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ABSTRACT

Stress-rupture tests were conducted on notched and unnotched or
plain bars of S-816, Inconel "X" Type 550, and Waspaloy alloys at test tem-
peratures ranging from 1200°F to 1600° F. The notched specimens had 590
per cent, 60-degree, V-notches with the root radii ranging from 0.005 inch
to 0,100 inch. In some tests, as many as three notches of different root
radii were used,

The test results indicated that 5-816 alloy was notch strengthened by
all of the notches used, in the temperature range from 1350 F to 1600°F,
Inconel "X'" Type 550 was always notch strengthened by all of the notches
only at the test temperature of 1600 F, Waspaloy was always notch
strengthened by all notches only at the temperature of 1500°F, Both Inconel
"X'" Type 550 and Waspaloy could be notch strengthened for some test con-
ditions (notch sharpness and time) at temperatures below 1600 F and 1500° F,
respectively,

Factors considered to have an influence on stress-rupture behavior
have been studied and the results are included. The factors investigated are
notch geometry, notched and unnotched ductility, the modes of deformation
and fracture, metallurgical changes, and surface condition. The influence
of some of these factors can vary considerably from alloy to alloy. It does
not appear possible, therefore, to evaluate the notch and unnotched stress-
rupture behavior of a given alloy completely by any simple method. Rather,
an evaluation should be based upon the combined consideration of those
factors that are influential in each individual case.
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INVESTIGATION ON NOTCH SENSITIVITY OF HEAT-RESISTANT
ALLLOYS AT ELEVATED TEMPERATURE (RUPTURE
STRENGTH OF NOTCHED BARS AT HIGH TEMPERATURES)

INTRODUCTION

In recent years the use of metal parts at high operating temperatures
has increased the number of problems confronting the designer. If he is to
achieve efficient design, he must have a method of interpreting available
data in such a fashion as to guide his design. The data which he will
usually have consist of stress-rupture tests on unnotched and, perhaps,
notched bars. Although these tests reflect the creep behavior of the re~
spective metals, and in some instances their susceptibility to metallurgical
change, their relation to the information that the designer wants is not
immediately obvious,

In this program, three heat-resisting alloys were studied — S-816,
Inconel "X" Type 550, and Waspaloy — and the objective was to learn under
what conditions the materials could be used in a notched form without dif-
ficulty. That is, it would be desirable to have a ratio of notched strength
to unnotched strength of greater than one,

To accomplish this objective, stress-rupture tests were conducted on
both notched and unnotched bars. In order to study the influence of notch
sharpness, three notches of the same depth, but of different radii were
made in each notched-bar specimen. This made it possible to locate the
notch sharpness of lowest strength with only one test bar, Since the sharp-
ness of the notch in which rupture occurs is intimately related to the
ductility of an alloy, ductility measurements were obtained on both the
notched and the unnotched bars.

The results of this program are described in detail in later sections
of this report. For the sake of organization and convenience, the most
significant points are given in the list below:

(1) The unnotched-rupture ductility, although a rough index of
available ductility, cannot be used as an efficient guide for indicating notch
sensitivity. Notch strengthening has been associated with unnotched-rupture
ductilities as low as 10 per cent {Waspaloy at 1500°F). Notch sensitivity
has been detected with unnotched-rupture ductilities as high as 60 per cent
[Haynes 88 at 1350°F {4)*]. It should be noted that these data were both ob-
tained on notches of high notch sharpness,

* References will be found in the bibliography at end of report.
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(2) Notch-rupture ductility appears to be the simplest gage of notch
sensitivity., As indicated by Brown, et al. 4 , notch sensitivity seems to
be associated with notch-rupture ductilities of less than 3 per cent.

(3) The most desirable condition for design purposes is for the alloy
to be notch strengthened for a wide range of notch sharpness, 5-816 fulfills
this condition for all of the test temperatures used, whereas Inconel "X"
Type 550 and Waspaloy satisfy it only at 1600°F and 1500°F, respectively,

{4) It is probable that an alloy that is notch sensitive for high notch
sharpnesses can be used safely if it can be notch strengthened for lower
notch-sharpness values. This could be achieved primarily by avoiding the
use of sharp notches in design. Since there is no direct relation between
notched test bars and service parts, however, special care would be nec-
essary, It would also be desirable toc have more detailed data than for
alloys satisfying the condition in Itemn 3 above. Waspaloy and Inconel "X"
Type 550 represent such alloys, because more data are desirable for them
than for 5-816.

(5) A review of the data obtained and that available in the literature
appears to indicate that there may be a maximum possible notched rupture-
to-unnotched rupture value. It appears to approach 1.7, This probably
represents the most efficient use of the triaxiality present. As would be
expected, values of this order are associated with notched bars of high
notch sharpness for alloys with large ductilities.

(6) Metallurgical changes which can cause embrittlement must be
considered influential in any interpretation of notched and unnotched stress-
rupture tests,

(7) The preferred modes of deformation and the type of fracture
characteristic of a given alloy are factors of importance. They are likely
responsible for the wide variation in ductility requirements for notch
strengthening for different alloys,

(8) Surface condition as determined by surface preparation probably
has an influence on stress-rupture results. It is possible that surface con-
dition is quite important in service parts where the special procedures used
to prepare test bars are not observed. This could result not only in lower
strengths, but also greater variation in strengths because control would be
less rigid.

GENERAL CONSIDERATIONS

The usual interpretation of notched-bar behavior is based on a con-
sideration of the stress distribution resulting from the notch geometry and
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the available ductility of the bar material. If a notched bar of a given
material ruptures at an average stress that is greater than the stress nec-
essary to cause rupture in an unnotched bar of the same material, the
material is said to be notch strengthened.

For notch strengthening to occur, it is necessary that sufficient
ductility must be available to relieve the longitudinal stress concentration
at the base of the notch., Strengthening can then result from the triaxial
tensile stress state retained. Theoretically, a hydrostatic tension would
always result in a brittle fracture for an ideal, isotropic material, since
no shear stress would be present to cause flow. In the case of notched
bars, a hydrostatic tension is only approached. How closely it is approached
in a given specimen depends on the notch geometry, Figure 1 (Figure 11 in
Reference 1) illustrates the variation of triaxiality at the center of infinitely
deep notches with various notch sharpnesses. In the graph, the maximum
and minimum normal stresses are designated as 0, and g4, respectively.
The ratio 0'3/071 is, therefore, an index of how closely a hydrostatic tension
is approached; i.e., for a hydrostatic tension, g3/0 = 1.

Although Neuber's equations, used to obtain the graph of Figure 1, are
not exactly applicable to the notches used in this investigation, they should
describe the existing trends. For this reason, the notch-sharpness ratios
for three of the notch radii used have been indicated, As can be seen, the
triaxial ratio ¢ 3/d ; changes markedly with changing a/r only for a/r <15,

If the material has adequate ductility, then the sharper the notch, the
greater the strengthening. A material with inadequate ductility would fail
under a lower average stress than an unnotched test bar; therefore, the
sharper the notch, the lower the rupture stress,

It should be noted that the above explanation of notch strengthening has
been modified by Orowan and his coworkers(2) to include size effect. In
essence, it is maintained that the stress necessary for flow in a very small
region can be considerably larger than in a large region. This interpretation
follows from the fact that the ‘'smaller the stressed region is, the less chance
there is for favorable paths for glide to exist.

