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SUMMARY

This investigation is part of a general study of thermal
fatigue conducted by the NASA-Lewis Research Center. This pro-
gram used the fluidized bed heating and cooling technique to mea-
sure the relative thermal fatigue resistance of 21 superalloys.
An earlier investigation is reported in NASA CR-72738. The alloys
in this investigation included B1900, B1900 DID, IN-100, MAR-M 200,
Udimet 700 (cast and wrought), NX-188, WAZ-20, TAZ-8A, M22, IN-713C,
IN-738, IN-162, MAR-M 509, Rena 80, RBH, NASA VI A, TD-NiCr, MAR-M
302, WI-52, and X-40. Four types of surface protection were used
on selected alloys. These were Jocoat, Xcoat A, clad + Xcoat B,
and RT-lA coat. The IN-100, MAR-M 200, NX-188, WAZ-20, and TAZ-8A
were tested in both the random and directional solidified forms.
The resistance to cracking was measured by cycling specimens be-
tween fluidized beds at 1129 0 C and 357 0C, 1046 0 C and 274 0 C,and
1088 0 C and 3160 C. The time of immersion in each bed was 3 minutes.
The specimens were examined for cracks at intervals,and the lengths
of the first three cracks were measured. When sufficient crack
propagation data were obtained, the specimen was removed from test.

The tested alloys having the best resistance to thermal fatigue
cracking were NX-188 directionally solidified and TAZ-8A clad +
Xcoat B. The number of cycles required to crack different alloys
varied widely, from over 6100 cycles for the best materials to 13
cycles for several of the worst materials. This represents a 500:1
difference in behavior under very severe testing conditions. Oxida-
tion occurs during thermal cycling and some alloys experienced con-
siderable weight loss. The directionally solidified alloys were
particularly susceptible and normally should be protected with a
coating.

Metallographic examination indicates that as much attention
should be given to processing the alloy as to the alloy composition.
Directional solidification is an obvious case of process improvement
of properties but other techniques of controlling microstructure are
also important. Any structure with a large constituent or line of
constituents is potentially weak in thermal fatigue. The test re-
sults indicate that processing should be designed to give a fine
well-dispersed structure without a pronounced dendritic pattern
and without grain boundaries lined with carbides or blocks of other
constituents.



INTRODUCTION

The purpose of the reported work was to use the fluidized bed
technique to measure the relative thermal fatigue cracking resis-
tance of twenty-one high-temperature superalloys that could be used
for advanced air breathing engines. The study included metallo-
graphic and hardness studies before and after thermal fatigue test-
ing. The work was carried out in a facility designed and built by
IIT Research Institute.

This investigation is part of a general study of thermal
fatigue being undertaken by the NASA-Lewis Research Center. Other
parts of 1 i study and the possible use of the data are described
by Spera. An earlier part of this general study was the previous
fluidized bed thermal fatigue work by Howes.( 2 ) An analytical life
prediction to these data is given by Spera et al.( 3 )analytal lfe

Thermal fatigue is a possible failure mechanism in any situa-
tion that involves fluctuating temperatures. If certain materials
are heated or cooled rapidly and continuously, cracking sometimes
occurs. This phenomenon, which is often called thermal shock, is
caused by thermal gradients present during rapid temperature change.
As a result, strain is produced which is related to the coefficient
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 crack-
ing, 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 com-
ponents, and in molds used for glass and metal molding. Thermal
fatigue can become the dominant failure mode in aircraft gas tur-
bine 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. How-
ever, 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 condi-
tions; however, they are generally expensive to construct for the
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multi-station test facilities which are needed to amass data quick-
ly. In the consideration of thermal fatigue, the crack propaga-
tion 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 den-
sith 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
(on the order of 1 fps), and in this respect the high-velocity gas
flows in a turbine engine are not simulated. The first reported
use of fluidized beds f 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. (5-13) A bibliography of the li* ature of thermal
fatigue up to 1967 was compiled by Carden.t M

The original high-temperature bed described by Glenny was 6 in.
in diameter and was heated by wire-wound elements of 4 kw total in-
put. 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.

The entire report is presented in two parts. Part 1 (NASA
CR-121211) includes all thermal fatigue results, together with
weight and dimensional changes. Part 2, this report, describes
the metallographic and hardness measurements.

ME TALLOGRAPHY

At the end of the test program 100 samples were sectioned for
metallography. The sections taken are listed in Table 1. For the
longitudinal sections a portion containing a major crack was cut and
mounted in a thermosetting plastic. Transverse sections were taken
at the center of the specimens. Samples were prepared in the con-
ventional way using automatic polishing with final finishing using
a microcloth wheel and 0.05 micron abrasive powder. Kalling's reagent
was used for the majority of the etched samples.

