_ I

_ o
0 N I-4

o_

,.Q

i

o.

214

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I



I

I
I

I

I
I

I
I

I
I

I
I

I
I

I

I
I

I

r_

ri(
Q)
¢)

0

0 ._

r/l
m _

0, i

r/l

o

|

rJl

LO LO LO LO 1.0 LO L.O LO LO LO LO LO LO LO LO LO

CO _0 LO LO LO LO LO LO 1.0 1.0 i.O I._ LO LO LO LO

_0 LO LO i.O 1.0 LO tO LO LO LO _ LO i.O 1.0 LO tO

LO L_ LO LO LO LO LO LO LO _ LO LO LO LO LO L.O

LO LO LO LO LO LO LO LO LO L._ LO LO LO LO t-O tO

LO LO LO t.O LO I-0 LO LO LO L_ 1.0 LO LO LO LO 1.0

I
215



r_

L_

_[_

°

r_ ,,=4

oo

o

I

r_

r_

0

i_. _'_ 10o L'-- I_- C_ _ i._ C',1 @,1 _'_ 0 _ _1 _,_

L_ i._ L_ I._ L_ i._ L_ I-_ L_ L_ I._ i._ L_ L_ L_' I._

O0

L_ L_ L_ I._ L_ U'_ I._ L_ _ L_ I._ _ U'_ I._ L_ I._

b"
L_ L_ L_ I._ I._ L_ L_ L_ L_ L_ L_ L_ L_ I._ L_ L_

L_ I._ I._ I._ L_ L_ L_ L_ L_ I._ _ _ L_ i._ _ I._

U'_

C,I

216

I
I

I
I

I
I
I
I

I
I

I
I

I
I
I

I
I
I

I



!

!

!

!

r,,,4

o

LO I

r_

s,,,,4

oF,4

o O

O_o

! °

i

!

!

!

o

I

0

0

r/l

O

F_

cx]

r-4

o

LtP L{_ Lt_ L_ t._ L_ _ _ tip

Lt_ Lt_ Lt_ LO t__ LO Lt_ Lt_ LO

Lt_ LO Lt_ LO L_ Lt_ LO _ L_

L"- _.O _O L"- _.O ¢'q L"- r.O OO

_,O LO LO _.O LO _O LO LO _.O

O O O_ O O O O O_ O

L"- LO _,O r.O C'4 ¢0 O'_ O

LO LO LO LO LO LO LO LO r,O

L'-- LO LO O'_ L"- O'_ _O ¢X)

LO LO LO Lt_ LO Lt_ LO LO _,O

LO LO LO LO LO LO LO LO L_

217



L_
L_ I

0

_[_

D

o_ _

oo

L_.

r_

° I

i,

a_

co

cq

o

I._ Lr_ L_ U'_ I._ I._ I._ L_ U'_ i_ U'_ L_ L_ I._ ¢_ _,_

L_ L_ L_ L_, i._ L_, I._ L_ U'_ I._ L_ L_ L_, L_ _ _d_

I._ I._ L_ L_ L_ I._ I._ _ L_ L_ L_ L_ L_ L_ _ _C_

@'J _ O0 _.M @,1 I._ _ _ _C_ _'_ 0'_ L'-- CO _" _ O0

L_ I._ L_ L.O L_ L_ i._ I._ L_ i._ L_ i._ L_ I._ _ _ID

L_ i._ I._ I._ U'_ U'_ i._ L_ L_ L_ L_ L_ i._ L_ _

218

0
I

I
I

I
I
I
I

I
I

I

I
I
I

I
I
I
I

I
I



I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

r_

L_ I

o

O
_z

o
f..,
.+_

C_

o_

b.-

o

I

a_

C_

.=-4

a_

a_

I
219



r_

_1 0

,_ 0

o

0 _
._ rJl

_l oF,,4

0

I

o

r/l

_o

220

I

I
I

I
I
I
I

I
I

I

I
I
I
I

I
!

I
I

I



I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

0

r..=4
0
o

r_

o_

L_
L_ I

0 ._

°,-i

0

o

0

0
o

o_

_g

o

o

I

e_

0

o_

O_ O_ 0 0 O_ O_ O_ 0

O_ 0 0 0 O_ O_ O_

_ ,-i _ _ _ _
O_ O_ 0 0 O_ O_ O_ O_

0 O_ 0 0 0 O_ O_ 0

221



I

L_ "'4

f.-, 0

_z

i._
e.D

I

,.Q

(3O

o

I

m r_

t_

o

0 -

v-.4

I
I
I

I
I
I
I

I
I

I
I

I
I

I
I
I
I

I
222



i

I
I

I
I

I
I

I
I

I
I

I
I

I

I
I

_)
¢)

4_

¢)

O

a_

r_
_) I

,.Q

o

I

_u

o.

0

0

r/l

_ o

223



0

¢d <D

LO

0

0

r_ _D

Q,) i

m _

f-i

o

I _ _ b- L_ _ _D O0 L'-- O0 _ _'_ _ I._ _ b- _ _

N

,=
o

r/l

0
F_

LO LO LO LO LO LO LO LO LO LO LO LO LO LO LO LO LO LO

CO LO LO LO LO LO LO _ LO LO LO LO LO LO LO LO L_ LO LO

0,1 LO tO LO LO LO LO LO LO LO ",_ LO LO _ LO LO LO LO LO

L"- L" _'_ _ _ 0,1 "_ LO _ _1 @'_ "_ _0 L'_ O0 ¢_ _ L_.
_0 _0 _0 L" L_" L_" L" L_" GO 00 O0 09 GO 09 O0 _'_ _

I
I

I
I
I
I

I
I

I
I
I

I

I
I
I
I
I

I
224



I
I

I
I

I
I

I

I
I
I

I
I

I
I

I

I
I

I
I

@

O

@ I

I

L_

_1_ _ _ _

225



4_

bJO _

0

_ °,-4

0

N 0

_z

m

m _

L"-

o

!

r/l e,_

_u

0

226

I
I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I



I
I

I
I

I

I
I

I
I
I

I
I

I

I
I

I

I
I

L_ °"_

0

o_,-I

r/l

o

I

rJl

r/l
L_ L_ L_ L_ i._ L_ r_ _ i_ ,_ L_ L_ L_ L,_ L_ L._ _ L_

I
227



4_

0

I

LO _j

m

N

g

I
I

I
I

I
I
I

I
I

I
I
I

I
I
I

I
I
I

228



I

i
I

I
I

I

I
I
I

I

I
I
I

I

I
I

I

I
I

--4 0

_z

I

T-I

,.Q

oo

o

I

r/l

_u

r..)

i.o

r/l

229



Table 50.

