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ABSTRACT

4 program of investigation has been undertaken to evaluate the resistance
of various material to thermal shocking, A preliminary analysis of thermal-shock
damage has been carried out on a theorestiecal basls. The results of this theoretieal
work indicate that the scope of the problex is so wide that purely analytieal
methods must be supplemented by experimental data,

An experimental program has therefore been set up to test fourteen materisls
for their relative resistance to severe repeated thermml shoek from the temperature
range of 1600 to 20009F. A suitable apparatus has been constructed and a standard
specimen shape has been devised which give reascnable reproducibility of results.
Excursions into the subjects of previous gpecimen history, mechanical fatigue, and
thermal wiggling have also been made.
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THERMAL—SHOCK INVESTIGATION

INTRODUCTION

Design of the turbine buckets is one of the most important problems of modern
aircraft gas turbines. This design problem is complicated by the presence of high
mechanical stressee, high temperatures, and a fatigue component, It is important
that a reasonable method be found for bucket design, since the durability of the
buckets appears to be one of the critical factors in the determination of the limita-
ing overhaul time for the gas turbine aircraft engine,

The usual approach to bucket design is based on known centrifugal stresses ine
terpreted from data on the short-time elevated-temperature tensile strength, creep
rate, and stress-rupture life of the material. Until recently fatigue effects have
usualiy been neglected because of lack of information about the fatigue=-producing
mechanism in the engine., Thermal effects can be included in the design if the op-
erating temperatures of the turbine can be found; but this has been done only roughly

and in s few cases,

Little attempt has been made to consider the effects of stress concentrations
in bucket design. Stress raisers such as lateral cracks are known to be absent from
the buckets, prior to their use, by virtue of 100-percent inspection of such parts
before assembly, However, it has been shown by experience that cracks are initiated
and developed in turbine parts during operation., These cracks act as stress raisers
in three ways, first by furnishing a stress concentration, second by reducing the net
section of material and thereby raising the nominal stress, and third by acting as
surfaces for the growth of oxides which force the cracks open. Further, cracks may
serve to nucleate fatigue failures, It has been observed that cracks have formed in
the operation of turbine blades, These service cracks have been found to be distri-
buted in such a manner that mechanical stresses alone would not have caused them to
appear. These cracks indicate that the leading edges of turbine blades operate in
tension, that the tension is almost uniform, and that cracks can be produced by re-
peated thermal straining. Examination of certain nonrotating parts of gas turbines
also revealed eracks which could not have been mechanical in origin (see Figs, la
and 1b).
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Fig. la, Photograph of Cracks in Vane of a Nozzle Diaphragm.

Fig. 1b. Photograph of Three-Vane Assembly from the
Nozzle Diaphragm from Which Fig, la Was Taken,
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In the light of this information, the Wright Air Development Center decided to
sponscr research on the resistance of materials to repeated and severe thermal stress-
ing. The basic test apparatus had been assembled by the Wright Air Development Center
and was loaned to the University of Michigan for use. This basic apparatus has been
redesigned and improved by several modifications., It uses an electrical resistance
heating cycle of 60-second duration followed by a cold-air-blast shock-cooling cycle
of 5-second duration, This operation has an effect on the specimen which is reason-
ably similar to that produced on a turbine blade during a flame-out or start-up in an
aircraft,

This research was conducted at the University of Michigan Engineering Research
Institute from April, 1951 to April, 1954,

OTHER INVESTIGATTONS

Previous investigations of cracking by thermal stress can be classified on the
basis of the ductility of the material tested. Norton® and Lidman and Bobrowsky®
worked on brittle ceramic materials, Whitman and others3 investigated metals which
bad & "reasonable" ductility, Avery and Matthews* studied brittle castings. The
work done on metals in reference 3 used a water cbolant, a conditicn which does not
prevail in gas turbine operation; therefore, this work was not considered strictly
applicable to the present case,

It is understood that others are working on the thermal-shock problem con-
currently with the present investigation; the Climax Molybdenum Company at Detroit,
Allison Engine Division of General Motors Corporation at Indianaspolis, General
Electric Company at Schenectady, Allegheny ILudlum Steel Company, and the National
Advisory Committee for Aeronautics are all reported to be interested in this problem,

THEORETICAL ANALYSIS

Since thermal shock is essentially a problem in heat transfer, the effects of
conduction, convection, and radiation must be considered immediately. In the type
of test which uges a blast of cold air to provide the thermal shock, the most im-
portant means of heat transfer is convection. Conduction is not negligible however,
as a considerable amount of heat is drawn from the specimen into the water cooling
system in the grips at the ends of the test piece, It is recognized that for the
test piece, the ratio of the convection heat loss to the conduction heat loss is not
80 high as the same ratioc for similar material in the shape of & turbine bucket be-
cause of the relatively larger conduction loss for the test piece, To allow for this,
the velocity of the air blast has been made as high as possible (Mach 1) to maximize
the convectlon effect, The effects of radiation are considered to be very small in
contrast to conduction and convection and are ignored for both the test piece and the
turbine bucket, In addition to the heat-transfer effects, certain specific properties
of the materials must also be taken intc consideration in evaluating thermal -shock
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resistivity. Such factors as thermal-expansion coefficient, Poisson's ratio, yield
point at the working temperature, thermal diffusivity, thermal conductivity, and
‘duetility are involved in the analysis. Apparently, the material which develops

the smallest thermal stress in proportion to the yield-point stress will be the best
materinl in thermal -shock resistance, Such a material would then have a high thermal
conductivity and diffusivity to prevent loccalized steep thermal gradients, & low ex-
pansion coefficient to reduce the thermal strains, a high yield stress and ductility
to permit the maximum thermal stresses to be resisted, and a small value for Poisson's
ratio to reduce lateral strains to a minimum, Generally, these specific properties
of the material are most influential in the initiation of a crack in a thermal-shock
specimen, Once & crack has been started, however, the phenomenon changes from crack
initiation to crack propagaticn.

Corrosion resistance and oxidation are also of importance, It is known that
single thermal shocks do not produce cracking in ductile materials and that the
failure must therefore be progreasive, Closely related factors are fatigue re-
gistance and the deterioration of mechanical and metallurgical properties immedi-
ately prior to crack formetion, It has been thought that the mechanism of mechanical
fatigue and the mechaniem of thermal fatigue are probably related.

In summary, the analysis of the problem may be set down in terms of the groups
of varisbles which may be expected to affect the thermal-shock resistance of a ma-
teriel, The first group constitutes the external conditions of the test, These are
ususlly referred to as the boundary conditions and are

External temperatures
Velocity of coolant
Properties of coolant
Specimen dimensions
Time

A second group of variables consists of the thermal, mechanical, and metallurgi-
cal properties of the material. These are

Thermal Properties Mechanical Propertles Metallurgical Properties
Specific heat Elastlc modulus Structure
Thermal diffusivity Poisson's ratio Composition
Emissivity Stress rupture Stresses and strains
Thermal conductivity Fatigue strength Chemical reaction
Thermal expansion Creep Surface separations
Yield strength
Ductility
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APPROACH TO THE PROBLEM

Unfortunately, several of the twenty-two variables are related, and may even
be related in several ways. It 1s believed that the combinations of external boun-
dery conditions and material properties give rise to certain changes which lead to
the production of micro-cracks and subsequent failure by fatigue, It does not appear
feasible to analyze the thermal-shock phenomenon in terms of each of the twenty-two
separate factors; therefore, the common approach of lumping several items together
has been used in accordance with the method of concomitant variaticns,

All the external conditions have been taken as a unit by deciding on a certain
size and shape of specimen for all tests, using a common cooclant (air at 85 psi),
and setting up a definite time sequence for all testing operations, The temperature
of the specimen is the only variable in this group,

Of the thermal Properties, only the conductivity and the expansion coefficient
are thought to be important quantities in thermal shock., The metallurgical properties
are largely dependent on Previous conditions and are not subject tc control in a series
of subsequent experiments; therefore they are ignored, Of the mechanical broperties,
only the siress-rupture and fatigue-strength variables are considered for correlation
with test results, Variation of any of the properties during the shocking process has
not been considered,

Using this basiec analysis as a reference, the attack on the problem was focussed
on the following items:

1, The development of a reliable thermal -shocking apparatus using compressed
air as the coolant,

2, The invention of a reasonably reproducible test, ineluding a reasonable
definition of thermal-shock failure. '

3. The production of an ordered list of the thermsal -shock resistances of
various materials,

It is realized that the experimental method broposed cannot yield the funda=-
mental parameters of the deterioration Phenomenon which leads to cracking under
thermal-shock conditions, However, it is possible, by experimental means, to obtain
informetion of much practical use in the determination of economic overhaul inters
vals and in the evaluastion of the merits of varicus materials, In this report most
of the data are intended to serve as a datum for the thermal-shock resistance of a
given material. This datum has been obtained bty evaluating the material without
brevious exposure to stresses, fatigue, or elevated stress-temperature pretreatment.

It was hoped that a certain amount of work could be done on the detericration
process which accompanies failure by thermsl cracking, It was Planned to test the

materials under both thermal-shock and stress-rupture conditions in order to produce
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thermal-shock failure in a given number of cycles, An arbitrary number of cycles,
about 100, was chosen for a working basis, Time did not permit any evaluations.
Impact tests to measure deterioration could not be used, since they depend on bulk
properties of the material and only a small portion near the shocked edge of the
test specimens suffered appreciable deterioration. Rotating-beam fatigue tests re-
quired preparation of an excessive number of specimens and, thus, were impracticable,

APPARATUS

The testing rig which was originally used on this work was borrowed as & unit
from Wright Air Development Center and subsequently altered a number of times to fit
the immediste needs of the studles, Four new testing units were assembled using the
Wright Air Development Center unit as a model, but incorporating extensive modification

Basically the units consist of two components, &n operating part and a control
part, The operating part holds the specimen, heats it as desired, cools it with an
air blast, and has equipment for observing the specimen from time to time., The con-
trol unit contains the timers for maintaining uniformity of the heating and cooling
cycles, temperature-regulating devices, power-supply controls, and a cumulative-cycle
counter,

The testing cycle consists of a l-minute heating period followed by & 5-second
cooling blast of air. The specimen is heated by using the secondary circuit of a
step-down transformer, Local heating of the test section regsults from a reduction
in the area of the test pilece at the test section, thus providing a higher local
resistance for the heavy flowing currents, Control of the time of the heating cycle
is obtained by setting a variac manually to fix the input voltage to the primary
side of the transformer at such a value that the maximum desired specimen temperature
ig resched in one minute, The end of the heating cycle is determined by a Wheelco
control which is asctuated by a radiation pyrometer, When the pyrometer measures &
gpecimen temperature corresponding to the setting of the Wheelco eontrol, the heat-
ing current stops and the alr blast turns on for 5 seconds. The duration of the air
blest is controlled by an electric timer. At the end of 5 seconds the air blast is
stopped, the heating current begun again, and the cycle repeated,

The original equipment is shown in Figs. 2a, 2b, and 3. The first alterstions
were the addition of a plenum chamber to improve the uniformity of the velocity of
the air blast, and enlargement of the piping to reduce friction losses during the
blast cycle, Also, a second operating setup was installed in the original test
freme (Fig. 4). In this new device the temperature of the specimen was measured
by a total-radiation pyrometer, instead of the thermocouple previously used, since
the drilling of a thermocouple hole in the specimens had proved troublesome, and
the hole mlso acted as an undesired stress ralser,

A further change was made at this time by integrating the air nozzle with the
specimen holder as shown in Fig. 5. This resulted in better alignment of the air
blast with the edge of the piece being tested, At this same time it was noted that
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Fig, 2, Original Test Setup.

