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ABSTRACT

The fluidized bed technique has been used to measure

the relative thermal-fatigue resistance of 15 superalloys

BI900, IN-100, PWA 1401, X-40, WI-52, MAR-M 200, PWA 664,

MAR-M 302, IN-162, IN-713C, M22, TAZ-8A, Udimet 700 (cast

and wrought), and TD-NiCr. PWA 1401 and PWA 664 were directionally
solidified. BI900, IN-IO0, and PWA 1401 were also tested with

aluminum-lO% silicon coatings. Among the 15 alloys, cycles

to cracking differed by several orders of magnitude. Coatings
and directional solidification were of definite benefit. Some

alloys experienced serious weight losses and internal oxidation.

This investigation is part of a general study of thermal fatigue

conducted by the NASA-Lewis Research Center.
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SUMMARY

This investigation is part of a general study of

thermal fatigue conducted by the NASA-Lewis Research Center.

This program used the fluidized bed heating and cooling technique

to measure the relative thermal fatigue resistance of 15 super-

alloys. These alloys included BI900, IN-100, PWA 1401, X-40,

WI-52, MAR-M 200, PWA 664, _AR-M 302, IN-162, IN-713C, M22,

TAZ-8A, Udimet 700 (cast and wrought), and TD-NiCr. Two alloys--

PWA 1401 and PWA 664--were directionally solidified. Three--
BI900, IN-100, and PWA 1401--were also tested with a diffused

aluminum-10% silicon slurry coating. The resistance to cracking

was measured by cycling specimens between fluidized beds at

1990°F (I088°C) and 600°F (316°C), examining the specimens for

cracks at intervals, and measuring the lengths of the first

three cracks to be formed. When sufficient crack propagation

data were obtained, the specimen was removed from the test.

The most crack-resistant materials were those coated

or directionally solidified: PWA 664, PWA 1401, PWA 1401--coated,

and Bl900--coated. Among the conventionally cast and uncoated

materials, the most crack-resistant nickel-base and cobalt-base

alloys were TAZ-8A and X-40, respectively.

Two alloys--PWA 664 and MAR-M 200--had the same com-

position but different grain structure and radically different

resistance to thermal fatigue. Directionally solidified PWA 664

had very high resistance to cracking, while MAR-M 200 showed

poor resistance. This indicates that grain structure is at least

as important as the composition of the superalloy.

Examination of the crack paths and fracture surface

showed that the cracks tend to follow intergranular paths (with

the possible exception of TAZ-8A and the cobalt-base alloys).
Oxidation proceeds as cracks are formed, and the oxidation prod-

ucts are observed for the whole length of the crack. It is

possible that oxidation at the surface grain boundaries occurs

before cracking, particularly in the nickel-base alloys. The

oxidation causes serious material loss during cycling on some

alloys. However, it is shown that coatings can significantly
reduce oxidation and metal loss.



INTRODUCTION

The purpose of the present work is to use the fluidized
bed technique to measure the relative thermal fatigue cracking
resistance of fifteen high-temperature superalloys that could be
used for advanced air breathing engines. The study includes
metallographic and hardness studies before and after thermal
fatigue testing. The work was carried out in a facility designed
and built by liT Research Institute.

This investigation is part of a general study of thermal
fatigue being undertaken by the NASA-Lewis _esearch Center.
Other parts of the _dy and the possible use of the data are
described by Spera.

Thermal fatigue is a possible failure mechanism in any
situation that involves fluctuating temperatures. If certain
materials are heated or cooled rapidly, cracking sometimes occurs°
The phenomenon, which is often called thermal shock, is caused
by thermal gradients present during rapid temperatu_ change.
As a result, strain is produced which is related to the co-
efficient of expansion of the material. Failure occurs when
thermally induced stresses exceed the strength of the material
after starting as a crack in the most sensitive area. In metals,
the thermal fatigue mechanism often results in the gradual
formation of a network of cracks and is commonly referred to as
craze cracking, heat checking, or fire cracking. Any part which
undergoes temperature cycling during service is likely to fail
by this mechanism.

Failures due to thermal fatigue can be found in brake
drums, turbine blades, internal combustion engine pistons, rolls
for forming hot steel, forging dies, railway wheels, furnace
components, and in molds used for glass and metal molding.
Thermal fatigue can become the dominant failure mode in air-
craft gas turbine engines as the operating temperature and
thermal gradients become more severe and the expected service
life becomes longer.

Many methods of heating and cooling have been used
to simulate the thermal cycles experienced in actual applications.
Some of the earliest work used direct flame impingement on a
surface. However, unless carefully controlled, the combustion
products and variation in temperature conditions can introduce
an arbitrary environment which can influence the cracking
mechanism.

High-frequency heating and electrical resistance
heating systems can be used to establish simulated thermal
cycling conditions; however, they are generally expensive to
construct for the multi-station test facilities which are needed
to amass data quickly. In the consideration of thermal fatigue,
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the crack propagation rate is as important as the start of
cracking. For instance, a material that cracks early might be
satisfactory if the crack propagation rate is very slow. With
high frequency and resistance heating, the formation of a
crack alters the flux or current density in such a way that the
crack is overheated and measurement of propagation rate becomes
meaningless.

The fluidized bed heating system for thermal fatigue
testing has many advantages and no significant disadvantages_
The bed construction is simple and relatively inexpensive.
The rate of heat transfer to a specimen or group of specimens
is high. The heat content of a particulate solid fluidized
media is also high, so that a large number of specimens or a
large specimen can be rapidly and repeatedly heated without
lowering the bed temperature significantly° The fluid bed
system uses low-velocity air flows (in the order of i fps),
and in this respect the high-velocity gas flows in a turbine
engine aren_jimulated. The first reported use of fluidized beds
for thermal fatigue testing was in 1958 by Glenny and co-workers.
Since that time there have been many reports of the use of this
technique to evaluate thermal fatigue resistance.(3-II) A
bibliography of the litg_ure of thermal fatigue up to 1967
was compiled by Carden._zJ

The original high-temperature bed described by Glenny
was 6 in. in diameter and was heated by wire-wound elements
of 4 kw total input. For this program much heavier loads of
test specimens had to be cycled, and a bed diameter of 11.5 in.
with a power input of 55 kw was required° The low-temperature
bed was controlled at an intermediate temperature instead of
room temperature; thus the lower temperature beds were required
to have provisions for both heating and cooling. These features
are described in the section under Experimental Work which
deals with the thermal fatigue facility°

(2)

EXPERIMENTALWORK

Materials and Conditions

Eighteen variations of alloys and treatments were
studied in this program. These are listed in Table i. Thirteen
different material compositions were used as shown in Table 2o
The main variations, apart from composition, are directional
solidification and surface coating.

Both IN-100 and MAR-M 200 were used in the directionally
solidified condition. These were cast according to PWA1401
and PWA664 specifications, respectively°

The alloys coated were BI900, IN-100 and PWA 1401o
The coating used was PWA47 (Jo-Coat)o This is a proprietary
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coating of Pratt and Whitney Aircraft Division, United Aircraft
Corporation. The only information available is that Jo-Coat Js

slurry-sprayed coating having a composition of al_min_rn-
i0% silicon. This coating is subsequently heat treated.

Two types of test pieces were produced:

l. A tapered thermal fatigue test piece for use

in this program•

• A uniaxial tensile and stress-rupture test

piece for use by NASA-Lewis Research Center•

These test pieces are shown in Figure i. The thermal

fatigue test piece was produced _n all eighteen variations of

material and treatment. The unlaxial test piece was produced
in all variations except P_A 664.

The two directionally solidified materials--PWA 1401

and PWA 664--were cast oversize and machined to size. The grain

patterns in tile as-cast condition are shown in Figures 2 and 3.
The directionally solidified specimens were individually iden-

tified in order that the results might be considered in relation-

ship to the original macro grain structure. The specimens used

in each _et and the figures giving the macrostructure are indicated
in Table 3.

All other test pieces in cast materials were cast to

size. The test pieces in wrought Udimet 700 and the TD-NiCr

were machined to size. Owing to delivery difficulties the

TD-NiCr material was supplied from two different heats• However,

they are believed to have identical mechanical properties. Heat
No. 2858 was used for sets A to D while heat No. 1852 was used

for E and F. The identities of all test pieces were maintained

throughout testing in case the heat was a source of variation

of results. Tensile properties at 1400°F (760°C) and creep-

rupture properties at !800°F (982°C) were obtained by NASA-Lewis

using tile uniaxial specimens. The results are given in Table 4
and 5. The creep-rupture results for IN-713C, M22, and TD-NiCr

are significantly lower than average published data.

Heat Treatment

The heat treatments used for all specimens are shown

in Table 6. All heat treatment was carried out in an argon

atmosphere•

Thermal Fatigue Facility

A schematic drawing of the thermal fatigue testing

facility is shown in Figure 4. It consists of a 11.5 in.
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diameter high-temperature bed situated between two 14 in.
diameter intermedlate-temperature beds°

The center high-temperature bed has either an Incone]
retort or a silicon carbide retort, depending on the maximum
temperature requirements, and a stainless steel air-diffuser
box supplied with air from a low-pressure blower. The bed is
heated by 12 silicon carbide elements with a total power of
55 kw. lleat insulation is provided by two layers of refractory
insulating brick and i in. of Fiberfrax.

The intermediate beds are double walled, with a stain-
less steel liner and a I in. insulation of Fiberfrax. Heating
is provided by three Calrod elements (total power of 12 kw for
each bed) situated above the stainless steel air box. For
cooling, the heat exchanger can be either a multi-tube,
water-cooled copper assembly (left bed, Figure 4) for bed
temperatures up to 400°F or an air-cooled stainless stee?
jacket (right bed, Figure 4) for bed temperatures above 400°F.
These heat exchangers are interchangeable. For all work carried
out on this program, the air-cooled heat exchanger was used.

The specimens are cycled by means of automatically
controlled pneumatic cylinders which are sequenced by timers
and limit switches. The facility will cycle automatically
for the number of cycles selected.

The air _upp!y for fluidization is controlled through
flow-meters for each bed. The maximum fluidization air demand
is about 3500 cu ft/sq ft/hr (3500 cfh) for each of the
intermediate beds at 100°F and 900 cu ft/sq ft/hr (600 cfh)
for the high-temperature bed at 2000°F. Less inlet air is
required as the bed temperature is iL.creased due to the
expansion of the air as it passes through the bed. Tests
show that the fluidization range is fairly narrow since the
bed will rapidly empty if excessive air is used. For high
heat transfer coefficients the bed should be worked at just
below the maximum air flow curve in Figure 5.

Each bed is fitted with four thermocouples for control,
over-temperature protection, low-temperature test cutoff,
and recording purposes.

Facility Performance

The high-temperature bed will operate at 2300°F
(1260°C) using a silicon carbide retort and could be run at
this temperature for testing small samples. However, as the
weight of the specimen load in pounds per hour is increased,
the maximum permissible bed temperature must be decreased.
Otherwise tile temperature of the heating elements would exceed
the maximum permissible value of 2750°F (1510°C). _ith a



specimen load of 15 ib, the maximum bed temperature is about
2000°F (1204°C) with a constant input of about 45 kw. At
below 200°F bed temperature, the Inconel retort may be used.

The intermediate beds will run at a maximum temperature
of 800°F (427°C). When cooling a 15 ib load from 200°F every
4 min, the air-cooled and water-cooled heat exchangers will hold
the bed temperatures at 400°F (204°C) and 200°F (83°C),
respectively.

Thermal Fatigue Fixture--Development and Evaluation

A satisfactory fixture for holding the specimens
must meet several requirements. It should have a reasonable
degree of creep and thermal fatigue resistance, and be
relatively simple to fabricate. The fixture should support
the specimens in such a manner so as not to interfere with
uniform heating and cooling of all specimens. The fixture
design should ensure that its thermal expansion and
contraction does not distort the test pieces. Therefore,
several designs and materials were investigated to discover
the best design.