Material

Onset of Creep Stress Measurement of Ti 8AI-IMo-IV

T i 8AI- IMo- IV

T!

T_

T!

T!

Ti 8Al-lMo-lV

IT

Vl

Vl

I!

II

Ti 8A1-1Mo- IV

Vl

IT

IT

II

?I

Ti 8A1-1Mo- 1V

TI

II

Summary of Applied Stresses (Sheet 1 of 3)

Test Test Test

Temperature T ime Channel

Nominal - ° F Hours Pos ttion

450

11

11

11

150

II

II

II

II

11

150

I?

11

II

II

II

150

I?

II

I!

II

II

150

II

II

Front

IV

II

Rear

?I

11

Front

II

11

Rear

II

1I

Front

II

II

Rear

11

II

Front

II

II

Rear

II

II

11

5O0

11

11

II

11

II

55O

II

II

II

II

11

6OO

11

11

11

1I

11

Test

Channel

Number

1

2

3

1

2

3

1

2

3

1

2

3

1

2

3

1

2

3

1

2

3

1

2

3

Applied

Stress

K.S.I.

73.8

78.0

87.5

75.0

80.0

87.5

68.8

73.1

79.5

70.0

75.0

80.0

74.9

76.4

76.8

76.3

76.4

77.5

76.3

78.0

82.0

77.5

80.0

82.5
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I
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I
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I
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I

I
I

I
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Table 50.

Summary of Applied Stresses (Sheet 2 of 3)

Material

Ti 8AI-IMo-IV

TT

T_

TV

?T

Ti 8AI-IMo-lV

TT

?T

_T

YT

VT

Ti 8AI-IMo-IV

TT

T_

VT

Vt

T?

Ti 8A1-1Mo- 1V

T_

Onset of Creep Stress Measurement of Ti 8AI-IMo-IV

Test

Temperature

Test

Time

Hour SNominal - oF

150

Tt

T!

?_

T!

1000

TT

T_

T_

TV

Y!

1000

TY

T?

TT

T!

TT

1000

_T

TY

It

?T

Tt

Test

Channel

Position

Front

T!

Rear

TT

?!

Front

T!

TT

Rear

YT

Front

TT

TT

Rear

?T

?T

Front

T_

Rear

VT

650

TT

T!

TT

TT

450

?T

T!

TT

?T

TT

50O

?T

TT

TT

TT

??

550

T_

Test

Channel

Number

1

2

3

1

2

3

1

2

3

1

2

3

1

2

3

1

2

3

1

2

3

1

2

3

Applied

Stress

K.S.I.

57.1

58.5

64.6

58.0

60.0

65.0

86.2

83.0

71.5

87.5

85.0

71.0

73.9

75.7

72.5

75.0

77.5

72.0

66.5

68.3

65.0

67.5

70.0

64.5
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Material

Ti 8AI-IMo-IV

V!

VV

I!

V!

tv

Ti 8AI-IMo-IV

_Y

11

11

TT

Table 50. Onset of Creep Stress Measurement of Ti 8AI-IMo-IV

Summary of Applied Stresses (Sheet 3 of 3)

Test

Temperature

Nominal - °F

600

I!

11

11

?!

V!

650

TV

V!

VV

I!

Test

Time

Hour s

1000

VV

V!

VV

T!

T!

1000

_v

T!

TT

TT

Test

Channel

Position

Front

_?

VT

Rear

I!

V!

Front

VT

V!

TV

?!

Test

Channel

Number

1

2

3

1

2

3

1

2

3

1

2

3

Applied

Stress

K.S.I.

73.9

75.7

80.0

75.0

77.5

79.4

51.7

58.6

62.5

57.5

60.0

62.1

I

I
I
I
I

I
I

I
I

I
I
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!

!

I

!

!

!

!

!

!

I
!

II.

I

!

I

I
!

!

Material

Ti 6AI-4V

TT

TT

V!

T!

T?

Ti 6A1-4V

T_

TT

TV

TT

T_

Ti 6AI-4V

VT

V_

VV

VT

T?

Ti 6A1-4V

VT

?T

IT

IT

Table 51. Onset of Creep Stress Measurement of Ti 6A1-4V

Summary of Applied Stresses (Sheet 1 of 3)

Test

Temperature

Nominal - ° F

450

Test

T ime

Hour s

500

IT

IT

TT

IT

VT

550

?!

TT

?!

TT

T?

600

II

yI

?V

IV

150

150

Iv

?T

Vl

IV

T?

150

V!

IV

IV

VV

?I

150

II

TI

vv

II

Test

Channel

Position

Front

TT

IT

Rear

II

TT

Front

I!

_Y

Rear

YV

Y_

Test

Channel

Number

4

5

6

Front

IT

It

Rear

?!

4

5

6

4

Front

I?

_T

Rear

IT

II

5

6

4

5

6

4

5

6

4

5

6

4

5

6

4

5

6

Applied

Stress

K.S.I.

85.0

90.0

95.0

87.0

91.3

96.2

85.0

90.0

95.0

87.0

91.3

96.1

75.0

77.0

82.5

76.8

80.0

83.5

62.5

65.0

72.5

63.9

65.9

73.4

I
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Table 51.
Summary of Applied Stresses (Sheet2 of 3)

Material

Ti 6A1-4V

T_

?T

T?

VT

TV

VV

?V

?T

Ti 6A1-4V

TT

?T

TT

t!

TT

Ti 6A1-4V

TT

T!

Onset of Creep Stress Measurement of Ti 6A1-4V

Test

Temperature

Test

Time

H our S

150

TV

V!

T!

_T

Tt

1000

TT

T?

T!

TT

TT

1000

?T

T!

TT

_T

1000

VT

TT

Nominal - ° F

V!

Test

Channel

Position

Front

YT

VT

Rear

TT

Front

TT

Rear

TT

?T

Front

_?

?T

Rear

VT

?!

Front

TT

TT

Rear

TT

?T

650

TT

?T

VV

VV

?V

450

?T

TT

V!

?!

?T

500

T!

T?

TT

?!

T!

55O

YT

Test

Channel

Number

4

5

6

4

5

6

4

5

6

4

5

6

4

5

6

4

5

6

4

5

6

4

5

6

Applied

Stress

K.S.I.

50.0

55.0

60.0

51.2

55.8

60.7

85.0

78.5

68.3

84.5

78.4

68.5

75.0

77.0

82.3

74.6

77.0

82.5

90.0

85.0

82.3
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89.3

85.0

82.5
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I

I

I

i

I

I

I

I

I

I

I

Material

Ti 6A1-4V

?T

T?

