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NATTONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMQRANDUM

PERFORMANCE OF INCONEL 550 TURBINE BLADES IN A TURBOJET
ENGINE AND EFFECTS (OF DIFFERENT FORGING
TEMPERATURES AND HEAT TREATMENTS

By C. A. Gyorgak, J. R. Johnston, and J. W. Weeton

SUMMARY

An investigation was conducted to determine the effects of forging
at 1950° and 2150° F as well as the effects of several heat treatments
upon the performance of Inconel 550 in a turbojet engine. The turbine
blades were operated at a nominal temperature of 1500C F and a centrif-
ugal stress within the critical zone of the blade airfoll of 19,200 psi.
The engine was operated in a cyclic manner for 15 minutes at rated
and 5 minutes at idle speed.

The engine lives of the best-performing group of blades varied from
450 to 857 hours, whereas lives of Air Force stock S5-816 blades used as
a standard ranged from 204 to 599 hours.

Differences in engine perfarmance aof the variocus groups of Inconel
550 turbine blades could not be associated with consistent differences
in microstructure or grain size. The best-performing group of blades
had larger grains than the other groups of blades and a wider range of
graln slzes, even though fatigue was sssociated with the faillures.

INTRODUCTION

Inconel 550 is a potential turbine-blade material having a low
strategic-element content relative to the extensively used blade alloy
S-816. Essentially, Inconel 550 is a modificstion of precipitation-
hardening Inconel X in that the gluminum is Increased from 0.7 to 1.2
percent (ref. 1). The published stress-rupture properties of Inconel
550 are approximately equivalent to the values shown in the upper por-
tion of the scatter band for Inconel X (ref. 2).
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The lnvestigation reported herein was conducted at the NACA Iewis
laboratory to determine the effects upon blade performance of (1) blade
forging temperatures of 1950° and 2150° F and (2) several heat treat-
ments. It was also desired to correlate blade performsnce with the ex~
pected difference in grain size assoclated with varying forging temper-
ature and heat treatment. :

Blade performance was determined in an engine under cyclic operat-
ing conditions. The stress-rupbture lives of specimens cut from blade
airfoils were determined at a temperature of 1500° F under stresses of
20,000, 25,000, or 30,000 psi and were campared with data obtalned fram
bar stock of the same heat.

Metallurglcal studies were made of blades in the as-heat-treated
and in the engine-operated conditions. An attempt weas made to relate
microstructure, grain size, and hardness to blade performsnce.

MATERTAT.S, APPARATUS, AND PROCEDURE
Turbine Blades

The chemical composition of the blades studied (ref. 2) is as
follows:

C| M | Fe | S1 B cu Cr | A1 | T |Cb and Ta| Ni
0.05|0.73|6.59(0.28]0.007|0.03|14.27|1.16(2.15 1.03 {&72.65

8By difference.

The blades were precision forged fram e single heat of allcoy. Forging
temperatures and heat treatments are listed in table I. Seven blades
of each Inconel 550 group (table I) and eight S-816 blades selected
from stock as standards of comparison were chosen by random numbers for
evaluation in the engine and inserted randomly in a wheel. All blades
used in this investigation passed both X-ray and zyglo lnspection
specifications.

Engine Operation

The 50 blades gelected for engline tests were run to fallure in a
J33-9 engine under cyclic conditions. Cycles were of 20-minute dura-
tlon and consisted of 15 minutes et the rated speed of 11,500 rpm and
approximately 5 minutes at an idle speed of 4000 rpm.

&
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Engine operation was interrupted to obtain date on blade elonga-
tion, to check blades for cracks, to replace failed blades, to overhaul
the engine when necessary, and at the end of each 8-hour workday.

Stress and temperature distribution in turbine blades during engine
operation. - The cross sections of two as-received Inconel 550 blades
were measured wlth an optical comparator to permit calculation of the
centrifugal-stress distribution along the blade length (ref. 3).

Blade temperabures during rated speed were measured on four ther-
mocoupled S-816 blades placed at 90° intervals around the wheel. Tem-
peratures were recorded by an electronic potenticmeter.

Figure 1 shows the results of a tempeyature survey made during the
initial stages of engine operation. The three temperature points do not
in themselves completely define the curve; however, this curve has been
drawn to correspond to the shape of curves obtained from previous tem-
perature surveys in this engine.

The stress-rupture life of the alloy corresponding to the condi-
tlions of centrifugael stress and tempersture at different sections of
the airfoll i1s also shown in figure 1. These curves were constructed
using data for blade airfoil specimens (table II) and manufacturer's
data. Several different extrapolation procedures were used. The re-
sults obtained for the minimm stress-rupture life were very similar
because this extrapolation was limlited to small differences in gtress

- and temperature. If the fallures result solely from the most severe

cambination of stress and tempersture, blades would be expected to
fail in a "critical zone" with operating lives approximately egual to
the minimums of the stress-rupture-life curves.

Blade~elongation measurements. - Two blades of each group were
scribed at 1/2-inch intervals, as shown in figure 2. Elongation meas-
urements were made at approximastely 10-hour intervals for the first 50
hours of test time and at approximately 35-hour intbervals for the re-
mainder of the test 1life. The elongation of each scribed segment was
measured with an optical extenscmeter bhaving a sensitivity of 0.001
inch. Accuracy of the elongation measurements is; however, influenced
by the degree of blade distortion and warpage.

Macroexamination of bladés. - Two blades from group 4 and six
blades from each of the other groups were macroetched in a solution
of 80 percent hydrochloric sclid and 20 percent hydrogen peroxide to
reveal grain size and flow lines. These blades were also used for
macro- and microstudies and stress-rupture tests.
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The blades, which were visually inspected before being placed in
the engine, were also inspected for cracks at intervals throughout the
engine-operation phase of the investigation.