Simulated specimens of type AISI 304 stainless steel
were used throughout the initial fixture design study. Figure
6 shows the dimensions of the specimen. At the start of
development, two fixtures were designed and fabricated--one to
support the specimens horizontally (Figure 7_ and the other
to support them vertically (Figure 8). The material was
AISI 304 stainless steel. Each fixture with 20 specimens
was thermal-cycled in fluidized heating and cooling beds,
with a 2 min dwell in each bed. The maximum bed temperature
was 19500F (I0660C) withaminimum temperature of 400 F (204°C) o
After 20 cycles, the fixture for holdin_ the specimens
horizontal showed little or no distortion. However, a
temperature gradient in the specimens was observed (Figure 7),
with the center I in. critical test area of the top specimen
being considerably darker in heat color (1500°F) than the
outer portions (1850°F). This dark region "fanned out," such
that the entire bottom specimen was only approximately 1400OF-
1500°F. This temperature gradient was probably due to the
wide bottom plate of the fixture. The plate was an inch wider
than the specimens, and this was sufficient to impair proper
fluidization around the specimens. This design was discarded
in favor of the one which held the specimens vertically.

The vertical-specimen fixture was tested in the manner
described above, and it was found to cause a temperature
gradient in the bottom inch of the specimens (Figure 8). Here
again, the bottom plate shielded the specimens from the direct
vertical action of the fluidizing media. With either fixture,
thermal equilibrium (no thermal gradient) could only be attained
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by a longer heating cycle. In addition to the slight gradient
produced, the top and bottom plates of the vertical fixture
distorted, with the bottom distortion more severe+ In an
attempt to remedy this situation, triangular ribs were welded
to the straightened bottom plate. Figure 9 shows the condition
of the fixture and specimen after I00 thermal cycles+ The end
bolts bent, and one fractured in the threads+ This fixture
has two inherently undesirable features--namely, gross distortion
occurs in a relatively few cycles, and the bottom plate
restricts fl_id_zation thus causing a temperature gradient from
one specimen to another and along the span of a given specimen.

At this point in the fixture development program a
new approach was taken. The primary concern was that of
obtaining uniform heating and cooling of all specimens.
Therefore, the top and bottom plates of the fixture had to be
changed. A round notch was machined into the ends of the
specimens (F_gure i) in order that they could be supported by
plates in the vertical plane. This eliminated the shielding
effect and produced more uniform heating of the fixture itself+
Figure I0 shows the scheme used. Very uniform heating was
attained in both the specimens and the fixture. However, after
i00 cycles the side members were somewhat bowed.

After straightening the sides of the fixture shown
in Figure i0, strips of the same width and thickness were
welded to the sides to form channels and the fixture was bolted
together as shown. Figure II shows thi_ modification of the
fixture after cycling the specimens 580 times. A very small
amount of distortion is soen. The fracture tPrough the top
bolt hole is perhaps due to the lack of sufficient material
above it. This fixture _howed the most promise and therefore
was further considered with some modifications.

Figure 12 shows the modified fixture prior to thermal
cycling. The two vertical end pieces are standard I ino x 2 ino
AISI 304 stainless s_eel channel secti0ng The top and bottom
plates are wrought, heat-treated Udimet ]00. After some i000
thermal cycles this fixture too showed some distortion. The
top and bottom plates had two-dimensional distortion, such that
the plates had to be f)+ame-st_aightened.+ . Auxiliary plates
were bolted to the top plate to restra_ the specimens if the
fixture became unduly d_storted while cycling. These added
plates did not affect the u_Liform heating, The maximum
temperature to which the fixture is subjected is so severe
that even the Udimet 700 superalloy has to be straightened
after each 400-500 cycles. The latest design and nL_ one
which is the most satisfactory has a bottom plate machined
from Inconel 600 stock. The top plate is identical to that
shown in Figure 12. The added thickness and modified shape
in_rea_e_ _he rigidity. Figure 13 shows the fcy_re after
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150 cycles with the auxiliary top plates and also the thicker
bottom plate. The superalloy test specimens _ere cycled using
this fixture.

During this fixture development phase and simultane-
ously with the design of other fixtures, a somewhat different
approach was taken. On the theory that perhaps the previous
fixtures may have been too bulky and constructed Jn such a manner
as to induce distortion, a different shaped fixture was designed
and tested. Figure 14 shows this fixture after i00 cycles° The
distortion caused the end specimens to bend, and further cycling
would cause all the specimens to fall from the fixture. This
design was abandoned in favor of the fixture shown in Figure 13o

During the latter stages of testing, fewer samplea
were run at one time because sufficient data had been accumulated
on the other samples. For these tests a fixture of the same
design but holding i0 specimens (2 dummies + 8 actual test speci-
mens) was used. This fixture was less subject to distortion and
was more suited for long runs involving a high n_nbe_ of cycles°
The smaller capacity fixture with i0 specimens weighed 9°9 Ib
as compared with 14.7 ib for the 20-specimen fixture° Since
the difference in fixture weight is negligible compared with the
weight of alumina used in the bed (approximately 250 Ib); the
heating and cooling conditions are not affected.

Test Conditions

Six sets of specimens were cycled. Each set consisted
of 18 thermal fatigue test pieces, as listed in Table I, with
a dummy stainless steel sample at each end to eliminate end
effects.

Specimens were always placed in the fixture in the
same order--i.e., IN-713C, M22, TAZ-8A, WI-52, BI900 coated,
BI900, MAR-M 302, In-162, PWA 664, MAR-M 200, wrcught Udimet
700, cast Udimet 700, IN-100, PWA 1401 coated, PWA 1401,
TD-NiCr, and X-40. The 0.02_ in. radius edges were all on the
same side of the fixture. These fixed positions were maintained
for convenience in inspection. Previous investigations by IITRI
have shown that position ir the fixture does not have any
particular effect on therma_ fatigue life.
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The ' following bed temperatures and fluidizing condi-
tions were maintained constant through the entire test series:

Temperature
OF °C

Air Flow
(Measured at 150°F,

2 psi pressure)
ft3/ft2/hr m3/m2/hr

Hot bed 1990 1088 900 275

Intermediate bed 600 316 2100 640

The fluidized me£imwas 28-48 mesh tabular alumina•

The time of immersion in each bed was varied in each
set as follows:

T ime _ min
Set Hot Bed Intermediate Bed

A & B 2.0 2.0

C 2.5 2.5

D 3.0 3.0

E 3.5 3.5

F 4.0 4.0

Measurement of Transient Temperatures

The transient temperatures achieved during the cycling

of sets A (or B), D, and F were established using instrumented

specimens, each fitted with five thermocouples. The couple posi-

tions are shown in Figure I. Five alloys were calibrated in this

way: IN-100, WI-52, MAR-M 200, MAR-M 302, and Udimet 700 (wrought).

The thermocouples were magnesium oxide insulated, Inconel 600

sheathed, ISA type K (Chromel/Alumel) with an outside sheath diam-

eter of 0.020 in. These couples were fabricated to meet speci-

fications MIL Q-9858 and ASTME-235. The couples were run in

grooves milled in the surface of the specimen. Grooves were

0.022 in. wide and 0.020 in. deep. The thermocouples were se-

cured in place using an air-setting two-part Allen P-I ceramic

cement. After curing at 600°F (316°C) an adherent bond is formed

sufficient to hold the thermocouple in place. Temperatures were

recorded on a multichannel high-speed recorder.

Typical curves obtained for IN-100 using a 4 min immer-

sion time in each bed are shown in Figure 15. The effect of

longer immersion times is to increase T__ and decrease Tmi n.
Complete tabulated data are shown in Ta_es 7 to 16.
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Inspection of Specimens During Testing

The specimens were removed at regular cycle intervals,
and both edges were examined for cracks using a 30X microscope.
When a crack was discovered, the length from crack tip to
specimen edge was measured on both sides of the specimen and the
average taken as the crack length. Measurement was made on a
traveling microscope.

Table 17 summarizes the inspection points and total
cycles that each specimen underwent during test.

When sufficient crack data were obtained, the specimen
was removed from the fixture and replaced by a stainless steel
dummy specimen.

At the later inspection points a Rockwell C hardness
reading was taken on the surface of each specimen.

Meta i lography

At the end of the test program selected samples from
sets C, D, and F were sectioned for metallography. The section
containing the crack was cut from the specimen and ground care-
fully down to the center plane. The specimen was mounted in a
thermo-setting plastic and prepared in the conventional way using
automatic polishing, and finishing on a microcloth wheel with
0.05 micron abrasive powder. The nickel-base alloys were
electrolytically etched in 10% phosphoric acid using about 1 1/2 v
for 3 seconds. The cobalt-base alloys were etched electrolytically
in a mixture of hydrochloric and acetic acid (approximately 6 v
for i0 seconds).

Scanning Electron Microscopy

Selected fracture faces were separated bv cutting
through the tip of the crack so that one face could be viewed
normally. The specimen was placed in a JSM-2 scanning electron
microscope without further preparation. An operating voltage
of 25 kw was used and examination made in the range 30 to 10,000X.

RESULTS

Thermal Fatigue Data

Complete crack propagation data are contained in
Tables 18 to 35. Data are given as crack length versus cycle
number for a maximum of three cracks. The appearance of the
specimens after testing is shown in Figure 16.
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The number of cycles required to initiate cracks was
of primary interest in this study. There are several ways of
determining this number which cannot be measured directly.
Glenny(2) used the procedure of averaging the cycles between
the last inspection cycle to show no crack and the first
inspection when the crack was observed° A refinement of thi_
method =q to plot crack length versus cycle n,lmber and extrap-
_late to zero crack length. This later procedure is of
partlcular value when the test section is of constant thick-
ness and the crack length versus cycle number curves approximate
to straight lines. The wedge section specimen used in this
investigation results in curved crack propagation curves and
maked it difficult to accurately extrapolate the curves to
zero crack length. The averaging method of Glenny has been
used in this investigatio_ and the cycles to initiate the
first crack in each alloy are summarized in Table 36° Data
from Table 36 are presented graphically in Figure 17.

One consideration beyond the initiation of crack
cycles is the crack propagation rate. Inspection of Table
36 shows that ¢ra_k propagation rates do vary in different
materials. 6rack propagation data for uncoated and coated
IN-100 and F_A 1401 are shown in Figures 18 and 19. Crack
propagation is particularly slow in the directionally
solidified alloys (compare Figures 18 and 19). However,
there is a tendency _n these materials for small cracks
to start from the locating grooves at the ends of the specimens_
This results from the fact that the grain structure is highly
directional. An extreme case of this is presented by some
of the TD-NiCr samples which at the conclusion of testing were
in danger of splitting into two parts. The presence of these
splits would lower the stresses at the test edges°

In some cases the 0.040 in. test edge initiated
cracks before the 0.025 in. edge. This was probably due to
weaknesses in the 0.040 in. edge causing preferred initiation.
Once a crack was well established, it is probable that the
stresses were relieved sufficiently to delay crack initiation
in the opposite edge. It was also noticeable that when
several cracks propagated they did so at regular intervals
along the specimen. When one crack formed, it relieved
the stresses locally and thus prevented another crack forming
within the immediate neighborhood of the first crack.

Metallography

A total of 50 specimens were sectioned for metallo-
graphic work. In most instances cracks between 0.i00 and
0.300 in. in length (2.5-7.5 mm) were selected for examination.
Cracks from both the 0.025 in. radius and the 0.040 i_ radius
were examined, as well as longitudinal sections parallel to
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the mid-chord plane of the specimen. All the sections containi_g
cracks were made on the mid-thickness plane. In certain cases
complete cross-sections were taken. Table 37 summarizes the
specimens sectioned for metallography. All the photomicrographs
presented are from 0pecimens from set D with the exception of
certain directionally solidified sections. Set D represents
the intermediate time exposure in the fluidized beds. The othr
samples examined showed essentially the same metallographic
features.

The appearance of typical thermal fatigue cracks in

the 0.025 in. radius are shown in the Figure 20 series at

low magnification (20X). It will be seen that the cracks in
most of the nickel-base alloys appear to be following a

predominantly intergranular path. The cobalt-base alloyb

(X-40, WI-52, and MAR-M 302) have straighter crack paths

with less evidence of an intergranular path. WI-25 tends to

form very wide cracks, as may be seen from an examination

of the actual specimens (Figure i6).

The crack roots for the same sequence of samples

in Figure 20 are shown in Figure 21 in tile etched condition.

All the nickel-base samples show areas of alloy deDletion

along the edge of the crack probably due to oxidation. All

cracks show the presence of oxide within the crack usually
extending to the end of the crack. Many of these photo-

microBraphs show clearly that the crack is following a grain
boundary or other structural discontinuity.

Perhaps the most significant series of micrographs

ace Figures 22 to 36. These figures show the edges of the
longitudinal and some transverse sections of the thermal

fatigue specimen surfaces including the coating, where present.