To illustrate how this effect would apply to notched bars, a graph of
the variation of the ratio of the maximum shear stress, T,,, to the average
stress, ¢, with the distance from the axis of the specimen in the plane of
the notch has been prepared. In Figure 2 plots for two notch radii, and a
plot of the variation for an unnotched bar, have been made for purposes of
comparison. As can be seen, the area upon which Ty /0 5 for the notched
bars exceeds that of the unnotched bar is relatively small. This is partic-
ularly true of the notch with r = 0. 005 inch. If, then, a size effect is op-
erative, the demand for available ductility for notch strengthening in
sharply notched bars can be semewhat relaxed.
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/;H -

Notch contour

a3

'IO"
o
-

\

o
o

o
o

|
Q-

Stress Ratio
o
FN

o
Ol
0o~
" u

o
N

o

00 5 10 I5 20 25 30 35 40 45 50 55 60

Notch Sharpness, $

FIGURE |. EFFECT OF NOTCH SHARPNESS ON TRIAXIALITY
AT CENTER (POINT O}

A-840!

WADC TR 54-391 ‘ 4



core-v

110VH HOLON OML HOd SS3HIS HVIHS WNWIXVIN 40 SNOILVINVA "2 3MN9I4

2
X

L0 90 S0

€0

¢0

uawidads paydjouun

ol

0

yojou jo aup|d ul udwidads

JO SIXD WOlj dOUDYSIP SI X
Ul G000= 1
‘wo0o0=1 - h

£0-'0

2

204

~PoOO] |0I1XD

= 0

oe

WADC TR 54-391



The above discussion did not include a consideration of the effects of
creep. Insofar as creep is a time-dependent, permanent deformation, it
can be expected to help relieve local stress concentrations. In essence, the
stress at the base of the notch can be expected to undergo relaxation. The
maximum shear stress at each point in the neck of the notched bar will
undergo readjustment. In order for each element of material to remain
compatible or to "fit", it must be expected that the higher shear stresses
will be decreased or relaxed (the external load remains constant), and the
lower shear stresses will have a tendency to increase. The general tendency
will be for a smoothing or leveling of the shear stresses governing flow.
Since it would be expected that some of the initial triaxiality in the core of
the notch would be retained, the maximum shear stresses in the core would
tend to be less than those in an unnotched bar under the same average stress,
This behavior presupposes the ability of the bar material to flow and readjust
as described above. In this investigation, the test bars of $-816 alloy were
notch strengthened at all test conditions, so it can be presumed that adequate
flow was available. The two remaining alloys, Inconel "X" Type 550 and
Waspaloy, were notch sensitive for some test conditions and notch strength-
ened for others. With regard to "available ductility", these alloys might be
considered borderline cases. As such, they are strongly influenced by
changes in notch geometry and test temperature. In contrast, the 5-816
alloy bars were notch strengthened for all test temperatures and there was
evidence that the rupture-stress versus failure-time curves for the different
notches were close to one another., This is particularly true of the notched
bars with r= 0. 06 inch and 0. 01 inch at 1350°F and r = 0. 01 inch and 0. 005
inch at 1500 F and 1600°F.

It is of interest to note that the notch-strengthening index, as re-
flected by the notched rupture stress-to-unnotched rupture stress ratio,
probably has an upper limit which would be approached for high notch sharp-
ness in metals with enough available ductility (both time-independent and
time ~-dependent ductility) to take advantage of triaxiality. A review of the
data obtained and that available in the literature(4, 5) appears to indicate an
upper limit in the vicinity of 1.7. In terms of stress redistribution and re-
tention of triaxiality, a value of this order probably represents a limiting
efficiency.

The use of the designations '"notch sensitive' and ''notch strengthened"
should be made with caution. So long as stress-rupture-test results are
properly interpreted, they can be useful gages of material behavior, It
should be noted, however, that a rupture in a notched bar is a rupture under
very special conditions. By virtue of the constraint imposed on the notch by
the sections above and below the notch, flow within the notch is restricted.
This is reflected in the reduction in area values for notched bars, as com-
pared to unnotched bars (see Tables 2, 3, and 4),

It is of interest to note also that, in some instances, a ratio of the
notched-rupture strength to the unnotched-rupture strength can be somewhat
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misleading. Consider, for example, two tests on S-816 alloy at 1350°F. In
one test an unnotched bar failed in 44 hours under a load that gave an initial
stress of 45,000 psi. Since the reduction in area was 52. 8 per cent, the
average stress at rupture was 95,300 psi. In another test on a notched bar,
failure occurred in 32. 1 hours under a load that gave an initial stress of

58, 000 psi. Here the reduction in area was 35, 4 per cent, so the average
stress at failure was 89,800 psi. It is apparent, therefore, that a strength
ratio based on initial stresses does not give, in itself, a completely accurate
evaluation of material strength.

In discussing notched-bar stress-rupture results, it is pertinent to
consider still another effect that may be of basic importance as far as
‘understanding fracture initiation. Although the effect is undoubtedly
Present in notched-bar tests, its presence or influence is more obscure
there than in unnotched-bar tests. The behavior consists of a decrease in
ductility with decreasing average stress or increasing time, It should be
noted that this general tendency has been observed frequently in the past,
In the -results of this investigation (see Tables 2, 3, and 4) the tendency
appears to be most pronounced in what are considered the two least ductile
of the three test materials — Inconel "X" Type 550, and Waspaloy. It can
be observed also that the amount of decrease for each material becomes
larger with increasing test temperature, Although this tendency toward
"embrittlement' might be attributed to a metallurgical change, this may
only be a partial explanation. A discussion of metallﬁrgical changes in the
alloys studied is given in the section of the report on Microstructure Studies,

Zener{3) has suggested an explanation for this behavior which is based
on possible differences in the modes in which deformation can occur, He
maintains that during creep at elevated temperatures, shear stresses along
grain boundaries are relaxed by slip along the boundaries. Because rela-
‘tive slip with respect to corners at which three grains meet is not possible,
there is a tendency for the relaxed load to shift to these sites. According
to Zener, high hydrostatic tensions can be developed, and these can be
responsible for the initiation of cracks. He then goes on to state that at
low -load conditions, for which large plastic deformation within the grains
is not possible, the formation of cracks, according to the above mechanism,
is responsible for low ductility for low-load creep conditions,

Perhaps the major importance of this explanation is the fact that it
focuses attention on the importance of different possible modes of deforma -
tion. The role of the grain boundary need not, perhaps, be restricted to
the interior as indicated above. It is conceivable, for example, that par-
ticular orientations of grain-boundary surfaces intersecting the specimen
surface may create conditions favorable for the formation of a crack.
Figures 18 and 19 of cracked notched bars suggest this possibility,

It should be noted that Brown, et al.(4), have suggested that a pre-
cipitation mechanism is responsible for the reduction in ductility mentioned

WADC TR 54~391 7



above, Although this can be a contributing factor (see Microstructure
Studies), the evidence supporting it is not complete, It is entirely possible,
of course, that both of the above explanations are influencing factors whose
relative importance is determined by the material and test conditions,

Using either of the above explanations, it is possible to describe
cases in which the notched-to unnotched strength ratio decreases with in-
creasing time as being instances in which the stress concentration at the
base of the notch had not been relieved by flow. For a given average
stress, the stress concentration in the notched bar makes it more sus-
ceptible to the formation of cracks resulting from the reduction in ductility.
For materials which are weakened by such a loss of ductility, the notched-
rupture test appears to be, for this reason, a more sensitive indicator than
the unnotched-rupture test. In a later section of this report, dr.ctility data
for the test results of this investigation are discussed further,

During the course of this investigation, it became apparent that the
condition of the surface layer of material at the base of the notch might be
an important factor in notched-bar behavior. Since multiple-notch speci~-
mens were used, it was possible in many instances to inspect cracks which
were initiated in the unruptured notches. As all of the cracks inspected
initiated at or near the surface, near the base of the notch, it was felt that
the condition of the surface could be a factor in notch behavior. An inspec-
tion of the notches indicated that for all of the “est materials, the cold~-
worked surface layer was subject to precipitation or recrystallization at
some of the test temperatures, As is indicated later in the report, the
study made of the surface-layer condition is largely exploratory. There
are indications, however, that surface conditions should be considered an
influencing factor in rupture behavior studies of this type. It should also
be noted that further knowledge of the effect of surface condition would be
of practical value. Such a study might, for example, contribute toward
a better understanding of how different surface preparation procedures
affect service-part strengths.