WADC TR 54=206 1



——Step~down
transformer

Accumulator
tank

— Valve

t:::::pecimen
ozzle

Fig. 3, Original Test Setup.
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Fig. 4., Interior of 0ld Test Rig Showing Setup with Two Specimens,
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Radiation

Pyrometer — Nozzle

~—>Support

Figs 5. Details of Setup with Radiation Pyrometer and Specimen Supports,

the test pieces were bulging badly when heated because thermal expansion was not per=-
mitted (Fig. 6). A redesign of the grips to permit axial motion was incorporated
resulting in the arrangement shown in Fig. 7. This figure also shows a change from

a flattened-tube type of air nozzle to a precision movable-wall type. This new nozzle
provided for adjustment of the air velocity to about Mach 1l, as determined by Schlieren
means. Use of this nozzle required the construction of a sound-deadening chamber to
surround the entire operating portion. This consisted of a framework filled with batts
of slag wool (Fig. 8). The final addition to the operating rig was the installation
of a telescope to permit the observation of the specimen during a test (Fig. 9). The
control panel had to be rebuilt to accommodate two sets of controls; it is shown in
Fig. 10.

It was soon realized that the use of only two test units would unduly prolong
the investigations., The construction of four additional units was therefore begun,
with the design bpsed on the modified WADC equipment., A completely new design was
worked out to permit rack mounting of the control equipment, as shown in Fig, 11,
The operating rigs were redesigned to permit easier thermal expansion to take place,
and the nozzles were provided with water-cooling passages, (Figs. 12c and 12d). Re-
finements were included which permitted more accurate positioning of the specimen,
and the installation of automatic recording camera equipment to allow 24 -hour-per-
day operation (Figs. 12 and 13).
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Grooved Cracks

f Cracks

Fig. 6. Compressive Plastic Flow Produced by Tests in
Rigid Specimen-Nozzle Holders, Specimen No, 39 (top)
and No. 43 (bottom), about 2X scale, Specimen No. 39
shows the face at which the air jet pointed, whereas

Specimen No, 43 shows the face adjacent to the cooled
face,

Radiation
Pyrometer
Grdp Specimen
ozzle
Holder
Frame

Fig. 7. Front View of Specimen Holder, Specimen,
Air Nozzle, and Radiation Pyrometer, (0ld Rig).
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Exterior of Sound-Minimizing Chamber Surrounding Test Rig.
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Fig. 9. View of Specimen Holder with Measuring
Telescope in Position to View Specimen,
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Fig, 10, Control Panel (WADC, Modified)
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Fig. 11, Control-Panel Assemblies,
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Fig, 12a, Operating Unit, View above Deck,
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Fig, 12bs Operating Unit, View below Deck.
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Fig. 1l2c, Precision Nozzle, Throat Side,

Fig, 12d, Precision Nozzle, Back Removed to
Show Water Channels,
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Fig. 13, Automatic Camera Setup.

Water cooling of the nozzles was necessary because of the closeness of the nozzle
orifice to the heated specimen. It was found that radiation from the specimen was
sufficient to heat the brass parts of the nozzle to such a temperature that the dimen-
sions of the orifice would change appreciably and affect the performance of the air
blast. The hot nozzle parts also adversely affected the uniformity of the air blast,
since they had to be cooled by the air at the beginning of each blast, By keeping
the nozzle at a uniform temperature with cooling water, both these adverse effects
were reduced sppreciably.,

On one series of tests helium gas was used as the cooling medium, Tanks of the
gas were connected to one of the plenum chambers as shown in ﬁig. 14, and a plastic
liner was applied to the inside of the sound-deadening chamber to reduce the escape
of gas during the tests.

A schematic diagram and parts list for the operating and control units are included
in the appendix.
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Fig. 14, Helium Test Apparatus.

SPECIMEN

One of the primary problems in this research was the design of a suitable test
specimen, To be satisfactory, the specimen had to yield reasongbly reproducible re-
sults, be simple to prepare, permit accurate temperature determinations while a test
was in progress, and permit easy detection of cracks. The basic form of the test piece
chosen was a cylindrical rod about 1/2 inch in diameter and from 7 to 9 inches in length,
The center portion of this piece was then machined to a desired cross section, Removal
of material in the machining process provided the necessary local increase of glectri-
cal resistance to develop local heating of the test section,

Several cross-section shapes were investigated., A round section was first chosen
because of its simplicity, As shown in Fig. 15, such a section does not possess any
sharp edges; hence the tendency for a shallow crack to develop into a groove is pro-
nounced., This grooving action made accurate crack detection very difficult, and
pointed to the development of a cross section with a sharply defined edge, The use of
an edge of finite width permitted a more accurate definition of cracking by setting an
arbitrary standard of crack length. When a crack had progressed across the given edge,
usually about 0.030 to 0.040 inch, it was sald to be complete and failure by cracking
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Figes 15. Thermal-Shock Specimen of Round Cross Section, Showing
Grooves after Test; Type 347 Stainless Steel.

to have occurred, Next a specimen of square cross section was developed and proved
relatively easy to make, However, crack detection was still troublesome and the
reproducibility was poor, This type of test piece is shown in Fig. 16.

Fig. 16, Thermal-Shock Specimen of Square Cross Section.
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From the square section it was learned that an edge sharper than a right angle
was needed, This indicated that a triangular, diamond-shaped, or hollow-ground sec-
tion might work, The hollow-ground specimen gave easily detectable cracks, but this
shape was so hard to manufacture to specifications that it was abandoned. The diamond
shape also gave easy crack detection, but it was very hard to measure the temperature
of such & specimen with a radiation pyrometer, Hollow-ground and diamond shapes are
shown in Figs, 17 and 18,

The triangular shape was finally developed and used throughout the remsinder of
the tests. This final specimen shape is shown in Fig. 19, It could be made at reason-
able cost, permitted easy crack detection, and allowed temperature measurement by
mounting the specimen so that the back face was perpendicular to the sight line of a
radiation pyrometer,

In some of the early work the temperature was measured by inserting a thermo=-
couple into a hole which was drilled along the axis of the piece, This hole was
very difficult to drill in materials as hard as saome of those tested, In addition,
it acted as a stress raiser and thus interfered with the reproducibility of results,
Some of these pieces with center holes are shown in Fig, 20.

Fatigue specimens were occasionally employed to determine mechanical properties
at high stresses and room temperature, Figure 21 illustrates the shape of specimen
used for this purpose. Some thermal-shock specimens were also prefatigued before
shocking, The same machine (Fig. 22) was used for both types of fatigue work, It
has a special low-speed drive to avoid overheating of the pieces, and loads the pieces
in pure bending by the addition of dead weights,

Fig. 17. Diamond-Shaped Specimen of Type 304 Stainless Steel, Fractured
during Overheating in Thermal-Shock Test., Axial load was caused by
lower electrode and grip.
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Fig. 18, Thermal-Shock Specimens of Hollow-Cut Cross Section.,
Top specimen is Type 347 stainless steel; bottom specimen is
Inconel,

i
!
- - ‘g .
Pl
030
M.
o 7" SECTION A-A

Fig, 19, Thermal=~Shock Specimen
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Fig. 20, Triangular Specimens with Thermocouple Holes,
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Fig. 21, Fatigue Specimen,
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Fige 22. Low-Speed Fatigue Machine (1800 rpm).
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TEST "PROCEDURE

The first step in conducting a test is calibration of the radiation pyrometer
against a special specimen of the material under consideration which has an addition-
al thermocouple, The specimen, after possible mechanical or thermsl Pretreatment,
is then measured for edge width, inserted in the water-cooled chucke, and positioned
in the holder, The radiation byrometer is sighted on the back side of the gpecimen,
The air nozzle is adjusted to give proper impingement of the air againet the edge of
the test piece, and the heating voltage is adjusted by setting the variac to give a
l-minute heating cycle, Any variations in the line voltage are compensated by manual
adjustment of the variac, Thermsal shocking is continued until a crack has formed and
brogressed across the measured edge width, defined as constituting a failure, In some
cases failure by other means than cracking occurs, such as softening and sagging, up-
setting, or gross erosion, These actions are allowed to tontinue to the point where
the air blast no longer strikes the specimen at the proper place or angle.

When failure by some means has taken Place, the specimen is removed from the
test stand and the thermocouple specimen is reinserted for final calibration of the
heat eye, The test temperature is taken as the mean of the initial and final cali-
bration temperatures. Usually the final calibration temperature is higher than the
initial temperature, due to contamination of the heat eye lens by dirt from the air
blast,

On most tests the development and Progress of a crack are eagily visible with
& 5X telescope, On some runsg, however, the crack appears during the night or over
a week-end period when no operator is on duty. In such cases an sutomatic record-
ing camers is installed to take & Picture of the specimen during each thermal shock,
The time of the shock and the number of the shock are also recorded on the film strip,
as shown in Fig, 23,

CRACK DEFIRITION

In the process of developing a sultable gpecimen shape it became spparent that
some sort of definition of what constitutes a failure would be needed, Fallure was
defined in terms of the cracking Phenomenon, and thus the meaning of the term crack
had to be get forth specifically,

The actual formation of & crack is Presumably a process by which some combination
of stress, temperature, and surroundings causes some of the gpecimen material to sepa-
rate from its immediate neighbors by a distance which exceeds a few molecular diameters
After this initial separation has taken place the phenomenon of cracking changes from
one of formation to one of growth.
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Fig. 23. Enlargement of One Frame of Automatic 35-mm
Camera Film Strip Showing Crack in Kennametal Type
K-152 B, Specimen No. 2 at 261 Cycles,
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It is possible to recognize a crack by optical inspection methods only when it
has grown to such & size asg to be visible on the surface when viewed under reascnable
magnification, Moreover, the crack must differ from the normal surface finish of the
specimen in shape, texture, or size if it is to be noticed, It is therefore convenient
to define & crack as a recognizable gap of a certain minimum length, reaiizing that
such a gap is a combination of both initial separation and subsequent growth, In this
work the minimum length has been taken as the width of the edge of the specimen, 0.030
to 0,040 inch, This definition proved suitable for all materials except the stainless
steels, which had a tendency to form grooves, rather than cracks, and thus obscure the
cracks,