The objective was to examine the surface of the specimens for

sites of possible crack nucleation. In this way it was
hoped to discover something of the mechanism that initiates
cracks.

All the nickel-base alloys show a uniform layer of
alloy depletion at the surface. At positions adjacent to

rain boundaries, the depletion layer is deeper, tending to
ollow grain boundaries. This can be seen most clearly in

Figures 24, 27, 30, 34, and 35. There is little doubt that this

process continues with increased thermal cycling. If the

material is weaker at one location than the surrounding material,
a crack can initiate. Once the crack s growing, depletion con-

tinues ahead of the crack and tends uo follow grain boundaries.

Figures 22, 23, and 26 show coated samples. It appears

that the coating is less effective on the BI900 (Figure 22)
than on the IN-100 material in preventing surface oxidation.
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Fissures develop through the coatings and allow oxidation of
the base metal but at a much slower rate°

In general, the directionally solidified alloys show
far fewer surface discontinuities to allow penetration of oxide
(compare Figures 24 and 25)° However, the PWA664 specimen
examined (Figure 36) showed subsurface porosity which could
nucleate thermal cracks° The surface carbide in Figure 25
was not typical of this alloy but shows a feature that may
start a crack after thermal cycling.

The photomicrographs of the cobalt al_ (Figures
28, 29, and 31) are more difficult to interpret. There is
o_vious surface penetration, but the structures are totally
diffprent. There is probably also some alloy depletio_ but
it is less visible in these alloys° The grain size of the X-40
specimens was much smaller than the other alloys_

Transverse sections through the 0.025 in0 radius test
edge of selected specimens are shown in Figures 30a-co The
coating on IN-100 and BI900 specimens shows definite deterior-
ation (see Figures 37a and 37c)o Erosion of the uncoated
samples can be clearly seen (compare the edge radius of 37b and
37d _ith 37a and 37c)o The metal loss from erosion has been
significant: this will be discussed in the later section,
"Oxidatioh."

Creep tests performed by NASA on the TD-NiCr (Table 5)
indicated that the properties were much lower than expected
whe_ compared to the nominal properties of 0°060 in. (1.5 mm)
sheet of the same alloy_ This could be because the material
was supplied in the relatively thick section of 0_250 in_ (6.3 ram)0
Figure 38 shows the unetched structure of the TD-NiCr used in
this program, while Figure 39 shows the structure of a 0.060 ino
thick sample of TD-NiCro The difference in ThO2 distribution
is immediately apparent°

Scannin_ E?ectron Microscopy (SEM)

Thermal fatigue fractures of six materials were
examined using the SEMo Magnifications of 30 to 10,000X were
used. A selection of electron micrographs is presented in
Figures 40 to 45.

Many photographs give evidence of considerable crack
branching and intergranular fracture (see Figures 40a, 41a,
41b, 42a, 42b, 44a, 45a, and 44b)o At higher magnification
the IN-100 (Figure 40b) shows evidence of particles, probably
carbides, pulling out of the fracture° The MAR-M 200 (Figure 39b)
shows the presence of a heavy oxide on the surface of the fracture
probably mixed with carbide particles° The same effect is seen
in the MAR-M 302 (Figure 42)° The TD-NiCr gives evidence of
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large thoria particles (Figure 43), the structure having high
ductility around these particles. The Udimet 700 samples show
clearly the intergranular natur_ of the fracture (Figures 44a
and 45a). At higher magnifications there are oxide particles
on the fracture (Figures 44b and 45b).

All the fractures show a high degree of "dimple"
type fracture indicative of a ductile fracture with the
possible exception of the MAR-H 302 (Figure 42), which
aFpa_tly has large areas of cleavage.

Hardness Measurements

_ardness measurements were made on the thermal
fatigue samples using the Rockwell C hardness scale• The
measurements were made along the mid-chord of the samples in the
same area as thermocouple No. 3 (Figure i). The hardness
results are given in Table 3_. In most instances there is a
tendency for the hardness tu decrease with extended t_ermal
cycling.

Microhardness surveys were carried out on the sections
of tested specimens prepared for metallogrsDhic analysis.
Hardness readings on tested material were taken in five poslticns
and are listed in Table 39:

Near the surface (approx. 0.003 in. from
surface)

• Near the surface and a major crack (approx.

0.003 in. from each)

3. 0.100-0.150 in. below the surface

. Near crack tip (approx. 0.003 in. beyond

the tip)

• On nickel-base samples only, in the white-

etching layer adjacent to the crack•

There is a tendency for the hardness to be lower

n2ar the surface than in the bulk of the material, the only

major exception being MAR-H 302. The hardness near the crack

does not differ significantly from that in areas away from

the crack. The white-etching layer differs in hardness from

the bulk material, but sometimes it is harder and other times

so£ter than the nearby material.

Oxidation

It became obvious after prolonged cycling of the

thermal fatigue specim_ns that considerable erosion of some

specimens was occurring. The extent of this erosion :'s s _ow_
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in Figures 37b and 37d, where the original profile has been dras-
tically modified. In some of the alloys oxidation and erosion
were so pronounced that it was decided to take weight-change
data. Since this was not part of the original program, starting
weights had not been measured. It was necessary to estimate
these starting weights, using duplicate untested specimens as a
guide. Weight change expressed as percent loss in I000 cycles
is shown in Figure 46. It will be seen that the percent loss
increases with the maximum surface temperature reached during
the thermal cycle.

The IN-100 and PWA 1401 showed the greate_ loss, fol-
lowed by PWA664 and MAR-M 200. All other specimen weight losses
were less than 1%. These oxidation results are for low-velocity
air flow conditions.

DISCUSSION

The primary objective of this program was to measure
the relative thermal fatigue cracking resistance of the 18 com-
binations of materials, casting conditions, and coating. Crack-
ing resistance can be based on the projected number of cycles
required to initiate the first crack (Table 36). For example,
if the resistance after a 3 min exposure is selected, the follow-
ing ranking is obtained as a measure of thermal fatigue crack
resistance:

Cycles to First Crack
Rank Alloy (3 min exposure)

PWA 664 4700i

(Highest)

2-3 PWA 1401, coated 2400
PWA 1401

4 BI900, coated 1190

5-6 TAZ-8A 600

X-40

7-9 IN-100, coated 400
BI900

IN-162

I0-Ii IN-713C 250

TD-NiCr

12-14 WI-52 75

MAR-M 302

Udimet 700 (cast)

15 IN-100 38

16-18 Udimet 700 (wrought) 13
M22

MAR-M 200
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In considering this order, it should be noted that
the number of cycles to cracking spread over a range of 2 to
2-1/2 orders of magnitude. But some results are close, and the
difference of one or two places in the order may not be signif-
icant. One of the most important facts is that PWA 664 and
MAR-M 200 are at or near the extremes of the table. These alloys
have identical compositions, the difference being that PWA 664
is directionally solidified. It is probable that small changes
in alloy composition are not as important for thermal fatigue
resistance as is the structure. This observation has been made
in several unpublished investigations by IITRI concerning medium
carbon steel and tool steels. The structure that is under test
is probably more important than minor compositional variations.

In considering individual results, the TD-NiCr sample
probably did not fail in the 0.040 in. edge because the large,
rapidly propagating cracks in the 0.025 in. edge relieve the
stresses in the 0.040 in. edge.

In some cases the cycles to crack initiation for spec-
imens tested at 3-1/2 min were higher than the general trend of
data would indicate. Further analysis of the results will be
attempted to verify the validity of these results althouBh the
effect is not believed to be due to experimental error.

The metallographic work, confirmed by the SEM, shows
that the fractures are mainly intergranular and follow structural
discontinuities. A significant feature seems to be the formation
of the white-etching layer both on the specimen surface and on
the side of the thermal cracks. This layer could be due to the
loss of some elements by diffusion outwards or by the diffusion
of oxygen inwards. The increase in hardness of this white layer
suggests that some oxygen could be diffusing into the metal.
This may produce a brittle layer which would aid crack propa-
gation.

The results show that either directional solidifica-
tion or coating can be very successful in delaying cracking--
the former by producing fewer surface microscopic features that
might nucleate a crack, and the latter by minimizing surface
oxidation. It is interesting to note that the use of a coating
on a directionally solidified alloy (PWA 1401) did not markedly
delay thermal fatigue cracking. However, the coating substan-
tially reduced weight loss by oxidation. In the absence of
transverse grain boundaries, it is possible that as material is
removed during thermal cycling by oxidation, crack nucleation
sites are also removed. Since oxidation seems to be an impor-
tant factor in the crackinB mechanism, it is possible that tests
in higher velocity airstreams might significantly change the
number of cycles required to initiate a crack.
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CONCLUSIONS

The purpose of this investigation was to use the
fluidized bed heating and cooling technique to measure the
relative thermal fatigue cracking resistance of 18 combinations
of superalloy composition, casting technique, and coating.

The longest thermal fatigue lives were obtained with
materials that had been either directiona!iv solidified or
coated: PWA664, PWA1401 (coated), F_A 1401, and BI900 (coated)_
Intermediate thermal fatigue lives were obtained with conven-
tionally cast uncoated nickel-base alloy TAZ-8A and uncoated
cobalt-base alloy X-40. These conclusions are based on preliminary
examination of the raw data. A more complete analysis of the
data is required before a final ranking can be made. This should
be undertaken together with an analysis of new data on these
alloys presently being generated.

The longest and shortest lives, as rated on the 3 min
immersion tJ_e were obtained with materials which had the same
composition (PWA 664 and MAR-M 200). Evidently, structure of
the superalloy is more important than minor compositional changes.

Examination of the crack paths and fracture surfaces
shows that the cracks tend to follow an intergranular path
(with the possible exception of the cobalt alloys and TAZ-8_).
There are many branching cracks found as propagation continues.

During thermal cycling, oxidation occurs resulting in
a white-etching layer on the surface and along the sides of the
cracks. This layer appears to precede the crack and to favor
an intergranular penetration route. There is reason to believe
that oxidation at a grain boundary at the surface precedes crack
initiation particularly in the nickel-base alloys.

Cyclic oxidation occurs at the same time as thermal
cycling, and some materials suffer considerable material loss.
There is an indication that the directionally solidified
materials oxidize to a greater extent than the same alloy in the
conventionally cast form.
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TABLE I

ALLOYS AND VARIATIONS USED IN TEST PROGRAM

le

2.

3.

4.

5.

6.

7.

8.

9.

I0.

ii.

12.

13.

14.

15.

16.

17.

18.

BI900

BI900 with Jo-Coat (F_A 47)

IN i00

IN-100 with Jo-Coat

I_A 1401 (directionally solidified IN-100)

PWA 1401 with Jo-Coat

X-40

WI-52

MAR-M 200

PWA 664 (directionally solidified _IAR-M 200)

MAR-M 302

IN-162

IN-713C

M22

TAZ -8A

Udimet 700 (Cast)

Udimet 700 (Wrought)

TD-NiCr
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TABLE 3

LOSATION OF "AS-CAST" MACROGRAPHS

OF THE DIRECTIONALLY SOLIDIFIED ALLOYS

Used in

Experimenta I
Set

PWA 1401

Not Coated

Specimen Fig.

Coated

Specimen Fig.

PWA 664

Specimen Fig.

A 2 3b 13 3a i0 2b

B Ii 3d 4 3a 2 2b

C 3 3b 9 3d 13 2b

D i0 3d 14 3b 7 2a

E 16 3c 6 3c 21 2c

F 12 3d 8 3a 14 2b

Unused 5 3b 1 3a i 2a
7 3c 3 2a

15 3c 4 2a

12 2c

20 2c

22 2c

21



0

0
0
.._

<

oo

Z

•,.4 (9

_ 0

_ Z
o3

•,-I E

a) Z
[-i

EJ "_

r-_O0

O_

•_ Ee_
E 0 •

E
0 0

Z

0

0

nD

0 0
,-_ 0

0

oo c_ _ 0 _ c'_ _ o,4 oo o4 _ 0

r,.-i o_ 0 _ _ 0 _ "_ 0 _ _ _ o_ 0

0 0 0 0 0 0
0 0 0 0 0 0
0 t_ _ c_ tr_ 0

0 0"_ 0 u'_ P_ 0

0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0

0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0

_ ..1" u'_ 0 0 _0

oO ,--4 0 0 04 0 O_ c'_

0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0

,--4 OX _ _ VD O
0 _ o'_ _ _ _ oq u_
oo 0 0 o.4 ! _ o'_ 0

0 0 0 0 o 0
0 0 0 0 0 0
oo o_ ,-..4 _o o'_

o'_ P_ oo c'_ u% oo

0
0 0 0 0 0 0 o o
0 0 0 0 ._- 0 0 0
_o _o _ oo _ _ oo 0

o_ o_ i--4 _ 0 ,_" t._ c_

0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0

o") ,--4 oq u") oo oq

0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0

0 c_ ,-_ c'_ u_ 0 ,--4 _-

0.0

0

O _ c_l
O _' O
c'.4 ._ _ r,_

_D o,4 c_

O O
O O

O
o -.1- ._ _ _ r_

0 0 ,--4 oo _ %) .,-I
0 _ , E_ I_

Z , _ Z Z _ _ C_

4_

4J

0

q4
0

.,-i

t_

_ .,-4

m ca

0

22



o
O
O
oo

u'_

O

!