This section has been devoted to a discussion of several of the factors
which can be expected to have an influence on notched and unnotched stress~
rupture behavior., As has been indicated, the behavior is complex and
cannot be interpreted completely by the consideration of only one of the
factors. The bar geometry, the possible modes of deformation and fracture,
metallurgical changes, and the surface condition should all be considered as
contributing toward the resultant behavior, Where pertinent, reference
will be made to these factors in other sections of this report,

Test Material

The three heat-resistant alloys selected for this investigation were
S-816, Waspaloy, and Inconel "X" Type 550, S-816 and Waspaloy alloys
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were melted and processed by Allegheny Ludlum Steel Corporation, and
Inconel "X'" Type 550 was melted and processed by The International
Nickel Company. The chemical composition of the three alloys is given
in Table 1,

Bar stock of the three alloys was processed as follows:

The 9-inch-square ingot of 5-816 alloy was hammer cogged to
2~7/8-inch~square billets in six heatings from 2150 to ZZOOpF, rolled to
2-1/8 inch round in one heating from 2200°F, rolled to 1-~5/8 inch round in
one heating from 2150°F, rolled to 1-1/4 inch round in one heating from
2100°F, centerless ground te 1~3/16 inch round, rolled to 51/64 inch in
one heating from 2100°F, annealed at 1800°F (1 hour) and air cooled, and
centerless ground to 3/4 inch round.

The Waspaloy bar stock was cogged from 9-inch-square ingots to
4-1/2 by 5-1/2-inch billets in two operations from 2200°F, recogged by
rolling to 2-1/8-inch~-round billets in two operations from 21 50°F, recogged
by rolling to 1-5/8-inch-round billets from 2050°F, rolled to 1-1/4 inch
round from 2050°F, annealed at 1950°F (1 hour) and oil quenched, center-
less ground to 1-3/16 inch round, rolled to 7/8 inch round, annealed at
1800 F (1 hour) and oil quenched, and straightened.

The 18 by 18 by 40-inch ingot of Inconel "X" Type 550 was planed to
overhaul, then forged to an 8 by 8-inch bloom and spot ground. It was then
rolled to 3 by 3-inch billets and ground all over, cogged to 2 by 2~inch
billets and spot ground. Finally, it was rolled to 7/8-inch diameter,
straightened, ends inspected for pipe, centerless ground to 13/16-inch
diameter, and inspected.

Specimen blanks of the S-816 bar stock were heat treated by heating
at 2150°F for 1 hour and quenching in water, followed by aging at 1400 F
for 12 hours and air cooling,

The specimen blanks of Waspaloy were heat treated using the same
heat treatment that Pratt and Whitney Aircraft was using for Waspaloy
blade forgings. This treatment is as follows: solution treat 4 hours at
1975°F, air cool; stabilize 4 hours at 1550°F, air cool; age 16 hours at
1400°F, air cool, Quenching from the solution temperature has been found
to aggravate notch sensitivity; therefore, air co?,ling insotead of o0il quenching
was used, Also, a stabilizing treatment at 1550 to 1600 F, after solution
treatment but before aging, was found to eliminate notch sensitivity from
all heats of Waspaloy, Some Pratt and Whitney data showing the effect of
the stabilizing treatment on Waspaloy are given on page 11,
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TABLE 1, CHEMICAL COMPOSITIONS OF ALLOYS TESTED

Chemical Composition, per cent

S-816 Waspaloy Inconel "X'" Type 550

Element (Heat 63730) (Heat 44036) (Heat Y-7180-X)

C 0.38 0.08 0.05
Mn 1.22 0.80 0.73
S5i 0.49 0.61 0.28
P 0.012 0.017 -
S 0.018 0.017 0,007
Cr 20,04 18.72 14 .97
Ni 19.43 Bal Bal
Mo 3.98 2.93 -—
w 3.93 - -
Cb 2.89 - 1,03(2)
Co 43,32 13,44 -
Fe 3,44 1.17 6.59
Al - 1.29 1.16
Ta 0.85 - —
Ti -—- 2.29 2.5
Cu - 0.10 0.03

(a) Cb + Ta.
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Hours to Failure at 1350 F and

52,000 psi
Heat Treatment Smooth Bar Notched Bar
Solution treat 4 hours at 197501“, air cool, 76 1.5
age 16 hours at 1400°F, air cool
Solution treat 4 hours at 1975 F, air cool, 82.8 150 — No failure;
stabilize 4 hours at 1550 F, air cool, discontinued
age 16 hours at 1400° F, air cool
Solution treat 4 hours at 1975 F air cool, 87.4 150 — No failure;
stabilize 4 hours at 1600 F, air cool, discontinued
age 16 hours at 1400° F, air cool
Solution treat 4 hours at 1975 F, air cool, 1.9 46.6

stabilize 1 hour at 1800 F, air cool,
age 16 hours at 1400° F, air cool

Spec1rnen blanks of Inconel "X'" Type 550 bar stock were heat treated by
heating at 2150 F for 1 hour and air cooling, followed by 4 hours at 1600 F
and 4 hours at 1350 F

Rupture Specimens and Test Procedure

Conventional creep-rupture tests were made on plain and notched bars
to obtain data out to approximately 1000 hours' rupture life. The types of
test specimens used are shown in Figure 3. The multiple-notch specimens
were used to get a maximum of information from one test, All specimens
had a constant shank diameter of 0. 600 inch and a notch-rqot diameter of
0.424 inch (d/D = 0.707), giving a 50 per cent reduction of area. The plain
specimen had a diameter of 0,424 inch, the same as the notch-root diameter
of the notched bars, and a 2-inch gage length.

The various notches in the test specimens were ground by the John
Stulen Company of Pittsburgh, Pennsylvania. The notches were turned to
0.020-inch oversize on the diameter. They were then rough ground to 0.003~
inch oversize on the diameter, and finish ground to size.

The notch radii used were selected on the basis of the nominal plain-

bar ductility of the alloys to be tested. The root radii and the ratio of root
radius to root diameter were as follows:
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Root Radius,

Alloy in. r/d

5-816 0.005%* 0.0118
0.010% 00,0236
0.060% 0.041

Waspaloy 0.005% 0.0118
0.020 0.0471
0.040% 0.0944
0.100% 0.236

Inconel "X'" Type 550 0.005% 0.0118
0.020 0.0471
0.045% 0.106
0.100%* 0.236

The root radii marked with an asterisk in the above tabulation were
used in the three-notch specimens, The two-notch specimens of Waspaloy
and Inconel "X'" Type 550 had the two coarser notches, and the 0,020-inch
radius was only used in single-notch specimens, A few single-notch speci-
mens were also made with the 0.005~ and 0.100-inch-radius notches,

The test specimens were not all heat treated and machined at one
time, because it was not known at the beginning of the program what heat
treatments or notches would be desired before the program was completed.
However, the specimens were quite uniform with the exception of the last
lot of Inconel "X'" Type 550. These specimens, numbers 48 through 82, in
general, showed more scatter and lower notch rupture strengths {at the
shorter times) than specimens 1 through 47. Hardness measurements indi-
cated that the second lot of specimens had a somewhat higher hardness than
the first lot (108.1 and 101.2 Rockwell B). Since the machining procedure
was the same for all specimens and the notches were all ground by the
same man, it is probable that the difference between the two lots was the
result of some minor and undetected variation in the heat treatment.