TT

T_

Ti 6A1-4V

IT

Table 51. Onset of Creep Stress Measurement of Ti 6A1-4V

Summary of Applied Stresses (Sheet 3 of 3)

Test

Temperature

Nominal - ° F

Test

Time

Hour s

Test

Channel

Position

Test

Channel

Number

Applied

Stre s s

K.S.I.

600

T?

t!

TT

TT

650

T!

TT

?T

TT

T!

1000

_T

?T

T!

T!

?T

1000

T_

TT

TT

Front

T?

T!

Rear

T!

v_

Front

TT

T?

Rear

?T

4

5

6

4

5

6

4

5

6

4

5

6

62.5

65.0

67.3

62.2

65.0

67.5

47.5

50.0

52.4

47.2

50.0

52.5

I

I
I

I

I
l

I

I
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Table 52. Onset of Creep Stress Measurement of Ti 5AI-2.5 Sn

Summary of Applied Stresses (Sheet i of 3)

I

I

Material

Ti 5A1-2.5 Sn

T_

VV

T?

Yt

v_

Ti 5A1-2.5 Sn

T?

VT

Y!

V!

VV

Ti 5A1-2.5 Sn

_T

IT

V!

IT

Tt 5A1-2.5 Sn

T!

V?

11

Test

T emperature

Nominal - o F

450

VT

V!

VT

VV

IT

500

VT

IV

VT

VV

TT

550

VT

V_

T_

6OO

IT

IT

Tt

TI

TT

Test

Time

Hours

Test

Channel

Position

Front

??

Rear

Vl

Vl

Front

_V

VT

Rear

V!

Front

Tt

Rear

11

?t

Front

TT

?I

Rear

I!

150

_T

?!

T!

T!

TT

150

TT

IT

T?

Vl

T!

150

VV

T!

TT

T?

TT

150

?!

TI

YT

1! ?!

Test

Channel

Number

7

8

9

7

8

9

4

5

6

7

8

9

7

8

9

7

8

9

7

8

9

7

8

9

Applied

Stress

K.S.I.

62.0

65.0

69.5

62.3

67.3

70.0

65.0

70.0

74.3

65.3

72.5

75.0

67.5

70.0

72.5

67.7

72.5

73.2

62.5

65.0

67.3

64.3

66.9

67.5

I
I
I
I

I

I
I
I

I
I

I
I
I

I
I
I
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I
I

I

I
I

I
I

I
I

I
I

I
I

I
I

I

Table 52. Onset of Creep Stress Measurement of Tt 5A1-2.5 Sn

Summary of Applied Stresses (Sheet 2 of 3)

Material

Ti 5AI-2.5 Sn

T?

T_

?T

V_

Ti 5A1-2.5 Sn

TT

Vt

tT

_T

TT

Ti 5A1-2.5 Sn

Y!

TT

tT

VT

VT

Ti 5A1-2.5 Sn

T!

vf

T?

?T

YT

Test

Temperature

Nominal - ° F

650

VV

V?

VT

?T

?T

450

v!

T!

VV

VT

?T

5OO

TT

?!

?T

55O

V?

T!

VV

YV

T?

Test

Time

Hours

Test

Channel

Position

Front

?T

t!

Rear

v?

Y!

Front

TT

VT

Rear

?T

V!

Front

VV

TT

Rear

T!

VT

150

TV

V?

T?

?!

1000

T?

TT

TT

TT

?V

1000

?Y

VT

?T

T!

?T

1000

T!

?T

TT

T?

Front

TT

TI

Rear

?!

Test

Channel

Number

7

8

9

7

8

9

7

8

9

7

8

9

7

8

9

7

8

9

7

8

9

7

8

9

Applied

Stress

K.S.I.

57.5

60.0

62.1

57.7

61.0

62.5

69.5

68.0

66.2

70.6

68.5

66.5

66.9

69.4

72.1

67.5

70.0

72.5

71.4

69.4

67.1

72.5

70.0

67.5

237



Material

Ti 5AI-2.5 Sn

T!

V!

_T

T!

V_

Ti 5A1-2.5 Sn

TT

Table 52. Onset of Creep Stress Measurement of Ti 5A1-2.5 Sn

Summary of Applied Stresses (Sheet 3 of 3)

Test

Temperature

Nominal - ° F

6OO

?T

TT

TT

_T

TT

65O

_T

t!

IV

VT

Test

Time

Hours

1000

V?

W

VT

TV

v!

1000

_T

T_

T!

_T

Test

Channel

Po sition

Front

VT

?T

Rear

t!

T?

Front

TT

T!

Rear

Vt

T!

Test

Channel

Number

7

8

9

7

8

9

7

8

9

7

8

9

Applied

Stress

K.S.I.

59.1

62.0

64.7

60.0

62.5

65.0

56.6

59.5

62.2

57.5

60.0

62.5

I

I
I

I
i
I

I
I

I
I

I
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I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

Table 53. Onset of Creep Stress Measurement of PH 15-7 Mo

Summary of Applied Stresses (Sheet 1 of 3)

Material

PH 15-7 Mo

TI

II

IT

IT

II

PH 15-7 Mo

IT

IT

IT

IT

tT

PH 15-7 Mo

IT

t!

IT

IT

TT

PH 15-7 Mo

TI

IT

IT

TT

Test

Temperature

Nominal - ° F

45O

IT

II

II

II

TI

500

TT

TT

IT

TI

IT

550

II

II

TT

II

II

600

IT

IT

TT

II

TI

T e st

Time

Hour s

150

IT

TI

VV

Vl

TT

150

IT

TT

IT

TI

IT

150

150

TT

*I

Vl

IT

Test

Channel

Position

Front

TT

TI

Rear

TT

IT

Front

TT

Rear

TT

TI

Front

IT

TT

Rear

TT

IT

Front

vl

Rear

TT

TT

Test

Channel

Number

1

2

3

1

2

3

1

2

3

1

2

3

1

2

3

1

2

3

Applied

Stress

K.S.I.

86.6

90.1

99.7

88.0

90.1

98.0

81.2

82.6

90.6

82.0

82.6

91.7

120.0

120.5

123.5

120.0

122.5

125.0

i00.0

101.0

103.7

100.0

102.5

105.0
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Table 53. Onset of Creep Stress Measurement of PI-I 15-7 Mo

Summary of Applied Stresses (Sheet 2 of 3)

Material

PH 15-7 Mo

I!

?!

?!

tr

T!

PH 15-7 Mo

t!

V?

VT

VV

VV

PH 15-7 Mo

VT

VV

YY

TV

?T

PH 15-7 Mo

?T

T!

TT

TT

Test

Temperature

Nominal - ° F

Test

Time

Hours

150

TT

TT

T!