O
•r4 cD

,-_ t4-4

0-_

I-i

0
0
r-4

D
._ O

O

u_4

O

Z

In

.r4
(n
D_

O O
r-40
r-4

Q

,-I _D C_l c'_ u_ O
_--t _ _D _ t--I t.-I

oO O o_1 _d" oo o4 _ co _D

O'_ OO _ OO _ O_ oo o_ %0 oo ¢,4 o_

u_
_" O on

o'_ r_ _ A _ I'_

o_ o_ _ oo _ ,-_
t--I ;--I _-I

oo
u'h ,-_ ..d" ,-_ o_ ,-4 e,_
o_ _ Lrh ,--I r_ ,.-t ,.-t ,--I oo

•_ Oxl

_.O _ _ OO _

O O O O O O
O O O O O O

O O O O O O O O O
O O O O O O O O O

O O O O O O
O O O O O O
O O O O O O

O O O O O O O O O
O O O O O O O O O
O O O O O O O O O

,-.-I O'_ OO OO _ u'_

..Z

O

_D

"O

4Z
O0

.o

4Z

,--4

,--4 _

_ °,-I
,--4 m ,..;
• _ _

•,-4 _0

Cu Cu
O m m
Z m_ oo

,o o

2_



Z

I-4
r_)

E_

e_

I

?

O

c_ I_

oo O_

0 0
u_ 0

_-_

I I

I I
I I

I I
I I

I r-_

O
I O

O

o

O
u_

O
_D

O
O

O _ O

O
u_

_)

O0

O
O
u_

_D O

0 0
0 0
_._

I I

I I
I I

I I
I I

00 I

c_ I

O
u_ I

_) O
0_0 _ 0
0 0 i_.._,.

4-1 m

_ _ ._"

i-I

0

0
0

0

u'3
_4

r.-I
cM

0

0

04..I
o..nl
F_.00

•_ 0

o_

0

4J
"H

O
O

O
I
CO

O

_J

_J

_J

-H

O
4-1
c_

_J

4.J
O

24



<

H

o
o

!
Z

h-4
0

o
H

Z
0

Z

<

u'h

--.1"

0

c
.,-4

¢xl
-.-t

c
0

.,-t

0

r--I r-I
_u

00_
r...)

C

u_

o

(1).

1.4 r-4

_um
(1)

.,-4

i_--I

0
0__0_0_0_0_0_0_0_0

25



Z

H

o,J <

l

<
_ 0

r,.)
Z
0 Z
I-I

<
rj

-4
o

o

C
,-4

<1"."4

0 -4
._4
4-J
._4

u_
0

_U
0 >

.CC_

_J ._

0

g

.1...;

_4

.,4

:M
."4

--4

0

e ,

,,.4

0000000000_
_0__0_
_0____

0 00_0_

0 0000000
__0_0
_0__

0 0000000
_0__

000000000000
__0__0
_00___

_000_00_0000

_0____

00000_0
_0_

0 0000000
0__
_0__

0 __000
__0
_0__

_0000000_000
0__0__
_00___

000000__

000_0_0

0 000000_
__0
0__

0000_0

_0000000_00
00_0__0_

0__0_0_0

0
u_
00

0
CO
r_

0
r_

0
0

00

0

00

0

_0_00_
_0__

_00_0_0

_000_0_

0_0000_0

_0_0

0_0
__0

000_
_0_

000_
_0_

_0_0_
_0_

0

0

0

_0_0_0_0_0

26



O_

<

Z

I-I

0
O P-_

I-I
0

0

_ u

Z _
o

M
<

O
-.4
O

,4
E

N

O

0

0 0

O.'q
_z
o_

_E

o

g

E_

,,.4

O

!

[--_ .,-I
E

00000
__0
_0_

0

00000

_000

00000

0

_0000

000_0

0

0

0

00000

_0_

0__ _0_0_0_0_0_0_0_0

27



0

<

00
Z

0rj

cq
0
ch

!

F_

0

<

<

Z
0

r-Q

<
0

0

_ o

_ 0

0

o

I.-I

r,.) _4:

Z _

-.1"

!O

.'-4

.--4

o

.,-4

N

---I

r.,-4
0

.,.4

-I

o

.,-4 _

0__0_0_

u'hO0

I'_ 00 oo

o"1 o_ o'1

0_0

OOu'_

r-I _-..I_-I

OOu_

Lth 0 _r_

r'_ oO oo

OOu_

0 0 Lr'_

u_O0
OOOu_

0 u"l u"_
¢xl I'_ 0
P_ I'_ oo

Lr_0 U_
O0 ¢'h _
r_ oo oo

u'_O0
-_" 0 -_
I'_ O0 gO

r_ r'_- 00

L_O0

P_ r"- O0

OOu'h

r'_ oo oo

_0_0_0_
_0__

00_000_0
_0__

_0_00_0
_0__

0000__
_0__

00000000
_0__

_0_
_0_

00_0

0000
_0_

0000

_0
_0_

0_0_0_0_0_0

28



r_

r._

H

o

r_

r_

_-_ 0

0

rj
Z
o z

M

0
• ,-41
J_J

.,--I

O_

_-I

0

0

0

_J

.1-_.

t_
¢)

-I

U

_J

-4

-"h

.d"
_J

P

C

i

i r..._

•_I _.

000000000
_0__0

0 000
u_ Oc_O
_O 0 o4._t •

0 O0
Or'_

0._ i--I _-i

00000000
._- 000 c_ 00 oq I_- o.-)

O00000 u'_c)
u'_ 0 _ oq _ 0 c'_.._

0 O0
0 0 "_" c_

0 O0
c_ 0 "_" _1"
r'_ 0 _-"1c_

t_ O0
00_00

_0000000

_0__

0000_000_

0 0000

000

0_

0 0_0

000000_0
_0__
_0__

000_0__0

_000_00_0_
_0__0__

00000_00_0_0
___0__

00000_0000_0_
_0_0___

000000_00_0
_0_0_0__

00_000_00
__0_

000000000
___0_

000000000

0000_000_
_0__

0000_000
_0_0_

0000

_00_

000_0
__0

0_00_
__0

0_0

O__Ot_O_O_O_O_O_O_O

29



,-1

<

I.-I

0
0

!
Z
I-I

Z

0

<

<

Z

0

p-I
M
<
rj

<

<

0

r...)

Z

C
0

0

0

0

J
1.4

"-4
0
>

,,-I

if'3

0
>

,,-4

'--I

.e3

_'.-t
--4

L1
>
0

N:Xl

--4

0

000000000

___0_

0 000_

00_

0000
_0_

000_

00_00_00_
0__0_
___0

000000000
_0__
___0_

0_00

0 000_

0 0000
_0

_00000_0_
_0___
___0

000000000

___0_

0_00

00_0
_0_

0000

0000_00_0
___0
___00

00_0_0__0

0000000_000

0____

_000_0_000_
___0_
_0____

0 _r_ 00 0 _ _r_ _ 0 _r_ u"_ 0

_-_C _0000 _ _ _ _

000000__0
__0__

00000000

0_00000

0_0000
_0__
_0__

0_0_000_
__0_0
0___

00000_0
_0__

_00
_-0_
co_

u_O00

O_ 000000

0_

0_

000_
_0
0_

0000

0__0_0_0_0_0_0_0_0

3O



O'3

,-..1

.<

00
Z

H

C'Xl r._

I.-4

< o

Z
o
H

tD

ca
H Z

a_

-,'3

-4

v3

0000000_0

0 0000

0 _000
_0

0 0_0

0_00000_
_0__

0_00_0000

___0

0000

0 000

0000

_0_000000
_0___

0_000_00_

___0_

0 0000

0 0000

0 0000
0 _0

000000000
0_0_0_

0000_00_0_0
_0_0___

0000__000
___0__
_0____

0_000000_000
_0_0__
_0____

00_0__000_
_0___
_0____

00_0_00_0_0

0____

0_0000_

00000_0_
00__0
_0__

0000_0000
0_0_0_
_00__

00_0000_
_0__
_0__

00000_0_

0___

000_
0_

0_00

0_

00_
_0_

00_0
_0_
0_

u%00 u_
Lr_ 0 -.J" O0
0"_ 0% O0 I"-

0__0_0_0_0_0_0_0_0

31



r._

0

0

[--t _

4-J

0

0

0

t_

[._

0
l>

0 _'_

L_

0
:>
0 _')

u_

¢_<1"
--I

t_
l>
0

0

I

0__0_

00__0_0_
0_0__

0_00_00_

0_00_000_
___0_

_0000_0
___0_

0_0000_0

0_000
_0_

00_000

00_0_0

_00_0

0_0000
_0_0_

O0

O_
O_

O0

O0

0_0_0_0_0_0_0

32



<

O

I

<

L_

z

o

<

<

Z
o
I--4

M
<
r..)

<

I.--t

M

M

M

O

H

M

Z

N

O
.,-4

.,..4
ffl
0

,-I

0
rJ

J,J,

L}

.,-I

¢M

u_

,,.-4

r'¢3

r.-4

_,ICN

r--t

O

ml_
_1_
F-_L,-I

O O u_ u"_ u_ O O u'_ O O

OO O Ou"

u_ OOOOLr_

O O O u'_OO

OOOOOOOOOO

u_OOOO L_O u_OO

O O O Lr_ L_O
OO P'- r"_ _ O_ -.d"
O0 _D _" C_ _ O

O OOOOO

O oO Lr_O Lm

L_ O O O O Lr_ O O O _"_

_---I _--I _--I r--I _..--I,--I _-.4 _---I ;--I

O OOOu_
_'-_ C'_I O r_

O OOOO
oq u"_ 00 oq 00
00 _D <1" c,"_ _

OOOO L_Ou_O u_

OOOO_OO_OO_
_O___

OO_OO_OOOOO
__O__

O_O_O_OO_
_O_O_O_
O____

_O_OO_O_OOO
___O_
O____

O_OOOOO__

O_OOOO_

O O'_ O0 _O I'_ _ _

OOOOOOC_

O O_ O0 O0 00 r_ I'_
r-I

OOOu_O O _'_
C_l u'l O_ Oq O _D oq
O O'_ OO O0 00 r_ I'_

O u'_ u"_ L_ O L_ O

OOO

O0 O0 P"

O_

_O_
OO_

OO_
_O_
OO_

OO_

O__O_O_O_O_O_O_O_O

33



[-,-1 C_

[..,..1 [..,..]

u0 ZD

0 IZ
r--

[._

H

.<

0 0

M
Z _
0 _

< Z

<

o
._I

0

0

&J

_2
o

4-1

1.4

o

.,-I

.'M

--I

o

--I

,-.I

o

.,-4

_1 .%1

-4

._:
_1'_.

0__0_0_0_0_0_0_0_0

34



r.2

0

_Q

M

M

°;

0

Z
0
M

Z
e

AI

•._ o
_,1 I -0 _.4 0
m _I00 u_

S [..00

-.1" I_ 0 t'-
v 0

IO0-.I"OO0
I0 u'_,-a 0 0 0

_' ooo

c_ _r_0 0 e_ en .d-

!_r_

%,-4 *0

QJ U_O0-_1_ oo
"01 _0 0

r_l oo
- -oo

.o'o
,-4b_lu-.,O . .