A bplade was consldered to have falled elther when actual fracture
occurred or when cracks in the alrfoil made it apparent that failure
was imminent. TFalled blades were examined at low magnification to de-
termine the type of failure. In addition, macroetching was employed to
reveal grain size and to differentiate between intercrystalline and
transcrystalline cracking. Failures msy be clasgsified in the followlng
manner: -

(1) Stress-rupture - Blade fallure occurred by cracking within the
alrfoil or by fracturing in an irregunlar, jagged, intercrystalline path.
Other similar cracks sometlimes occurred near the origin of the main
fracture.

(2) Fatigue - Cracks progressed from nucleation sites, ususlly at
or near the leading or txrailing edges, in straight paths, which fre-
quently were smooth; they often showed progression lines or concentric
rings and appeared to be transcrystalline.

(5) Stress-rupture followed by fatigue - Blade faillures appeared
to be caused by a combination of the two preceding mechanlisms. The
fracture surface consisted of a small area having characteristles of
stress-rupture and a larger area with fatigue characteristics. A fur-
ther criterion was the appearance of secondary stress-rupture cracks
near the nucleation site of the mein crack.

(4) Damage - Blades showing nicks or dents in the airfoil which
might possibly lnltiate fracture were not considered in the analysis
of the data, since they do not yleld a true indication of material
properties.

A basic difflculty in defining the fallure mechanism from the ap-
pearance of the fracture surface alone is that the effect of superim-
posed fatigue damege is not always evident. In reference 4, for exam-
ple, the high-temperature life was determined for specimens subjected
to vibratory loads superimposed upon constant loade. In many cases the
fracture surface of the specimens showed no evidence of fatigue damsge,
although reduction in 1ife was caused by the superimposed vibratory
loads.
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Metallographic Examination

Heat-treated blades. - Two blades of each group were gectioned ap-
proximately 2%% Inches above the base after heat treatment for metallo-

graphic examination.

Failed blades. - First and last failed blades of each group were
sectioned to include the failure origin. The reported metallographic
examinations for microstructure and grain size were made on these lon-
gitudinal (spanwise} sections.

Hardness Determinstions

Four hardness readings were made on the metallographic specimens
of the hest-treated blades. Hardness values for falled blades were
made on cross sections approximately 1/4 inch below the failure origin.

Stress-Rupbture Tests

Stress-rupture specimens were machined from the airfoil as shown
in figure 3. Specimens of each group were tested at stress levels of
20,000, 25,000, and 30,000 psi at 1500° F.

The data obtained from these tests were campared with the engine
life of the alloy and the stress-rupture life of bar-stock specimens
glven the same heat treatment as the blades of group 1.

RESULTS
Blade Performance

The engine lives for the different groups of blades sre shown in
figure 4 and are listed in table III. The bhest performance was obtained
from blades of group 1 forged at 2150° F, solution treated at 2150° F,
aged at 1600° and 1350° F. The life of this group was about double that
of standard S-816.

Blade performances of groups 4 to 6 were about equal and were about
1.6 times the life of the standard S-816 group.

Blade performences of groups 2 and 3 were essentially equal to the
performance of standard S-8186.
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Time to first fallure for all the Inconel 550 alloy groups was
greater than thet for S-816 blades, with the exception of the blades of
group 2, which had a first-falilure time almost equivalent to that of the
S5-816 blades.

Blede Elongstion During Engine Operation

Elongation of Inconel 550 and S-816 blades is shown in figure 5 -
as & function of operating time. The total measured elongstions of
Inconel 550 blades were essentially the same for each heat-treated
group and less than 0.3 percent in the zone of greatest creep (posi-
tions 2 and 3, l%nto 2% in., respectively, above the base). The elon-
gation of S-816 blades in the same zone was as high as 9§ percent. Elon-
gation of the Inconel 550 in sections above and below the zone of great-
est creep was too small to determine.

Microstructure of As-Heat-Treated Blades

In precipitation-hardening alloys, the amount of precipitate within
the matrix of the alloy usually depends upon the heat treatment. How-
ever, in the blades of Inconel 550, the quantity of general precipita-
tion (visible after etching) appeared to be the same for all heat treat-
ments used in this investigation. Furthermore, the variations in matrix
precipitation were as great from section to section within single bledes
as variations from one group of blades to another. The microstructure
shown in figure 6 msy be considered typlcal of the majority of blades.
Other types of microstructure can be seen in figure 7. Figure 7{a)
shows a lamellaxy precipilitate, which occurred in the leading and trailing
edges of a few blades of each group.

Also, at the leading end tralling edges of blades fram all groups,
various degrees of slip-plane precipitation were noted (fig. 7(b)).
These precipitations at the blade edges indicate that cold-working oc-
curred during forging.

Depletion zones not connected with surface phenomens occurred along
& few grain boundaries in a majority of the Inconel 550 groups. The
largest zone detected is shown in figure 7(c).

The photomicrogreph of figure 7(d) shows an example of a thick seg-
regation of precipitates 1n a grain boundary. The greatest quantity of
this type of grain-boundsry precipitate that was noted in the different
groups of alloys is shown in figure 7(e).
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Grain Size

Photographs of macroetched blades are shown in figure 8. Where no
varistion in grain size was noted within a blade group, only one blade
was photogrsphed; however, where a variastion existed, extreme differ-
ences &are shown.

Generally, regions near the base and the centrsal longitudlinal sec-
tions contained the largest grains. In some cases, large grains also
appeared in the leading and tralling edges.

The largest grains and the greatest scatber in grain size on a msc-
robasis were noted in the best-performing group of blades (group 1),
which was expected to contain uniform, medium-sized grains.

The group of blades that was expected to contain the largest
grains, group 6, had a mixed graln size, but the range In size was
considered to be less than that occurring in group 1. The remaining
four groups had approximstely uniform and "fine" grains.