TT

TT

1000

TT

VT

T!

TT

1000

VT

TT

TY

IT

VT

650

T!

W

VT

v!

450

VT

TT

TT

TT

T!

50O

TT

TT

YT

TT

VT

550

_T

1000

TT

TI

IT

TT

Test

Channel

Po sit ion

Front

TT

TT

Rear

Tf

*T

Front

TT

TT

Rear

TT

TT

Front

TT

TT

Rear

TT

TT

Front

TT

TT

Rear

?T

TT

Test

Channel

Number

1

Applied

Stress

K.S.I.

107.5

110.0

112.5

107.5

1

2

3

1

2

3

108.3

111.1

92.5

95.0

95.6

91.1

94.1

97.5

92.5

95.0

95.0

92.5

97.5

97.5

120.0

122.5

122.6

118.2

121.3

125.0

I

I
I

I
I

24O
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I

I

I

I

I

I

I

I

I

I

Table 53. Onset of Creep Stress Measurement of PH 15-7 Mo

Summary of Applied Stresses (Sheet 3 of 3)

Material

PH 15-7 Mo

TT

YI

T_

TI

II

PH 15-7 Mo

TI

Test

Temperature

Nominal - ° F

6OO

TT

I!

II

II

II

65O

II

T?

vl

Test

Time

Hours

1000

II

?I

II

?t

II

1000

II

Test

Channel

Position

Front

II

II

Rear

II

II

Front

II

II

Rear

TT

Test

Channel

Number

1

2

3

1

2

3

Applied

Stress

K.S.I.

100.0

102.5

103.0

98.5

101.5

105.0

107.5

110.0

112.5

105.9

108.9

114.7

I

I

I

I

I

i

I
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Table 54. Onset of Creep Stress Measurement of PH 14-8 Mo

Summary of Applied Stresses (Sheet 1 of 3)

Material

PH 14-8 Mo

TT

TT

T_

T!

_Y

PH 14-8 Mo

?!

t!

T_

TT

PH 14-8 Mo

T!

TT

T!

VT

T_

PH 14-8 Mo

VT

?T

TT

T!

Test

Temperature

Nominal - o F

450

T!

tT

_t

_T

TT

50O

TT

T!

T_

550

TT

T_

_V

T!

T_

6OO

?!

T_

?T

TT

TT

Test

Time

Hours

150

T!

T!

_V

T!

V!

150

TV

T_

T_

T_

150

T_

T_

TT

_Y

TT

150

T!

Y!

TT

Test

Channel

Position

Front

T_

tT

Rear

T_

Front

T!

T_

Rear

Front

Rear

Front

Rear

Test

Channel

Number

4

5

6

4

5

6

4

5

6

4

5

6

4

5

6

4

5

6

4

5

6

4

5

6

Applied

Stress

K.S.I.

128.4

133.0

145.6

128.4

134.2

145.6

91.5

101.4

106.0

91.7

102.4

107.3

124.2

127.5

130.0

125.0

127.8

130.3

124.3

127.4

130.0

125.0

127.5

130.0
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I

I
I

I
I

I
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I
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Table 54. Onset of Creep Stress Measurement of PH 14-8 Mo

Summary of Applied Stresses (Sheet 2 of 3)

i

I

I
I

I

I
I

I
I
I

I

I
I

I

I

Material

PH 14-8 Mo

tt

TT

T!

IT

_T

PH 14-8 Mo

IT

IT

T?

TT

??

PH 14-8 Mo

It

TT

IT

PH 14-8 Mo

IT

IT

IT

IT

V!

Test

Tempe rature

Nominal - ° F

65O

v?

T_

IT

IT

450

TT

IT

IT

IT

500

T!

T!

T?

T!

55O

TT

Y?

TT

Test

Time

Hours

150

TT

VT

vt

?!

1000

TT

T!

T!

1000

Tt

VT

?T

T!

1000

T!

?!

Test

Channel

Position

Front

TT

YT

Rear

T?

?T

Front

YT

TT

Rear

TT

T_

Front

T!

TT

Rear

TT

TV

Front

T_

T?

Rear

Test

Channel

Number

4

5

6

4

5

6

4

5

6

4

5

6

4

5

6

4

5

6

4

5

6

4

5

6

Applied

Stress

K.S.I.

125.0

127.5

130.0

124.4

127.9

129.5

121.7

124.4

127.0

122.5

125.0

126.7

97.5

100.0

102.5

97.5

100.0

102.5

124.2

127.0

130.0

125.0

127.5

129.7
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Table 54. Onset of Creep Stress Measurement of PH 14-8 Mo

Summary of Applied Stresses (Sheet 3 of 3)

I

I

I
Material

PH 14-8 Mo

t!

TT

t!

TT

TT

PH 14-8 Mo

Test

Temperature

Nominal - ° F

600

650

t!

t!

vt

Vt

t!

Test

Time

Hours

1000

v!

tt

t!

t!

t!

1000

tt

244

Test

Channel

Position

Front

?_

TT

Rear

T?

Test

Channel

Number

4

5

6

4

5

Applied

Stress

K.S.I.

124.2

127.0

130.0

125.0

127.5

t!

F ront

t!

Rear

?t

tt

6

4

5

6

4

5

6

129.7

125.0

127.5

130.0

125.8

128.0

129.7



I

!

I

Table 55. Onset of Creep Stress Measurement of AM 350

Summary of Applied Stresses (Sheet 1 of 3)

i

I
I

I
I

I
I

l
I
I

I

i

i
I

i

Material

AM 350

T!

T?

TT

?T

AM 35O

_t

?T

??

T_

TT

AM 350

TT

T!

T!

TT

T!

AM 350

?!

TT

T_

TT

T!

Test

Temperature

Nominal - ° F

450

TT

T¢

tT

T?

TT

50O

_T

TT

YT

T_

_T

55O

T?

T!

TT

T!

600

T_

TT

T?

T_

?T

Test

Time

Hours

150

TT

?T

V?

T!

?T

150

VT

TT

Tt

TT

150

?T

VT

Y!

T_

?T

150

?T

T!

T!

?T

Test

Channel

Position

Front

Tt

?T

Rear

T?

T_

Front

TT

TT

Rear

T!

Y!

Front

_T

?T

Rear

VT

?!

Front

?!

Rear

v_

Test

Channel

Number

7

8

9

7

8

9

7

8

9

7

8

9

7

8

9

7

8

9

7

8

9

7

8

9

Applied

Stress

K.S.I.