3



HARDNESS MEASUREMENTS

At various inspection times during thermal cycling hardness
readings were taken on all uncoated samples. A Rockwell C hardness
was taken on the surface at the center of the specimen and a 1 kg
DPH taken at the end of the 0.040 in. radius after cleaning the
surface with fine emery paper. Results for the three series of
tests are given in Tables 2, 3, and 4.

Microhardness surveys were taken on selected metallographic
samples in two positions:

1. From the surface near the mid-section of
the specimen, starting in a coating or
layer if present.

2. Below the surface starting from the edge
of a major crack.

Hardness impressions were made at 0.002, 0.004, 0.006, 0.010,
and 0.015 in. from the surface or crack. Photomicrographs were
taken to illustrate selected microhardness surveys. Microhardness
survey results are given in Table 5.

RESULTS

All sections detailed in Table I were examined and photo-
micrographs were made of selected samples. These are presented in
Figures 1 to 30. A total of 100 specimens were sectioned. The
longitudinal sections were selected to contain a major crack and
several possible crack sites on the 0.025 in. edge. These sections
were taken parallel to the mid-chord plane of the specimen. Trans-
verse sections were complete cross sections taken at or near the
center of the specimen.

B1900 and Bl900 DID (Figures 1 and 2)

The typical structure of B1900 is shown in Figure 1. Note the
gamma matrix with dispersed gamma prime and the light-etching car-
bide particles mainly at the grain boundaries. The light-etching
surface layer is due to oxidation and possible depletion of some
alloying elements. Figures Ig, lh, and li show B1900 with a Jocoat
layer, which has diffused into the base material. The transverse
section (li) shows that more grain boundary carbides exist below
the surface than near the surface. Figure Ic and Id show
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longitudinal samples of B1900 from stress-rupture bars and are
similar to the structure shown in Figure la.

Thermal cracks appear to initiate at and progress along
grain boundaries as typified by Figures le and if.

B1900 DID is shown in Figure 2. These structures are similar
but show increased gamma prime and a tendency for complex carbides
to appear within the grain. The Jocoat layer appears well diffused
and coherent on all sections examined.

IN-100 (Figures 3 to 5)

Figure 3c shows the typical cast structure of IN-100 with
small white patches of primary gamma prime. At 500X (Figure 3d)
the eutectic formation of the primary gamma prime is clearly seen
together with a complex carbide. Dispersed carbides are seen
throughout the structure, and a possible path for crack propagation
is evident at the grain boundaries.

The appearance of Jocoat and Xcoat A is shown in Figure 3f, g
and i. Both are adequately bonded and would appear to be equally
effective.

Directionally solidified samples are shown in Figures 4 and 5.
Primary gamma prime is more evident, and some grain boundaries are
clearly delineated but do not break surface (Figure 5c). The sides
of the cracks are oxidized, as shown in Figures 4d and 4e. Cracks
apparently follow grain boundaries.

MAR-M 200 (Figure 6)

Typical structures are shown in Figure 6. In general cracks
follow the grain boundaries.

Udimet 700 (Figures 7 and 8)

Typical wrought and cast structures are shown in Figures 7
and 8.

Udimet 700 (SEW) Clad + Xcoat B (Figure 9)

This alloy is shown in Figure 9 and consists of precipitated
gamma prime within the gamma matrix with dispersed carbide. There
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is a tendency for carbides to form at grain boundaries (Figure 9e).
These grain boundaries run directly to the metal-cladding interface
providing easy crack propagation paths if the cladding becomes de-
tached, as it has in Figures 9a and 9b.

The cladding shows poor adhesion to the base metal with little
or no diffusion to help bonding. This type of cladding cannot be
effective until the bonding is improved. Generally, areas that
showed good bonding were free from cracking.

NX-188 (Figures 10 to 13)

The NX-188 shows the usual gamma prime structure with some
evidence of the presence of primary gamma prime. There is a def-
inite dendritic cast pattern (Figure 10e) with interdendritic car-
bides (Figure 10f). NX-188 is shown with the RT-lA coating in Fig-
ure 11; although the diffusion bond does not appear as well diffuse
as Xcoat A or Jocoat (Figures 3 and 5), it seems to be adequate for
good adhesion.

NX-188 DS is shown in Figures 12 and 13. These sections show
gamma prime/gamma structures with little evidence of grain boundary
weakness except in the transverse sections (Figures 12f and 13f).
The oxidized surface in Figure 12 shows clear evidence of depletion
which extends down the sides of cracks (Figure 12c). The RT-A
coating appears to be diffused very well into the DS alloy (Figure
13), but the coating appears to be attacked.