•J _0 0 o,I ..1" 0
l_ _5r_ 0 0 0

_k_r."_ - _0
0 .,,.11 0 0 u,_

81 - - -0 0

o_

_o / o
m_ /

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

• m U

m O
0 0 O_

0 O -- 0 _ 00_

35



0

0

,-_

0 o
0 0

t.--I O_

0 '_'

[--t

Q •

ffl

.;.-t
0

U

'd

I

_o

r-I
0

:
"0 "0._

(1)
E

•t..I .,.-1

O0_-"_r-I 0,_

0 u_ ,.D Ox

0 0 r--_ r---I

O0 ,._ r---I _.0 C,_ ._ _._
u_ CO 0 r-_ I'_ 0 ',.O ..41" 0 _ 0
0"_ _--_ o,1 c_ o"_ r-I _-.-I o,J _ I--I t--.I

Or--_

Oqo'_

...._"oo

('No_

r-'-I _O Oq

_ C_ ',D r'_. o0_0 _ 0 r'_ o,,I
r...I r-I o'_ o'_ r-.I (N _-I Oq (_1 o'_

.._,+0 o"_ _r'_ OOq cO L_ o,,1 0

,.-I oq o"_ ¢_ _--I o.,I _ o_1 o_1 o'b

Lr_ 0
CY _"
0 0

L_

0

v_

,r-I

v'O

ell_e

oq
0

-H

0,1 f_,

OJ

v"O

.,-I

_ ° o

0_'_

r.-I _--I

.,--I
_r_oo

0 oq o,1

c,_ ° °

,, 0 .,,,_"

0

_ oo .,_
or-i_

u_

o

_1oo
4-1oo
_0 ,,,._-o

•_1_1 _1

0

0

36



n_
0)

.rq

0

CO

I
I

o

!
0

0

o

©

0

08.r-Ii_

u

0 _0_

eoee

,-.I 0_1C_I CXl

_i .... d "" d"

0_ _
_0_ O_ J
__ _ I

meee oo

00_ _ ._

__ _ 0
eooo ee •

0
c_ ...1"
0 0

c_ c_

.,-I

O0 O0
u_ • _ •

O0 0 J
4.1 ,

0 0

u_
_ _r_
0_--_ OO

q-I q-I

4..Jo 1_0

•,4 .,-I

u'_ o

0 o

c; c_

CXl

co

° ._ .

• , I_,. 0o00

Oc_ 0o_1

.L.I
0 0

,_
_r_ 0

OC_l OCXl
• _ •

I_0 4-)0

•,-I ._

u_ 0

0 0

_S c_

37



rj

!

0
0
o_
r-I

I--I

0

0

0

0
0

(11

N

rJl

.,-I

C_

o_1

,q

_o

_D

0

o

t b0>

.,-I
r._

o

c_

C

O_ _ 0 0_

O_ _0 _ _

_ _0 _ _ _0_

_ O_ O_ _ 0__

u_ 0 _ 0

0 0 0 0

• ,-I _ .i-4 ,--_

0 0

.,.4

_--_ .r.l r-I

38



'0
0,)

.r4
43

0
c.p
V

L>

r4

_0

o

If
i ,_0, _

(1)

o

I

O0

0

bO.,-I
"0 "0 .,4
r-_ co

OJ

.t-I
0J

0Joo

oo

.ml
Lrl

0 ',0
r_ r-I

A

u_

Lr_

i"-4

0 0
("X] 0")

_-4
r_

Ox
C'x]

A ..... &'"

0 0

c; c_

.r.I

rU

vmO

39



0
04

r_
0

0
0
_D

0

,--I o

zg

0 _

Z m

I:_ .,.-i

rj o

0

o

0

C
o

.,-I
0
0
_L

U_

0

0

nD

.,-I
,C
F_

-,-I

tO

0

0 •

01]
>

0

0

0

> o_e,4

_ cN

It-i _,1

.,.4

I °
_ O0

0 0

4.,I

.,-I

O0

j-

0_,_
.I..1 o
,IJ
0

E_
O_

.
u_

o
C

0 _0
•_ _-_

u_
c_
0

d

•_ _

_._

C
0

.,-I
0

C_
U1

0_0

_0
u'3 o'_ _.-t

..'I-O oo

_¢qo4

•_ ._
__0_

0_0_ 0
0__ _

...... _ •

0__

__0
_0_

_ O_ _0_0 _00
0_ 0_0 _0__ 00_
0_ _ ___ _ _

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

_O_O

e-4Cqcq c,_o_

_0_ _0
_0_ _

_ _ 0000_ 0_0

0_ 0_0 ___ 0_0

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

..0_

OOqOq

0

I_.p_

0 r-_ ,--I

0
0
C
mOO

_00
mOO0

•,-4 ,--I

• . O00_, O_

0

q-I

0
C
mu_OO
4a e_OO
_n _D oo O
•,.4 ,-4
C_

¢,4
O

•,.4,-4

_J

O

O

•.oo .._-um O O u% .. r-.c._O

0,--_ Oq O_ _ O_ O_ O ¢,,I¢,,Io'_
_.I . . . . . . 4.J • • •

O O

OO OO .._"..J-u% u% O -.fl"CN
I_<O O0 ._ Ore..#um I__ Om O0

...... _ • • •
u_ q4

O

_OOOOOO _OOO
_000000 _000

Cxl
0

C
.,.4
m

vnD

0

o

4O



0
L_

0

.,-I

bD
C

O0

<

,,-.I

0

r_

..._ ._
u

o
u

o

r_

00

_4

U

J
_._ 1=

c

.,-I .1_

_'_

_0__

eeoeee

_00_

o_elee

•,-I .,.-I
0 r_,--I N 00 oq oq ._-

_j ..... o4 "'"

_0_ _

e_eee eeo

_0_ _

e_io_ _ea

__0_ _0_ _ __ __0
0_0__ 0__ 0 _ 0__ 0__ O0

...... _ .... _ "_ ..... _ .... _ •

_0-_; _ _" __

_0__ __ 0

0__ 0__ 0_0
0__ __ _0_

...... d .... _''"

__0 __
__ __ 0

o'_ ,_D I'_. I'_. r_ • i'_ o_ o_ o_ ,--I _-I

__0 __ 0
0_0_ 0__ O_
0__ __ _

..__ ..__ .._ ..__

0__ 0__ 00_ 0__
_ . . . . . . _ .... _ . • • _ • • • • •

0 0 0 0

ooo_ oo_ _ _0o_

0__ 0__ 0o_ 0__
...... _ .... _ • . . _ .....

O O O O
C C C C
_000000 _0000 _000 _00000

_00000 _0000 _000 _00000

_r_ 0 u'_ 0

0 0 0 0

c_ c_ c_ c_

._

,._0_ ..0

0__ O_
_....._.

0 0

__ 0

0__ O_
..... _ •

u_ 0

0 0

vn:J

41



o
O
0
%o

___ o
0

I

0
,,IJ

Z

"0

0

"0
,-I _ Q)
C_l 0 N

I-_ .r..I
"0

0

Ill

rj

_ H

0

0

0

I

0 1

I

I
g i

°°1"_ "_ .,-4

° I

Ill c_ I

_o_ 0_
0__ 0 _

.... _ -..

eeee eee

eeee oee

__ _ 0 _ 0__
__ _ _ _ _0_

eeee ee • eee eeeee

__ _ _ _ 00_0_

oeoe ee • coo eeeeo

0 t_ 0 ,._ 0

0 0 0 0 0 0

c d d d d

I_ c_ -'_, I_ _ ,
•,-4 ,-_ _ ,-I .,-I ,-4

_-/'O

42



0)

4-1

0
rj

r-I
o4

I

r.._;

0

bO

4..Io

0

0 0

0

t_O

,,-4

0

0J

0

d
_0._

_.N

o
0joQ

_0_ 0 _0
0__ O_ 0__
0__ _ __

..... ....

_o_ _ __
0__ O_ o__
._ ° ° . . ° _ ° _ ° ° . .

o o o

__ _ _ooo
__o _ __
o__ o_ o__

..... _ • _ ....

_00_00 _0 _0000
_00000 _0 _0000
__0_ _ _0_

Lr_

0

cq_

C'_

C_
0

0

0

43



o,I

0

0

"0

,--I
o

0

4-.t
r0

0

'0

0
I-I

0 .,--t

rj

.H
U

I

CJ

I,-0 :_

0

|

I

Ill

0_0.,-I
'0 .,-I

•,-I 4._

lb.,

.,-.I
O0

O0 oq<t
,--I O0

O0

Ou_

O0

0__
_00000

ooooe

000000
_oeoeo

0

L_ _ _ _ _

_0__
000000
_eeeee

_00000
_0_0

.__

0

• ,-I t--I



rj

!

0
.q-
r--I

0

0

ID-,

r._

II
II
II

Li
II
!1

IiI

'1I

0

0

0

oa

"o

N
.r.+

co

+ICJ

+1
._ I

°1r_

II
I

I

i

i o

_)1 (1)

I
i

72i, 
io

(lJ
r--4

Ot') .,...I
•'0 "t"J .,-I

_J

_0 __
000_ _000_

00_ __

0000 00_
eeee _e_e

0_ _0
_ .._ _" 0 __
000_ 000_

eeee eeel

00000 _000_

..... ....

_0_ .._ _0

00000 00_
iil+e el_i

_0_ O_
_._0 II_
00000 olO0

e_eee ee

•_I ._-I ._ -_I

•_ILr_ 0 0 ,_ ,-_ _ U'_ ,-_ Lr_ 0 0_0 0 r-'I_'_ ,'-4'.0O0

o"_0 0 0 00 0 oo 0 0 T--I _.-_ 0000 0 0 ,-..4 ,-._ .._" 0 0 0

....... C_ .... 0 " " o_" "" ,-._' " "

0 _ 00000 000,-_ 000 00_-_ 0000
4.1 ..... ¢J .... JJ • 40 • • • ¢J • •
JJ J.J J.J J_ J._

0 0 0 0 0

0 o"_ 0 0 o'_ o_ Cx10000_ 0q I"_. 000 0 _n P'_.

0000000 00 0 _-4r-_ 000 00_ 0000
,_ ...... _ .... _ • • _ • • T_ • • •
q-I q-I q-I q-I q-I

_j _ cO c)

•1_ 0 0 C'_ 0 C'_ 0 4.J 0 C'_ C'_ C'_ .1_0 C'_ 4JO00 -IJ 0 0 0
_O.<PO000 000000 _ .q" 0 _00 U_ 0 _ CO t.,_ 0

• _ ,--I _--I C"_IC_ .,_ t_ ._ Oq C'q .._ Lr_ .;-I ,--I C_ ._ Oq C'_q._" ._ C_I C_ .._"

_1 _ C_I
0 0 0 0

0

0

45



0

0
0
_o

0 o

0

Z
0 m

[-.i 0

0 N
_ .,-I

°H

o _
4J

_ 0

0

r/l

0

.r4
0
0

>
<

0

0
ell

_a

0
_a

•,-I 013
>

_0

0

,-_0
0 0

_.) 0

>

0

0

m_

0

0

0

0

0 •
o0r_

._4
_u_

0 _-400 O_
O_ e.-I _1 ¢xl

• . ¢xl 0 l/_

0 ,--4 ,-_ ¢_1

0
,in

0 _-4 _..4 o'1

u_

0

_000
_000
_oo00

¢xl
0

eal_

I_. O0 Cq

C_ • • •

IO'loo
0 I 0,-I

0

0 0 0,--I

0

•I._ 0 0 0
_0000

•,-I _-I oq

0

0

•,-I 0_

O0

,-4

O0
0

•H .,.4

r--IO_ Oxl 0

• •

O_

Ou'_
_o_

u'_ ..._'-0
OH 0 o._
,-_ _-I oq o'h

• .<r ._- o
E_._ o o_
o ,--i oq o_

o

_ .<l- o
Ei_ o c_

o
o

_000
4_000
o1oo00
•_ ,-.4(',4

Lr_

0

o

v-c_

r_
o

_o

_-_o

oxoo

e_ " "

o_
 ,00
0 I0

4_
0

oqc,q

000
_-I • -

u_

0
0

t000
_00
c000

•,-I _.-I ¢xl

0

0

_-IO_

i.t_ r_.
o'100

oq ,---I
OO

•H ._I
C_ O_ -3-_0 0

u'_oo 00 _ _ 0
¢_I0 t---I¢,,Io'_ _--I t--I

.... "

_00_

0_
eeee

0_
eell

_0_

.'0_0_

0__

0

_0

0__

0
0

_0000
_0000
m_O_O

u_

0

.,-t

v'O

0

e

.,.4

.<roo

o o
°

.iJ
o

00o

oo,-i

o
o

_oo
.iJoo
_._o

•,-i T-104

o

o

46



"0

.,.-I
.IJ

0

V

oj

.,-I

.IJ

rj_

o

0

0

i

.,-I

0

o,-I .1_

•,-I .,-I
O0 c_

•

.,-I

0 _0_0
0 0,--4o')

oo r-_o_
_o i-.. _oo0

i • • • •

0o I"_ _ _

,-I 0 ,.-I o'_
• • B • •

•,-I .,-I

0 ,--t ...._1"o'_ O0 _00_ _ O_ _r'_

...... ""

0_0 _ _

ooo oo o_

0_ _0 _

iio ol oe

0_0_ 0_00_ __ O_
__ _0_ __ _0

d .... _ .... _ " " " _ "

0 _-4oq _ c_ 00,-4 _ cN

a.J _.J
0 0

I_,._ r-ICXl oo u-iC_lC_l

O_ _ eqc_ 000¢_o_
I_ .... _ ....
u_ uA

_0 _o

_0000 _0000
•IJ 0 O00 0 _00000

•,-I _ _ .,-I ,--I C'q

u'_ 0
eq
0 0

&J • • • 4-I •
4.) .8.)
0 0
,a _O

I_0 -d'-_ _0_
0 _-4_ Oq O0
I_ • • • _ •
q-4 q-4

QJ
_0 _O

_000 .I._0
m P'- 0 ...1" _ .._1"

•,-I _-I _-I .,-4

0

oq ._,.

v_

_0_ _

_ O_
• _ _o

_ O_

__ _00
0_0_ 0_
_0_ _0_

....