61.2

87.9

105.3

61.2

89.1

107.3

92.9

97.6

102.3

94.3

97.8

103.9

87.5

88.7

92.5

87.7

90.0

93.9

80.0

81.3

85.0

80.2

82.5

86.3
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Table 55. Onsetof Creep Stress Measurement of AM 350
Summary of Applied Stresses (Sheet2 of 3)

I

!

i
Material

AM 350

I!

IT

IT

IT

AM 350

T!

IT

_T

_T

T!

AM 350

I!

IT

TT

IT

IT

AM 350

I!

Test

Temperature

Nominal - ° F

650

II

VV

II

II

T!

45O

TT

T!

TT

T!

50O

v_

v?

_T

II

VT

550

TT

TT

IT

IT

Test

Time

Hours

Test

Channel

Position

Front

Rear

IT

_T

Front

VV

VT

Rear

l?

?I

Front

Vl

_t

Rear

T?

T!

150

TT

T!

IT

YT

150

YT

_T

t?

TT

VT

150

T_

TT

?!

T?

TV

150

v!

VV

IV

TV

v!

Front

_T

T!

Rear

?T

Test

Channel

Number

7

8

9

7

8

9

7

8

9

7

8

9

7

8

9

7

8

9

7

8

9

7

8

9

Applied

Stress

K.S.I.

80.0

82.5

85.0

79.3

81.3

86.3

84.8

87.5

89.5

85.0

85.7

90.0

82.5

85.0

87.5

82.5

85.0

87.5

87.3

90.0

91.9

87.5

88.2

92.5

i

I
I
I

I

I
I

I
I
I

I
I
I
I

I
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Table 55. Onset of Creep Stress Measurement of AM 350

Summary of Applied Stresses (Sheet 3 of 3)

I
I

I

I
I
I

I

I
I

I
I

I
I

I
I

I

Material

AM 350

Tt

TT

T!

Tt

TT

AM 350

T_

T!

V!

TT

TT

Test

Temperature

Nominal - o F

600

TY

TT

T!

T!

?!

650

T!

T?

VT

?T

Test

Time

Hours

150

?T

TV

T_

VT

150

VV

Y!

T_

V_

Test

Channel

Position

Front

TT

T!

Rear

VT

v_

Front

v!

T!

TI

T!

Test

Channel

Number

7

8

9

7

8

9

247

Applied

Stress

K.S.I.

80.0

82.5

85.0

80.0

82.5

85.0

80.0

82.5

85.0

80.2

80.9

85.5



Table 56. Onset of Creep Stress Measurement of Maraging Steel.

Summary of Applied Stresses (Sheet 1 of 3)

I
I

I
Material

AM 355

AM 355

AM 355

_T

Test

Temperature

Nominal - ° F

45O

500

550

TV

_T

Test

Time

Hour s

150

150

150

Test

Channel

Position

Front

Tt

TT

Rear

Front

Tt

TT

Rear

T!

TT

Front

TT

T!

Rear

Test

Channel

Number

1

1

3

2

3

Applied

Stress

K.S.I.

167.5

165.0

162.5

167.9

163.6

162.8

157.5

160.0

162.5

157.8

158.6

162.8

160.3

163.0

167.5

162.5

167.5

168.1

I
I
I

I
I

I
I

I
I

I
I
I
I

I
I
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I

I
I

I

I
I

I
I
I

I
I

I
I

I

I
I

I

I

Table 56. Onset of Creep Stress Measurement of Maragtng Steel.

Summary of Applied Stresses (Sheet 2 of 3)

Material

AM 355

IY

T!

I!

11

AM 355

T!

I?

I?

I?

_T

AM 355

TT

Vt

T!

?t

TI

AM 355

T!

TI

TT

I!

Test

Temperature

Nominal - ° F

600

I!

T!

650

I!

T!

TT

It

TI

450

T?

T!

I!

Tt

It

5OO

II

?I

II

II

II

Test

Time

Hours

150

?I

II

??

IT

150

II

IT

II

It

II

1000

II

IT

??

TI

TI

1000

It

Test

Channel

Position

Front

II

IT

Rear

tl

II

Front

?I

II

Rear

TI

TT

Front

?I

II

Rear

TI

TI

Front

?I

II

Rear

??

Test

Channel

Number

1

2

3

1

2

3

1

2

3

1

2

3

249

Applied

Stress

K.S.I.

152.5

153.7

157.5

152.8

155.0

157.8

140.0

137.8

135.0

135.8

137.5

136.6

157.5

159.6

162.1

156.2

160.0

162.5

152.5

154.6

157.0

150.0

155.0

157.5



T able 56. Onset of Creep Stress Measurement of Maraging Steel.

Summary of Applied Stresses (Sheet 3 of 3)

I
I

I
Material

AM 355

IT

T!

IV

Vl

AM 355

VV

V!

VV

TV

I!

AM 355

TT

11

Vl

VT

Test

Temperature

Nominal - ° F

550

Test

Time

Hours

Test

Channel

Position

T!

IT

Vl

Tf

t!

6OO

1000 Front

TT

IT

Rear

_T

T!

v!

T!

T!

V!

Vf

1000

65O

VV

tV

V!

V?

VV

Front

V! TT

" Rear

I? T!

1000

TI

T!

VT

IT

Front

TT

T!

Rear

fT

T!

Test

Channel

Number

1

2

3

1

2

3

1

2

3

1

2

3

Applied

Stress

K.S.I.

152.5

150.0

147.5

152.8

148.7

147.7

152.5

154.6

157.1

150.0

155.0

157.5

140.0

137.3

135.0

137.7

137.5

135.4

250
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I

I
I

I
I
I

I
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Table 57. Onset of Creep Stress Measurement of Maraging Steel.

Summary of Applied Stresses (Sheet 1 of 3)

I
I

I
I

I
I

I
I

I
I

I
I

I

I
I

Material

Maraging

Ste,_l

T!

Y!

TT

T?

Maraging

Ste_l

I!

II

T!

Maraging

SteR1

IT

?T

_T

T!

Maraging

Ste_l

Test

Temperature

Nominal - ° F

45O

IV

T!

TT

IT

?T

5O0

IV

TI

?T

?T

T_

55O

TI

T!

T!

T?

?T

6O0

TT

Test

Time

Hours

150

TT

?T

TV

TT

Test

Channel

Position

Front

?T

TT

Rear

?I

T?

150

T!

TT

T?

?t

l?

150

TT

TT

_T

TT

?!

150

T!

TI'

T!

Front

?I

_T

Rear

tT

Front

I!

T?

Rear

T_

Front

It

TT

Rear

T!

Test

Channel

Number

4

5

6

4

5

6

4

5

6

4

5

6

4

5

6

4

5

6

4

5

6

4

5

6

Applied

Stress

K.S.I.