Occasionally a crack would become filled with an oxide, which made it difficult
to notice that a crack was present when the specimen was cold, In most cases, however
such oxides could be recognized as a dark line. In a typical case the crack could be
seen with a 5X telescope during the air-blast portion of the cyecle, The crack opened
up when the air was turned on and then closed again as heating progressed, There were
a8 few cases of tests at high temperatures in which formation of scale on the surface
of the specimen made it almost impossible to decide if a crack was bresent (see Fig,
2ka), In those cases the specimens were sublected to a metallographic examination,
Occasionally a specimen cracked unexpectedly early in the test, and the cracks were
not found until after they had brogressed beyond the defined limits. In such instances
an estimate of the number of cycles to failure was made,

One material, Kennametal, cracked in an unusual manner; the specimen broke com-
Pletely into two pieces within a few cycles after the crack was initiated, Such a
material was subject to very strong local heating in the region of the erack because
of the increase of local electrical resiztance at that place, For the last few cycles
before complete rupture the materisl was subject to actual burning where contact was
still maintained (see Fig, 24b),

Figures 25a, 25b, 25¢, and 254 show the types of cracks developed by mechanical
fatigue and thermal shock., It will be noted that in the thermal-shock crack there is
little disturbance of the grain structure, except at the crack itself, and that the
edges of the crack are not so sharp as those of the mechanical crack. The progress
of the thermal crack seems to have beén straight across the specimen, and was trans-
granular rather than following the grain boundaries, The sharp point on the end of
the thermal crack is obviously a region of very high stress concentration.

MATERTALS

The materials which were tested in this brogram were special high-temperature
metals, Classification of the types of materisls may be made on the basis of the
compositions, PRasic groupings are:
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Fig. 24a, Specimen Showing Severe Oxidation. Visual crack ipspection is
difficult, Three cracks are present, Inconel, 1800°F.

Fig. 24by Kennametal Type 152 B No. 4, Showing Complete Fracture and Burning,
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Fig. 25a., Mechanical Crack in Type 304 Stainless Steel in
Vieinity of Rupture Failure. X100 |

Fig. 25b, Thermal Crack in Type 304 Stainless Steel. X100
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Cooled edge

Fig. 25c. IN-5, 1819 Cycles, 100X Standard shock

Cooled
Edge

Fig. 254, IN-T, 4706 Cycles, 100X Standard Shock
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Cermets Iron Base Nickel Base Cobalt Base

K 151 A N-155 Waspalloy HS-21 (cast)
K 152 B Z04 Stainless Steel Hastelloy C 5-816 (cast)
%10 Stainless Steel Inconel 8-816 (wrought )
347 Stainless Steel Nimonic 80-A
M-252

Five specimens of a special chromium-rich alloy, Battellalloy, were also ex-
amined, An attempt was made to test copper, but no satisfactory method of heating
copper was Tound,

RESULTS

General

Results of this investigation may be divided roughly into three portions. In
the early stages of the work the primary emphasis was on & theoretical analysis,
The twenty-two relevant factors were examined, and the direct brute-force attack
abandcned as impractically difficult. The experimental means of attack were then
considered and a series of exploratory tests was run to get some idea of the limits
of temperatures to be expected, specimen shapes, and methods of cocling,

The second phase of the work included such areas of study as the effects of
temperature, prior fatigue damage, cold work, and thermal wiggling on thermsal-
shock resistence. In addition, a considerable effort was made to secure reproduci-
bility of results,

The third stage of the program involved an extensive evaluation of the fourteen
materials examined, New testing apparatus was constructed and over 200 tests run on
thermal -shock resistance of materials without previous mechanical history, but under
varying temperature conditions.

Early Work

As & beginning a theoretical attack was made on the problem in the hope that
a dimensional analysis would yield some fundemental and useful parameters for the
thermal -shock phenomenon. Brittle ceramic materials had been treated in this man-
ner and suggested this attack for metals, It was found that twenty-two variables
were involved and a few excursions into the theory of dimensions showed that the
direct brute-force method could not yield muech useful information. For this reason
it was decided to use an experimental approach., This decision was the first impor-
tant result,
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In setting up the experimental progrem 1t was realized that several questions
had to be answered before any really useful data could be expected. Most of these
questions centered on the technique to be used. The technique was already fairly
well defined by the equipment which was loaned by Wright Air Development Center,
but the specimen shape to use, the temperature limits within which testing should
be done, and the type of coclant to use remained to be selected,

The development of the standard specimen has already been described, Its
design constituted the second important result. Concurrently with the tests to es-
tablish a workable specimen, work was conducted to find the temperature ranges for
thermal heating. If the temperatures were too low, the testing time became ex-
ceedingly long and the conditions would not simulate turbine conditions accurately
enough. Investigations showed that actual turbine temperatures were in the neigh-
borhood of 1600°F, and tests on Inconel showed that such a testing temperature gave
reasonable numbers of thermal-shock cycles to failure when applied to the standard
gpecimen, It was decided to test further specimens in the temperature ranges of
1600° up to 1800°F., To reduce the number of cycles, and thus shorten the testing
time, this was later revised upward to 2000°F as authorized by Wright Alr Develop-
ment Center,

The choice of coolant wes determined by the operating conditions within an actual
turbine, To duplicate these conditions the coolant had to be gaseous in nature, and
compressed air was the obvious choice of medium, In order to get a cooling rate which
would be high encugh to make the test & true thermal shock, it was decided that the
air should be applied through a nozzle at 85 psi. The design of this nozzle went
through seversal stages and resulted in a high-precision rectangular-orifice type with
movable walls to permit adjustments. The efflux velocity of the air was made as
nearly Mach 1 as possible, as required by the theoretical analysis. Later developments
in the nozzle design included a provision for water cooling to prevent dimensional
changes by heat radiated from the test piece,

A certain smount of testing of meterials under conditions of combined axial stress
and thermal shock was undertaken, These tests were of a preliminary and exploratory
nature, intended to establish the limits for the axial load values to be used., The
results were so scattered that it was realized that the thermal-shock resistance would
first have to be egtablished for conditions of no axial stress before the combined-
losding condition could be investigated, For this reason the combined-loading program
was set aside with the intention of resuming it at a later time, It may be well to
point out that this work still remains to be done.

Second Phase

In the second phase of the investigation sevaral features of thermal-shock re-
sistance in the sbsence of axial stresses were examined., Among these were the possi-
bility of producing the thermal cracking by thermal means alone, the effect of changes
in testing temperature, effects of prior mechanical-fatigue damage, effects of prior
cold-work, reproducibility of results, and the nature of thermal crack..
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Consideration of the production of eracks by purely thermal means led to the
conclusion that such cracking must be a manifestation of progressive deterioration
of the properties of the material, While there are scme materials, usually brittle
in nature, which can be cracked by a single severe quenching, the usual metals do
not develop a thermal strain equal to the fallure strain even when completely con-
Tined and cooled by as much as 2000°F, There was a question, then, as to whether
repeated thermal shocking would develop the necessary deterioration of properties
to permit eracking to develop in the abeence of axial load. Several tests on HS-21,
5-816, and N-155 established that it was possible to induce cracking by thermal
shocking alone,

Increases in the maximum cycle temperature were also investigated and were found
to result in a lowered resistance to thermal shock for most materials. The increases
in temperature were made in 100°F steps fram 1600* to 2000°F, At some of the higher
temperatures, however, the material became so soft that plastic yielding was developed,
This resulted in upsetting, sagging, and changes of shape so severe that failure was
sald to have occurred by means other than thermal cracking. In a turbine the blades
would be so badly distorted that power output would be seriously affected, (See Figs.
26 and 27.)

Since the initiation of a crack is thought to be the result of the separation of
a few particles by & few molecular distances, it would appear that either mechanical-
fatigue damage or thermal-shock damage should have nearly the same effects on thermal-
shock resistance, To test this hypothesis several specimens were run in thermal
shock after having been prefatigued ina low-speed (1750-rpm) rotating-beam fatigue
machine, Only a few samplea of this kind were tested and the results were not con-
clusive except to indicate that prefatiguing reduced the sensitivity of the specimen
to variations in edge width when tested in thermal shock, It is still thought that
tests on prefatigued specimens should be made in order to find the correlation, if
any, between mechanical and thermal damage,

Another type of mechanical damage which could easily be investigated was that
due to cold-working of the material, Several Inconel specimens were subjected to
cold-working of 1, 5, and 10 percent before thermal shocking. There was no signi-
ficant change in the thermal-shock resistance with this cold-working.

After it was established that cracking could be produced by thermal shocking
alone, the question of reproducibility of the results became important, It was
realized that the initiation of & crack and its progress across the edge of a
standard specimen would necessarily be a statistical phenomenon. Meny random varis-
tions, particularly in the local properties of the test specimen, would be bound to
show up in the results, In addition, there would be errors in machine operation and
personal errors, After considerable effort mest of the important machine errors were
eliminated by changes in the design. Such developments as the precision water-coocled
nozzle and the flexible laminated cantilever type of horizontal specimen mounting
materially aided in narrowing the probable-error values of the data, It is felt,
however, that the slzes of the samples used in this investigation were too small in
many cases, Time limitations prevented obtaining the amount of date required for a
good statistical analysis,
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Fig. 26, HS-21 at 2000°F after 673 Cycles.

Fig. 27. Waspalloy at 2000°F after T84 Cycles.
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Investigation into the nature of the thermal -cracking phenomenon was considered
and a few photomicrographs were taken of cracks in Inconel and Type 304 stainless
steel, These micrographs indieated that the cracks were essentially transgranular in
character, Additional, more fundamental, research into the mechanism of thermal
cracking is needed, but would be & separate investigation in itself,

Recent Work

As a result of the first .two phases of the Program, the investigation narrowed
down to the testing of several different materials to determine their relative values
of thermal-shock resistance in the absence of any previous mechanical history of axial
loading. Four new testing rigs were constructed, tested, and placed in operation,
They have opersted almost continuously since their completion in December, 1953, and
have proven to be very relisble,

The primary results of this portion of the investigation are the comparative per-
formances of the various materials, The average number of thermal-shock cycles to
failure for each material is shown in Figs., 28, 29, 30, 3L, and 32, for temperatures
of 1600°, 1700°, 1800°, 1900°, and 2000°F respectively. The results follow in Tables
I-V. Graphical presentations of thermal~-shock resistance by classes of materials are
given in Figs. 33-37,

Tests were also performed to determine the effect of the heating and cooling
action on 5-816 (wrought) material in the absence of any thermal shock. This was
an attempt to find out if the test eycle, by itself, had any influence on the results,
It was found that the thermal "wiggling" action alone had no apparent effect on the
thermal-shock resistance of the chosen material.