WAZ-20 (Figures 14 and 15)

Both WAZ-20 and WAZ-20 DS show pronounced dendritic type
structures remaining after casting. It appears that severe com-
positional gradients may exist. The combination of dendrites and
grain boundaries provides easy paths for cracking in the random
solidified alloys (Figure 14c). The bond between the Jocoat and
the alloy is deficient since the coating is quickly lost. The
alloy also oxidizes and scales rather badly after the coating is
gone.

The directionally solidified alloy (Figure 15) shows similar
structures except that the dendrites appear to block the line of
cracking and failure initiates at wide notches instead of deep
cracks (Figure 15a). Islands of complex carbides are common in
these structures (Figure 15c).
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TAZ-8A (Figures 16 to 18)

One of the puzzling features of the thermal fatigue results
was why the TAZ-8A single-edge wedge specimens exhibited superior
thermal fatigue resistance to the double-edge wedge specimens.
Geometry alone could not account for the large difference. Thisquestion is easily answered by reference to Figure 16c where thepronounced dendritic pattern of the double wedge can be seen.
Dendrites are present in the single wedge (Figure 16e) but to a
much lesser degree. This difference can be produced in the samecomposition by processing differences. For instance, if a hot moldis used, the solidification pattern is more even and there is great-er opportunity for diffusion to occur. Also an oxide (such as nickeloxide) may be incorporated in the first slurry as a grain refiner.
This helps the formation of a fine structure during solidification.

Figures 16d and 16f show that this structure consists basi-cally of primary gamma prime and gamma prime in a gamma matrix.There is very little evidence of carbide formation.

The clad sample shown in Figure 17 shows that the claddingdoes not form a good bond with the substrate and cannot be reliedupon at this stage of development although it has provided someprotection. The cladding is nonprotective, and the interface isattacked once the cladding is breached (see Figure 17d, e, and f).

The TAZ-8A directionally solidified material is shown in
Figure 18, and it appears that the poorer performance of this alloymay be due to the interconnected areas of primary gamma prime. Therandom solidified structure shown in Figure 16e can be expected to
perform better than the directionally solidified structure shownin Figure 18a because of the large islands of gamma allowing easy
crack propagation paths.

This composition shows alloy depletion from the surface and
from the edges of cracks and should benefit from a reliable coat-ing system.

M22 (Figure 19)

Typical M22 structures are shown in Figure 19.

IN-713C (Figure 20)

The untested IN-713C structure is shown in Figure 20.
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IN-738 (Figure 21)

This structure consists of primary gamma prime, precipitated
gamma prime, and dispersed carbides in a gamma matrix. Alloy deple-
tion takes place from the surface and from the edges of the crack.

IN-162 (Figure 22)

The untested IN-162 structure is shown in Figure 22.

MAR-M 509 (Figure 23)

This is a cobalt-base alloy, and the structure consists of
MC particles in script form with a few areas of M23C6 particles in
eutectic form and precipitate form in the dendritic alpha solid-
solution matrix. Figure 23b shows that oxidation occurs preferen-
tially at the carbide particles, and there is a tendency to form
wide notches rather than tight cracks.

Ren6 80 (Figure 24)

This alloy consists of gamma prime in a gamma matrix with
some dispersed carbides and a definite carbide layer at the grain
boundaries. Figure 24 shows a crack propagating along the carbide
at the boundaries.

RBH (Figure 25)

This structure consists of primary or eutectic M6C particles
and MC particles in the solid solution matrix. The carbide forma-
tion at the grain boundaries provides lines of weakness for crack
propagation.

NASA VI A (Figure 26)

This alloy contains dispersed primary gamma prime of consider-
able size and precipitated gamma prime in a gamma matrix. There
are well-dispersed carbides throughout the structure. The crack
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propagation path appears to prefer the boundaries between the pri-
mary gamma prime and the other constituents (Figure 26b).

TD-NiCr (Figure 27)

This structure contains rather large precipitated particles
in the fine-grained solid-solution matrix. There seems to be a very
definite grain boundary weakness making crack propagation easy and
rapid. This is evidenced by the large number of cracks at the grain
boundaries.

MAR-M 302 (Figure 28)

The untested structure of MAR-M 302 is shown in Figure 28.

WI-52 (Figure 29)

The untested structure of WI-52 is shown in Figure 29.

X-40 (Figure 30)

The cobalt-base alloys seem to have a greater variety of struc-
ture than the nickel-base alloys. This structure is again carbides
in a solid-solution matrix, but the presence at grain boundaries is
more pronounced (Figure 30b). This produces lines of weakness (Fig-
ure 30c) and also easy paths for the penetration of oxidation pro-
ducts.

DISCUSSION AND CONCLUSIONS

In the development of superalloys in the past major attention
has been given to obtaining high strength and creep resistance with
possibly good corrosion resistance and thermal stability. Thermal
fatigue resistance was barely considered. Obtaining a high per-
formance alloy is a matter of compromise, and a structure that re-
sists creep may be inferior in a thermal fatigue situation.