187.5

190.0

192.5

190.0

187.8

193.2

165.2

170.0

172.5

167.5

168.0

173.1

147.5

148.7

152.5

147.7

150.0

152.8

137.5

139.4

142.5

138.4

140.0

143.0

I



Table 57. Onset of Creep Stress Measurement of Maraging Steel.

Summary of Applied Stresses (Sheet 2 of 3)

Material

Maraging

Ste_l

;!

T!

;!

Maraging

Ste_l

Maraging

Ste_l

1;

;1

;!

Maraging

Ste_l

Test

Temperature

Nominal - ° F

65O

IT

IT

TT

1;

450

IT

T?

1?

?!

5OO

v;

?I

1;

1T

55O

T;

;!

;T

Test

Time

Hours

150

;!

T;

1000

?;

I;

1;

1000

I;

T;

v;

T;

1000

;!

1;

Test

Channel

Po sition

Front

;I

Rear

Front

;T

Rear

Front

V;

Rear

V;

Front

Rear

;I

Test

Channel

Number

4

5

6

4

5

6

4

5

6

Applied

Stress

K.S.I.

135.0

132.5

4

5

6

4

5

6

4

5

6

4

5

6

4

5

6

130.0

134.2

133.0

130.0

167.5

170.0

172.5

165.5

167.2

172.2

187.5

190.0

192.5

185.3

186.8

192.3

162.5

165.0

167.5

160.2

163.1

168.1

I

I

I
I
I
I

I
I

I
I

I
I

I
I
I
I

I
I

252 I
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Table 57. Onset of Creep Stress Measurement of Maraging Steel.

Summary of Applied Stresses (Sheet 3 of 3)

I

I
I

I

I
I
I

I

Material

Maraging

St_,el

T!

TT

T?

T?

Maraging

Ste_l

T_

_T

T!

Test

Temperature

Nominal - ° F

600

VT

TT

T!

T!

?!

650

t!

YT

T e st

Time

Hours

1000

T!

T!

T!

T!

TT

1000

TT

Test

Channel

Position

Front

TT

tT

Rear

TT

T?

I!

Front

TT

TT

Rear

Test

Channel

Number

Applied

Stress

K.S.I.

137.5

140.0

142.5

135.8

137.6

142.5

135.0

134.7

130.1

133.4

132.5

130.5

I

I
I

I

I
I

I
I 253
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Table 88. Onsetof Creep Stress Measurement of Ti 8AI-IMo-IV
Summaryof 150-Hour Creep Test Results

Temperature
°F

450

450

450

450

450

450

500

500

500

500

500

500

55O

550

550

550

550

550

600

6OO

6OO

600

6OO

600

65O

650

65O

650

650

650

Stress

KSI

73.8

75.0

78.0

80.0

87.0

87.5

68.8

70.0

73.1

75.0

79.5

80.0

74.9

76.3

76.4

76.4

76.8

77.5

76.3

77.5

78.0

80.0

82.0

82.5

57.1

58.0

58.5

60.0

64.6

65.0

Creep Rate

In./In./Hr

.000000010

NIL

•000000010

.000000010

.000000022

.000000050

.000000060

.000000015

.000000040

• 000000011

.000000100

NIL

• 000000049

. OOOOOOOO5

.000000060
NIL

.000000011

NIL

.000000012

• 000000024

NIL

NIL

NIL

NIL

NIL

.000000010

.000000625

.000000067

NIL

.000000110
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Table 89. Onset of Creep Stress Measurement of Ti 6A1-4V

Summary of 150-Hour Creep Test Results

Temperature

"F

45O

45O

450

45O

450

45O

500

500

500

500

500

500

550

550

550

550

550

550

60O

600

600

60O

6O0

60O

650

650

65O

650

650

650

Stress

KSI

85.0

87.0

90.0

91.3

95.0

96.2

85.0

87.0

90.0

91.3

95.0

96. I

75.0

76.8

77.0

80.0

82.5

83• 5

62.5

63.9

65.0

65.9

72.5

73.4

50.0

51.2

55.0

55.8

60.0

60.7

Creep Rate

In./In./Hr

.000000030

NIL

• 000000030

NIL

• 000001800

NIL

• 000000017

NIL

.000000026

NIL

• 000001500

.000000090

•000000060

•000000008

.000000032

NIL

NIL

NIL

NIL

NIL

• 000000040

.000000176

• 000000037

NIL

.000000110

.000000024

• 000000300

.000000016

.0OO00O60O

NIL

395



Table 90. Onset of Creep Stress Measurement of Ti 5A1-2.5 Sn

Summary of 150-Hour Creep Test Results

Temperature

°F

450

450

450

450

450

450

500

500

500

500

500

500

550

550

550

550

550

550

600

600

600

600

600

600

650

650

650

650

650

650

Stress

KSI

62.0

62.3

65.0

67.3

69.5

70.0

65.0

65.3

70.0

72.5

74.3

75.0

67.5

67.7

70.0

72.5

72.5

73.2

62.5

64.3

65.0

66.9

67.3

67.5

57.5

57.7

60.0

61.0

62.1

62.5

Creep Rate

In./In./Hr

Nil

0.00000013

Nil

0.00000022

Nil

0.00000280

Nil

Nil

0.00000040

0.00000050

Nil

0.00000040

Nil

0.00000008

Nil

Nil

0.00000014

Mal-funetion

Nil

0.00000130

Nil

Nil

Nil

0.00000240

Nil

0.00000015

Nil

Nil

Nil

0.00000015
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Table 91. Onset of Creep Stress Measurement of AM-350 SCT

Summary of 150-Hour Creep Test Results

Temperature

°F

450

450

450

Stress

KSI

61.2

61.2

87.9

Creep Rate

In./In./Hr

0.00000003

0.00000011

Nil

450

450

450

5OO

5OO

50O

50O

5O0

5OO

550

55O

550

550

55O

550

600

600

600

600

600

600

650

650

650

650

650

650

89.1

105.3

107.8

92.9

94.3

97.6

97.8

102.3

103.9

87.5

87.7

88.7

90.0

92.5

93.9

80.0

80.2

81.3

82.5

85.0

86.3

79.3

80.0

81.3

82.5

85.0

86.3

Nil

Nil

Nil

0.00000008

Nil

Nil

0.00000047

Nil

Nil

Nil

Nil

Nil

Nil

Nil

Nil

Nil

Nil

Nil

Nil

Nil

Nil

Nil

Nil

Nil

Nil

Nil

Nil
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Table 92. Onset of Creep Stress Measurement of AM-355 CRT