Grain-size measurements made on cross sections 2% inches from the
blade base are shown in teble IV end figure 9. Both coarse and very
fine grains were observed 1in almost all the specimens. These sections
are not necessarily representative of the grain slzes of the entire air-
foil. Therefore, the macroetched blades are consldered to glve a better
indication of relative grain slzes.

Metallurgical Studies of Falled Blades

Of the six groups tested, all1 first fallures occurred by fatigue,
five of them occurring in the leading edge approximately 3 inches above
the base and the other originating in the trailing edge, also approxi-
mately 3 Inches above the base. The last failures occurred as follows:
two by fatigue, one by stress rupture followed by fatigue, and three by
stress rupture. Fallures from fatigue and from stress rupture followed
by fatigue originated in the leading edge, high in the girfoil, while
the stress-rupture failures criginated away from the leading or trailing
edge of the blade and occurred within the critical zone.

Photomicrographs of fallure origins of first and last blade fail-
ures for each group are shown in figure 10. No definite microstructural
differences were noted between first and last failures even though the
difference in life was as great as 469 hours. The only definite differ-
ence between the microstructures of hest-treated and operated blades was -
that the operated blades etched more rapidly. All specimens examined
had depletion zones and showed same oxide penetration of the grain
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boundaries. Fallures gpheared to initiate at oxlide penetrations and re-
crystallization occurred in the surface gralns of some blades. A typi-
cel microstructure of operated blades is shown in figure 11.

u

Stress-Rupture Tests

The stress-~rupture lives of spec¢imens cut from blade airfolls are
given in table II. These values are also plotted in figure 12 along
with the stress-rupture strength of bar stock given the same heat treat-
ment as group l. Blade-life values of the different groups are also
plotted in figure 12 at stress levels corresponding to the centrifugal
stresses at the failure origins in the blade alrfoils. Reasons for
plotting in this manner will be discussed later.

The average stress-rupture life at 1500° F and 20,000 psi (table
II) of groups 1.and 4 is 740 hours and is approximately equivalent to
that of bar stock given the same heat treatment as group 1. The aver-
age stress-rupture life at 1500° F and 20,000 psi of each of the other
four groups (2, 3, 5, and 6) was practically the same and approximately
250 hours less than the bar-stock life or lives of groups 1 and 4.

Hardness

The Rockwell hardness values of heat-treated and of failed blades
are shown in table V. It should be again mentioned that the hardness
readings on the failed blades were made 1/4 inch below the fracture
edges and that these readings may not have been typical of the entire
blade. - : : -

Hardness of heat-treated blades was lowest (Rockwell (-22) for
blades of group 6, which were solution treated the longest time at the
highest temperature (4 hr at 2150° F). The highest hardness (Rockwell
C-33) was obtained on blades solution treated at 1950° or 2100° F
(groups 2, 3, and 5). The blades having best engine life (group 1,
solution treated for 1 hr at 2150° F) had a hardness of Rockwell C-31.
The blades of group 4 that were forged at 1950° F but given the same
heat treatment as group 1 had an intermediate hardness of Rockwell C-29.

All groups lost from 5 to 12 Rockwell C- unlts of hardness during
engine operation with the exception of group 6 (1nitialLy the softest),
which increased in hardness by 5 Rockwell C- units.
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BLADE-FATLURE MECHANISM

In addition to centrifugasl stress, factors such as vibratory
stresses, thermal shock, and corrosion may influence blade fallure. The
usual method of determining which of these factors is most Important in
causing blade feilure 1s by examination of the characteristics of the
fracture surface. Often, however, appearance alone does not reveal the
primary cause of failure. For example, in elevated-temperature tensile
fatigue tests (ref. 4), it was found that even though vibratory stresses
superimposed on a mean load reduced the life of the material, fatigue
characteristics were not alweys observed on the fractured surfaces. Ad-
ditional information is needed, therefore, if the fallure mechanism is
to be defined with some degree of certainty.

In addition to the appearance of fractured surfaces, the following
Pactors were taken into consideration:

(l) A comparison of the life of the blades in the engine with the
predicted life based on stress-rupture considerations only (fig. 1(p)).
Factors other than stress-rupture (e.g., vibratory stress and thermal
shock) generally would tend to reduce the life below that predicted.

(2) A comparison of the location of actual blade fracture with the
locatlion predicted for stress-rupture fracture. The predicted lacation
for stress-rupture fracture was defined in two ways: (a) by a consider-
ation of the centrifugal-stress and temperature distribution along the
blade airfoll (fig. 1), and (b} by a determination of the zone along the
airfoil where maximm creep occurred dquring operation of the engine.
Fractures occurring some distance from the point or zone predicted for
stress-rupture failure would again indicate that factors other than
stress-rupture contributed to the failure mechanism.

The minimms of the curves of figure 1(b) define the best possible
lives that could be expected from the different groups of blades and
also locate a point where fracture by stress rupture should oecur. This
point is about 2% inches from the base of the alrfoll. The curves do
not express the true scatter of the data but represent the average data.
Thus the minimms could perhaps more correctly be represented by a scab-
ter band or zone. The small sampling of deta does not, however, seem to
warrant the drawing of such a zone.

A more direct method of determining a zone of expected stress-
rupture. failures is to locate the region In the blades that exhibits
maximum creep during operation of the engine. The Inconel 550 blades
exhibited so little elongation that creep measurements could not be
used to define the "eritical zone." However, the S-816 blades used
as a standsrd for comparison msy be used for this purpose since they
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exhibited considerable elongation during operation. It mey be seen In
figure 5, that the elongation of the S-816 in the zone 1% to z% inches
above the blade root was approximately twlice that occurring in the gage
lengths elther sbove or below this zone. It should be noted that the
critical point indicated on figure 1(b) occurs near the exsct center
of this zone.