Another, rather special, type of test was performed to investigate the effect of
corrosion on the rate of crack propogation. It was suspected that after a crack had
been initiated, the progress of the crack would be hastened by the development of ox-
ides between the sides of the crack., This would develop a wedging action, spread
the crack sides, and cause the head end of the erack to progress, To check this
hypothesis, a series of tests were run on Inconel using helium as the coolant in place
of compressed air. The shock produced by the helium was visibly more severe than that
from the air blast. No significant differences in thermal-shock resistance were re~
vealed by use of the different, inert coolant, although the surface corrosion was
considerably reduced.
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Fig. 28. Comporative Therma!-Shock Resistonce
Temperature =1600°F
( ) = Number of Tests
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Fig. 29. Compoarotive Thermol-Shock Resistance
Temperature = 1700°F
( ) =Number of Tesis
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Fig. 30. Compardtive Therma!-Shock Resistance
Temperature = 1800°F
{ ) = Number of Tests
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Fig. 3. Comparative Thermal-Shock Resistance
Temperature = {1900°F
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Fig. 32 Comparative Thermal~ Shock Resistance
Temperature = 2000 °F
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TABLE I

THERMAL-SEOCK RESISTANCE AT 1600°F

Material Number of Testis Average Thermal-Shock Cycle

Battellalloy None Estimated far over 12,000
§-816 (cast) 1 Over 18,000
Waspalloy 2 12,549
HS-21 (cast) b 12,048
M-252 2 11,682
N-155 6 8,589
K-152 1 8,511
Nimonic 80-A 2 6,843
310 Stainless Steel 1 6,471
Hastelloy C 3 4,801
§-816 (wrought) I h,172
Inconel, Bar C 3 3,449
Inconel, Bar B 2 3,195
347 Steinless Steel 5 3,002
TABLE IT
THERMAL-SHOCK RESISTANCE AT 1700°F

Material Number of Tests Average Thermal-Shoeck Cycle
Battellelloy None Egtimated far over 12,000
HS-21 (50 hrs, 1350°F) N 12,584
M-252 2 8,033
310 Stainless Steel 3 3,822
H8-21 (cast) i 3,789
Hastelloy C 2 3,072
N-155 9 2,89
Nimonic 80-A 3 2,634
K-151 A 2 2,475
Inconel, Bar B 9 2,346
8816 (cast) 2 2,250
347 Stainless Steel 1 1,978
§«B816 (wrought) 19 1,817
Inconel, Bar C 3 1,536
Waspalloy L 1,157
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TABLE III

THERMAL~-SHOCK RESISTANCE AT 1800°F

Material Number of Tests Average Thermal-Shock Cycles
Battellalloy 1 7,839
Inconel, Bar € 2 3,792
HS-21 (cast) N 3,192
Nimonic 80-A 3 2,955
M-252 3 2,219
Hastelloy C 3 2,043
8-816 (cast) 3 1,704
210 Stainless Steel 2 1,604
N-155 8 1,357
Inconel, Bar B 3 1,286
Waspalloy 3 1,062
8-816 (wrought) N 988
X-151 A 1 653
X-1%2 B 1 351
TABLE 1V

THERMAL-SHOCK RESISTANCE AT 1900°F

Material Number of Tests Average Thermal -Shock Cycles
Battellalloy 2 3,850
Bastelloy ¢ 2 3,672
H8-21 (cast) 2 2,461
M-252 2 1,761
N-155 3 l,ll-96
Nimonic 80-A 2 1,222
8-816 (wrought) 3 1,170
8-816 (cast) 3 1,097
310 8tainless Steel 3 1,069
Waspalloy 2 1,056
Inconel, Bar B i 169
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TABLE V

THERMAL-SHOCK RESISTANCE AT 2000°F

Material Number of Tests Average Thermal-Shock Cycles
Battellalloy 2 3,815
M-252 2 1,327
N=155 y 1,278
5-816 (cast) 2 1,003
S-816 (wrought) b 891
Waspelloy 3 889
Nimonic 80-A 3 809
310 Stainless Steel 2 TS0
HS-21 (cast) 2 53k
Inconel, Bar B 5 392
Hestelloy C 2 327
K-151-A 2 284
K-152-B 2 250
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DISCUSSION OF RESULTS

Material Comparisocon

Inspection of the comparative performance charts shows that there is one out-
standing material among those tested, This is the special Battellalloy, of which
only five specimens were obtained, The first of these was tested at 2000°F in order
to get the quickest evaluation., When the thermal-shock resistance proved to be far
above that of any other material, a check test at the same temperature was conducted,
with similar results. Two more tests were run at 1900°F; the results were comparable
to the first two. With only one specimen left, it was decided to run it at 1800°F
on the presumption that a test at any lower temperature would take many thousands of
cycles to produce any results. Values for the lower temperatures are estimated,
Little information as to the physiesel properties of this alloy is available to account
for its remarkable behavior,

Of the other materials, only three, M-252, N-155, and S-816 (cast), had a thermal-
shock resistance of over 1000 cycles when tested at 2000°F. The rest of the materials
had values dwindling to 250 cycles for the cermet K-152 B, At 1600°F, the lowest tem-
perature of testing, the materials had thermal-shock resistance ranging from 347
stainless steel, with 3002 cycles, up to 5-816 (cast) which lasted more than 18,000
cycles,

Two different bars of Inconel, both from the same lot, were tested for comparison
of properties within a material, The thermal-shock resistance was nearly the same
for tests at 1600°F, where bar B had 3195 cycles and bar C withstood 3449 cycles. At
17C0°F bar C took 1536 cycles wheres=s bar B required 2,346 cyecles, an increase of
almost 53 percent over bar U, At 1800°F the relative merit was reversed, bar C requiring
3752 cycles and bar B needing only 1296 cycles, This represents a difference of
about 200 percent with respect to bar B. No comparisons were made for 1900° and 2000°F.
The tests described seem sufficient to demonstrate the large variation in properties
to be expected from what is said to be identical material, It would sppear, there-
fore, that thermal-shock tests should involve statistical-sized sample groups if the
results are to be reliable, On this basis, most of the tests performed in this in-
vestigation are only indications of thermal-shock resistance because of the small size
of the sample groups,

Thermal -Shock Parasmeter Correlation

There have been several attempts to predict thermal-shock resistance on the
basis of physical properties, Manson has proposed two similar parameters, the only
difference between them being the omission of the thermal conductivity where the
mass of the piece is large in contrast to the cooled portion. It is believed that
this situstion existed in these tests due to the direction of the coolant over the
relatively small edge of the test piece. The parameter may be formulated as

Z or

€
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where o is the ultimate strength of the mater{al, E is the elastic modulus, @ is
the thermal-expansion coefficient, and ¢ is the strain at the ultimate stress,
Usually the first form 1s used because of the difficulty of measuring e.

The correlation of the observed thermal-shock resistance with the Manson
criteria was so poor it was of little value, The primary use of these thermal -
shock resistance criteria has been on brittle materials, where singlé thermal-
shock cycles can be made to produce fallure; in the present investigation no such
meterials were examined. Also,es considerable portion of the discrepancy may lie in
the obtainable values for the physical properties involved, Most tensile-test data
are given for room-temperature conditions, or for temperatures up to about 1200°F,
Thermal expansivities are usually given for ranges of values which are considerably
removed from the test conditions., Further, it is known that all the terms in the
parameter are varisble with temperature, Until accurate values can be obtained for
the quentities involved, any correlation with the proposed parameter will be doubtful,

Effects of Temperature

On all materisls the raising of the test temperature lowered the thermal=-shock
resistance, In some materisls, such as Waspalloy and S-816 (cast), this loss of
resistance wag very severe above 1600°F, In other materials the loss was more gradual,
but they all tended to & smaller and smaller value with rising temperature. The
veagons for this behavior may be found in the mechanical and metallurgical changes
which take place in the materials at high temperatures, For most materials the co-
efficient of thermal expansion increases with higher temperatures, while the breaking
strength decreases. Thus, it would appear that a given thermel quench would affect
a relatively larger proportion of the breaking strength when applied at high tempera=-
tures than when applied at lower ones, Several such quenches would do a proportion=-
ately larger amount of demage to the specimen at the higher temperatures,

For some materials the higher temperatures resulted in actual softening to the
point where the specimen sagged out of shape, In less drastic cases there was con-
siderable upsetting on the hot(compression) side of the test piece, also indicating
plastic action, Such plastic action undoudbtedly helped in relaxing the thermal siresses
induced by the quenching, but rapid failures were commonly produced,

At temperatures of 1900° and 2000°F materials such as the stainless steels and
Inconel were very badly oxidized and were subject to severe piltting, erosion, and
surface scaling. As & check to see what effect these conditione might have on thermal-
shock resistance, tests were run on Hastelloy C and Inconel using a helium coolantinsteadiof
compressed air, While the surface corrosion was reduced, the thermal-shock resistance
was not appreciable affected by this change in test conditions, (See Figs. 38 and 35 ,)

In several types of materials it is possible that certain metallurgical changes
would also take place at the temperatures involved, These changes would fall into
the categories of aging, hot-working, and grain growth., No metallographical exami-
nations were made of the specimens after testing because of time and financial
limitations, It may be pointed out that future investigations should include such
examinations in thelr program,
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Fig. 38. Hastelloy C at 2000°F, Air-Cooled
for 291 Cycles.

Fig. 39« Hastelloy C at 2000°F, Helium-Cooled
for 624 Cycles,
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Type of Crack

During this investigation there were no instances of cracking from a single thermal
shock, in contrast to some reported tests on ceramic materials. This indicates that
thermal-shock cracking was a progressive phenomenon for the materials tested, and shows
that the action was one of thermal fatigue, On most specimens the crack or cracks were
first visible under a SX eyeplece as small hairlines at the top or bottom of the edge
being shocked, Under continued shocking the cracks grew in length until they had crossed
the edge, at which time failure was said to have taken place, Usually the rate of crack
development was a very irregular thing, dbut a fortuitous set of observations on the one
specimen of N-155 at 1600°F showed a rather uniform crack development at a rate of 0.0001
inch per cycle, after initiation of the crack at 657k cycles.

Except for BS-21 and the Kennametals, this cracking rate is thought to be of the
right order of magnitude for the other materials, HS-21 cracked at a higher rate than
this once & crack was started, The Kennametals exhibited very rapid crack progressionj
in one case the specimen cracked completely into two pieces within 20 eycles, whereas
the usual test invblves the development of a crack only about 0,040 inch long.