The procedure followed in carrying out the rupture evaluation program
was to first obtain plain-bar rupture data for times out to approximately

WADC TR 54-391 13



1000 hours as a basis for comparison. A series of notched«bar rupture
tests was then made on all three alloys using the triple-notch specimen,
The alloys that exhibited notch sensitivity in these tests were then tested
at the temperatures where notch sensitivity was observed using the double-
notch specimen with its coarser notches. These tests were followed by
tests using a single-notch specimen having the coarsest notch of 0,100-inch
radius., Tests were also made wherever needed using single-notch speci-
mens of either 0,.005- or 0,020-inch radius to complete the data,

" Test Results

S$-816 Alloy

Creep-rupture tests were made on plain and notched specimens of
5-816 alloy at 1350‘; 15007 and 1600°F, and the detailed test data are given
in Table 2. Since rupture could occur in any one of the three notches, a
note in Table 2 indicates which notch failed and any notches which showed
cracking during the test,

Figure 4 shows the curves of stress versus rupture time for both the
plain and notched bars of 5-816 alloy. Different symbols have been used in
Figure 4 to indicate which notch failed, and, since S-816 alloy was rela-
tively insensitive to the various notches, the rupture curves were drawn
through the points of rupture, regardless of which notch ruptured. Thus
the curves might be considered as minimum rupture curves for the notches
tested. S-816 alloy was notch strengthened at all temperatures and most
failures occurred in the less severe notches.

S-816 alloy had more than enough ductility at all three temperatures to
allow the high-stress concentration at the base of the sharper notch to be
reduced by local yielding. This allowed the higher triaxiality associated
with the sharper notch to assume importance, and the result was notch
strengthening. Thus, the specimens ruptured in one of the less severe
notches which had lower triaxiality, and, consequently, less strengthening.

Since S-816 alloy exhibited notch strengthening in all three notches at
all test temperatures, only the triple-notch specimen was used, and detailed
data for each notch were not determined.

Hardness measurements were made on several of the tested speci~-
mens after exposure to the test temperature for times up to approximately
1000 hours, The hardness readings were taken on flats ground on the 0, 600-
inch-diameter surface of the notched specimens near the center of the
specimen. Therefore, the stress in the specimens at the point where the
hardness measurements were made was one~half the nominal stress under
the notch. The hardness determinations on the plain bars were made on the
shoulders at the ends of the gage length. The hardness data obtained, and
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shown in Table 2, are the averages of four or five determinations. The
original hardness of S~816 after heat treatment was 99.8 Rockwell B, and
there was only a slight increase in hardness after testing at 1350 1500 or
1600°F. The hardness after testmg for 44 and 960 hours at 1350 F was
102.5 Rg. At 1500°and 1600, the increase in hardness during testing was

less.

Inconel "X" Type 550

Creep-rupture tests were made at 13500, 1500‘; and 1600°F on plain
and notched specimens of Inconel "X" Type 550 alloy. The detailed creep~
rupture and hardness data are given in Table 3, and the rupture data are
plotted in Figures 5, 6, and 7,

The hardness data shown in Table 3 indicate a difference in the original
hardness of the two lots of this alloy heat treated at different times, The
second lot with its higher hardness, Rockwell B, 108.1, as compared with
101.2 for the first lot, showed more scatter of properties and a greater
degree of notch sensitivity, particularly at the shorter times. The room-
temperature hardness of tested specimens indicated that metallurgical
changes affecting the hardness occurred during the testing. The hardness
of the first lot of specimens, (or1%1na1 hardness of 101.2 Rg ) increased to
106-107 Ry during testing at 1350"F; they showed an increase to 103-104
Rp after short times at 1500° F, but, a.fter longer times at 1500° F, they were
back to 101 Rg. After testing at 1600 F, the hardness was 101- 102 Rp.

The second lot of specimens, with an original hardness of 108.1 Rp,
showed a slight decrease 1n hardness to 107 Rp after testing at 1350°F. A
short testing time at 1500°F gave a hardness of 106 Rp while a longer time
gave 103 Rp. Testing at 1600°F reduced the hardness to 102, 6 Rp after 29
hours, and to 100,4 Ry after 472 hours. The hardness variations of
Inconel "X" Type 550 are plotted in Figure 8,

Figure 5 shows the plain- and notched-bar rupture data for Inconel
"X" Type 550 at 1350°'F, The plain-bar data and the 0.005- and 0, 045-inch-
radii notched-bar data were obtained on the first lot of specimens with an
initial hardness of 101.2 Rg. Both of these notches produced strengthening
at the shorter times at this hardness level where the plain-bar ductility was
the highest. The data for the 0,005-inch~radius notches became notch
sensitive after about 40 hours and the data for the 0.045«inch=-radius notch
became notch sensitive after 100 hours, The slopes of the curves for both
notches began to decrease at about 40,000 psi, and the greater change in
slope was shown by the sharper notch, causing the curves to cross at about
370 hours. Metallurgical changes, such as precipitation (aging) during the
test were probably partly responsible for the observed behavior, but it is
thought that the difference in behavior between the 0,005~ and the 0.045-inch-
radii notches was more likely the result of physical effects of notch severity.
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One explanation of this behavior is as follows: The stress concentration and
triaxiality are both higher for the 0.005-inch-radius notch (see Figure 1).
Thus, if sufficient time and ductility are available before rupture (low
stresses), the stress concentration of the 0.005-inch-radius notch is re-
lieved, permitting the strengthening effect of the higher triaxiality associated
with the sharper notch to become effective.

Ductility and time are both important. At sufficiently long times,
however, notch strengthening effects may be observed at relatively low
ductility. This is indicated by the shape of the plain- and 0. 005-inch-radius
notch-bar curves in Figure 5.

The rupture curves for the 0.020- and 0.100-inch-radius notch bars
were obtained from the second lot of specimens with an initial hardness of
108.1 Rg. The curve for the 0.20-inch-radius notch bars was lower than
expected for times less than 100 hours, and at longer times it was not
accurately determined., The curve for the 0.100-inch-radius notch has the
same shape as the 0,045-inch-radius notch=bar curve, and is located about
where it should be if it had been determined on specimens from the first
lot. In other words, the increased hardness does not appear to have
affected markedly the shape or location of this curve.

Figure 6 shows the stress versus rupture time curves for Inconel "X"
Type 550 at 1500°F. The plain-bar curves and the curves for the 0.005~ and
0.045-inch-radius notch bars were obtained from the first lot of specimens.
The curve for the 0.005-inch-radius notch bars is essentially the same as
for the plain bars, while the 0.045=inch-radius notch produced a slight but
consistent strengthening. Two specimens of the first lot broke at shorter
times than would be expected from normal scatter of the data. Specimen
I-17 broke in 31.9 hours at 1500°F and 30,000 psi, and Specimen I-20 broke
in 109.7 hours at 1500°F and 25,000 psi, No microscopic cracks or flaws
were observed in these specimens., The microstructure of both tested and
untested specimens will be discussed in another section of this report.