0 u'_ 0
•..1" c_
0 0 0

47



r._
O

O
O

°.-I

u'_ o
I O

o_

O

o
H ¢.) r,_!

O ..-I

I_ .;-4

(1.)

O

i--4
¢,.)

°,-I

ra_

"O

0,0
I>

¢J

"O I:1_1

,-I

0

_0

cJ_

(J

0

rJ

0

_O

P

cJ

c_

(J

0

tO
P_
0

"I_ .r4

OJ

•rl J_
QJ

OJc_

O c"_l O'_ u_ I"_ ;-4 _-I O t.¢_ ',._ ;--I _--I .,,,._"_O O ,,.,O.;-4 c,,l O u'_ I"_ O I'_. _) c'x,I u_
../..a_-tr-lC",,IC'Nc_c_ ..I-]O;-4C,,IC'qC'_lC',,I .;,JO_--l,-,l .l.JOO .I_O_--_c'NC',I
•IJ • • • • • • .I_ ...... 4-I o o o .IJ , o .I.I ....
0 0 0 0 0
,..0 ,.0 _ ,.0 ,.0

E_o u'_ c-_ u'_ o_ ,-_ _ o .._- .<1- c,,] r-,. cq I_ O _'- oo I_ _.-t c_ I_ o ua oo c',,]
O ..,_ o ,,_ ,,,o ,-4 04 O o',, .<1- o v-4 tt_ u'_ O r',,, c,,l ._" O u'_ r_ O _ ..._" r_ <1-
_ ,-.-_ cq c.,.l o,i c',-) c,_ _ o _ o4 c',,] cq c'_ _ o _-4 ,.-1 _OO _ o ,-4 _.-t c,,l

tl-i ...... u,-i ...... tl-i o o . _ o , u,-i ....

(1,) (1,) _ (1,)
(.) ¢o ¢J t..)
I_I 1:I I:::I I::I
ell 0 c_ 000 c"_ _O0000c_ _ t¢_ O0 _00 _0000

_000000 .1-/000000 _o,,100 ,1_00 .1_0000
o'JO -_1- O O O O c.rJO -_ O O O O c0 '.,..o o00 _o00 _0 c'_ u'_ r',,. O
•_ _ ,--4c'_ c_ -..I"u'_ .,_ ,-4 _ eq e_ _I" u_ ._ _ ._4 _-4 ._ r-_

u_ 0 t._ 0
cq --'l" cN
0 0 0 0

c:; c:; c:;

• .-I _-I .,-4 ,-4

0J (1,1

v"O v"O

O

c::;
°.-I
El

Cx.I _.
_i--I

.r_ ,--I i--!
(9

oa_
'_J"O

48



"0

C
.,-4

C
0

C

Z
.IJ

C

i

0

U 0

_C
0

O0

0

C_
0
o
o4J
_nC:

0

0o
0

0

0

o:n
_0._

C

.,-I
0 •

CL
O0

.,-I

0 O0
,-_ 0

O0
0

00
0

°,-.t

u_-_" 0 -_1
C_loo 0 _--_

• 0 ,-I _-I

_ 0 I'_ u'_
0 r_ r'_ 0

o

_c_ c_
0 c_ c_ c_

o
o

_000
•1_0 0 0

0 _ 0 _ 0 _

o_ _ _ • o_

0_ _ O_

_0_ _ _

0_ _ O_
eoe e oo

o _ oom o o_ _ _o

..°_., ., _ 0o

OC_

o0
_,1 0

_0_ _ _ _

_ O_ O0 _ 0

_o_o0_ _o0_ _oo_ __ _o0_ _o_o__ oo_ o_o_ o_,_ o_0o_ oo_
•I-)0_-1_-.4C_1C_1 .I-)_-4,_1 .I-IO,-_C_I .I..lO_-I_-I .IJO0_-I -IJO
4-_ ..... 4-_ • • _-_ • • • _-_ • • o 4J . o o -IJ o
0 0 0 0 0 0

Ou_c_r--._l'_D O_-_c_ Ou_.._c_ Oc_(_c_ O_O00C_ or--.
_O_.-_c_c_ _-I_ _O_C_ _0_ _00_ _0

'4-4 ..... _ . . ,.4_1 . . o _ . . o _ . ° o u_ o

• © • • _ •
0 0 0 0 0 0

C_O0000 C_O0 C_00 C_ C_O00 C_O00 _0
•I-IO0000 .1_00 .IJO00 .I-)000 .t_000 .1_0

0 u_ 0

0 0 0

©

0 t_ 0 u'h
-n'- c_ -el c_
0 0 0 o

_ .i-I_ _-_

• o •

49



0
0

!

o

Z
0

o

r_
0

0

0
0

0

0

.IJ

©

4J

rJ

r_

I
I
I

10a

I

,__l I0

._!Ol
_1_1_
_l_nl_
_! !o

i

,--I
0

"_ "el °,_

•,-I 4-I
0

.,-4

0 "_0

• .._°° _ ....

• oe_ ol o_oo

• 000_ ._

_0_
000_

000_
eeaeeo •

00__ _
• __ ._

_....°°_°

_000000"_ _0

00 _--_ _-_ _-'_ _-_ _ OL_

•I_ • - • • • • 4-_ •

0 0

_O0000u'_ _,0"_
00 _._ ,'-_ _--_ _ O_ 0_,_

_-I ...... _1 •

_0_ _ _0

0_ _ __

__ 0_ 0 _0__
__ _ 0 0__

_0_ O_ __

00_ _ __

__ _ __
__ _ 0__
_0_ _ __

00__ 0_ 0___
_00_ _ ___

...... _°. _ .......

U_ 0 _ 0

0 0 0 0

c_ c_ c_ c_

°_

v'D

0

c_
-;-I

_r-q

5O



'0

.IJ

0

v

oq

J

.,q

0

0

.,q

0 o_ _ O0 ___

_ _ O_ C_I

•__ °

00__

0__

0___ 0_00_0 0
_00_0__ ___

__ 000__ _0__

ooo_ oQ_oeoo oooloo

_00 _0__0
__ 0_0__

0_0_ 0___
___ _00_
•__ .___

_e.oGJ _ooeolll

0 i_

0 0

°_

0__

0__ 0

0__ 0

_......
0 0

0__ 0

_00000

0

0

c_
o

oo
0

o

0__

• • • e • o o

_ O_ 0 O0 _0_0

u_O00000
C_Iu_ 00000

u_
O4
0

5i



"0
o

0
0

l
I
I

I

I

c.

_0
<

o

!

I

o

0

0

•_1 .IJ

_r_ Lth u_l u_ _ O_
Oh CO C_ 0 0 O_

¢'xl Cxl ¢xl _',_0"_

0 ¢Xl ¢N ¢xl _0
0 r-_ _-4_--I ..ci"

•_1 ._1 -r.I

• • • _ • • • • • C'x] • • • • •

ooo oe_ee oo_ee

_oooooe _oeoooe_oooooo

<t" o_
0 0

°r.I

M r-I ,"_ r-_ _r-t

enl_ <',_

0

0

c_

52



o.1

O

O
O
_O

"O

cB
.<_-
_o
_ o

O

m

H _

M _

C.) cU

m

©

(1)

I

i

,.-I

l

0

r_

b,O.,-.I
"O "O._

.,-I 4-1

O-,
O0

.C)
r--.I •

FO

O,-_

O

Ro
O,-4

LI-I °

_J

O

_('_
4-JO

•,-Iu'_

Lrl
CN
O

•_I ,--I

d)

O

Lrl

O
4-}
4-J

O

0

0
0

_0

u_
¢,q
0

O <t' _.O
coOO

00 oo <t

OCDO

_OC) O

OC) O

CD CD gD
OOCD
r_ O Lt_

tU

53



00
cq

0

0
0

"O

oq
0

r-_
0

t
o_

4J

o
r._

o
0

u _

0 _

u'l

0

°l-'l

I

o

I

ffl
0

,-4
0

L3

°_ 4J [

r_

Ileel le

00000 _

0__ _
llele ii

_0_ _0_ O_

0__ _ _ 0

.;-I

C-_
0 Oq

04

0_0_
_0_

.0_

.,-4

0 O_

e

-_0_
o_

e_el •

_0_
0_

0_0 0_0_
__ _0_
• 0_ .__

.... _....

o oo o-o o
•IJ 0 ._--I Cxl Oq C_ O_ -I_ _-'1 _'_10xl -I_ Oq Cxl -I_ ,--I -I_ 0 _--I ;--I Cxl -I_ _--I Cq Oq O_

• • • • • • -I_ • • • .IJ • • _ • .I_ • • • . _ • • • •
0 0 0 0 0 0

_-<t_u_O0_O I_cO00 _L_,--_ _,r_ _00_o,--_r_ _-_u_O.._+
0 u'_ ,D c"_ _+ o_ _--_ O _D _O _.D 00_10_ 0_'_ O u_ o'_ O_ u_ 0 -_" 0 _00_1

...... t_ . . . LPl . . u,-i . q-I .... q-I ....

• • • 0 • •
0 0 0 0 0 0
C C _ C C

_O000C_O _u(-_('_c'_ _00 4_0 4JO000 _0000

_0-_0000 _000 _o00 r_O _0 o"_ L_ P-- 0 _ 0"_ W_ r_. o
•_ ,-4 ,-4 C_l c,__ u_ .,-4c._ _i' u'l .,-I ,-4 .,-I,-4 .,-I ,--4 .,-4 r-_

Cl _ _ C_ Ch

u'_
c.l
0

.,-I

v_O

0 u_ 0
<t c_l .._
0 0 0

if3
_4
0

.,.4

_r.4

v"l:J
e4,_

0
<t
0

54



"O

._1
.IJ

O

oo

._1

4-)