CONCLUSIONS

1, In the usual metallic materials intended for high-temperature service, thermal-
shock cracking is produced by thermal fatigue except for shapes of greatly vary-
ing section,

2, Thermal fatigue is a cumulative process which continues until & crack i1s initlated;
then the failure process becomes s combination of fatigue effects and stresg-
concentration effects,

3, The order of decreasing resistance to thermal shock at the teat temperatures was
as shown in Table VI,

L, Correlation of thermal-shock resistance with the ¢/ eriterion was poor, but the
available data on which it is based is considered of doubtful value,

5, large variations of thermal-shock resistance occur within a given material, For
relisble results a statistical-sized sample group must be used,

6. Increasing the temperature lowers the thermsl-shock resistance of the materials
tented,

7. Mechanical fatiguing of type 347 stainless steel prior to thermal-shock testing
resulted in s decrease in the sengitivity of this material to variations ine edge
width, and a decrease in the width of the scatter band of the data,

8. Mechanical cold stretching of 1, 5, and 10 percent prior to thermal~shock testing
of Inconel developed no significant change in the thermal -shock resistance of this
material,
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9. Thermal heating and cooling without thermal shock has a negligible effect on the
thermal -shock resistance of S-816 (wrought) at 1700°F.

10, Coolant tests on Inconel at 2000°F showed little difference in thermal-shock
registance between helium or air coclant,
TABLE VI
DECREASING CRDER OF THERMAL-SHOCK RESISTANCE
2000°F 1GC0°F 1800°F 1T00°F 1600°F
Battellalloy Battellalioy Battellalloy Battellalloy Battellalloy
M-252 Hastelloy C HS-21 {cast) HS-21 heat- 8-816 (cast)
treated
N-155 HS-21 {cast Nimonie 80-A M-252 Waspalloy
5-816 (cast) M-252 Inconel 310 stainless HS-21 (cast)
steel
5-816 (wrought) N-155 M-252 BS-21 (cast) M-252
Wasgpalloy Nimonie 80~A Hastelloy C Hastelloy C N-155
Nimonic 80-A S5-816 (wrought) S~816 (cast) N-155 K-152 B
310 stainless §5-816 (cast) 310 stainless Nimonic 80-A Nimonic 80-A
gteel steel
HS-21 (cast) 310 stainless N-155 K-151 A 310 stainless
steel steel
Inconel Waspalloy Waspalloy 5-816 (cast) Hastelloy o
Hastelloy C Inconel . 8-816 (wrought) Inconel 5-816 (wrought)
K-151 A K-151 A 347 stainless Inconel
steel
K-152 B K-152 B 5-816 {wrought) 347 stainless

Waspalloy

steel
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KEY TO WIRING SCHEMATIC

DPDT 11%° 60~ Relay (Potter and Brumfield MR11A)
DPDT 115 60 Relay (Potter and Brumfield MR11A)
DPDT 115 60~ Relay (Potter and Brumfield PR1IA)
DFDT 115 60" Relay (Potter and Brumfield MRI1A)
SPDT 115 60~ Relay (Potter and Brumfield PR5A)
20-sec Thermnl Time-delay Relay (Amperite 115K020)
DPDT 230" 60~ Relay (Potter and Brumfield MR11A)
Neon Pilot Light 115'

Wheelco 241-P Capseitrol

Running Time Meter (GE 8KT9D2)

Counter (Veeder-Root B120506)}

Sclenoid Valve (Detroit Lubricator No, 681)

iTA| Timer, 2 min (GE 3TSALO AF9)
:E‘B:. Timer, 3Osec (GE 3TSALO AF5)
81 N,O. Push Button
Sp N.C. Push Button
*ss & Pole 2 Pos, Rotary Switch (Mallory 3242J)
o"b Heinemann Circuit-breaker Switch: 102: 0b11-10, 2501:‘2
47: POW1l-h, 115
,l Normally closed contacts
+  Normally open contacts

* Cut=off Selector Switehj shown in Temp position on schematic

(Beginning of cooling portion of wyele controlled by Wheelco Cepacitrol)
In Time position, beginning of cooling controlled by TA {0-2 min)
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COMPONENT PARTS OF THERMAL=-SHOCK APPARATUS

Quantity Unit Component Parts (per unit)

Quantity Name

Specimen Holder Assembly t

Air WozzleT

Wheelco AQUR9 Heat Eye*

Heat Eye Support+

Power Transformer s

Det. Iub, No. 68L Solenoid Valve*
Y-cu-ft Air Tank

Steel Table T

2 Dual Test Stand

= oo Mopphs o

ICA/3912 Relay Rack
ICA/3601RS Panel, 3-1/2 x 19
ICA/3605RS Panel, 8-3/h x 19
ICA/3605RS Panel, 10-1/2 x 19
ICA/BEOERS Panel, i2-1/4 x 19
ICA/36LT Panel, 1k x .9
ICA/3654RS Panel, 3-Meters, 5-1/L x 19
I1cA/L031 Chassis, 13 x 17 x L
ICA/4OTO Bottom Plate 13 x 17
Wheeleco 241-P Capaciirol
V-R B120S06 Magrnetic Counter
Simpson Mod 57 Voltmeter, 0-300Y
Simpson Mod 57 Ammeter, 0-102
G.E. BKT80% Time Meter 1/10 hr
G.R. V20HM Varlac
G.,E. 3TSALOAFS Timer 30 sec
G.E. 3TSALOAF9 Timer 2 min
Heipemann POLLl-4 Cireuit Breaker
Heinemann Ob11-10 Circuit Breaker
Potter and Brumfield PR5SA Relay 115V
Potter and Brumfield PR11A Relay 115V
Potter and Brumfield MR11A Relay 115V
Potter and Brumfield MR11A Relay 230V
Amperite 115NO20 Relay 115V
Pilot light, assem, 115V
Push button switeh 1-kooL NO

1-h002 NC
Mzilory 32Lh2J LPDT Switch
- Wire, plugs, receptacles and hardware

L Control Unit

NERPRFWREFEFUDNDERRRERRRERRRRRRDRERR

e

tFabricated lceally
*Purchaged
dBuilt per our specifications by Osborne Transformer Corp., Detroit, Mich.(Type No,2238i)
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MISCELLANEQUS CAPITAL ITEMS
Not Physical Parts of Above Units

Quantity Rame
1 Mercoid DA31l Pressure Control
1 AMlen Bradley BA22 Contactor

- Wire, cables, plugs and receptagles to connect Control Units to Test Stands

POWER TRANSFCRMER
Specifications
Primary: 140 T, [No. 8 AWG Copper]
Secondary: 1 T, [12 pes, .020 x 4 Copper Sheet, in parallel]

Leads: Primery; No, 8 stranded
Secondary; 2 1/k x 2 Copper bar in parallel

Core: Shell-Type, 44 Si, Cross-section 12.5 in®
(Or equivalent grain-oriented spiral core)

Construetion: Cpen {core and coll)

Dimensions: 9 in, wide x 9-1/4 in, high x 7 in, deep (overall)
Built by: Osborne Transformer Corporation, Detroit, Michigan
Type No. 22384

Rating: 1920 V. A,
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Colwan (1)

Columm (2)

L
wOR5
P‘F‘.

X
1700/5
(1718)

Column (3)
M

1500/5

P1800
+10/100

10,5K
to 1800

Column (k)
A
W

no symbol

Coluwmm (5)

ddaamo

Colwmm (6)

A 0.1k
T300,/1600
G1500

oH

BT

WADC TR 5h-206

XEY TO LOG

(1) Relative position on bar stock
1 BSpecimen mmber

Arrow indicates direction and location of cooling Jet; cooling medium
is air unless otherwise stated

Cooling medium 18 water

Width of cooled edge, inches

Previcusly subjected to rotating besm fatigue as shown in column (6)
Failed during pre-fatigue

Number in parentheses indicates average of calibrations at beginning and
end of test (Mean max test temp)

Thermal shock cycle manually controlled

Automatic cycle control; maximum temperature, °F, and length of cooling
period, seconds

Dead load, 1800 1bs

Starting with stated maximmm temperature, maximm temperature was increased
10°F after emch 100 cycles

Reversed~bending (rotating-beam) fatigue tests; maximum stress, 40,500 psi
Maximm tempersture held constant after 1800°F was reached

Adr cooling for stated number of cycles
Water cooling for stated mumber of cycles
Air ecooling for stated mumber of cycles

No failure viaible
Fracture

Cracks

Grooves

Fuace crack
Poasible crack

Specimen warped due to thermal strains

Area of cross section, aquare inch

Heat treated before testing 300 hr at 1600°F

Grooves first appeared at 1500 cycles

Stated maximum temperature was exceeded due to malfunction of
control unit

Eroke through to thermocouple hole
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pJ1700/60
1200/23

40,5k/
82000

R

N
+100/5108
Check II
P

PT1

LRS1
T{l1
¢20/1700

Columm (2)

Column (3)

Previously subjlected to cyclic heating and coocling
(Max temp) 1700/60 (Heating time, seconds)

(Min temp) I200/23 (Cooling time, seconds)

{Number of cycles) 1000

Previously sublected to 82000 cycles at 40,500 psi

Reproducibllity test

Specimen formed a neck due to tensile strain

Maximum temperature was increased 100°F at 5108 cycles

Second test to determine the effect of alteration of testing procedure
Study of creck propagation

Previously subjected to tensile strain of 1% at room temperature
Long~time test at reduced severity, Test No. 1

Heat treated as shown in braces{ }, Lot No. I

Heat treated for 20 houre by heating to 1T00F and allowing to cool for
5 seconds by natural convection

Letter at tall of arrow indicates test unit on which test was run, Two
arrows indicate two separste tests with cooling on different edges,
Borizontal arrow indlicates first test

Number [e,g., (1)] indicates edge mumber, shown in Columm (2), on which
test was run
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TEST LOG

Specimen Croas Number Type of
Number Section Cyele of Cycles Fajilure Remarks

(1) (2) (3) (4) (5) (6)

Type 3C4 Stainless Steel

¥
l
; o5 M — 0 B
2 v 1600/10 LL0oA 0 B
W 300W C
1
3 V 1600/4 1783 C
- +10/100
L4a Fatigue 40,.5K 3300 F
Ib Specimens 40,5K 2600 F
5 V 1700/h 1100 0
- 1800/k 675 o
6 v 1600/k4 6240 o) GE500
e 1900/4 1240 C
¥
7 Q 1500/5 4130 F 40,16
PEO0O
8 @ 1600/5 3082 o T 300 /1600
1800/4 517 C
4
€0
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TEST LOG (cont..)