The majority of failures (74 percent) occurred above the "critical
zone" (fig. 13) in positions of low centrifugal stress, thus indicating
that factors in addition to stress rupture contributed to the fallure.
It is interesting that all except two of the blades that failed ocutside
the critical zone exhibited fatigue characteristice at the fracture
edges and all the blades that failed in the critical zone showed stress-
rupture characteristics.

A further indication that fatigue i1s contributing to the fallure
mechanism will be evident from the following discussion. In figure 12,
the blade failure times are replotted at the stress levels that obtaln
at the location of the feilures. (These levels may be obtained from
fig. 1{a}.) The stress-rupture curves shown in Pigure 12 were obtalned
from the stress-rupture data specimens cut from blade airfolls. Based
on any reasonable extraspolation of the stress-rupture curves, the blade
lives have been reduced by 70 to 90 percent of that predicted fraom
stress-rupture consideration alone.

Preliminary results from a study of the effects of vibratory
stressges 1n a tensile-fatigue test on Inconel 550 are given in table
VI. These data were obtained by superimposing a vibratory load of
£10,700 psi (90 percent of the mean load) on a mean load of 11,900 psi
at a test temperature of 1490° F. The specimens selected were obtalned
from the blades of this Investigation and were identical to the stress-
rupture specimens shown in figure 3.

The data Indicate that as much as 80 percent of the stress-rupture
life can be lost when a vibratory load 1s applied to test specimens of
thHis alloy. This lndicates that vibratory stress i1s the predominant
contributing factor to the failure mechanism cther than centrifugal
stress.

The degree that vibratory stresses reduced the 1life at the point
where most fractures occurred (3 in. from the base) may be only of
academic interest, however. On the basis of stress rupture alone,
the blades would have fasiled lower in the alrfoll, in the critical
zone, long before the times predicted for the 3-inch location dis-
cussed in the preceding parsgraph. For example, the best group of
blades (group 1) that had an averasge life in the engine of about
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760 hours would have failed by stress rupture at about 1000 hours in the
critical zone. Thus, from a practical viewpoint, the reduction in ac-
tual 1ife was only of the order of 25 percent.

DISCUSSION
Operating Life of Different Blade Groups

The blades that were forged, solution treated, and aged at high
temperatures (group 1; forged at 2150° F, solution treated at 2150° F,
and aged at 1600° and 1350° F} performed considersbly better in the en-
gine than the blades of all other groups, including the S-816 blades.
Among specimens given the seme heat treatments, a forging temperature
of 2150° F proved superior to a forging temperature of 1950° P, as evi-
denced by the superior performance of the blades of group 1l relative to
the blades of group 4. Among groups of blades forged at 2150° F, the
group solution trested at 2150° F ggroup 1) was definitely superior to
the group solution treated at 1950° F (group 3). Further evidence in-
dicating superiority of high-tempersture solution treatment masy be ob-
tained by comparing groups 4 to 6 with groups 2 and 3. Groups 4 to 6
solution treated at 2100° to 2150° F are superior to groups 2 and 3
solution treated at 1950° F, even though groups 2 and 3 were forged
at a higher temperature. A comparison of group 2 with group 3 shows
that, for equal solution-tresting temperature, the two aging treatments
appeared to yleld equivalent engine performence.

The bledes that performed best in this investigation (group 1) had
the largest grain size and greatest range of grain size, and specimehns
cut from these blades exhibited the highest stress-rupbture properties.
Other than these differences, there appeared to be nothing that would
distinguish this group of blades from all others. For example, there
were no consistent trends in the hardnesses that could explain the per-
formance of the variocus groups of blades, particularly of the best
group. Furthermore, 1t was impossible to correlate engine performance
of the different blade groups to microstructure, since, as has been
noted, consistent differences in visible microstructure fraom blade to
blade or group to group were not observed.

Elongation of Incomel 550 Blades

In past Investigations, elongations of blades during engine opera-
tion were less than elongatlons of specimens cut from blade airfolils in
stress-rupbure tests when both tests were conducted under similar con-
ditions of stress and temperature. Exsmples may be noted in the work
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of reference 5, in which most of the S-816 stress-rupture specimens had
elongations of the order of 21 percent, whereas elongation of the blades
ranged from 4 to 12 percent. :

The reason for the differences in elongation between blade airfoils
and stress-rupture baers msy be attributed to many factors. For exsmple,
it has bheen reported that total elongation of a test specimen is de-
creased when a superimposed fatigue locad is placed upon it (refs. 4 and
6), and it may be assumed that the vibrations present in a blade during
operation decrease the total elongatlion.

In this investigation, the Inconel 550 stress-rupture specimens
showed elongations of 3 percent or more (table II), but blade airfoils
elongated less than 0.3 percent in engine operation. In the past, ma-
terials exhibiting such low elongations have been considered too brittle
for use. However, the performsnce of Inconel 550 blades was superior to
that of S5-816 blades, which had greater ductlility. Also, the Inconel
550 blades did not fall from impact of blade fragments, as do certaln
cagt alloys ox inherently brittle materials such as cermets.

Grain Size

The concept that large-grained structures are stronger than fine-
gralned styructures at high temperatures has been partislly verifled in
several engine tests of cast alloys of different grain slzes (refs. 7
and 8). For exsmple, Iin engine tests, coarse-grained blades of Stellite
21 and of 73J were superlor to fine-gralned blades. However, to obtain
the larger grain sizes, it was necessary to vary fabrication methods.

On the other hand, there is evidence (refs. 9 and 10) that high-
temperature fatigue properties are reduced with an increase in grain
size.