The 0.20- and 0.100~inch-radius notch specimens tested at 1500 F also
came from the second lot of specimens with 108.1 Rp original hardness,
These specimens gave shorter rupture times than expected at times under
100 hours. At longer times, Specimen I-75 ruptured about as expected and
Specimen I-61 was discontinued {because of the end of the project) as it was
approaching the data from the first lot of specimens,

The data at 1600°F on plain and notched bars of Inconel "X'" Type 550
are shown in Figure 7. The tests with the triple-notch specimen indicated
that this alloy was notch strengthened at 1600°F, and rupture occurred in the
0,100=-inch-radius notch, with the exception of Specimen 1-14 which failed
in the 0.045=-inch=radius notch at an excessively short time, Two of three
tests on 0.005~-inch-radius notch specimens from the second lot broke at
times shorter than for specimens from the first lot even though the hardness
after test was equal or lower than for specimens from the first lot. This is
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an indication that hardness values after testing, although they may be
helpful, particularly at the lower temperatures, do not tell the whole story
of the effect of structural changes during testing. As a rule, it was the
shorter time tests, under 100 hours duration, which showed increased notch
sensitivity for the second lot of Inconel "X" Type 550, indicating that after
additional aging had reduced the initial difference in hardness, the prop-
erties were more nearly equal, This is evidence of structural changes
affecting the notch sensitivity,

WasEaloz

Creep-rupture tests were made on plain and notched specimens of
Waspaloy at 1200 13507 and 1500° F, and the detailed creep-rupture and
hardness data are given in Table 4. The data are plotted in Figures 9, 10,
and 11,

The hardness of Waspalpoy as heat treated was 106, 8 Rockwell B, and
there was no change in hardness after rupture testing at 1200° and 1350 F,
The hardness dropped to 105 Rp after short times in test at 1500° F, and to
103 Rp after 484 and 1180 hours. ;

The plain- and notched-bar rupture data for Waspaloy at 1200°F are
shown in Figure 9, The 0,005-inch~radius notch specimens were very notch
sensitive, The 0,020-inch~-radius notch specimens were considerably less
notch sensitive, and the 0,040-inch-radius notch specimens gave rupture
data essentially the same as the plain bars. The specimens with the 0.100~
inch-radius notch were notch strengthened. It should be noted that as the
time increased the notch sensitivity of the 0.005~inch-radius notch specimens,
with their higher triaxiality, became less, indicating that time is a factor in
the notch behavior of Waspaloy just as it was for Inconel "X'" Type 550 at
1350°F,

Flgure 10 shows the stress versus rupture time curves for Waspaloy
at 1350°F. At this temperature the 0, 005-inch-radius notch was still pro~
ducing notch-sensitive rupture results, but only slightly so, and the rupture
data for the 0.020-inch-radius notch specimens were about the same as for
the plain bars. The data for the 0, 040- and 0. 100~inch-radius notch specimens
mens showed notch strengthening.

The data for Waspaloy at 1500°F shown in Figure 11 indicate that all
three notches produced about the same amount of notch strengthening at
this temperature. ThlS is an indication that Waspaloy is insensitive to
notch severity, at 1500° F, at least for the notches studied,

It is apparent from the data obtained on Inconel "X" Type 550 and

Waspaloy that notch sensitivity is a function of notch severity, temperature,
and time,
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DUCTILITY CONSIDERATIONS

As has been indicated in previous sections of this report, the avail-
able ductility that a material possesses plays an important role in deter-
mining whether the material is ''notch strengthened' or '"notch sensitive',
It is natural, then, that the question of how much ductility is enough to
insure '"notch strengthening" be asked, This has been answered, tenta-
tively, at least, by Brown, et al,(4) They suggest that the best index is
given by the notched-bar ductility. For the alloys which were studied as a
part of their investigation, it was observed that notch=-rupture sensitivity
was associated with notch-rupture ductilities of less than 3 per cent. This
value refers to the sharp notch utilized, and would not necessarily be ex-
pected to be valid for markedly different notches. Since, however, the
sharp notch ductility requirements are much greater than those of sig-
nificantly less sharp notches, the use of sharp notch can be considered as
a severe screening test.

For design interests, it should be noted, however, that some value
is to be derived from the use of notches of more than one sharpness. As
has been indicated by Davis and Manjoine(5), the designation of an alloy
as ''motch sensitive' is arbitrary when judged on the basis of results for
only one notch sharpness. They observed that, for a given time, an alloy
is strengthened (the notched- to unnotched-rupture strength ratio increases)
with decreasing sharpness up to a maximum value. If this ratio can
become greater than unity, it ultimately decreases to unity, since a bar
of zero notch sharpness is an unnotched bar.

In this investigation, it has been found that all of the alloys tested
had the ability to be notch strengthened for some of the test temperatures
and notch sharpness values used. It is also of interest to note that (see
Tables 2 and 3) at some of the test temperatures, notch strengthening was
observed for the entire time range {approximately 1000 hours) in spite of
the fact that the reduction in area of the notched bar was only slightly above
one per cent at times. The reduction in area of the unnotched bars for
these temperatures was as low as five per cent. It thus appears that duc-
tility requirements for notch strengthening can vary considerably. It
should be emphasized, nevertheless, that the rule of associating notch
sensitivity with notch-rupture ductilities of less than 3 per cent is both
useful and safe,

To obtain additional information about the deformation characteristics,
of notched bars, contour measurements of the notched bars were made
before and after testing. The results of some of the measurements made
are given in the Appendix. The aim of this phase of the study was to
determine if it was possible to analyze the deformation by making certain
simplifying assumptions. After a few preliminary computations, however,
work was suspended because the inconclusiveness of the data suggested
the probability that the assumptions made oversimplified the problem.
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It should be noted also that a study of the reduction in area of the
unruptured notches failed to reveal any conclusive trends,

As has been noted previously in this report, the problem urnder
study is complex, and it is probable that simple rules that apply aiways,
without reservation, can be established only if one is satisfied with a
rule which very likely will be excessively conservative in some instances,

An example of this is the use of a design rule that indicates that an
alloy should be suspected of being notch sensitive if the unnotched reduc-
tion in area is less than 30 per cent. If one considers S-816 and Waspaloy
at 15000F, however, this is seen to be a very rough gage of notch sensi=-
tivity., At 1500°F, both of these alloys are notch strengthened by a factor
of approximately 1.2, and they appear to be relatively insensitive to
differences in notch sharpness, From these facts one would be inclined
to expect an unnotched ductility in excess of 30 per cent, For 5-816, this
is true, since the value is of the order of 50 per cent. The Waspaloy,
however, ranges in value from 10 to 16 per cent, It is apparent that the
internal response to loading must be different (see Examination of Cracks
and Fractures). :

It is apparent, then, that gross ductility, as such, is not a completely
satisfactory means of evaluating the stress-rupture characteristics of
alloys. For a proper evaluation, the contributing effects of the modes in
which deformation can occur, the characteristic type of fracture, and the
types of metallurgical changes that can occur should be considered,

Since these effects are only imperfectly understood at present, no attempt
has been made in this report to make a quantitative evaluation of their
contribution, Instead, an attempt has been made to focus attention on these
effects whenever it was felt pertinent to the discussion. Until a more
complete understanding is possible, however, it appears that a rule which
requires a notch-rupture ductility of at least 3 per cent is safe and can be
used as a useful design guide.

MICROSTRUCTURE STUDIES

With prolonged exposure to elevated temperatures, most heat-
resistant alloys exhibit a corresponding change in microstructure, In order
to establish any relationship between microstructure and testing conditions
with respect to the alloys used in this investigation, metallographic anal-
yses were made of rupture-bar specimens representing the range of
temperatures studied. Characteristic microstructures were obtained by
longitudinally sectioning the stress-rupture bar through the center of the
notched region, Sectioning was done with a water=-cooled cutoff wheel
with special care taken to avoid altering the existing microstructure by ex-
cessive cutting temperatures, Standard metallographic procedures were
used for preparing the alloys for microscopic inspection.
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With respect to the S=-816 alloy, no observable change in micro-
structure was evident w1th rupture bars exposed for various periods of
time at either the 1350°F or 1500°F test temperatures. In general, the
microstructure was typical of quenched and aged S-816 material (a car-
bide phase dispersed in a solid-solution alloyed cobalt matrix with car-
bides present along the austenitic grain boundaries). It has been ob-
served by some investigators that continued exposure to temperatures
above 1600°F will produce an observable change in the characteristic aged
microstructure. In general, high-temperature exposure initiates a
solutioning process by which the grain-boundary carbide phase gradually
enters into solid solution. The rate of such a process is both temperature
and time dependent. A photomicrograph characteristic of the beginning of
grain-boundary solutioning is presented in Figure 12, This represents
the microstructure of a notched-rupture bar (Specimen S-21) exposed to a

temperature of 1600°F for 301 hours. It can be observed that the grain
boundaries appear somewhat intermittent or ''spotty', indicative of the
first stage of solutioning. At higher test temperatures, the grain
boundaries gradually become exhausted of carbides and apparently lose
their original aged strength.