In the present investigation and also in the previous work
(NASA CR-72738), there is ample evidence that as much attention
should be given to processing as to the actual alloy composition.
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Directional solidification is an obvious case of improvement of
properties by several orders of magnitude, but other techniques
may be equally important. Any structure with a large constituent
or line of constituents is potentially weak in thermal fatigue.
Examination of the microstructures when compared with the thermal
fatigue test results indicates that processing should be arranged
to give a fine well-dispersed structure without a pronounced den-
dritic pattern and without grain boundaries lined with carbides or
blocks of other constituents.

In the testing completed the results indicate trends but not
the absolute order since some of the alloys may not be in the opti-
mum condition as regards their structure.
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TABLE 1. - SAMPLES SECTIONED FOR METALLOGRAPHIC EXAMINATION

Long. Long. Long. Trans.
Tested 1915/ 1990/ 2065/ 2065/

As S-R 5250F 600*F 675 0F 675 0F
Specimen Received Bars (Set H) (Set I) (Set G) (Set G)

B1900 b 1 1 b

B1900 + Jocoat b 1 1

B1900 DID + Jocoat 1 1 1 1

IN-100 b 1 1 b

IN-100 + Jocoat 1 . b 1 1

IN-100 + Xcoat A 1 1 1 1

IN-100 DS b 1 b 1 1

IN-100 DS + Jocoat 1 b 1 1

MAR-M 200 b 1 1 b

MAR-M 200 + Jocoat I 1

MAR-M 200 DS b 1

Udimet 700 Wrought b 1 1 b

Udimet 700 Cast b 1 1 b

Udimet 700 Wrought, Clad + 1 1
Xcoat B (SEW)a

NX-188 c 1 1 1

NX-188 + RT-1A Coat c 1 1 1

NX-188 DS c 1 1 1

NX-188 DS + RT-1A Coat c 1 1 1

WAZ-20 + Jocoat 1 1 1

WAZ-20 DS + Jocoat 1 1 1

TAZ-8A b 1 1 b 1

TAZ-8A (SEW)a 1 1 1

TAZ-8A Clad + Xcoat B (SEW)a -1 1

TAZ-8A DS 1 1 1 1

M22 b 1. 1 b

IN 713C b 1 1 b

IN 738 1 1 1 1

IN 162 b I I b

MAR-M 509 1 1 1 1

Reng 80 1 1 1 1

RBH 1 1 1

NASA VI A 1 1 1 1

TD-NiCr b 1 1 b 1

MAR-M 302 b 1 1 b

WI-52 b 1 1 b

X-40 b 1 1 b 1

TOTAL 9 14 19 16 26 16

Total Sections = 100
asingle Edge Wedge NOT REPRODUCIBLE
bFrom CR-72738

CSectioned by NASA-Lewis
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TABLE 2. - HARDNESS CRANGE TN SET G SPECIMENS (NOT COATED)

2065/6750 F (1129/3570 C) cycle, 3 min dwell in each bed

Spec. Original Hardness After Given CycleE
Alloy and Condition Ident. Hardness 25 50 10 200 300 500 1100 2200 2400 2900 5100 6500

Microhardness on 0.040 in. Radius, DPH (1 kg load)

IN-100 DS 7 422 393 393 - 386 - 386 376 - - 350
MAR-M 200 DS 3 454 445 437 - 427 - 427 427 - 428
NX-188 1 503 - - 445 412 - 397
NX-188 DS 1 519 - - 445 371 - 371 356 - - - 344

TAZ-8A 544 538 524 - 501 - 462 454
TAZ-8A (SEW) 490 490 - 490 - - - 483 - 454
TAZ-8A DS 1 463 - - 454 440 - 440 437 437

IN-738 2 422 - - 407
MAR-M 509 9 413 413 413 - 399 - 399
Rene 80 1 405 - - 374
RBH 1 285 - - 299 328 333
NASA VI A 2 483 475 452 - 454 438
TD-NiCr 293 285 285 - 250
X-40 422 402 402 - 362 360

Surface Hardness on Center Section, RC

IN 100 DS 7 38 37 37 - 36 - 35 35 - - 35
MAR-M 200 DS 3 41 40 39 - 37 - 37 37 - 36
NX-188 1 39 - - 38 37 - 33
NX-188 DS 1 36 - - 35 35 - - 33 - - - - 30