Specimen Cross Number Type of
Nuntber Section Cycle of Cycles Fallure Remarks
(1) (2) (3) () (5) (6)
Type 304 Stainless Steel (cont.)
9 v 1500/3 575% 0
.—)
1600/4 1000 0
10 V 1700/4 1000 0
Y 1800/} 80 C
)
11 Q 1500/5 1000 F A40,1%2
P1800
-
1500/5
12 PHO0 5200 0 A0,133
P00 1200 0
P1800 203 F
13 - @ 1600/4 1284 c GL115
1h <> 1500/4 1000 F OH
.-)
15 V 1600/5 1900 C T 3500/1600
_.>
g ls] c

16 - <O> 1600/5
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TEST LOG (cont,)

Specimen Cross Number Type of
Number Section Cycle of Cycles Failure Remarks

(1) (2) (3) (%) (5) (6)

Type %0k Stainless Steel {cont,)

17 v 1500/5 300 F 40,140
P1800
?
18 @ 1800/4 1950 c G1500
..-)
19 v 1700/3 530 c
W
T
20 @ 1500/3% 1000 0 BT
_)
Type %10 Stainless Steel
B9-1 v 1900/5 1024 o T 2/2100
ooV & (1907}
B9-2 V 1900/5 1008 c T 2/2100
Okl V é— (1907)
B9~3 1900/5 1177 c T 2/2100
039 V€— (1885)
B9-4 v 2000/5 707 c T 2/2100
038 V (1990)
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TEST LOG (cont.)

Specimen Cross Number Type of
Number Section Cycle of Cycles Failure Remsarks
(1) (2) (3) (b) (5) (6)

Type 310 Stainless Steel (cont.)

B9=5 2000/5 94 C T 2/2100
o2 V €= (2012)

B9-6 v 1800/5 1873 c T 2/2100
Oho V€= (1770)

B9-T v 1800/5 1435 o T 2/2100
ol Ve— (1810)

B9-8 v 1700/5 2770 c T 2/2100
okl \V (1720)

B9-9 v 1700/5 3500 c T 2/2100
038 V &~

B9-10 v 5197 c T 2/2100
ohe V €= (1692)

B9-11 v 1600/5 6471 c T 2/2100
ouo ¥ € (1583)

Type 347 Stainless Steel

1 V 1600/4 866 c

—p Vo5 +10/100
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TEST LOG (cont.)

Specimen Cross Nunber Type of
Fumber Section Cycle of Cycles Failure Remarks
(1) (2) (3) (&) (5} (6)
Type 347 Stainless Steel
2 1600/4 1147 C
—\/020 +10/100
3 ; } 1500/} 575 C B.T.
- +10/100
L Tatigue 54K 5200 F
Lt Specimens 54K 10400 F 40,5K/
82000
5 ‘Q;;;7 1500/4 1326 C
- +10/100
6 ‘i:;;7 1500/4 1990 c
— +10/100
1600/L
7 - +10/200 2700 G
d to 1800
350
8 (Defective) Used for bend test
9 v 1600/4 2863 o R
—> Vo35
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2



TEST LOG (cont,)

Specimen Cross Number Type of
Number Seection Cycle of Cycles Failure Remarks
(1) (2) (3) (%) (5) (6)
Type 347 Stainless Steel
10 v 1600/4 3787 o Check II
— 020
11 \O/ 1600/% 2580 C
>V 050
12 1600/4 3162 c G736
-V 020
1% V 1600/4 2204 ¢ G272
-V 020
14 v 1600/} 2707 C G2604
020
/
15 V 1600/4 3003 C G2820
035 R
7\'
16 ;O; 1600/k 2518 c R
020
e
17 1600/ 4850 0 Check I
023
7
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TEST LOG (cont.)

Specimen Cross Number Type of
Number Section Cycle of Cycles Failure Remarks
(1) (2) (3) (&) (5} (6)
Type 347 Stainless Steel{cont.)
18 v Fatligue T200 F ShK
64K 103300
19 v 1600/} 1825 ¢ R
035
7
3TK/217100
42K/11000
20 W Fatigue 1300 F 48K/ 35600
BHK 54X/210000
59K/10400
21 V 1600/4 4430 c
—.’
00 — [ ] 1600/5 1423 c T 2/2000
108
23 V 1600/5 2962 c
e
2l W Fatigue /2900 F
010 59K
25 W 1600/5 1562 c 54K/50000
— V010 FF

WADC TR 54-206

66



TEST LOG (cont,)

Speciman Cross Number Type of
Number Section Cycle of Cycles Failure Remarks
(1) (2) (3) (&) (5) (6)
Type 347 Stainless Steel(cont,) 53K/ 52000
59K/12000
26 V 1600/5 1960 c 64K/1000
—»V 010 FF TOK/1000
T5K/500
27 v X F 53K/52000
01C FF 59K/11300
53X/52000
59K/12000
28 v 1600/5 1504 c 64K/1000
> 010 PF TOK/1000
. 75K/500
53K/ 52000
59K/12000
29 V X ¢ 64K/1000
010 FF TOK/1000
75K/300
3G v 1600/5 1973 C
— V 010
31 v 1600/5 2764 c
— V ¢10
22 v 1600/5 1500 c
-V ol0
3% v X F 59K/ 32600
(1) 0bo FF
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TEST LOG (cont.)

Specimen Cross Number Type of
Number Section Cycle of Cycles Failure Remsrks
(1) (2) (3) (&) (5) (6)
Type 347 Stainless Steel (cont.)
3L V 1600/5 1811 c 60K/ 35000
% ‘;:;;7 Usec for Calibration of Heat Eye
(2)
26 W 1600/5 1859 o 58K/ 30000
(1} —» vV 0hO PF
37 V 1600/5 4635 C
(5) =V 00
38 — @ 1600/5 2114 c T 2/2000
025
%9 1600/5 2hko G Gebho
(1) 030 Ve
L0 V 1600/5 3143 G
—a vV 025
41 030N/ 1600/5 2710 o G2000
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TEST 1LOG (cont.)

Specimen Cross Number
Number Section Cycle of Cycles Remarks
(1) (2) (3) () (6)
Type 347 Stainless Steel{cont.)
42 ‘;;;;7 Used for Calibration
L3 V 1600/5 10708 P
(11) 025V &~
nn 1600/5 2046 T2/2000
(12) 035 Ve~
45 © 1600/5 1956 T2,/2000
02
(13) Ve
H.S, 21
1 W 1500/3.5 1000 BT
«— +10/100
2 ’ 1700/5 3552
oh6s V& (1718)
3 1900/5 2625
045 Ve (1917)
i v 1700/5 6820 FC 6003
ohg €« {1719) A0 6561
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TEST LOG (cont.)

Specimen Croas Number Type of
Number Section Cycle af Cycles Failure Remarks
(1) (2) (3) (&) (5) (6)
E.S. 21(cont. )
5 v 1800/5 1252 C
k5 Ve v
6 v 1900/5 2309 C
035 Ve (1862
7 v 1700/5 1506 c
0485 Ve (1720)
8 v 1800/5 368 C
047 Ve v
9 1600/5 5%05 c
0375 Ve (1603 )
10 2000/5 673 c
039 <
11 v 1600/5 17615 C
04Z0 V& (1605)
12 v 1700/5 7375 c 51/1350
9 V&
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TEST LOG (cont.)

Specimen Croas Number Type of

Number Section Cycle of Cycles Fallure Remarks

(1) (2) (3) (%) (5) (6)

H.S. 21 (cont.)

13 v 1800/5 2902 ¢
0435 Ve [

1k Used for Fatlgue Specimen
15 V 1600/5 15334 0
0%5 Ve~
16 v 1700/5 14485 ¢ T 5/1350
038 Ve~ -
17 v 1700/% 3279 c
0395 Ve— (1708) FC,O0L
18 v 2000/5 396 c
038 Ve (1990)
19 1700/5 10060 o T 51/1350
051 Ve
20 1800/5 41h7 c
0%9 Ve L~
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TEST LOG

(cont.)

Specimen Cross Number Type of
Number Section Cycle of Cycles Failure Remarks
(1) (2) (3) (L) (5) (6)
H.S. 21 (cont,)
21 V 1600/5 9938 c
0355 \/¢— (1613)
22 V 1700/% 18411 C T 51/1350
ohg V& v
Inconel
1 v 1500/3 1450 ¢ G1150
015 +10/100
2 -\-O; 1500/3 2730 c
030 +10/100
3 \ ( 1500/3-1/2 428 c
035
4 v 1700/5 3167 ¢ 2/500
035 T 1/3/1400
5 1700/5 1819 c 2/500
035 T 1/3/1400
6 v 1600/4 Thk9 c
035
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TEST LOG {cont.)

Specimen Crois Number Type of
Kumber Section Cycle of Cycles Failure Remarks
(1) (2) (3) (4+) (5} (6)
Inconel (cont,)
7 v 1700/5 1706 c 2/500
035 \/ e T 1/3/1400
8 1700/5 2090 c T 1/3/1400
025 Ve— PT 1
9 W 1700/5 6465 C 2/800
->Vv 025 T 1/3/1400
10 1700/5 3685 ¢ T1/3/1400
035 V& PT 10
11 1700/5 2860 c T1/3/1k00
028 Ve PT 5
12 V 1700/5 1884 c 1/3/1k00
030 Ve T/20/1700
13 V 1700/5 2500 ¢ T1/3/1%00
025 V «— PT 1
14 1700/5 2527 ¢ T1/3/1400

(@]
N
Q

PT 5
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TEST LOG (cont,)

Specimen Cross Number Type of
Number Section Cycle of Cycles Failure Remarks
(1) (2) (3) (&) _ (5) (6)
Inconel
15 1700/5 2804 C T 1/3/1400
030\ /g PT 10
16 1700/5 3590 c T 1/3/1400
025 v€—
17 1700/5 2270 c T 1/3/1400
030 Ve PT 1
18 | 1700/5 3015 C T 1/3/1400
031 Ve PT 5
T 1/3/1400
19 1700/5 1830 c PT 10
025 Ve—
20 v 1700/5 2898 c T 1/3/1400
030V &
T 1/3/1400
21 1700/5 498 FC? LRSI
—> V030 11265 c
T 1/3/1400
o2 W 1700/5 L3329 FC? (RS) a/c
035V €= 6866 c Flex, pipe
to nozzle
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TEST LOG (cont.)

Specimen Cross Number Type of
Number Section Cycle of Cycles Failure Remarks
(1) (2) (3) (&) (5} (6)
Inconel (cont,) X
23 W _ 1700/5 2250 c T 1/3/1400
035 Ve~
2L v 1700/5 8145 c T 1/3/1400
~»V 030 IRS II
25 W 1700/5 3538 FC T1/3/1400
035V €~ 4229 ¢
Inconel Lot IT
c-1 v 1600/5 4358- ¢ T 1/3/1400
053V ¢~
c-2 1600/5 3416 C T 1/3/1400
036 V&
c-3% v 1600/5 2572" C T1/3/1400
ourv €
c-k 1700/5 1695+ C 0.9 T1/3/1400
039 Ve&—
c-5 1700/5 1378 c T1/3/1400
ohoVeE—
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TEST LOG (cont.)