O0

O

m_
o

_a0

_

O

"O "O .,_

.;-I

o

,4

u_
oq

_D

°_1

O O_
i._ oo

0

0

._1

0 0 00 q'
00 _o u_ 00
_ _-I 0 0

_ _ _ O

_ _ O O

_0_0 0_ 0_ _ O_

o o ° o o _ ° • • _ • • _ ° 0 •
o0

0

0

L_

0

u_

0

0 _ 0

O O O

°r-I _

55



¢Xl

0

0

n_

,-I 0
I O_

Iz o_
I-I ,-4

0

Z
0 •

_ .,-4

r._ rj

ffl

E

0
0

!0

I

I I

0

0
_>_

_J

J

0

E
o_
0 •
O_g3

CO

0 00_

_ mm

¢,,1 Cxl

_-!"_<t

_1" ¢Xl o"1 ;---I _ ¢xl _0 oo o'h u'_

u'3 _
•e--t _

0

_4

.,-I

0 oh u_ o'1

¢Xl oh o"1 oq

Ou_O_
oo ;-_ c,h ._J"
oq oh c_ o'1

o o © o

.,.4

0 oo _0 0 ._._ u'_
I'_ .._ u_ 00 0 _-4

_o0 _0_ ,_ oq 0 0o_ u_r_c, ho_o

• • • • • • • • • e o o

56



_D

4_

O

o_

.r-I

r

4J

O

O0
>
<

O

E_
0

bO

0

U_
0

0
0

0

0

0

.,-4

0

0

J
_D._ _

0_000_

_eeele

OOq 00 O t-__

O
_D

_IO OC) OO
4_OOOOO

•_ _-__ _ o_

O

O

•_It--I

v'C_

or_00

_" O _-_

oq ¢_ oxl

OxlCxlOxl

o,Io,io4

eeo

O__
__O
.O_

__,"O o_ _" O

O

I_ O_ u_

_O oq oq o_

O

_OOOO
4_OOOO

•_ t-It-I

Lt_

O

00 u-_u'_

OOO

o 00_

_cq

_ _O

d

O_OO _ _
__ _ O_

000

.,.-I

• r-t Cxl _"1

00_
.t-1 _-4 cM o'_

0

_ _ .<1"0

4_000

0

0

_O u'%0

cq_c_

_0

eJe

O__O
O__
.__

_ _.-.I r_ 00 _.-I 0

0

o

.1_o0oo0

0

57



0

0

o
o

L)
co r-_

I O_

_._

r_ L)

"" JU
(1}

v i
I
1
I

_3

I

I
I
It_O

r_

I

I
lUO

0

fll

J
_0._

I

I 0 r_ oq _r_c_ (_cD

c_ _-_oq_oq .c_q
I .... 0 °

co _ _I

_0 _ _

_lio • ii

00_

oo_lo _e •

_00 _ _0

• __ .__ ._

0 0 0

cO cO

0 c_c_

C'_ ._._

_0

!1

0_

_0 co oo
0 _o 0o r_

0

0

•_ _-_

c_q
0

E

E

v_

OCO

r--I •

0

I

.(_1

O_
4_C_

0

O_

_0

0

0

58



"0
cl)

.,-.I
4_I

0

0

.,.-I

•!

r--i
u

oo
o

co
,-..i
o_

.,-i

Lr_ ,--I

.,-I

oo _ o _r_
0 r..i 0,-_C,e-_

.,-I

-;,-.3

0 ,-.,.O

0

O0 n.._"__._"_ L_"__.0
e.-.,,I_ C'_IC"_I C'_"_O0

°0 ° C,"_ -0
• _ • _ •

.;-,I

0

.;-,I

0

0

0
c',")

e-,,Ic'_'_

0

! ._,-; I .,-,_

0

0 0 0 0

°_-t

•_4 _

59



oq

O

Z
O
I-4

O

< M

U

O

cO

O

O
O
_D

O

O
O_
O_

cD

G)
PO

...4

O
O

_D

(1) I

.,q I
O i

l
t
t

i
I
I

I[

t
I
i I

f

l-oi2
s.;_p

I f._

1

.!
<

•

I

I
I

0

0

J

a)

.r4 J
C) 0
O) O_

O_

.0
cxl •

0

0

0

Lr'l ¢'q

.0

O_
_0
&J •
0

_0
o_ .

©

0
Z
c_O

c_
0

d

0

< _ ,..4
(U

eq _

'_0

0

0

0__

.__

0_0

O

RO¢OOO
O__

_ • • ° •

O
O

_O_O
_OO
_'_O

O

O

d

.,.4

_0

_o0_
.004

,r_ _,+

OOq

.C_

0000_

O

O O ,--_

O

4-1OO
_0OO

• ,-I _-I

b_
oq
O

d

v"O

Lr_
1"-,--4
,--'_ C'M

OO
1".,--4
_---I_

O_

.O_
_eooo

o_o
_O_

O

_O_
O__

O

._OO
__O

O

O

d

c_ __O
_,_t_

_ O _L_

OO__

00__00

.00__

OOOOOO
I1__
I1__

_OOO_OO
O___

._

-___

_O__
Otlh_O_

_II_N__

0

OO_c__

O

_OOOOOO
__O

Lr_

O

d
.,-I

r,j ,--_ ,--_
_D

v"O

6O



4_

0
C_)

,-4

I

<

0

0

.!

m_

u

4.1 _

,r,l

@

o

O,ID.,-I

I1)

ee _eoeeooe

ee eeeee.e

O_ _000_

• e eeeeeee

0__ 0__0

•__ .__ _
...... 0 .......

.,-I ._I

U'_ 0 L_ _'-_,0 U% 0
O4 r',,r--r-,cO r-, 0

Beeo,e eeeeeee

0_0_0 0__0_

•__ .___
_ . . o • . • _ • • • • • • •

0__ 0__
_0_ _0_ _

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

0 U'_

0 0

c_ c_
.,-I

0

0

c_

_00_
0__

0

_0__
0__

0

_00o000

u%

0

c_

_t--I

v_

61



0

0,-I

,p

1.4
(._

U

r._ U

0

U

0
U

0

.r.I

0

r_

.,-i

.,-i

_-_ 00o

o_

_e

....... _°°

___0 _
0___ 0_
___ _0_
_ • • • • • . • _ • •
0 0

_000_ _
0_00_ 0_
___ _0_

....... _..

_00000 _00

0

0 0

.,-I

v"c_

62



c_

II

!i
i

II
I
!
l

b
O
_O

_._
co _o

_ m

_'_

M _

0

(11
E

._-I

l
I

I

!i!

_u

I

, ii
m

rD

g

"_ "_ .,4

(!1

0 0
Ol f._

_4 u'300
• cxl _-1

Lt_O
_or_
¢xl o,l

¢'_ o'x oq
o u'_ 00

° ¢xl ¢xl

¢,q_q

0or_

¢,q ¢xl

oun.3 _
co [-_ ¢xl

. ¢xl t_

0 _0 ¢xl

O

OOOOq
_ ¢xl o_

0
0

_00
• _ _._ u_

Lt_
¢'q
0

c_

.t4

,t-I

Lth _.0

o0
°

_00

OO_
_O
4.J •
O

_O
_q •

mO

O

O

d

u_ p_ro Lr_ _-y
t-q CNO_ _) C)

O __

_O_

O __O O_

___ O

O0 _ __0_ 0

_ _ ___ 0
eo • leeeeee •

0_0_ 0_ _ __0_ _0

• _ .0_ .0_ __ .0
_ . ° • _ ° ° ° _ ° ° °. ° ° ° ° ° _ °

0 _"_ _ u_
•_1C'q o_ oq

0

0 ._I" <1" u'_

0

00000

0
,_

E_ O_ 0 a'_

_0.._ 0
•,.q _-I ,-q cxl

u_

0

d

Oq._.

0

v_

u_
Cxl
0

d

Ill

0 I_ ._- O_ .<t" CXl U_ _0 O0 ¢Xl OLt'_

,U ......... 4-I •
O O

O_CNCO,3-O _,_p_ or_.

q-I ......... q-_ o

O O

•IJO 00000 0000 _0
_ _... O_ .._ 00o _r_ 0 _ 0 mO

• ,-I _-_ o_ oq o_ .._- ._ u'_ .,-I u_

0

c_

•;.-I r-I

v- 0

0

0

c_

63



'13

C
.,-4
,I.I
C
O

V

C,,l

C
.,-I

4-I

_J

r.D

_0
I>

CDIJ

1.4
.,,4

O

U,

r,D_
_J

O,

_iI .IJ

O

l>

O
4-I _I

,,-.I

O
1.4

¢)

Cl

r,D

C

C_

.,4

,-4,-4
oO

u_ O

-.T
u_

_D
_D

O_ O-._
_O _JO_ &JO
J,.l . 4-I • • 4-I •
O O O

,.C ,._ ,.C

_ , _ ° • _,4 •

•_4,-4 .,4,-.4,-4 ._4,-4

U_ u_ <D

O O O

C

64



c_
cO

0

0

O0 nn

r_
o o
o o

o_

0 m
_u

E.-t '_

0

r_

_ u

(1)
m N

o_

_aO
P

•

P

_4 ¸

_L

(P 0

r_

P

ffl

U

J

'0 "O.N

E

0
_r_

oO

.,-I

0 r_.o_
I_ _1_

• •

_0
_0"_

u'_O -..1- O-S 0 0

• _-I _ ¢xl ¢xl _ ,--I

0

0
.e--I

if3 u"_
O_cxl

.cxl

O_
4_-_

4_ •
0

Ou_

q-I •

9

IJO
_0

.,-I

cOcO oh

oqCXl 0

• 00000_ -_

.,-I

0 u_oo0
_0 oo o_1CXl

o_ _-I O_l co

u_..? r--

• • •

0 _0 00_
__ _0_

_ _0_

eoe oee

_0 _

eeee eeo

__ 0_
__0 __
•__ ._

_ . . • • • _ • . •

u_ _r_ 0
¢_1 oq ..S
0 0 0

if3

0

_r--I

e4_
v,'_

0

0

65



0

I I
I
I
I
I
lb,O

2

! s::::l_
.-.'_PO:
u!ul

I u I Io
! P [_'_KF._

!i'
II

'!f _j
, ,u_

i! :°
!,
II

I I _-I

1t u
1,
II

I _ "l:J o_.I

t °' i_
*M 4..I

I

•,-I .r".'l .,"1 .,-..I

0 o_l_O 0 00co _'_ 0o

c,,lc,,loo 0 0
.,_I-,._I"r-- c_ oo

b'_ 0 b'_ 0 ,4_ 0
_I _- _ ,_- _ ._-
0 0 0 0 0 0

-r-4

66



--,1"

r._
0

,_, 0
F-_ 0

_0

0

0 o

r-_ o_

_)

0

_._
_ n:J

0

ge _
rj _

¢)

0 _

0
_J

I

I
I

i

'!E
I

(

r/l
_.)

r-.t
_J

r..)

o_1 00 0 0,_o

c_

J

0

0 0
0 _

0

0
0

0__ _

• 00000_ .0

..d- Lr'_
t---,IU'_
L"xl¢",1

'.0 I""-
OX r-,.

•,-I .--I

-- o_o'_ •

eeil_

0__

_ieee

__o_
.0__

Olloeoe

r_cxl oo

d _

o c'_ ._r m oo .,_ m 0 ,--_ m

° 0 0 0 0 r.-I ;--t . _--_o.,]

Lr_ 0 U_ 0
04 _ C",l -'1"
0 0 0 0

c_ c_ c_ c_

.r.I

o,,i_
v"O

•_ t-I

(O

v,,-'_

0__
__0_
0__

0__
_o__

,__

0
,._

_._'- o _'_ 0 c_ o',
o o_ _o r._ oq .<.1-<i -
_ ,.--_cx,i cxl c._ c_ c,q

rj

.1_00o 00 c_

0

.,-I

_t.-I

v'-O

67



.iJ

0

b

I

I,

II

i,
ts
tl
II

I

i

I

i

l

I
t

L

:

i

1
I

,i

I̧ [

: I

! I_,o

Pt_

I _._ _ ",/ I

!

l"I= ;

!';2!

q

I- 1 }

_ _ '

, i

. ! I
J

i.-_!<

! ! ,

' _ !a;

m

I , -I

L_

c_

_eemee

_0_0 __ 0
0 __ 0_0_ _

ee.eee_eee_e •

C'_ C_l O0 t.r_ P"..
t._ 0 o'h u"_ 0
O_-_C.qCNc '_)

0 I'_ ._1 c',_ ..._ '.0
• 0 ;--I C'_l o,1C_l

t"-_ • • _ • •

_0_0_ _0_

0 __ 0__ _ _0_

ee_eee_ee_e _ eeeee

0

!.t(',I(",,Ic',,lo_ c_
_._ ,, o • •

_J

_r-'_

J _,



0
fD

c_

I m

rJ

_._

0

c)

0
c.)

0

c..)

0

0

c..)

_:_.,-I
"0 "0._

(_

•_ 4-)
c.) :(_
(].) o'_

0 o_--_
c._ c',")t,._

c_ c_c_• •

0_0__ 0 _
___ _ _0_

_ooeoJo etl

__0_ _

__ 0_0

eeeooe elo

0__ 0 __
___ _ _0

_eeeela emme

O_ __ _0_
_ __ _0

ee eleeol e,e0

O_ __ 0_
_ __ _0

0__ 0__0_ 0__
__ __0 00__

°__ ,__ °__

0

0 0

°,-I

_ ('1)

0
"4"
0

69



u_

!