TAZ-8A 45 45 45 - 45 - 44 44
TAZ-8A (SEW) 43 43 - 43 - - - 42 - 41
TAZ-8A DS 1 42 - - 42 42 - 41 40 39

IN-738 2 39 - - 38
MAR-M 509 9 38 37 37 - 36 - 36
Reng 80 1 42 - - 38
RBH 1 25 - - 30 31 31
NASA VI A 2 42 41 41 - 40 39
TD-NiCr 30 29 28 - 26
X-40 38 38 37 - 37 36



TABLE 3. - HARDNESS CHANGE IN SET H SPECIMENS (NOT COATED)

1915/5250 F (1046/2740 C) cycle, 3 min dwell in each bed

Hardness After
Original Given Cycles

Alloy and Condition Hardness 50 200 500

Microhardness on 0.040 in. Radius, DPH (1 kg load)

B1900 410 406 408 398
IN-100 399 371 372 -
MAR-M 200 431 434 395 -
Udimet 700 wrought 420 394 371 -
Udimet 700 cast 423 394 364 375

TAZ-8A 544 524 485 485
M22 416 429 416 402
IN 713C 423 413 399 372
IN 738 422 420 415 420
IN 162 423 421 413 393

MAR-M 509 412 406 371 372
Ren6 80 405 413 423 421
NASA VI A 475 458 431 420
TD-NiCr 293 291 291 -
MAR-M 302 526 482 425 413
WI-52 420 431 375 377
X-40 422 398 398 393

Surface Hardness on Center Section, RC

B1900 38 38 37 37
IN-100 38 38 37 -
MAR-M 200 40 40 38 -
Udimet 700 wrought 40 38 37 -
Udimet 700 cast 38 36 36 35

TAZ-8A 45 44 44 44
M22 37 38 38 38
IN 713C 40 38 37 37
IN 738 39 39 38 37
IN 162 39 38 37 37

MAR-M 509 38 37 36 36
Reng 80 42 40 38 37
NASA VI A 42 42 41 40
TD-NiCr 31 29 29 -
MAR-M 302 49 44 43 41
WI-52 36 35 35 35
X-40 39 38 38 38
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TABLE 4. - HARDNESS CHANGE IN SET I SPECIMENS (NOT COATED)

1990/6000F (1088/3160 C) cycle, 3 min dwell in each bed

Spec. Original Hardness After Given Cycles
Alloy and Condition Ident. Hardness 50 300 500 700 1200 2000 4000

Microhardness on 0.040 in. Radius, DPH (1 kg load)

MAR-M 200 DS 12 454 445 437 - 437 428 428 428
NX-188 2 503 463 445 - 383
NX-188 4 503 - - 437
NX-188 DS 2 524 480 445 - 437 420 395 370
NX-188 DS 4 503 480 445 - 437 428 383 370

TAZ-8A 560 524 524 - 524 500
TAZ-8A (SEW) 490 490 490 - 490 483 498 503
TAZ-8A DS 2 454 445 445 - 445 445 445 445
TAZ-8A DS 4 463 445 445 - 445 445 445 445

IN-738 3 445 - - 428
MAR-M 509 15 412 454 454 - 420
Ren'e 80 3 405 - - 445
RBH 2 285 - - 333
NASA VI A 14 483 483 445 - 437

Surface Hardness on Center Section, RC
MAR-M 200 DS 12 41 40 40 - 40 40 39 39
NX-188 2 40 39 38 - 38
NX-188 4 39 - - 37
NX-188 DS 2 36 36 36 - 36 34 35 35
NX-188 DS 4 37 36 36 - 36 34 34 34

TAZ-8A 45 45 45 - 45 45
TAZ-8A (SEW) 43 43 43 - 43 43 43 42
TAZ-8A DS 2 42 43 43 - 43 43 43 43
TAZ-8A DS 4 42 43 43 - 43 43 43 43

IN-738 3 39 - - 39
MAR-M 509 15 38 38 38 - 37
Rene 80 3 42 - - 41
RBH 2 25 - - 34
NASA VI A 14 42 42 42 - 41



TABLE 5. - MICROHARDNESS SURVEYS FROM SURFACE AND FROM SIDE OF CRACK

Microhardness Traverse, Knoop (200 g load)
From Surface From Side of Crack

Thermal .002 .004 .006 .010 .015 See .002 .004 .006 .010 .015 See
Specimen Cycles in. in. in. in. in. Fig. in. in. in. in. in. Fig.