In this investigatlon the dlifferences in graln size between the
various groups (fig. 8) were so small as to preclude a detailed cor-
relation of engine performance wlth grain size. These small differ-
ences in grain size were not expected as results of the fabrication
procedures employed. For exasmple, based on preliminary tests, the
low forging and high sclution-treating temperatures used for group 6
were expected to produce germinated ("elephant") grains. However,
blades of this group did not exhiblt evidence of this type of germi-
nation, but bhad grain sizes essentlally similar to those of the other

groups.

This lack of grain-size response to the different combinations of
fabrication procedure and heat treatment may be due to the fact that
the amount of cold-work introduced by forging was not of the critical
amount necessary to promote growth of huge grains.
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Significance of Hardness Measurements

As was pointed oubt, blades solution treated at 1950° or 2100° F
(groups 2, 3, and 5) had higher hardnesses than those solution treated
at 2150° F. Hardness was not influenced by increasing the forging tem-
perature from 1950° to 2150° F. Thus, the hardnesses of groups 2 and 3
(forged at 2150° F) and group 5 (forged at 1950° F) were the same,
Rockwell C-33. The lowest hardnesses were assoclated wlth the highest
solution temperatures. If the aging treatments sre assumed to be essen
tially equivalent, this trend in hardness may be explained by the fact
that, at high solution temperastures, the hardening elements msy be dls-
persed in the matrix in such a manner that longer aging times are re-
quired to nucleste precipitants. On this basis, the lowest hardness
would be expected for blades of group 6 (solution treated 4 hr at
2150° F), and this proved to be the case.

In regard to the influence of operating time, group 6 blades in-
cresgsed in hardness, whereas blades of the other five groups decreased
in hardness with Ilncrease in operating time. This increase in hardness
of the originally softest group emphasgizes the fact that the higher-
temperature solution treatment (presumably obtained in this group) did
not permit full hardening of the alloy at the aging tempersture and
aging time used. . .

SUMMARY OF RESULTS

This investigation was conducted to determine the influence of
forging temperature and heat treatments upon the turbojet-engine per-
formence of Inconel 550. The following resulis were obtained:

1. The best engine performance was associated with a forging and
solution temperature of 2150° F. Reducing either the forging or solu-
tion temperature to 1950° F reduced the blade life. However, it ap-
peared less damsging to reduce the forging temperature to 1950° F, if
the solution tempersture was sbove 2100° F, than to reduce the solution
temperature to 1950° F after forging at 2150° F.

2. Blade life of the best group ranged from 450 to 857 hours,
whereas the S-816 stock blades ran from 204 tc 599 hours.

3. Fatigue characteristics were associsted with almost all Inconel
550 and S5-816 blade Pfailures.

4. Blade performance could not be correlated with grain size. How-
ever, best performence was obtained fram the group of blades having the
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largest grains and greatest scatter in grain size, even though fatigue
was associated with the feillures. Both fine and coarse gralns were
found in most blades, but no "elephant" grains were found.

5. Engine performance could not be correlated with the microstruc-
ture of the alloy, since microstructurel differences from blade to blade
and within a single blade were greater than the differences among the
various groups of blades. Microstructures after engine operation seemed
generally the same as before operation. The only differences noted were
more rapld response to etchants after engine operstion and the appear-
ance of depletion zones in the outer surfaces of the operated blades.

6. The highest hardness of heat-treated blades was associated with
a solution-treating temperature of 1950° and 2100° F. Increasing the
degree of solutlon had a tendency to reduce the heat-treated hardness
(the hardness after aging) but permitted an increase in hardness to oc-
cur during engine operation. ) .

Lewls Flight Propulsion ILeboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, June 15, 1955
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TABLE I. - FORGING TEMPERATURES ARD HEAT TREATMENTS

USED IN PRODUCING INCONEL 550 TURBINE BLADES

Group Forging Solution First aging Second aging
temperature, treatment treatment treatment

°F Temperature, | Time, |Temperature,|Time, |Temperature,|Time,
CF hr o hr hr
1 2150 . . 2150 1 1600 4 1350 4
2 1350 4 1550 24 1300 20
3 1950 4 1600 4 1350 4
34 13850 2150 1 1600 4 1350 4
5 2100 4 . 1550 24 1300 20
bg 2150 4 1550 24 1300 20

8AMS heat treatment for Inconel X.
Peombination of forging temperature and solution treatment kmown to produc

germinated grainsg.

zace
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TABLE IT. - STRESS-RUPTURE LIFE AT 1500° F OF INCONEL 550 BAR STOCK

AND SPECIMENS TAKEN FROM BLADES

Specimen Stress, psi
30,000 25,000 20,000
Life, [Flongation/in|Life, |Elongation/inLife, |Elongation/in.
hr |gage length,| bhr gage length, hr gage length,
percent percent percent
Bar stock(130.5 £.6 8320.0 739.4 3.3
Group 1 3.0 1.6 343.0 3.1 629.8 3.1
659.5 9.4
806.7 (v)
2 29.6 0 221.5 3.1 406.1 3.1
522.3 3.1
524.6 €.2
3 66.1 0 137.0 3.1 265.6 1.€
570.5 18.8
574 .5 3.1
4 686.9 0
791.6 3.1
5 68.2 o 108.3 3.1 463.8 3.1
469.5 0
642.7 3.1
6 156.4 6.2 392.7 1.6 263.7 31.2
557.6 1.6
Ce22.6 3.1

8vslue obtained from fig. 13.
bNot determined - fragment migsing from gage length.
CAt gtress for total of 638.56 hr - 16 hr at room temperature.
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TABLE IV. - GRAIN SIZE OF VARIOUS BLADE CROUPS OF INCONEL 550
Group Time to Expected' Macro- A.S.T.M.
first failure,jgrain size|grain sizelgrain size
hr (=) observed (b)
1 450 Medium to| Medium to| (9%1), 1, 7
uniform large
2 186 Fine to Fine to |(10xi), 1, 6
medium medium
3 245 Fine to | Medium (Z%Xl), 2, 7
med lum
4 290 Coarse Fine to |[(32x1), 1, 7
medium
5 278 Coarse- Fine to |[(1) , 5, 8
germinated | coarse
8 416 Coarse Fine to [(9%1), 1, 6
coarse

a
Expected grain size based on pest investigatlons of nickel-

bage alloys.

bG-rain size based on A.S.T.M. grain-size numbers.
First value - largest grains found, determined as =a
multiple of A.S.T.M. grain slze number 1.
Center value - size of most prevalent grains.
Last value - gize of smallest grains.