0

0

0
C_

"0

r_
0

0
0'_
O_

4-)

_o

"0

r.,Q
v I

I
I
!

I
I

•i-I _0

o I

°i
00

0

gl

i.-4
0

bO.,-I

oO

°,-I

oou_O

._'_0

_-_0
OomO

0

E_c_O
Oc_O

c_

c_O0

00 u'_ 0

.,-4

0,-t 0 oo
_-_ i_. u_ oO

0 _0_0 u_ 01"_
oo 0_1_. ,_ coO_

o c_c'_ _ co_ _')

u'_ 0"_ ....:1"0
o0.._ c'_ r-I

O0 _

eo eo

oo° _ ....

_ _0_

eee eeeo

_0_ __
_0 __

0__ 000_
__0_ 0__

_ o ° • • • _ • • • •

EO Lr_ 0 _ 00 _--t 0 C)_ _ 0"_ 0 O00
0 oo r_ o_ 0 u_ 0 oo O_ ,--I 0 ._I. _0 c._ o'_
_ om u_ u_ _ ,--_ oq e'_ o'h .._" .I.J ¢xl c',h ...._ -.._1"
•t-I • • • .1_ • • • , o .1_ o o o •
0 0 0

IE c_ u_ un E_ 0 u'_ u_ 0 un E_ e_ 0 u_ u'_
0 _0 Cxl oO 0 _0 I_- 0"_ c'_ _0 0 _-I _00 Lrl

_00_ _00000 CO0000
•_000 .t-_O 0 000 -_0000
_ c_ ,_ I_._ O0 r_ Oq Oh Lr_ r'-.., o0 r-q c'q oq u"_

Oxl oq o,I cxl
0 0 0 0

•,-I .,-I

_,.-4 .,-I _ _,-'_ .,-4 _-_



O

lZ
I--I

I-I

I-4
O

O _

r._

O

,-1

S--

i

Vl

°_

.,.-I]

_.®

O_

¢

_d

,-_ O

O O _'_ O O O O O _O O O O O o'10 O u'_ O
O O I_ O O O O _r_ _ O O O O _ O O I_ O

,--I ,-I ,-I ,-I ,._ ,--I ,-..I A
A A A A A A

O g O O O O O O ¢_ O O O O _o O O coO u'_ u_ O O O u_ ,'_ O O O O e_ O _ oh t_

A A A A

O O O O O O O O oo O O O O u'_ O O ur_ O
O O _ O O O O O oh O u'_ O O I_ O ur_ I_ O

A A A

O O oO O O O O _"_ ¢_ O _r_ O O o'_ O _t_ o'_ O

O O O O O O O O u'_ O O O O u'_ O O O O
O O O O O O O_ O r.... O u'_ O u'_ t_. O u_ um O

,-i o4 ,---I ¢'.,I 04 _ ¢_1 04 ,.-i
A A A A A A

O O u_ O O O O O oo O O O O o'_ O O u'_ O
O O t_ O O O O u'_ o'_ O _r_ O O _ u'_ _ r_ O

_-I ,--4 O4 ,--I 04
A A

O O ¢'_ O O O O _ _ O O O O u_ O o'_ ¢_ O
O O _ O O O O ,.-I _ O O O O r_ o _l _ O
O _ r_ o O o o_ I'_ r_ o ox O O o'_ o I'_ t_ O

A A A A A A A A A

O"1 O P"- O O O ¢_ I_. ,,.O O O'_ ¢_ O Oh O _O _O O
_-I 0 0"I 0 0 0 ,_ 0"I _ 0 ,--I ,-4 0 ,--I 0 ,_ _ 0

A A A A

O O O O O O O"_ O O O O O O U_ O O O O
O O O O O O ,-I O O O O O O I_ O O O O

Ur_ O _t_ O O I'_ O_ O_ O _ _ t_l O"1 _ O O_ O

A A A A A _D A

0 0 0 0 0 0 o'_ 0 _ 0 0 0 0 0 0 0 _0 0
O O O O O O _ O ,..O O O O O O O O ,--_ O
O_ r_ O_ i_. O o_ r_ O_ _l O ox I_ O'_ ox _ o'_ _ O

t--I ,-_ u'l u_ ,-I o'1 4-1
A

O

_-_ 0

0

A •-_ A

_ 0

0
v v

0 0

,

7i



TABLE 37

SU_RY OF SPECIMENS SECrlCNED

FOR METALLOGP_APHY AND SEM FRACTO_APHY

A iloy

Set C Set D

As (2½ min (3 rain

Received: dwell): dwell):
Met. Met. SEM Met.

Set F

(4 min

dwell_:
Met. SEM

BI900 X X X

BI900, coated X

IN-100 X X X X K X

IN-100, coated X

PWA 1401 X

PWA 1401, coated X

X-40 X K

WI-52 X K X K

MAR-M 200 X K K K X X

PWA 664 X

MAR-M 302 X K K X X

IN-162 X X

IN-713C X X X

M22 X K X X

TAZ-8A X X

Udimet 700 (cast) X K X K K X

Udimet 700 (wrought) X K X K X X

TD-NiCr X X X X X
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.042R

L.__L._o_J_._,,J

= 1.25 _,
.120 R 1.24

\
.130 _7,_ _"

[

LOCATIONS OF
THERMOCOUPLE
JUNCTIONS IN
INSTRUMENTED

SPECIMENS _.__. __

NOTE:

1.00"-2.54 cm

¢) ¢3
h- OJ
h- h-

o_
,=:

THERMOCOUPLE "_
LOCATIONS IN

INSTRUMENTED ,C_ _ ,C_
SPECIMENS _ _ _) _

o 0o0o-tF
ALL THERMO- I I _ p.N.DpN..__ II
COUPLES ARE I IJ._+ I + I + _'-.,.U
o.o,o"SELOW_ I I
SURFACE

o
o_

ITEM Q

,___L
,T_-,.,® -P_--_--,,q--o1_

[ 303
-._

.505

.495 _I----:

I

r/'_. CD

10%-_ . , _1_.

.30

i

..... _lr--

, f"'I _

I 1

,q" N

ITEM D USE

.252 ALL MATERIALS

.248 EXCEPT TD-NiCr

(_ .199 TD-N;Cr ONLY.195

THERMAL FATIGUE TEST PIECE UNIAXIAL TEST PIECE

Fig. 1 - Dimensions of Test Specimens Used in the Program.
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(a)

Fig. 2 - Macrographs of Grain Patterns in PWA 664.
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(b)

Fig. 2 (Continued) - Macrographs of Grain Patterns in PWA664.
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(o)

Fig. 2 (Continued) - Macrographs of Grain Patterns in PWA 664.
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(a)

Fig. 3 - Macrographs of Grain Patterns in PWA1401.
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(b)

Fig. 3 (Continued) - Macrographs of Grain Patterns in PWA 1401
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(c)

Fig. 3 (Continued) - Macrographs of Grain Patterns in PWA 1401
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(d)

Fig. 3 (Continued) - Macrographs of Grain Patterns in PWA 1401
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NO

"LUIDIZATION
I

I000
AIR

• HIGH TEMPERATURE BED

• INTERMEDIATE BED

0 FLUIDIZING CONDITIONS

USED IN THIS PROGRAM

EXCESSIVE

FLUlDIZlNG

i

2000 :5000 4000

FLOW, Cu Ft/Sq Ft/Hr

5000

Fig. 5 - Fluidized Bed Air Requirements (28-48 mesh

tabular alumina particles).
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Utilized During Fixture Development.
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Neg. No. 37994
BI900

(5000 Cycles)

BI900 Coated MAR-M 200 PWA 664

(5000 Cycles) (i000 Cycles) (5000 Cycles)
_a) Set A Specimens (2 min exposure)

Neg. No. 37995

IN-100 IN-100 Coated PWA 1401 PWA 1401 Coated

(i000 Cycles) (5000 Cycles) (5000 Cycles) (5000 Cycles)

(b) Set A Specimens (2 min exposure)

Fig. 16 - Appeerance of Test Specimens at the Conclusion

of Thermal Fatigue Cycling. 93



Neg. No. 37992
Udlmet 700
_Wrought)

(i000 Cycles)

Udimet 700 TD-NiCr IN-713C
(cast) (400 Cycles) (500 Cycles)

(I000 Cycles)
(c) Set A Specimens (2 min exposure)

94

Neg. No. 37993

IN-162

(5000 Cycles)

TAZ -8A

(5000 Cycles)

(d) Set A Specimens

M22

(i000 Cycles)
(2 min exposure)

Fig. 16 (Continued) - Appearance of Test Specimens at the
Conclusion of Thermal Fatigue Cycling.



Neg. No. 37996
X-40 MAR-M 302 WI-52

(2000 Cycles) (5000 Cycles) (5000 Cycles)
(e) Set A Specimens (2 rain exposure)

Neg. No. 37776
BI900 BI900 Coated MAR-M 200 PWA664

(2000 Cycles) (4400 Cycle D (700 Cycles) (5000 Cy¢les)
(f) Set D Specimens (3 min exposure)

Fig. 16 (Continued) - Appearance of Test Specimens at the
Conclusion of Thermal Fatigue Cycling.
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Neg. No. 37778

IN-100 IN-100 Coated PWA 1401 PWA 1401 Coated

(700 Cycles) (2000 Cycles) (5000 Cycles) (5000 Cycles

(g) Set D Specimens (3 min exposure)

96

Neg. No. 37775
Udimet 700 Udimet 700 TD-NiCr Inconel 713C

_rought) (Cast) (700 Cycles) (700 Cycles)

(700 Cycles) (700 Cycles)

(h) Set D Specimens (3 min exposure)

Fig. 16(Continued) - Appearance of Test Specimens at the
Conclusion of Thermal Fatigue Cycling.



Neg. No. 37774
Inconel 162 TAZ-8A M22

(3100 Cycles) (5000 Cycles) (700 Cycles)
(i) Set D Specimens (3 min exposure)

Neg. No. 37777
X-40 MAR-M 302 WI-52

(2000 Cycles) (700 Cycles) (700 Cycles)
(j) Set D Specimens (3 min exposure)

Fig. 16 (Continued) - Appearance of Test Specimens at the
Conclusion of Thermal Fatigue Cycling.
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Fig. 17(a) - Thermal CycLes to Initiate the First Crack in BIg00 Test Specimens
in Either Test Edge under Test Conditions A to F.
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in Either Test Edge under Test Conditions A to F.
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Neg. No. 37913 Etched XS00

Fig. 24 - IN-10_ Transverse Section Showing Possible Crack
Nucleation Points.

J

Neg. No. 37929 Etched XS00

Fig. 25 - PWA 1401, Transverse Section Showing a Possible Crack
Nucleation Point.
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Neg. No. 37915 Etched X125

Fig. 28 - X-40 Sample Showing Early Stages of Crack Propagation.

Neg. No. 37917 Etched X500

Fig. 29 - WI-52 Longitudinal Section Showing Possible Crack
Nucleation Sites.
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Neg. No. 37919 Etched X500

Fig. 30 - MAR-M 200 Longitudinal Section Showing Possible Crack
Nucleation Sites.

Neg. No. 37921 Etched X125

Fig. 31 - MAR-M 302 Longitudinal Section Showing Early Stages
of Crack Propagation.
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Neg. No. 38034 Etched X250

Fig. 36 - PWA 664 Longitudinal Section Showing Subsurface Porosity
as Possible Crack Nucleation Site.
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SEM 8372 X300 SEM 8373 X3000

(a) (b)

Fig. 40 - Appearance of Thermal Fatigue Fracture of IN-100
in the SEM.

SEM 8375 X300 SEM 8310 X3000

(a) (b)

Fig. 41 - Appearance of Thermal Fatigue Fracture of MAR-M 200
in the SEM.
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SEM 8317 X300 SEM 8316 X3000

(a) (b)

Fig. 42 - Appearance of Thermal Fatigue Fracture of MAR-M 302
in the SEM.

SEM 8371 XI000 SEM 8370 X3000

(a) (b)

Fig. 43- Appearance of Thermal Fatigue Fracture of TD-NiCr
in the SEM.
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SEM 8308 X300 SEM 8306

(a) (b)

Fig. 44 - Appearance of Thermal Fatigue Fracture of Cast
Udimet 700 in the SEM.

X3000

SEM 8365 X300 SEM 8303 XI000

(a) (b)

Fig. 45 - Appearance of Thermal Fatigue Fracture of Wrought
Udimet 700 in the SEM.
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