B1900 + Jocoat 1700 468 a  510a 436 416 394 430 480 457 441 457

B1900 DID + Jocoat 2300 5 6 9a 436 421 430 430 411 411 430 468 486

IN-100 + Jocoat 300 619 a 480 569 505 493 446 500 619 468 441

IN-100 DS 2900 300 441 436 446 446 394 426 416 416 426 4d

IN-100 DS + Jocoat 2700 4 3 6a 486a 474 474 468 5d 408 372 372 416 416

MAR-M 200 + Jocoat 550 457 a 511 539 511 593 468 468 500 505 474

MAR-M 200 DS 2400 486 505 525 525 546 511 546 554 546 546

Udimet 700 Clad + 1300 345 426 416 403 385 9b 403 421 408 436 408
Xcoat B (SEW)

NX-188 500 411 411 397 416 403 421 421 421 394 441

NX-188 + RT-1A Coat 1100 396 a 411 a  655 a 380 372 llc 403 385 356 356 356

NX-188 DS 6500 312 411 453 436 436 12d 372 436 397 321 312

NX-188 DS + RT-LA 6100 335 a 325a  353 312 380 13d 297 297 321 321 335
Coat

WAZ-20 + Jocoat 50 376 464 411 376 411 14b 411 411 404 404 464

WAZ-20 DS + Jocoat 6100 411 427 427 376 385 397 411 427 346 390 15b

TAZ-8A 1100 506 487 454 506 506 16b 441 465 561 480 465

TAZ-8A Clad + 5100 442 526 627 601 510 454 500 426 487 540 17b
Xcoat B (SEW)

TAZ-8A DS 6100 480 465 506 506 495 546 601 546 512 465

IN 738 200 436 442 442 442 422 21a 411 411 399 411 407

alndicates hardness impression in coating.



(a) X500
Untested transverse section from uniaxial specimen

(b) X500

Longitudinal section from thermal fatigue specimen tested at
1990/600*F for 500 cycles

Figure 1

Microstructure of B1900 Specimens (Kalling's etch)
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(c) X100
Longitudinal section from stress-rupture bar.

Tested for 100 hr at 18000 F.

(d) X500

As (c)

Figure 1 (cont.)

Microstructure of B1900 Specimens
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(e) X100

Longitudinal section tested at 1915/525 0 F for
600 cycles

(f) X500

As (e)

Figure 1 (cont.)

Microstructure of B1900 Specimens
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B10 oot(g) X500 (h) X500
BI0 +Jcot transverse sec- As (g), longitudinal section

tion tested at 2065/675°F for

p~ -

1700 cycles

>~ ~ >

B10 +Jcat g))0 (h)OO0

tion tested at, 26 75 foreU

(i) X100
As (g)

Figure 1 (cont.)

20 Micros tructure of B1900 Specimens



A.

(a) X100
Untested transverse structure

(b) X500

Untested transverse structure

Figure 2

Microstructure of B1900 DID + Jocoat Specimens
(Kalling's etch)
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(c) X100

Longitudinal section tested at 1990/6000 F for
3250 cycles

(d) X100

Transverse section tested at 2065/675 0 F for
2300 cycles

Figure 2 (cont.)

Microstructure of B1900 DID + Jocoat Specimens
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... ..................... ..... ... . .... ..... ......

(e) X500 (f) X500 (g) X500
Longitudinal section tested Longitudinal section tested As (f), transverse section
at 1990/6000 F, 3250 cycles at 2065/675 0F, 2300 cycles

Figure 2 (cont.)

Microstructure of B1900 DID + Jocoat Specimens
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(a) x500

Untested transverse section from
uniaxial specimen

(b) X500

Longitudinal section tested at 2065/6750F for
200 cycles

Figure 3

Microstructure of IN-100 Specimens (Kalling's etch)



(c) X100
Longitudinal section tested at 1915/5250 F for

200 cycles

(d) X500
As (c), showing possible crack formation

Figure 3 (cont.)

Microstructure of IN-100 Specimens
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(e) X100

IN-100 + Jocoat, transverse section tested at
2065/675 0 F for 200 cycles

(f) X50( (g) X500
As (e), longitudinal section As (e)

Figure 3 (cont.)

Microstructure of IN-100 Specimens
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(h) X100

IN-100 + Xcoat A, transverse section tested at
2065/675 0 F for 200 cycles

(i) xsoo500

As (h)

Figure 3 (cont.)

Microstructure of IN-100 Specimens

27



(a) X100

Transverse section tested at 2065/675*F for
2900 cycles

(b) X500
As (a)

Figure 4

Microstructure of IN-100 Directionally Solidified (Kalling's etch)

28
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i

(c) XIO0 (d) XO00
Longitudinal section tested at As (c); note hardness impressions

2065/675°F for 2900 cycles from side of crack tip::Z {

(e) X500

As (d), showing tip of crack

~1 '
14

vV

Figure 4 (cont.)

Micros tructure of IN-100 Directionally Solidified
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(a) Unetched, X20 (b) X125
Longitudinal section tested at As (a)

1990/600F for 5000 cycles
Figure 5

Microstructure of IN-100 Directionally Solidified + Jocoat (Kalling's etch)



I

(c) X100
Longitudinal section tested at 2065/6750 F for

2200 cycles

(d) X100

As (c); note the hardness impressions

Figure 5 (cont.)