1s



TABLE V. - ROCKWELL HARDNESS OF INCONEL S50 BLADES BEFCRE AND AFTER OPERATING IN TURBOJET ENGINE

Allcy Ha.rdm:e.ﬁ:a of as-received Average Averageg Time to Averageb Time t¢ | Change in
group blades after heat hardness® hardness fallure, berdnesa? failure,| bardness
treatment , Rockwell C- of as-heat- |of first falled| br of lagt failed hr from
EN 17| treeted blades, blades, blades, . |heat-treated
Rockwell C- Rockwell C- Rockwell C- to last
o fallure
™
1 1=-~-|31 (131 |31 |29 |=-= 30.5 21 £50.8 26 848.53 ~£.5
2 |--|34 |33 |35 |31 |- 33 24 186.0 21 T88.2 -12
3 [--|33%3 [|32.5]35.5|32.5) == ‘n35 26 235.6 25 540.5 -8
4 |-- 29 21 290.0 21.5 813 -7.5
5 |--|53.8(3%,.8|33.8{30.5] - 33 25 418.,0 25 660.0 -8
6 |(--{25,5|22 (23.5|20 |[~-A 22.5 24.5 278.4 28 T47.1 +5.5

8Converted from Rockwell-A readings.
bAverage of 10 readings over cross-sectlional area.

R |
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TABLE VI. - TENSILE-FATIGUE DATA FOR INCONEL 550

SPECIMENS AT 1490° P

[Load of 110,700 psi superimposed on 11,900-psi

mean loed.]

Group|Time tao failure,|Approximete stress-|Approximate
hr rupture life st reduction
11,900 psl stress, in life,
hr : percent
1 2056.0 3100 34
2 551.7 2300 80
5 833 .4 2500 67
6 961.3 2500 62

21
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Centrifugal blade stress, psl

Stress-rupture 1life, hr

NACA RM ES5F08

243105

1600

20

\f
]
4

=
@
8

Blade t.rgponl:\n'-.
»

400

16

12

(4]
(a) Stress and temperature distribution.
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{(b) Stress-rupture life.

Figure 1. - Stress and temperature distrlbution in Inconel
550 turbine blade at rated speed and corresponding stress-

rupture life of

blades.

specimens cut from airfolls of group 1

1 298¢,
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Figure 2, - Locatlion of scribe marks on convex side of turbine blade
for use ip measuring slongation.
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Figure 3. - Blade stress-rupture specimen and zone from
which 1t was machined.
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Forging| Solwtion Firet ags 8ecomd wgp
temper- | trastwent traatmant treatmant
“"g’.‘r'“’ Temper- | Time ;| Tomper-|Tine ,| Teapen-( Timwe ,
atora, | hr [ature, | I |ature, | hr
°r oy °p
2060 2150 1 1600 & 1550 4
2160 1830 4 1600 [ 1550 4
2150 1830 4 1350 24 1300 20
1950 2180 1 1600 4 1250 4
1950 2100 4 1580 24 1500 20
1930 2150 & 1880 2t 1300 &0

vl - - e gobe oo

Type of failure
Stress-rupture
P

SCASSH WM VOVN

tigue
Btress-rupture
plus fatigua
Q Domnge
Inoconal 550
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;i e
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2
¢ ot o 4
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Fignre 4. - Effect of forging tecperature nnd heat treatment on blade life of Inconel 550 in turbojet engine.
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Elongation, percent

NACA RM ESSF08

Position Locatlion
1 1 in. to 1/2 in. ' T
below center
2 1/2 in. below
: center to center
3 Center to 1/2 in.
above center
4 1/2 in. to 1 in.
above center
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Figure 5. - Maximum elongation of Inconel 550 compared witn elongation of S-816.
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el ol L NS . - C~38960
Figure 6. - Typlcal mlcrostructures of heat-treated Tncomel 550, TFtchant: 5 cc HF,
20 cc glycerine, 20 cc water; electrolytic. (Specimen taken from group 6 blade.) X750.
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(a) Iamellar precipitate present in leading and trailing
edges of blades thet mey have been cold-worked dixring
forging. rom group 3 blade.}

&
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~
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(b} Precipitate in slip planes of grains in esreas that mey

have been cold-worked during forging. (Specimen teken Ffrom
group 1 blade.)

Figure T. - Microstructures frequently observed in as-heast-trested Incomel 550
blades. Etchant: 5 cc EF, 20 cc glycerine, 20 cc water; electrolytic, X750.
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(c) Depletion zone occurring along grain boundaries away from
surface of blade. (Spscimen taken from group 1 blsde.)

- v 1 L
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B o Tl e, .
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(d) Type of grain-boumdary precipitate noted in localized
areas of all groups of blades. (Specimen taken from group

1 blede.)

Figure 7. - Combimied. Microstructures freguently observed in as-hegt-trested
Inconel 550 blades. Eitchent: 5 c¢c HF, 20 cc glycerine, 20 cc water;

electrolytic. XT750.
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(e} Greates‘b qua;n:bi'by of grain-bounﬂary p:recipitate noted.
{Specimen taken from group 1 blade.)

Tigure 7. -~ Concluded. Mlcrostructures frequently observed in as-heat-trsated
Inconel 550 blades., Etchant: 5 cc HF, 20 cc glycerine, 20 cc water;
electrolytic. XT50.
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395

Front

(a) Group 1 blade, largest gralns noted.