Specimen Lross Number Type of
Number Section Cycle of Cycles Failure Remarks
(1) (2) (3) (&) (5) (6)
Inconel Iot II
C-6 v 1700/5 1537 C T 1/3/1400
Ol Ve
c-7 1800/5 3854 - C T1/3/1400
o2 Ve— (1845)
-8 1800/5 3204 c m1/3/1400
Ohé VeE— {1790) 3651 3C
m1/3/1400
Spec, upset
C-9 2000/5 732 0 in middle=~
Ohs5VeE— {1998) shortened
He 1/4 ineh
71/3/1400
Air removes
C-10 v 2000/5 T32 0 scale from
039V €— (1950) cooled srea
Inconel Lot II (1/2-inch Diameter Rod)
¢
o
B-1 1700/5 2067 c
043 1700/5 1760 c
~
oo
B-2 — 1700/5 23414 c
037 1700/5 2527 c
2622 c

B-3 v 1700/5
b7V e—
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TEST LOG (cont.)

Type of

Specimen Crosas Number
Number Section Cycle of Cycles Failure Remarks
(1) (2) (3) () (5) (6)
Inconel Lot IT (1/2-inth Dismeter Rod) (conmt,)
B-k v 2000/5 958~ C
ch3 —
B-5 2000/5 398 c
039 <
B-6 2000/5 212 C
Oh3 Ve—
B-7 2000/5 1407 o
ohgs VE€E— 299
B-8 1700/5 2560 C
ok VE—
B-9 1700/5 2283 c
OLO Ve
c

B-10 V 1700/5 2206
038 V

B-11 v Not Used
ohz Y€
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TEST 1L.0G (cont.)

Specimen Cross Number Type of
Number Section Cycle of .Cycles Fallure Remarks
(1) (2) (3) (%) (5) (6)

Inconel Lot IT (1/2-inch Diameter Rod) (cont,)

B-12 ‘;;;;7 2000/5 1107 C
ob3 Ve— 143

B-13 1900/5 580
o2 Ve—

B-1k 1900/5 463
Ol Ve

B-15 1500/5 659 ¢
oLz Ve

B-16 1900/5 175
037 Ve

B-17 1800/5 480
039 Ve—

B-18 1800/5 1962 c
ous Ve

WADC TR 54-206 78



TEST LOG (cont,)

Specimen Cross Number Type of
Number Section Cycle of Cycles Failure Remarks
(1) (2) (3) (&) (5) (6)
S5-816 Alloy (Wrought)
A 0,08
N
1 ‘;;;;7 1500/k 1788 0 +100/5108
P700 18391 c +100/10000
7 . No load
1500/h
2 ;C); P1100 2657 F A 0,08
to N
7 P700
3 ‘;;;;7 1700/h 2256 c
— 020
L ‘;:;;7 1700/4 2550 c
— 020
5 v 1600/l 3870 c
— Vv 015
6 ‘i;;;7 1500/} 2630 !
—»V 023
7 ‘il;;7 1500/4 13280 ¢
—> vV 025
8 til;;7 1600/4 497 c
—

WADC TR Sk-206

9



TEST LOG (cont.)

Specinmern Cross Number Type of
Number Section Cycle of Cycles Failure Remarks
(1) (2) (3) (%) (5) (6)
5-816 Alloy (Wrought) (cont.)
1/21 :
9 ‘;:;;7 1800/5 1069 o T{ié?l 8%}
0371 V€&~ (1805)
10 K;:;;7 1700/5 2426 C p f1/21500
037 Y& (1700) 16/1800
1L 1600/5 5130 C T{i/215ow
036 V¥ (1606) 16/1800
12 : ; 1800/5 956~ c i 1/215@N}
0388 V€ (1797) 16/1800
7
13 V 1700/5 1507+ C T}‘l/ 2150“3
034 Ve— (1705) (0003 short) kl6/1300
. (003 short)
h ; ; 1800/5 1146" o 711/20508
0350 Y€E— (1793) 116/1800
15 1600/% 4600 c 7 [L/2150W ]I
036 V€ (1613) 16/1800
16 ‘;;;;7 1600/4 3620 c T(i/2150“}
0335 V €— (1607) 16/1800

WADC TR 5L4-206



TEST 10G (cont.)

Specimen Croes Number Type of

Kumber Section Cycle of Cycles Failure Remarks
(1) (2) (3) () (5) (6)

S-816 Alley (Wrought) (cant,)

17 v 1700/5 1956~ c /250wy
g2 Ve 16/1800

0% (1713)
18 v 1800/5 784 c T[l/alﬁwf
o3y V e— (1790) 16/1800
19 v 1700/5 2500~ c r{1/21500 )y
0345 V €~ (1713) 16/1800
20 v 1600/5 3100" ¢ 1/ 215"‘}
0351 vV € (1630) 16/1800
/2150
T 16/18(:»0}II
21 1700/% 2190 C p
0325 Ve (1697) {
1ooo n

0350 V€= (1692) 600 X

' 1/2150
\/ ) T%zoés ?I
23 1700/5 11l c P
0335 Ve (1685) { ngg/n 53}

Tfl/alaockl
24 v 1700 16 c
0385V ¢ 700/ 57 [ 1200 }

(1693)
1040 ¥

165’1380 I
22 v 1700/5 2190 c 51700 60

WADC TR 5L-206 81



TEST LOG (eont., )

Specimen Cross Number Type of
Number Section Cycle of Cycles Failure Remarks
(1) (2) (3) ey (5) (6)
5-816 Alloy (Wrought) (comt,)
25 v 1700/5 2328 C T {1/ 2150 \S 1
o3k Ve— (1702) 16/1800
26 v 1700/5 2039 c T{l/ 2150 ]II
036 Ve— (1713) 16/1800
27 v 1700/6 1967 c T[l/2150 \}II
035 Ve— (1690) 16/1800
28 v 1700/5 1598 c TF/ 2150 ]II
0375 V&~ (1705} 16/1800
1/2150§
/ The /18068. I
29 1700/5 1122 ¢ plL10
035 Ve (1695) f 250/ 25}
2000 N
1/2150
T{lé%goofn
20 v 1700/5 2110 C 1700 /60
0345 V€= {1700) P[Ia'o‘a 23
2000 N
m{1/2150 I
s N/ mr e o ook
032 V€& (1702) [1200 =
2000 X
1/2150 }
T{ I
32 v 1700/5 2110- C 1_6((/;8020
036 1698 PN /8¢
36V ¢ (1698) [ e 23]
1000 N

WADC TR 54206



TEST LOG (cont.)

Specimen Cross Rumber Type of
Number Section Cycle of Cycles Fallure Remarks
(1) (2) (3) (%) (5) (6)
5-816 Alloy (Wrought) (cont.) 1/2150
33 e ( 1700/5 1700 c {16/ 1800}
1
osv (1715) {"""12% g—;—’}
< 3121 N
/2150 ] I
! 16/1800 I
34 ; ; 1700/5 1543 ¢ p {1700
036 vV e— (1719) {gfgﬁ
1/2150
T{lé/lBOO}II
35 1700/5 2150~ ¢ p(L700 /60
034 V<— — 1200/ 23
3000 N
5-816 Alloy (Wrought) Lot II
P6-1 1900/5 1082 c T ljié%ggo}
05 Ve—
VA
k9 Ve
P6-3 v 1900/5 1077 ¢ Tﬁé%ggo?
038 Ve
P64 v 2000/5 786 c T{l/2150 |
o2 Ve 16,/1800
P6-5 ‘;:;;7 2000/5 1001 c T{1/215O I
018 Ve— 16/1800

WADC TR 5k-206

83



TEST 1LOG {cont,)

Specimen Cross Number Type of

Number Section Cycle of Cycles Failure Remarks
(1) (2) (3) (%) (5) (6)

5-816 Alloy (Wrought) Lot II (cont,)

- 1/2150
P6-6 OMV{_‘- 2000/5 800 C T{lG 8 oo}
P67
P6-8 v 2000/5 976 c T{ 1/2150

ok Ve 16/1800
5-816 (Cast)
6-1 V 1800/5 1557 c
o477 Ve (1805)
-2 1800/5 3005 o
038 Ve (18407)
6-3 1900/5 1522 C
037 Ve (1880)
6-4 V 1800/5 549 C
038 vV — (1805)

WADC TR 5L-206 84



TEST 10G (cont.)

Specimen Cross Number Type of
Number Section Cycle of Cycles Failure Remarks
(1) (2) (3) (&) {5) (6)
5-816 (Cast) (cont.)
6-5 v 1900/5 1040 C
3TN/ e (1927)
6=6 Used for Patigue Specimens
6-7 v 1900/5 725 c
039 Ve¢— v
6-8 2000/5 1370 c
okl Ve~ (1982)
£-~9 2000/5 636 C
035 V& (2017)
6-10 v 1700/5 2090 ¢
037 V€= (1717)
6-11 1700/5 2509 C
036 V€& (1710)
6-12 1600/5 18700 o) No Crack-
035 V€ v stopped

WADC TR 5L=-206

85



TEST LOG (eont,)

Specimen Cross Number Type of
Kumber Section Cycle of Cycles Failure Remarks
(1) (2) (3) (L) (5) (6)
N-155 Alloy (Wrought)
3764 FC
1 1700/5 3878 CTR(L) T gé%iggOWZI
038 4949 20
2 1700/5 3211 c T{ 1/3/ 2200"’] 1
5071400
o4O
3 1700/5 3248 ¢ nfr/3/ 2200"?1
038 50/1400
L 1800/5 1508 ¢ mit/3/22000)y
50/1400
03k
nf1/3/22000) 1
50/1400
5 1600/5 3886 O Removed 11-1%
036 for check-ng
erack
6 1700/% 3105 ¢ Tf/3/ 2200"}1
ko 50/1400
7 1800/5 1818 ¢ mfi/3/22008)
o1 50,/1400
8 1700/5 3195 ¢ rfi/3/220];
039 50,1400

WADC TR 5k-206



TEST LOG {cont,)

Specimen Cross Nutber Type of
Number Section Cycle of Cycles Failure Remarks
(1) (2) (3) (%) (5) (6)

N-155 Alloy {Wrought)

; ; 1700 2888 ¢ pji/3/22008)
9 037 < 7 /5 {50/l)+00
10 V 1600/5 10124 o miL/3/ 2200"“}1
oul Ve— ' 50/1400
11 : ; 1800/5 2052 ¢ rfi/3/22000]1
o045 V& ’ [ 50/1400
12 v 1800/5 1228 C TI[ 1/3/ 2200‘7 11
038 Ve— 50/1400
1/3/2200W) .
13 Oh8v<" 1800/5 1095 c T{so/upoo {h
1k v 1800/5 1042 ¢ pll/3/22000) 11
035 V< 50/1400
15 v 1800/5 990 ¢ f1/3/22000 i1y
0385 V €— 50/1400
16 v 1800 1130 ¢ )i/3/2200 (11
o415 ¥V € & ? {50/11;00

WADC TR 5L-206 87



TEST LOG (cont.)