Microstructure of IN-100 Directionally Solidified + Jocoat
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(e) X100

Transverse section tested at 2065/6750 F for
2200 cycles

(f) X500

As (e)

Figure 5 (cont.)

Microstructure of IN-100 Directionally Solidified + Jocoat
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(a) X500
Untested transverse section from uniaxial

specimen

(b) Unetched X125
Longitudinal section tested at 1990/600 F for

500 cycles. Note the crack formation.

Figure 6

Microstructure of MAR-M 200 Specimens 33
(Kalling's etch)
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(a) Unetched, X125

Untested transverse section from uniaxial specimen

Longitudinal section tested at 1990/600'F for 500 cycles

Figure 7

Microstructure of Udimet 700 Wrought Specimens
(Kalling' s etch)
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Figure

icrstrctur ofUdimt 70 Wrugh Speimen
(Kaling's etch
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(a) Unetched, X125
Untested transverse section from uniaxial specimen

(b) X500
As (a)

Figure 8

Microstructure of Udimet 700 Cast Specimens (Kalling's etch)
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(c) X500

Longitudinal section tested at 1990/600
0 F for

700 cycles showing initial stages of crack
formation.

Figure 8 (cont.)

Microstructure of Udimet 700 Cast Specimens
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(d) X100
As (a)

A

(e) X100
As (a), transverse section through coating

Figure 9 (cont.)

Microstructure of Udimet 700 (SEW) Clad + Xcoat B
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Microstructure of Udimet 700 (SEW) Clad + Xcoat B
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(a) Unetched, X100

Untested transverse section from uniaxial specimen

(b) X500

As (a)

Figure 10

Microstructure of NX-188 Specimens (Kalling's etch)
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(c) X100
Longitudinal section tested at 2065/6750 F for

500 cycles

(d) X500

As (c)
Figure 10 (cont.)

Microstructure of NX-188 Specimens
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(e) X100
Transverse section tested at 2065/675 0 F for

500 cycles

(f) X500

As (e)

Figure 10 (cont.)

Microstructure of NX-188 Specimens
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(a) Unetched, X100
Untested transverse section from uniaxial

specimen.

(b) X500
As (a)

Figure 11

Microstructure of NX-188 with RT-1A Coating (Kalling's etch)
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(c) Xl00 (d) XI00

Longitudinal section tested at As (c), transverse section

2065/6750F for 1100 cycles

:I"

(e) X500

As (d)
Figure 11 (cont.)

Microstructure of NX-188 with RT-lA Coating
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(a) Unetched, X100
Untested transverse section from uniaxial

specimen

(b) X500
As (a)

Figure 12

Microstructure of NX-188 Directionally Solidified (Kalling's etch)
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(c) X100
Longitudinal section tested at

2065/6750 F for 6500 cycles

(d) X100
As (c); note the hardness impressions.

Figure 12 (cont.)

Microstructure of NX-188 Directionally Solidified
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As (c)(

(f) X100

As (c), transverse section

Figure 12 (cont.)

Microstructure of NX-188 Directionally Solidified
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(a) Unetched, X100
Untested transverse section from uniaxial

specimen

(b) X500
As (a)

Figure 13

Microstructure of NX-188 Directionally Solidified + RT-IA Coating
(Kalling's etch)
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(c) X100 (d) X100
Longitudinal section tested at As (c); note the hardness

2065/675 0 F for 6100 cycles impressions.

(e) X500
As (c)

Figure 13 (cont.)

Microstructure of NX-188 Directionally Solidified + RT-IA Coating
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(e)i~~r X50
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Figure 13 (cont.)
Microstructure ~ ~ ~ ~ ~~ 8 of NX-188 Dietinly oiife R ACotn
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(f) X100
Transverse section tested at 2065/6750 F for

6100 cycles

- )

1

(g) X500
As (f)

Figure 13 (cont.)

Microstructure of NX-188 Directionally Solidified + RT-1A Coating
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J-a

(a) X100
Longitudinal section tested at 2065/6750 F for

50 cycles

(b) X100

As (a); note the hardness impressions

Figure 14

Microstructure of WAZ-20 + Jocoat (Kailing's etch)
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(c) X100
As (a), showing interior dendritic structure

(d) X500

As (a)

Figure 14 (cont.)

Microstructure of WAZ-20 + Jocoat
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(e) X100
Transverse section tested at 2065/6750 F for

50 cycles

(f) X500

As (e)

Figure 14 (cont.)