Figure 8 - Macrograin size of Inconel 550 blades.

80 parts concentrated HCL,

Etchant:

Immersion.

.
b

20 perts HpOp
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(b) Group 1 blede, smellest grains noted.

Figure 8. - Continued. Macrograin size of Inconel 550 blades. Etchant: 80 parts
concentrated HC1l, 20 parts HpOs; immersion.
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Zace

Back

Front

(c) Group 2 blade, largest grains noted.

: 80 perts

Etchant

Macrograin size of Imconel S50 blades.

20 parts H,05; immersion.

Figure 8. - Continued.
concentrated HC1,
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C~38965B

Front : Back
(a) Group 2 blede, smallest greins noted. (Blade did not meet dimensionsl tolerance.)

Flgure 8. ~ Contimed. Macrograin size of Inconel 550 blades. ZEtchant: 80 parts
concentrated HCl, 20 parts Hzoz; immersion.

Z9Ge
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(e) Typicel grain size of group 3 blades.

Figure 8. - Contimied. Macrograin size of Inconel 55C blades. Ebchant: 80 parts
concentrated HCl, 20 parts EZOZ’ immersion.

35
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Front _ Back

(£) Typical grain size of group 4 blades. (Biade d1d not meet dimemsional tolerances.)

Filgure 8. - Contimied. Macrograin size of Incomel 550 blades. Ebtchant: 80 parts
concentreted HCl, 20 parts HpOgp; immersion.”” " 7T TN A
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(g) Group 5 blade, largest grains noted.

Filgure 8. - Continued. Macrograln size of Inconel 550 blades. Etchant:
concentrated HC1, 20 perts Hy0p; immersion.

80 parts
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Back

{n) Group 5 blade, smallest grains noted.

Figure 8. - Combimued. Macrograln sirze of Inconel 550 bledes. Eichant: 80 parts
concentrated HCY, 20 parts Ezoz; immersion.
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C-38969A

Front Beck

(1) Group 6 blade, largest grains noted.

Figure 8. - Continued. Macrograin size of Inconel 550 blades. Etchant: 80 parts
concentrated HCl, 20 parts H;0p; immersiom.
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(3) Group 6 blade, smallest grains noted.

Figure 8. - Concluded. Macrograin size of Inconel 550 blades. Etchant: 80 parts
concentrated HC1l, 20 parts HyOp; immersiom. -
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(a.) Targe grains occwrring in tralling edge of group 1 blade.
X100.

k ....-’ . “: -': - - - - . .f . -‘ ":.‘
{b) Mixed grain size in cold-worked area of trailing
edge of group 1 blade. X50.

Figure 9. - Micrograin size of as-heat-treated Incomel 550 In cross-sectional
specimens taken 2-126- inches sbove base platform of blades. Etchant:
5 cc HF, 20 cc glycerine, 20 cc weter; electrolytic.
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(c) Typical grain size in cross section of group 2 blade. X100,

Flgure S. - Contimed. Micrograiln size of as~heat-tremted Incorel 550 in croas-
gectional specimens taken 2% inches above base platform of blades. Etchant:

5 cc HFy, 20 cc glycerine, 20 cc walter; electrolytic.
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Figurs 8. ~ Contimed. Micrograin size of as-heat-trested Incomel 550 in cross-
sectional speclmenms taken ZZLEG" Inches ebove base platform of blades. FELchant:
S cc HFy, 20 cc glycerine, 20 cc water; electrolytic.
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[rlate nd

= Bo?xg'ﬁ edges Acauée’d by:
o magroetching of bladex

(f) Mixed grain sizes occurring in trailing edge of group 4—
blade. X100.

. * Rough edges caused by -
. * ' uwmcroetching of blade
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(g) Large grains in leading edge of group 4 blade.
Figure 9. ~ Continmed.

X1.00.

Microgrein size of as-heet-treated Inconel 550 in cross- -
.sectlional specimens teken zli. inches above base platform of blades. Etchant:

5 cc HF, 20 cc glycerine, 20 oc water; electrolytic. -

-
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o
O
0
2]
S e
g . (h) large grain in tralling edge of group 5 blade. X100.

G ST N ol R ik
(1) Average grain size of group 5 blade. X100.

A

Figure 9. - Continued. Microgrg.in slze of as—hee.t—'b_rea."bed Inconel 550 in cross-
sectional specimens taken 2 16 Inches sbove bease platform of bledes. Etchant:
5 cc HF, 20 cc glycerine, 20 cc water; electrolytic.
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(k) Finest grain size occurring in Imcomel 550 blades.
(Specimen taken from group 6 blade.) XLOO.

Figure 9. - Conmcluded. Microgrein size of as-heat-treated Inconel 550 In cross-
sectional specimens teken 2 16 inches above base platform of blades. Eichant:
5 cc HF, 20 cc glycerims, 20 cc water; electrolytlc.
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Flrst fallure - Fatigue fallure In leading
edge of girfoll 3.25 inches gbove base
pletform efter 450 hours at rated speed.
Note depletion zome and oxlde pemetrations
along leading edge. X100,

T 47

-

. ', . . l\- - .

Third last fallure - Stress-rupture failure
after 848 hours st rated spesd 2 % inches
above bese and ) Inch in from leading edge.

Note intergramilar nmature of failurs.
(Last two blades failed by fetigue at 857.5
hours at rated speesd.) X100.

e

: o y ., % C-38976
Section of failure-origin ares showing inter-
granmular nature of fallure propogation. ZX750.

hAAEI S

(a) Group 1.

Figure 10. - Microstructures of fallure origins of first and lsst failed Inconel 550 blades

operated In engine under cyclic operating conditions. Etchent:

20 cc water; electrolytic.