500X Etchant: 5 Parts HC1 N14559
1 Part HNO3

FIGURE 12. EFFECT OF EXPOSURE TO HIGH TEMPERATURE FOR S-816 ALLOY

Intermittent grain boundaries indicate initiation of solutioning

WADC TR 54-391 36



Imcomel. "X Ty pe 550 iiss chamracterized by a
prec: 1]p311tatt110)m hamrdiemimg;.. Wmndler: thhe: mormrmmall agiimg
att LEOOCE :amd 4 howmr:s att 1350I°F)) meatirix: pirecipiita
sttamdd:a.rd miicr O)Spcr:co]pn(c ttecthmique:s.,., Witlhh. Homgge:r: e
peratwures off 15007 F" o 16:0)030’2&7‘,, mmaaltwiisx  prrec:ijpiittatt:
ammplle, Specimem 1.-:2:0 (1 500" F —— L0 thours)) rewe:
muattriix precipitattiioom,, wlerrreas S peciimmem I.-:2.3} {1 65¢
calted. @xitir exmmie:llyr Thieraawyy pmrecc:ijpittaitiicom .,

Wiitthh thhie: exxxcepitiom off tthie: adidiit:iom of! «ciolbatlit,
Wl aspallioyr resemiblles tto ssQIm e degrees thlaa.t“ o f! I[mcccom
ttest texrmperattume:s; of 1:21000%F amd 1:350° F‘,, me wiissiith
sttrwucitur e ‘wass appar emtt. Audl tthe: Ihiglher tiest. iteimipe
somme: rmaltrix precijpittattiiom siimilar ito tthaatt mwepomrte
5510 was ewiidemt,,

IElssemitiiallllyy,, thisi miiciroscopiic sttudy thass sihd
mrees;issitiaimt: @llllowyss wiserd im. tthhils 1m1wee‘s1tngzattnonm eexcthiitbiitt
mniicFositrwctures at either LS00"F or 16O0TEF . Th
sttrwc tur all war-iiait:iomns; im: tthhe ttthmee: dliiffferemit allloy:s
poisures o elewated ttemiperatures ame iimtiemdedi tto
tthhee ffacttomr:s imffllwemciimg tthe bhelhavior off moticched-«iru
prresiemnted to emiphatsize: tthatt metalllurgiicall chamgie
amd! ttemmpe:r-atiure, @amdl musit tbe: ttalke:m [imito zawccioumtt
ttemmperatur-e: hehaw:iomr:,

"T'mee pthiy siicc:al. «comdiiticom ©f tthe swir:fiacie: jat: ttthe
wceiiwviaibly Thiass comsiide:rablle imfluenice wiitth mwesipe:ct:
iim mottcthedl=rwupituire: Ihars. M sttrucitural, diamagre d
pirepamrattiom,, i, e., grimding, it is prolbablle: stihait. tl
wiary firom moticchy to moiticch ie:cawse: of tthhe wmirexprod
mmeclhiamiisirm,, 'Trhiis flact by itselif mightt jac:cowumit ffo
ttesttiimg datta,, Re:alizimg) itthiat swucl a swurrflace comdli
alfffectt mottch--ruptiurre datta, @am: imwve:sitigiatiiom. wraiss iir
tthhee smwur fiaic:er ccomdiitiiom off iMmiacihiimed mwpiture: bhar:s..

‘“T'thee pprroic:edwrrie: ifoir tthiis phaeaise of tthe iimwee:sitii;
lomg:ittwdiim:iallly seecitiiomiimgg  @am wmte:sitie:d mottcehed: —ruap
alloy throwgih the muotch dilamiet.err., The:siee motich
mmeitallllogmr:aphiic:allly extamiiimesd fiorr amy swirfiace: cr-a
wif tthhe mottch)) wihiclh. imiiglthit tawe: beteem iimt:ir-oducieddl by
Afitee:roccormipollet:icoom «oof ! tthhiiss esxccmrmnm.aitnc:m,, ttlhee meottclh.
alt a ttemipermr:atur e «of] 15.007F flor = period. oif 24 tow
tttheen: rre:--emwairmiimeedl 1mmiicirossic:opiicalllly,,

No ewidemce off swurflace crackimg or graim 4d
mmiacihimimgy wais moitedl \im eiitthheerr oif tthe tlhir-ee mottcthe
rupture bam:s., JAfter agimg, howewer, w@wach alloy
iim swrifiacie microstructure:, seemimglly bhmrouwgiht: :alb

WADEG TR (5:4.=391. 37



deifoirmiatiicom., [Im tthe S$—=81i6 :allloy,, botih ithe: igrage—llemgitth. s
meoitch —-comttowur swr flaicce rewealed! iimdiic:atiiomn s «of mmams:sive:
ttiom.. ‘Thiis swrfac:e comndiitiiom cam be seem by exxxammiimiimg |
graphs presemtiend im [Fiigiuwre:s. 1.3 ;amdl 14, Figuwre 1.3 sihow
ttiom of somierwlhiait. wmiiforim thickme:siss (10, 001 iimch)) om the |
speciimmem:, ‘whiille Figuwr-e: 1.4 sshowrs: dlefformmattiiom att -tthe: T
imch-radiius: moitclh, It ilsi imiteire:sit:imgy ito moite: tthhe wnervvem o
prrecipitatiiom att itthe: motic’hh ‘roott,, imdiicattiivee: tthiat: ithee ggir:imadl;
mott applliied ewwemly . Om thie leftt siiidle off the: motch, the de
allmostt 00, 002 iimch. im thiickme:s:si, It iis: iappamremt thatt the |
temperatture: was moit swifficiemt: ito promote: recrysitalllliiza
flormmed swriface: layer, alltthough capable off adllowriimg carib
In isstire:sised . hars of $-816 alloy, the effflec:t:s of swrface d
weer'e: prresemit,, Al 1600 F the dlefformed. swr flaicce ameeias: ww
recrysitalllized. /At wery close imspecitiom amd! by sligihtlly
miic:rostructture:, a m:a.ss of simialll gralimss. «cowlld be  obsers
rregioms:s |

Thiss wecrystallliization layer alsio wais: obsserwed at:
simrfface amd motichi~comitow:r swurfface wriitth tthe wmisitrie:sissed m
‘both Incomell "X" "T'ype 550 amd Waspalloy. Im thesde sipee:c:
tempierr-atture waiss adedqualte: to alllow recrysitallliizattion tor «
sitressed ruypture bamrs,, @ simillar comdiittiiom wiass prresenit,,
'wasss moiteed. tthait iimtergmanular oxiidattiiom had occwurmred. @alom
i’ tthe mewlly fiorme:d swurface: graims., .Ms would be expect
wxddlatiom ime:reased. wiith, ttimme amd temmpemriatur-e, Tthe: pihu
Fiigmmre 115 «cllearly sThowss. ttthe: swrflace regiom off rewciryrstialll
motiched--ruptinre bar off Imcomel "X Twype 550 stiresse:d ad
©:f 6218 thiowr's.. Tlhe: ilighiter eltclhimg swr-flface amrea I EXpOIT € 1S et
recrystallization., |Ewidemce of imtemrgranullar oxid:attion ©
tthhee sswrfiacie alisioo ccam e seen, 'Tlhe mmattmriix prrecijpittattiiom
abowe diisscws:s;icom @allisior :is @wricdiermt;, -