Microstructure of WAZ-20 + Jocoat
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(a) X100

Longitudinal section tested at 2065/6750F for
6100 cycles

(b) X100

As (a), showing crack tip and hardness impressions

Figure 15

Microstructure of WAZ-20 Directionally Solidified + Jocoat
(Kalling's etch)
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(c) X100

As (a)

(d) X100

As (a)

Figure 15 (cont.)

Microstructure of WAZ-20 Directionally Solidified + Jocoat
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(e) X500

As (a)

(f) X100

As (a), but transverse section

Figure 15 (cont.)

Microstructure of WAZ-20 Directionally Solidified + Jocoat
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(a) X500
Untested transverse section from uniaxial specimen

(b) Xl00
Double wedge, longitudinal section tested at

2065/675 0 F for 1100 cycles

Figure 16

Microstructure of TAZ-8A (Kalling's etch)
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As (b)

(d) X500

As (b)

Figure 16 (cont.)

Microstructure of TAZ-8A
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(e) X100
SEW, longitudinal section tested at 2065/6750 F for

6100 cycles

S-z

(f) X500

As (e)

Figure 16 (cont.)

Microstructure of TAZ-8A
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(a) X100

Longitudinal section tested at 2065/6750 F for
6100 cycles

(b) X100

As (a); note hardness impressions

Figure 17

Microstructure of TAZ-8A (SEW) Clad + Xcoat B
(Kalling's etch)
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(d) Xl00

Transverse section tested at 2065/675°F for
6100 cycles

Figure 17 (cont.)

Microstructure of TAZ-8A (SEW) Clad + Xcoat B
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(e) X100

As (d)

9~~~ **** .

4ft

(f) X500

As (d)

Figure 17 (cont.)

Microstructure of TAZ-8A (SEW) Clad + Xcoat B
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(g) X500oo

As (d)

(h) X500
As (d)

"- -- '

Microstructure of TAZ-8A (SEW) Clad + Xcoat B
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(a) X100

Longitudinal section tested at 2065/675
0 F for

2200 cycles

J4

(b) X500

As (a)

Figure 18

Microstructure of TAZ-8A Directionally Solidified (Kalling's etch)
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(a) X500
Untested transverse section from uniaxial specimen

(b) X500
Longitudinal section tested at 1990/6000 F for 500 cycles

Figure 19

Microstructure of M22 Specimens. (10% H2PO4 electrolytic etch)
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X500

Figure 20

Microstructure of IN 713C Specimen. Untested transverse section
from uniaxial specimen. (10% H2PO4 electrolytic etch)
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(a) X100
Longitudinal section tested at 2065/6750 F for

200 cycles

(b) X500
As (a)
Figure 21

Microstructure of IN 738 Specimen (Kalling's etch)
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(a) Unetched, X125

Untested transverse section from uniaxial specimen

(b) X500
As (a)

Figure 22

Microstructure of IN 162 Specimen (10% H2PO4 electrolytic etch)
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(a) X100 (b) X500
Longitudinal section tested at As (a)
2065/675F for 600 cycles

Figure 23

Microstructure of MAR-M 509 Specimen (10% H2SO 4 electrolytic etch)
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X500 X500

Figure 24 Figure 25

Microstructure of Ren 80. Longitu- Microstructure of RBH. Longitudinal
dinal section tested at 2065/675°F section tested at 2065/675°F for 300
for 200 cycles. (10% H2SO electro- cycles. (10~ H2SO4 electrolytic etch)

lytic etch)

7, 4

X500050

Fiueo4Fgue2

Mirotrcur o Rn 8. oniu- Mirstucur f BH Lnitdia

diAl eto etda 0565Fscintse t26/7 o 0
for~~~~~~~~ 20Cylsl7 2 0 lcr- ccls 1f0 HS 4 eetoyi th
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(a) Xl00 (b) X500
Longitudinal section tested at As (a), showing crack path

2065/6750 F for 300 cycles

(c) X500
As (a), showing crack tip

Figure 26

Microstructure of NASA VI A Alloy (10% H2 SO4 electrolytic etch)
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(a) x500
Untested transverse section from uniaxial specimen

(b) X100 (c) X500
Longitudinal section tested at As (b)

2065/675°F for 200 cycles

Figure 27

Microstructure of TD-NiCr Specimens (Kalling's etch)
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X500

Figure 28

Microstructure of MAR-M 302. Untested
transverse section from uniaxial specimen.

(HC1-CH3COOH electrolytic etch)
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Microstructure of WI-52. Untested Trans-
verse section from uniaxial specimen.

(HC1-CH3COOH electrolytic etch)
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(a) X500
Untested transverse section from uniaxial specimen

(b) X100 (c) X500
Longitudinal section tested at As (b)

2065/6750F for 300 cycles

Figure 30

Microstructure of X-40 Specimens (10% H2SO4 electrolytic etch)
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