5 ¢c HF, 20 cc glycerine,
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Sl . & -
Second Pailure -.Fatigue fallure occurring
in tralling edge S%E inches above base plat-

form after 277.6 hours at rated speed. Note
depletion zone and penetration of grein
boundary. (Specimen of Tirst fallure lost;
feilure occurred by fatigue after 186 hr at
reted speed.) X100. LI

Failure origin of ebove specimen at X750.
Note oxide penetration of depletion zone
and iIndlcations of fatigue at failure -
origin.

NACA EM ES55F08

298¢

Last faillure - Fatigue failure occurri
in leading edge 3%% inches above hase plat-

form after 788 hours at rated speed. Note
depth of depletion zone and excessive
oxide generation of treiling edge. X100.

¥ ) ' v+ C-3897T
Fdilure origin of ebove at X750. Note
thickness of oxide on failure face which
indicates that separsation occurred appreci-
ably before blede was considered failed.

(b) Group 2.

Figure 10. - Continued. Microstructures of fallure origins of first and last falled Incomel
550 blades operated in engine under cyclic operating conditions. ZIEtchant: 35 cc BF,
20 cc glycerine, 20 cc water; electrolytic.
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bolsl oY+

First fellure - Fa,‘bigue feilure occurring in

leading edge 212 inches ebove base platform rupture plus fatigue In leading edge 3ﬁ
efter 235 hours at rated speed. Note inches sbove base pletform after 540 hours
depletion zone and oxide penetrations along at rated speed. Note recrystallization In
leading edge. X100. o depletlon zone, oxlde penetrations and

strese-rupture tearing present lm fallure
. - areae. X100.

Last failure - Fallure occurring by stress-

Failure origin of above specimen at X750.
Note oxide penetretion of grain boundary

and presence of recrystallized gralns in
depletion zomne.

Failure origin ‘of ebove Bpecimen at X750.

(¢) Group 3.

Figure 10. - Comtinued. Microgtructures of’ fallure originge of first and lest failed Inconel
550 blades operated in engine under cyclic operating conditions. Etchant: 5 cc HF,
20 cc glycerine, 20 cc water; electrolytic.
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First fallure - Fatigue fallure originating Iast failure - Fatigue failure origlnating

in leading edge 3 inches above base platform 3 _

after 290 hours at rated speed. X100. in leading edge 33_2" inches above bage plat
form after 670 houre at rated speed. Note
depletion zone and oxide penetrstlon along
leading edge. X100.

Failure origin of a.borve Bpecimen at X‘TSO- Failure origin of above specimen at X750.

Note oxide penetretlions and extent of Note depletlon zone in grain boundary in

depletion of leeding edge and grein interior of specimen.
boundaries adjecent to feilure path. . S —

(d) Group 4.
Figure 10. - Continued. . Microstructures of failure origins of first and last failed Inconel

550 blades operated in engine under cyclic operating conditions. Etchant: 5 cc HF, T -
20 cc glycerine, 20 cc water; electrolytic.

7ace
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Flrst failure ~ Fa.tigue failure occurring in Iast failure - Stress-rupture failure
leading edge 3 inches above base platform

1 P
after 416 hours st rated speed. Note heevy occurring Z7g inches above base platform

oxide on feilure edge which indiceted that and towsrde center of blade chordwise.

separetion occurred a.p'precia‘bly before blade Note stress-rupture tearing below fallure
failed. X100. efge. X100.

Fallure origin of abave spécimen at X750.
Note recrystallizetion in depletion zone
and extent of oxlde penetratlon.

Section of a.'bave failure edge a:l: 1750
indicating Intergranular nature of fallure.

(e) Group S.

Figure 10. - Continued. Microstructures of fellure origins of first and last falled Inconel
550 blades opereted in engine under cyclic opersting conditions. Etchant: 5 cc HF,
20 cc glycerins, 20 cc water; electrolytie.
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First fallure - Fatigue fallure occurring in Last failure - Stresa rupture failure

leading edge 3 inches sbove base platform 3

efter 278 hours at rated speed. Note occurring in leadi%g edge 2 <] inches above
base platform and 2 inch in from edge.

depletion zone and oxlide penetrations along
leading edge. X100. Fote transgranular tearing below fallure

edge. TFallure occurred after 747 hours at
rated speed. X100.

Fallure origin of sbove dpecimen at X750. Section of ébcve failure edge at X750.
Note oxide layer present on failure edge
and intergranular nature of fallure.

(f) Group 6.

Figure 10. - Concluded. Microstructures of failure origins Qf first and last failed Inconel
550 blades operated in engine under cyclic operating conditions. Etchant: 5 cc HF,
20 cc glycerine, 20 cc water; electrolytic.
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Figure 1l. - Typlecal microstructure of Inconel 550 blades after

-

p w‘.i".‘ai’.‘.: .

ey
L3

e

engine

oup 6 blade whilch failed at 278
5 cc BF, 20 cc glycerine,

Etchant:
X750,

(Specimen teken from & gr

hr reted-speed vperation.)
20 cc water; electrolytic.

operation.



——=s=— Bar stock, heat trsatment simijar to
group 1 blades
Solution-treatad 1 hr at 2180°
First aging, & hr at 16 »
Second aging, 4 hr at 1350% F
~— Btresy- ture speolmens out from bladas
Blade failwre by stress rupture
DBlade failure by stress rupture plus fatigue
Blade failure by fatigue
» ‘h;'gv'g:tm dropped to room temperaturs Far
(Blade 1ife plotted at stresa level present
in blade at fallure origin.)
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Figure 12. - Comparison of blade 1ife and stress-
cut from bledes at 1500° F test temperature.

rupture life of bar stock and specimens
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Figure 13. - Occurrence of failures in Inconel 550 with respect
to blade length. Damage fallures excluded.
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