Summary of 150-Hour Creep Test Results

Temperature
°F

450

450

450

450

450

450

Stress

KSI

162.5

162.8

163.6

165.0

167.5

167.9

.5

.8

500 157

500 157

Creep Rate

In. / In./Hr

Nil

Nil

Nil

Nil

Nil

Nil

Nil

Nil

500

500

500

500

55O

55O

55O

55O

55O

55O

600

600

600

600

600

600

650

650

650

650

650

650

158

160

162

162

.6

.0

.5

.8

160.3

162.5

163.0

165.0

167.5

168.1

152.5

152.8

153.7

155.0

157.5

157.8

135.0

135.8

136.6

137.5

137.8

140.0

Nil

Nil

Nil

Nil

0.00000062

Nil

0.00000081

Nil

Nil

0.00000047

0.00000014

Nil

Nil

Nil

0. 00000016

Nil

Nil

Nil

Nil

Nil

Nil

Nil
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Table 93. Onset of Creep Stress Measurement of PH 15-7 Mo, Condition RH 1000

Summary of Creep Test Results

Temperature

oF

450

450

450

450

450

450

500

500

500

500

500

500

550

550

550

550

550

550

600

600

600

600

600

600

650

650

650

650

650

65O

Stress

KSI

86.6

88.0

90.1

9O .1

99.7

98.0

81.2

82.0

92.6

82.6

90.6

91.7

120.0

120.0

120.5

122.5

123.5

125.0

100.0

100.0

101.0

102.5

103.7

105.0

107.5

107.5

Creep Rate

In./In./Hr

Nil

0.00000008

0.00000002

0.00000008

Nil

Nil

Nil

Nil

Nil

Nil

Nil

Nil

107.5

108.3

111.1

112.5
t

Nil

Nil

Nil

Nil

Nil

Nil

Nil

Nil

Nil

Nil

Nil

Nil

0.00000008

0.00000089

Nil

Nil

Nil

Nil
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Table 94. Onset of Creep Stress Measurement of PH 14-8 Mo, Condition RH 1050

Summary of 150-Hour Creep Test Results

Temperature

°F

450

450

450

450

450

450

500

500

500

500

500

500

55O

550

55O

550

55O

550

6O0

60O

600

600

600

600

650

650

650

650

650

650

Stress

KSI

128.4

128.4

133.0

134.2

145.6

145.6

91.5

91.7

101.4

102.4

106.0

107.3

124.2

125.0

127.5

127.8

130.0

130.3

124.3

125.0

127.4

127.5

130.0

130.0

124.4

125.0

127.5

127.9

129.5

130.0

Creep Rate

In./In./Hr

Nil

0.000000008

0.000000024

Nil

0.000000071

0.000000004

Nil

Nil

Nil

Nil

Nil

0.000000048

Nil

Nil

Nil

Nil

Nil

Nil

Nil

Nil

Nil

Nil

Nil

Nil

Nil

Nil

Nil

Nil

Nil

Nil

4OO
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Table 95. Onset of Creep Stress Measurement of 18% Nickel Maraging Steel

Summary of 150-Hour Creep Test Results

Temperature
oF

450

450

450

450

450

450

500

500

50O

500

500

500

550

550

550

550

550

550

60O

600

600

600

600

60O

650

650

650

650

650

650

Stress

KSI

187.5

187.8

190.0

190.0

192.5

Creep Rate

In./In./Hr

Nil

Nil

0.00000017

193.2

165.2

167.5

168.0

170.0

172.5

173.1

Nil

Nil

Nil

Nil

Nil

Nil

Nil

147

147

148

150

152

152

.5

.7

.7

.0

.5

.8

137.5

138.4

139.4

140.0

142.5

143.0

130.0

130.0

132.5

133.0

134.2

135.0

0.00000058

Nil

0,00000120

Nil

Nil

0.00000095

0.00000007

Nil

0. 00000024

0.00000033

0.00000010

Nil

Nil

0.00000010

Nil

Nil

Nil

0.00000009

401



Table 96. Onsetof Creep Stress Measurement of Ti 8AI-IMo-IV
Summaryof 1000-Hour Creep Test Results

Temperature
°F

450
450
450
450
450
450

5OO
5O0
50O
5OO
5OO
50O

55O
55O
55O
550
55O
55O

600
600
600
600
6OO
600

650
650
650
650
650
650

Stress
KSI

87.5
86.2
85.0
83.0
71.5

Creep Rate
In./ln./Hr

0.00000007

0.00000059

0.00000007

0.00000015

0.00000014

71.0

70.0

68.3

67.5

66.5

65.0

64.5

77.5

75.6

75.0

73.9

72.5

71.9

80.0

77.5

75.6

75.0

73.9

72.5

62.5

62.0

60.0

58.6

57.5

51.7

Nil

0.00000012

0.00000048

0.00000056

0.00000111

0.00000033

0.00000012

0.00000363

0.00000363

0.00000205

0.00000363

0.00000126

0.00000237

0.00000033

0.00000022

0.00000022

0.00000022

0.00000033

0.00000012

0.00000395

0.00000435

0.00000332

0.00000320

0.00000253

0.00000190
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Table 97. Onset of Creep Stress Measurements of Ti 6A1-4V

Summary of 1000-Hour Creep Test Results

I

I
I

I

I
I
I

I
I

I
I

I

I
I

I
I

Temperature

o F

450

450

450

450

450

450

500

500

500

500

500

500

550

550

550

550

550

550

600

600

600

600

600

600

650

650

650

650

650

650

Stress

KSI

87.5

86.2

85.0

83.0

71.5

71.0

90.0

89.5

85.0

85.0

82.5

82.3

82.5

82.3

77.0

77.0

75.0

74.6

65.0

65.0

Creep Rate

In./In./tIr

0.00000007

0.00000059

0.00000007

0.00000015

0.00000014

Nil

0.00000853

0.00000964

0.00000790

0.00000711

0.00000632

0.00000632

0.00000175

0.00000135

0.00000124

0.00000174

0.00000395

0.00000079

0.00000095

Indeterminate

65.0
I

65.0

62.5

62.1

52.5

52.4

50.0

50.0

47.5

47.2

Nil

Nil

0.00001232

0.00000955

0.00000174

0.00O00205

0.00000142

0.00000095

0.00000115

0,00000113
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Table 98. Onset of Creep Stress Measurement of Ti 5A1-2.5 Sn
Summary of 1000-Hour Creep Test Results