IMiiciroesxxamiimattiion, themreifore:, has imdicated thatt tl
eriaitiicoms: requiired to prepare a motched -rupture specimienr
durc:e: variiowus swrifiace: comdiittioms wlhiiclh mniighit exert comssiic
mwuptir-e: prropeer-ties ©ff mottcthed bars.. A swrface lLayer of
prrecc:ijpittaaitiom,, s fowmdl im tthe S8 1.6 allliowy: :ait. tthe Lowrer te::
iis comeceiviablly leisis; «dlumcttile: wriithh, irexfie:r-emce. to tthhe wmaifffectt
matteriall.. Swch a comdlitiom att the roott off @ moitch wowuld. th
flor cracik imiittiiatiiom. (Omce: ttthee prropagattiom of a cracik: re:
duwcttiille imte:rior:,, the origimall gieomettry of the motich cthaamg
creatiimg ffurttter compliciatiioms:;,, "Wthemn tlhe: 1te:st: ttenmiperr at
ramigierss of wrexcrysttalllliiziat:iom foir itthe: particular alloys coms
fiormed swriface: layers comitaim mamy sim:alll ey y sitiallliizied
flacce layer of this mature offflers a mulititude: oiff locattiiomss
rruptture: to begim, @speciallly wliem exxpossurie: to «@lewvatie:d tee
iimterr-gmramular oxidlat:iom to occur..

WIAIDIC; 'TTRU 5544391 B8



250X Etchant: § Parts HC1 N14000
1 Part HNOg

FIGURE 13. SURFACE DEFORMATION IN S-816 RUPTURE BAR

250X Etchant: 5 Parts HC1 N14001
1 Part HNOg

FIGURE 14. SURFACE DEFORMATION AT ROOT OF NOTCH (0. 005-INCH
RADIUS) IN S$-816 RUPTURE BAR
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250X Etchant: 5 Parts HC1 N14558
1 Part HNO3

FIGURE 15. SURFACE CONDITION AT NOTCH=GAGE LENGTH INTERFéCE IN
INCONEL "X" TYPE 550 RUPTURE BAR STRESSED AT 1600 F FOR

628 HOURS

In any event, the existence of surface condition as a consequence of
surface preparation should be considered in evaluating rupture data. The
extent to which different methods of surface preparation could be expected
to alter rupture data has not, of course, been studied here. Since fracture
was observed to initiate at or near to the surface for the specimens in-
spected, (see Examination of Cracks and Fractures) it seems reasonable to
expect that surface condition, as governed by the method of preparation,
could exert a strong influence on rupture data.

EXAMINATION OF CRACKS AND FRACTURES

The examination of cracks and fractures was facilitated by the prep-
aration of photomicrographs. Those included in this section of the report
were selected as being representative of the specimens tested. The three
alloys investigated, S-816, Inconel "X'" Type 550, and Waspaloy, will be dis-
cussed separately.
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S-816

The etchant used on the sectioned 5-816 bars was a mixture of 5
parts HCl and 1 part HNOj;. The test conditions are described beneath
each figure.

The fracture surface in Figure 16 is at the top of the figure and the
notch contour is along the left edge. The photomicrograph reveals that
severe deformation has occurred, and there is considerable evidence of
intergranular cracking. This is typical of the S-816 fractures with the
exception that at the higher temperatures — 1500°F and 1600°F — the
amount of deformation prior to fracture decreased. This was also evi-
denced in a decrease in the reduction in area values, and a shifting of
fracture occurrence from the milder notches (r = 0,06 inch and 0, 01 inch)
to the sharper notches (r = 0,01 inch and 0. 005 inch). This, of course,
would be expected for a decrease in ductility.

The fracture surface of the specimen of Figure 16 was visually
inspected, and from the variation in darkness of the oxide film on the
fracture surface, it appears that a circumferential crack formed at or
near the root of the notch and progressed inward, The fractured sur~
face has a fibrous appearance in the dark, outer oxide band, and tends
toward a granular appearance in the central portion. From these ob~
servations, it might be concluded that the circumferential crack was initi-
ated after considerable plastic deformation had occurred. After initiation,
the crack propagated slowly until a critical condition was reached., Frac-
ture then occurred abruptly.

Since most of the notched bars tested contained three notches, it was
possible to examine the notch contour in the unruptured notches, Figure
17 represents such a notch, Here, the structure at the base of the notch
has deteriorated after severe, local deformation.

In a few instances, forked cracks were observed to have been present
in unruptured notches. Figure 17 shows some evidence indicating that a
forked crack might originate from such a beginning. It should be noted,
of course, that the propagation of the individual branches of adjacent cracks
probably must proceed together, If they do not, one branch would be
likely to cease propagating. This should follow from the fact that the
traction or force on the cracked surfaces is zero, If one of the branches
falls behind, the axial force exerted across its crack tip would tend to be
decreased,

From some of the observations made above, it might be concluded
that for the test conditions used, 5-816 can tolerate the presence of
cracks. This is also confirmed in Table 2, where the frequent occurrence
of cracks in the unruptured notches has been noted under the heading of
""Remarks'",
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FIGURE 16. FRACTURE OF S«816 (r = 0. 06 INCH)

(Fracture occurred in 32. 1 hours at
1350°F and 58, 000 psi)

FIGURE 17. CONTOUR IN §-816 (r = 0. 01 INCH)

(Testa discontinued after 89. 1 hours at
1350 F and 50, 000 psi)
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To try to obtain a relative idea of the rates at which these cracks
were propagating, several cracked, but unruptured notches were broken,
and the ends were inspected visually. In most instances, the cracks had
penetrated to an approximately uniform depth. Furthermore, it was
found that the oxide film was very dark and of uniform intensity in the
crack band. The transition from the dark, cracked surface to the clean,
newly broken surface was very abrupt. This tends to indicate that the
cracks had penetrated to a certain depth, and then had either ceased to
grow or were growing very slowly,

The possibility of the cracks Penetrating to a certain depth, and
then stopping is of interest for several reasons, This would indicate that,
temporarily at least, an adjustment had occurred which made the crack
stable. Onme possible explanation for such a behavior is that the crack
moves through the cold-~worked surface layer* and then stops in the more
ductile interior. In some instances, the cracks' depths appear to be of
the approximate order of the cold-worked layer. A more detailed dis-
cussion of the surface layer appears in the section of this report on
microstructure.

Cracks of the above type could, of course, ultimately become un-
stable by several means. Metallurgical change could bring about em-
brittlement, the grain-boundary mechanism discussed earlier might
cause embrittlement, or corrosion of the material at the tip of the crack
might occur. One important thing to note, however, is that a cracked bar
has an essentially new notch geometry. This adds still another complica~
tion to those mentioned earlier, because any description of the fracture
process should trace the formation and growth of such cracks,

Inconel "X" Type 550

Fractures of the Inconel "X Type 550 specimens occurred after
relatively small amounts of deformation. Evidence of this is given in
Table 3 under the column marked "Reduction in Area' for which the values
are small, The fracture surfaces were quite distinctly intergranular with
very slight indication of deformation within the grains. It should be noted
also that the absence of cracks in the unfractured notches (see Remarks in
Table 3) tends to indicate that this alloy is more sensitive to the presence
of cracks than 5-816, It appears that cracks could be tolerated only a
short time after initiation.