Specimen Cross Number Type of
Number Section Cycle of Cycles Failure Remarks
(1) (2) (3) (&) (3) (6)
N-155 Ailoy {(Wrought) (cont,)
. 1/3/2200W
17 Ohov‘_ 1700/5 2229 c T[ 5071400 fn
1/5/2200»:}
18 1 1 C T Ir
0565v_ 700/5 995 {50 1100
19 1600/5 5153 c T{l/ 3/ eaocm}H
0395 Ve 50/1400
(1/3/2200%,
20 1 2
01;65; ;(_- 700/5 2320 c TZ50/11+00 II
21 1600 0 ¢ pf/3/22004) 1
SN s i
22 1600/5 7000 C T[ ;é%heeogow] 11
oh5 Ve—
23 v 1600 6728~ 7 L/3/22008) 1o
ougs Ve— /5 {50/11;00

WADC TR 54-206



TEST L0G (cont, )

Specimen Cross Number Type of
Number Section Cycle of Cycles Failure Remarks
(1) (2) (3) (1) (5) (6)
NB155 Alloy (Wrought) Lot II
05-1 ; ; 2000/5. 1287- ¢ mji/3/2200
ks Ve {50/11»00
. \ / 1/3/2200
C5-2 AV 2000/5 1083 c T{5O 71400 f
Y
C5-3 v 2000/5 775" ¢ rfi/3/2200
oho Ve~ 50,/1400
5=k 2000/5 966 o pji/3/2200
obs Ve— 50/1400
1/3/2200
C5-5 ouEXZ— 1900/% 1495 C T{50 1400 }
1/3/2200
C5-6 1900
5 O%( Z__ 900/5 1458 ¢ T{so/lhoo }
. 1/3/2200
C5-7 ; ; 1900/5 1535 C T
A7 Ve— {50/11;00 f
_ 1/3/2200
c5-8 Ojgv_ 1600/5 15000 0 T(50 71400 }

WADC TR 5L-206



TEST LOG {cont.)

Specimen Cross Kumber Type of
Number Section Cycle of Cycles Faillure Remarks
(1) (2) (3) (4) (5} (6}
Waspalloy
- 4/1975
A3-1 OMKZ_ 1600/5 10050 ¢ T{m /11;00}
- 4/1975
A%-2 O}gV{_ 1600/5 15048 C T{lé 1k oo}
A3=3 1800/5 1789° c T[ k/1975
038 Ve— (1798) 16/1400
4/1975
A3k v 1800/5 613 c T{ }
ouy Y€ (1795) 16/1400
4/1975
A3-5 1800/5 784 ¢ T{
oyl V€ (1805) 16/1400
- 4/1975
A3-6 v 1700/5 1319 C 'I‘{ }
039 Ve (1695) 16/1400
A3-7 v 1700/5 42 c T{ié}iﬁic}}
ou3 Ve (1705)
4/1975
A3-8 v 1700/5 879 C T{ }
ok2 V€~ (1695) 16/1400

WADC TR 54-206

S0



TEST 1.0¢ (eont.)

Specimen Cross Number Type of
Number Section Cycle of Cycles Failure Remurks
(1) (2) (3) (%) (5) (6)
Waspalloy (eont,)
A3~9 v 1650/5 1690 c Tﬁéﬁ[{go;
oh2 Ve (1680)
/1975
A3-10 v 1900/5 1102 ¢ T{lé 11»00{
o038 ¥ € (1880)
\ b
A3-11 v 1900/5 1010 c T[lé]/-%:{g‘l)}
o039 V<€ (1920)
1
A3-12 2000/5 784 c Tﬁé/ﬂgo}
035 Ve (2002)
A3-13 ; ; 2000/5 622 o T{"/l975 }
Ohz ¥V € (1990) 16/1400
- /1975
A%-1h v 2000/5 1263 C T{ }
o5 Ve over 16/1400
A3-15 Not Used
A3-16 v 2000/5 1263 c
ohs V €~ (1982) over

WADC TR S4-206

91



TEST LOG (cont,)

Specimen Cross Kumber Type of
Number Section Cycle of Cyecles Failure Remarks
(1) (2) (3) () (5) (6)
M-252 Allay
c V)
Bo-1 1600/5 15648 5/1396k4 Tf 195°z
obL V€T (1575) Pix 15/1400
c 4/1950
B2-2 1600/5 TTLT .2 over ’I'f >
ohs VeE— (1595) .1 over [15/1k00
Bo-3 1700/5 3747 c T{ ll‘/ ji’:go f
ou7 Ve— (17457) 2
B2-4 1700/5 12318 c Tr/ 1950
ou3 V€ (1690) 15/1400
Bo-5 1900/%5 1872 ¢ T&é}iﬁﬁo}
oke Y€ (1890)
4/1950
B2-6 ; ; 1800/5 2375 c -r§ }
ou8 Y (1982) 15/1400
B2-7 v 1800/ 2342 c Tf"/ }95&}}
oo Ve (1805) 15/14
B2-8 ; ; 1800/5 1941 ¢ pft/19%0 i
oo Y € (1800) 15/1400

WADC TR %4206 92



TEST 10G (cont,)

Specimen Cross Rumber Type of
Kumber Section Cycle of Cycles Failure Remarks
(1} (2) (3} () (5) (6)
M-252 Alloy (comt,)
4/1950
B2-9 V 2000/5 1229 C { Z
ol VE (1998) 15/1400
k/1950
B2-10 v 2000/5 1425 c { F
s V€T (1975) 15/1400
B2-11 v 2000/5 1650 C T 4/1950 g
ono VE— (1892) 15/1400
Battellalloy
2/2200
D-1 v 2000/5 3552 c T{10/1500\i
o34 VY € (2032)
D-2 V 1900/5 2745 c T{%‘ﬁggo}
033 Ve (1920)
D-3 V 2000/5 5079 c T[E/ 2200 }
031 Ve (1980) 10/1500
D-b v 1900/5 4956 c Fé‘?i;(;o }
032 Ve— (1920)
2 /2000
D=~ 1800 8 C
5 055V<“ /5 7639 {10/1500}

WADC TR 54-206

93



TEST 10G (cont.,)

Specimen Cross Rumber Type of
Number Section Cycle of Cycles Failure Remarks
(1) (2) (3) ey (5) (6)
Hastelloy C (Cast)
-1 V 1600/ 1618 c T[l/ 2200 I
ohz V€& (1607) 16/1600
1/2200
c-2 v 1600/5 2240 c T{ }
036 ¥ € (1595) 16/1600
0% v 1600/5. T546 ¢ Tﬁéﬁ&}
oLy V€& (1585)
1/2200
c-k v 1700/5 2757 c T{ ]
ou7 V€& (1683) 16/1600
c-5 v 1700/5 3098 0 T{1/22°°
k2 Ve (1719) 16/1600
c-6 1700/5 34,08 c T /22°°]
oz Ve (1702) 16/1.600
/2200
Ca
VA
c-8 V 1800/5 1338 C T{1/2200
oz ¥ ¢ (1798) 16/1600

WADC TR S5k-206

ok



TEST LOG (cont.}

Specimen Cross Number Type of
Number Section Cycle of Cycles Failure Remarks
(1) (2) (3) (4) (5) (6)
Hastelloy C (Cast) (conty)
c-9 v 1800/5 1872 ¢ T{l/eeoo
ouz V& (1810) 16/1600
¢-10 v 1900/5 4325 c T{ 1/2200 }
i Ve (1860) 16/1600
c-11 v 1900 020 c T{l/ 2200
ous Ve (iseé ? 3 16/1600
c-12 V 2000/5 364 c . {1/2200 ‘S
oL V€ (2010) 16/1600
c-15 v 2000/5 291 c TP'/ 5200 z
o039 V€ (1990) 16/1600
c-14% Not Used
c-15 V 2000/5 62k c p fL/2200 ]
o Y€ (1588) 6/1600

_He

WADC TR 54=-206



TEST LOG {cont,)

Specimen Cross Kumber Type of
Number Section Cycle of Cycles Failure Remarks
{1) (2) (3) (&) (5) (6)
Kennametal K-151-A
1 V 2000/5 300 c Fractured
sz ¥ € (1975)
2 v 2000/5 269 C
oko ¥ (2000)
3 1700/5 2626 c Fractured
ou2 V€ (1686)
¥ v 1700/5 2325 c Fractured
o4z V€& (1719}
5 1600/5 18020+ 0 Stopped
ouo V€ (1592)
6 v 1800/5 653 C Fractured
050 V= (1800)
Kennsmetal K-152-B
1 v 2000/5 154 c Fractured
osy V€
2 v 2000/5 345 c Fractured
(——

057

WADC TR 54-206



TEST LOG (cont.)

Specimen Cross Rumber Type of
FKumber Begtion Cycle of Cycles Failure Remarks
(1) (2) (3) (4) (5) (6)
Kennametal K-152-B (doat,.)
5 : ; 1800/% 391 c Fractured
050 [ o
N ; ; 1600/% 8511 C Fractured
58 V&
5 v 1800/5 251 C Fractured
oy Y€
6 v 1700/% 535 e Fractured
Oh2
Nimonic BO-A . .
B4-1 v 1700/3 35Th ¢ 7{B/1965
owo ¥ (1728) 16/130
Bh-2 v 1800/3 2919 c T{ / ‘-965}
ous V€ (1775) 16/1300
8/196%
o Nowm ow - B
Bl-b v 2000/5 849 e T[B/ 1965 %
ou8 V& (1990) 16/1300

wanc"m sl 206



TEST 10G (cont,)

Speclmen Cross Kumber
Kumber Section Cycle of Cycles Remarks
(1) (2) (3) (%) (6)
Nimonic 80-A (cont,)
Bh-5 : ; 2000/5 1078 T{B/1965
037 V€ (1982) 16/1300
8/1965
Bi-6 1900/5 1755 T }
ohg V€ (1972) 16/1300
BT 1900/5 1910 T [8/ 1965 ?
037 Ve (1895) 16/1300
BL-8 v 1700/5 1770 T{S/ 1965 }
039 V & (1720) 16/1300
8/1965
B4-9 1800/5 2918 T { }
ouo V& (2817) 16/1300
B4-10 1700/5 2560 T [8/1965 %
038 V€ (1710) 16/1300 |
Bh-11 v 1800/5 3029 T{S/ 1965 }
oko VY € (1825) 16/1300
Bl-12 1600/5 TLTT T{B/ 1965 }
o2 V€ (1600) 16/1300
) 1600/% 6510 7 [B/1965
Bi-13 ohvf— (1600) 6/1300

WADC TR 54 -206

98