Temperature
, F

450
450
450
450
450
450

50O
5OO
5OO
50O
5O0
5OO

55O

550

550

55O

55O

55O

600

600

600

600

600

600

650

650

650

650

65O

65O

Stress

KSI

70.6

69.5

68.5

68.0

66.5

66.2

72.5

71.4

70.0

69.4

67.5

67.2

72.5

72.1

70.0

69.4

67.5

66.9

65.0

64.7

62.5

62.0

60.0

59.1

62.5

62.2

60.0

59.2

57.5

56.6

Creep Rate

In./In./Hr

0.00000004

0.00000049

0.00000003

0.00000048

0.00000003

0.00000044

0.00000045

0.00000072

0.00000034

0.00000045

0.00000012

0.00000034

0.00000521

0.00000324

0.00000261

0.00000221

0.00000150

0.00000079

0.00000012

0.00000012

0.00000033

0.00000033

O.000OO012

0.00000033

0.00000111

0.00000284

0.00000574

0.00000095

0.00000032

0.00000031

4O4

I

I

I
I

I

I
I

I

I
I
I

I

I
I
I
I
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Table 99. Onset of Creep Stress Measurement of PH 15-7 Mo, Condition RH 1100

Summary of 1000 Hour Creep Test Results

Temperature

oF

450

450

450

450

450

450

500

500

500

500

500

500

550

550

550

550

55O

55O

60O

600

600

600

600

600

650

650

650

650

650

650

_ress

KSI

91 .i

92.5

94.1

95.0

95.6

97.5

92.5

92.5

95.0

95.0

97.5

97.5

118.2

120.0

121.3

122.5

122.6

125.0

98.5

100.0

101.5

102.5

103.0

105.0

105.9

107.5

108.9

110.0

112.5

114.7

Creep Rate

In./In./Hr

0.00000008

0.00000055

0.00000032

0.00000095

0.00000111

0.00000040

0.00000095

0.00000142

Nil

0.00000190

0.00000221

0.00000205

0.00000040

0.00000040

0.00000063

0.00000063

0.00000071

0.00000063

Nil

Nil

Nil

Nil

0.00000002

0.00000041

0.00000003

0.00000007

0.00000023

0.00000012

0.00000109

0.00000019
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Table 100. Onsetof Creep Stress Measurement of PH 14-8 Mo, Condition RH 1050
Summaryof 1000-Hour Creep Test Results

Temperature
°F

Stress
KSI

450 121
450 122
450 124
450 125
450 126

.7

.4

.5

.0

.7

450

500

500

500

500

500

500

550

550

550

550

550

550

600

600

600

600

600

600

650

650

650

650

650

650

127.0

97.5

97.5

100.0

100.0

102.5

102.5

124.2

125.0

127.0

127.5

129.7

130.0

124.2

125.0

127.0

127.5

129.7

130.0

125.0

125.8

127.5

128.0

129.7

130.0

Creep Rate

In./In./Hr

0.00000016

0.00000016

0.00000016

0.00000055

0,00000055

0.00000073

0.00000032

0.00000032

0.00000063

O.0OOO0095

0.00000111

0.00000063

0.00000047

0.00000063

0.00000047

0.00000063

0.00000095

0.00000103

Nil

Nil

Nil

Nil

Nil

Nil

0.00000004

0.00000005

0.00000009

0.00000011

0.00000010

0.00000010
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Table 101. Onset of Creep Stress Measurement of AM-350 SCT

Summary of 1000-Hour Creep Test Results

Temperature

°F

450

450

450

450

450

450

5OO

5OO

5OO

5OO

5OO

5O0

55O

55O

55O

55O

55O

55O

600

600

600

600

600

600

650

65O

650

650

650

650

Str e s s

KSI

84.8

85.O

85.7

87.5

89.5

90.0

82.5

82.5

85.0

85.0

87.5

87.5

87.3

87.5

88.2

90.0

91.9

92.5

80.0

80.0

82.5

82.5

85.0

85.0

80.0

80.2

80.9

82.5

85.0

85.5

Creep Rate

In./In./Hr

0.00000032

0.00000055

0.00000079

0.00000047

0.00000063

0.00000111

0.00000047

0.00000032

0.00000069

0.00000063

0.00000063

0.00000047

0.00000146

0.00000158

O.00000387

0.00000387

0.00000363

0.00000332

0. 00000016

0. 00000008

0. 00000002

Indeterminate

O.00000007

Indeterminate

Nil

Nil

0.00000002

0.00000006

0.00000006

0.00000002

407



Table 102. Onset of Creep Stress Measurement of AM-355 CRT

Summary of 1000-Hour Creep Test Results

Temperature

°F

450

450

450

450

450

450

5OO

5OO

50O

5OO

5OO

5OO

550

550

550

550

550

550

600

600

600

600

600

600

650

650

650

650

650

650

Stress

KSI

156.2

157.5

159.6

160.0

162.1

162.5

150.0

152.5

154.6

155.0

157.0

157.5

147.5

147.7

148.7

150.0

152.5

152.8

150.0

Creep Rate

In./In./Hr

0.00000003

0.00000002

O.0OOOOO1O

Nil

0.00000003

0.00000083

Nil

Indeterminate

0.00000010

Indeterminate

0.00000080

0.00000095

0.00000015

0.00000081

0.00000039

0.00000120

0.00000167

0.00000107

0.00000008

152.5 0.00000016

154.6 Indeterminate

155.0

157.1

157.5

135.0

135.4

137.3

137.5

137.7

140.0

0.00000017

Nil

0.00000112

0.00000076

O.00O0OO32

0.00000125

0.00000095

Indeterminate

Indeterminate

4O8

I
I

I
I
I

I
I

I
I

I
I
I

I

I
I
I
I

I
I



I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

Table 103. Onset of Creep Stress Measurements of 18% Nickel Maraging Steel

Summary of 1000-Hour Creep Test Results

T empe r ature
°F

450

450

450

450

450

450

500

500

500

500

500

500

550

550

550

550

550

550

600

600

60O

60O

600

600

650

650

650

650

650

650

Stress

KSI

165.5

167.2

167.5

170.0

172.2

172.5

Creep Rate

In./In./Hr

Nil

0.00000002

0.00000036

0.00000031

0.00000012

0.00000015

185.3

187.5

186.8

190.0

0.00000009

0.00000016

0.00000007

0.00000003

192.3

192.5

160.2

162.5

163.1

165.0

167.5

168.1

135.8

0. 0000000 7

Indeterminate

0.00000010

0.00000017

0.00000011

0.00000003

Nil

Indeterminate

Indeterminate

137.5

137.6

140.0

142.5

142.5

130.1

130.5

132.5

133.4

134.7

135.0

0.00000002

O.00000009

0.00000003

0.00000067

0.00000004

Indeterminate

Nil

0.00000005

0.00000003

0.00000008

Indeterminate
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