To illustrate the initiation of cracking in this alloy, the photomicro-
graph of Figure 18 has been prepared. This, incidentally, represents an
instance in which cracking did occur in one of the unruptured notches, but
was not detected visually, The etchant used was a mixture of 5 parts HC1
and 1 part HNOj;. The test conditions are described beneath the figure.

* The layer referred to here is that introduced in the grinding of the notch during the specimen preparation,
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250X N14557

FIGURE 18. CONTOUR IN INCONEL "X" TYPE 550 (r = 0, 005 INCH)

(Fracturoe occurred in r = 0, 045=inch notch in 109, 7 hours
at 1500 F and 25, 000 psi)

75X N14560
FIGURE 19. CONTOUR IN WASPALOY (r = 0. 005 INCH)

(Fracture occurred in r = 0, 040-inch notch in
72. 5 hours at 1500°F and 35, 000 psi)
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As can be seen, the crack has been initiated with very little deformation
in the adjacent grains, and it is quite distinctly intergranular.

Waspaloy

As in the case of Inconel "X" 550, fracture in Waspaloy was not
preceded by severe deformation. Also, fracture was intergranular in
nature and appeared to initiate at, or near, the surface.

To illustrate the initiation of cracking in this alloy, the photomicro-
graph of Figure 19 has been prepared. The etchant used was a mixture of
5 parts HC1 and 1 part HNO;. The test conditions are described below
the figure,

Although there is evidence of twinning within the grains, the defor-
mation of the grains is very slight, This is evidenced further by the fact
that it appears as though the crack surfaces almost could be fitted to-
gether again because of the small amount of distortion that has occurred.
It is of interest to note also that at 1500°F, Waspaloy was notch strength-
ened for all of the notches in spite of the fact that the unnotched ductility
ranged from only about 10 to 16 per cent. It should be noted further that
Figures 17 and 19 both represent deformation and cracking for notch-
strengthened test conditions, In spite of the fact that the response to the
external load resulted in notch strengthening for both alloys, it is apparent
that the modes of deformation and cracking are markedly different,

SUMMARY AND CONCLUSIONS

Stress-rupture tests were made on plain and notched bars of 5-816,
Inconel "X'" Type 550, and Waspaloy alloys. S-816 and Inconel "X" Type
550 alloys were tested at 1350, 15007 and 1600°F, and Waspaloy was
tested at 1200'; 1350, and 1500°F, Specimens with 60-degree V-notches of
root radii between 0.005 and 0.100 inch, and 50 per cent reduction of area
were used,

S5-816 alloy was notch strengthened under all conditions of notch
severity and test temperatures,

Inconel "X" Type 550 was notch strengthened at short times 1350017‘,
but at longer times was notch sensitive. An extrapolation indicates that
at times approaching 10, 000 hours the 0.005-inch-radius notch might
again produce notch strengthening for Inconel "X'" Type 550 at 1350°F. At
1200°F, Waspaloy was very notch sensitive in the 0, 005-inch-radius notch,
The 0.020-inch~radius notch specimens were considerably less notch
sensitive, and the 0.040~inch-radius notch specimens gave rupture data
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essentially the same as the plain bars. The specimens with the 0,100~
inch-radius notch were notch strengthened.

At the highest temperatures, 1600 F for Inconel "X" Type 550, and
1500°F for Waspaloy, both of these alloys were notch strengthened,

The data indicate that the effect of notches on the rupture strength
was dependent on the notch severity, temperature, and time. It appears
that even an alloy of relatively low ductility may be notch strengthened if
stresses are low and rupture does not occur until very long times. It is
apparent that no single value of smooth-bar ductility can be selected below
which notch sensitivity will be observed and above which notch strength-
ening is assured,

It is concluded that several factors can be expected to have an in-
fluence on notched and unnotched stress-rupture behavior, For this
reason, these behaviors are complex and can only be interpreted com-
pletely by a combined consideration of the governing factors., These
factors include not only the notch geometry and available ductility, but
also the possible modes of deformation and fracture, metallurgical
changes, and the surface condition. Since the influence of these latter
factors can vary considerably from alloy to alloy, it does not appear pos-
sible, at this time, to give simple design rules which can be used effi-
ciently for all alloys under all of the various conditions likely to be used,
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APPENDIX

NOTCH-CONTOUR MEASUREMENTS

The most commonly used measure of strain in notch-rupture testing is
the reduction of area at the root of the notch. For the information that has
been derived up to the present, this type of measurement has been proved
adequate. As a consequence, notch-contour deformation that occurs during
testing has been largely ignored. Since it was felt that measurements de-
scribing the contour change might prove of interest, it was decided that
"hefore' and "after' measurements of a few selected notch contours should
be made.

Notch measurements were obtained by using a Jones and Lamson
pedestal-type comparator with a magnification of 50X. After centering the
notch to be measured on this instrument, the following measurements wore
obtained.,

(1) Diameter at root of notch

(2) Depth of notch

(3) The distance across the notch at the top of the notch, and
0,040, 0.010, 0.005 inch from the root of the notch

After these measurements were obtained for one orientation, the specimen
was rotated 180° about its axis, and a second set of readings was obtained.

The values used to plot notch contours were averages of the two readings
obtained.

"Before' and "after'' plots of three notch contours are given in Figures
20, 21, and 22, These notches were on the same specimen. The test con-
ditions were as follows,

Material - 5-816

Average stress — 50, OOOOpsi

Test temperature — 1350 F

Test time — 89. 1 hours {no rupture — test discontinued
because of furnace failure)

The value of measuring the change in notch contour is limited if the
displacement of each point of measurement on the notch contour is not known,
A plot of the contours alone does not reveal this displacement, because the
length of the contour curve is changed by nonuniform deformation, Methods
available for analyzing plastic and creep deformation cannot trace the com-
plex displacements which occur. However, these displacements can be
determined approximately if some simplifying assumptions are made:
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(1) Sections plane and normal to the specimen axis before deforma-
tion remain plane and normal.

(2} The volume remains constant.

Although the notch stresses are not uniform, most of the variation
that does occur is close to the notch surface. The stress state at interior
points in a plane normal to the specimen axis is relatively uniform. It is
possible, then, that the first assumption is a fair approximation.

The assumption of constant volume is a good approximation when the
elastic strains are small compared with the permanent strains (although an
external load does not exist after testing, elastic strains can be retained due
_ to residual stresses). For a relatively ductile material having a large flow
capacity, constant volume could be a good assumption. Such an assumption
would be better, for example, for a notch-strengthened material than for a
notch-sensitive material. The contour measurements included in this re-
port are for S-816, which is notch strengthened for the test condition used.

By using the above assumptions, the locations of Points 1, 2, ..., n
of the undeformed contours of Figures 20, 21, and 22 have been determined
for the deformed contour. The notation used indicates that Point 1 has
moved to Point 1', Point 2 to Point 2!, and so forth.

Inspection of the notches in Figures 20, 21, and 22 reveals that, in
each case, there appears to have been a volume increase. It will be re-
membered that the computation procedure was based on the assumption of
constancy of volume (see (1) and (2} above). The computed volumes under
the surface contours are equal, for example, up to the points 14 and 14' in
Figure 20. It will be noted, however, that whereas point 14 is on a corner,
14! is located down along the contour. Since it would be expected that a
Ncorner" would remain a "corner" during deformation, the point 14' should
be at 14" if the volume remained constant. It follows then, that the volume
under the surface from 14' to 14" represents a volume increase. In
Figure 20, the volume increase is given by the rotation of the arc 14' - 14"
about the specimen axis.
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