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*
NOTCH EFFECTS IN UNIAXIAL TENSION SPECIMENS

T. J. Delph

ABSTRACT

This report contains the results of a literature survey
on the effect of notches on the time-dependent failure of
uniaxial tension specimens at elevated temperatures. Partic-
ular attention is paid to the fallure of notched specimens
containing weldments.

Keywords: failures, high-temperature plasticity, creep,
time dependency, notches, weldments, creep-rupture.

1. INTRODUCTION

The problem of predicting the elevated-temperature failure of com-
ponents with large geometrically induced stress concentrations has long
been of concern to designers of gas turbines, nuclear reactor components,
and other machinery intended for operation at high temperatures. One of
the most widely used methods for assessing the failure sensitivity of a
particular material to geometric stresé concentrations 'is the so-called
notched-bar test. Here a notch is machined into a tensile specimen that
is either round or flat, and the specimen is subjected to a constant,
uniaxial load until failure occurs. A comparison is then made to the
failure behévior of an unnotched specimen of equal cross-sectional area,
and inferences are drawn as to the sensitivity of the material to stress
concentrations. Such tests were originally performed in Germany in the
1930s in connection with failure problems in steam generating and chemi-
cal processing equipment. Presently, notched-bar tests are often re-
quired as part of the proof-testing procedure for heats of alloys intended
for high-temperature applications, and guidelines for conducting such
(ASTM) .!

At an early stage, workers in this area observed the apparently para-

.doxical result that, under certain conditions, a notched specimen of a

*
Work performed under DOE/RRT 189a OH048, High-Temperature Structural
Design.



given material could exhibit a larger time-to-failure than an unnotched
specimen having the same nominal uniaxial stress, despite the large
stress concentration known to be present in the notched specimen. The
nominal uniaxial stress in the notched specimen is taken to be the
specimen load divided by the minimum specimen cross-sectional area. This
phenomenon was termed notch strengthening, while the converse behavior
was known as notch weakening. The reasons for notch strengthening or
weakening have been the subject of much speculation by researchers
(principally metallurgists), but little in the way of quantitative ex-
planation has been offered. It is the purpose of this report to review
briefly what is known in this area, particularly with regard to the
effect of notches in weldments, and to give a list of references where

the reader may find more details.

2. GENERAL FEATURES OF NOTCHED-SPECIMEN BEHAVIOR

As noted previously, the failure behavior of notched specimens has
been of considerable interest, so much so that it has been the subject

of several special publications,z’3

the greater part of an issue of the
ASME Jourmal of Basic Engineering," and numerous papers. Most of tHe
reported experimental results apparently were obtained with axisymmetric
notched specimens of circular cross section, although a number of tests
of flat specimens have also been reported. There is also some variahility
in the types of notch geometries considered, but the most common is a
V-groove configuration with the apex of the notch rounded into a circular
arc of some specified radius (Fig. 1).

Early German investigators in the field felt that notch strengthening
or weakening could be correlated with smooth-bar (unnotched) ductilitys
so that notch weakening might be expected to occur when the smooth-bar
ductility of a material fell below a certain value; thus, notch strength-
ening would occur when the ductility exceeded this value. This point of
view was also initially adopted by U.S. research workers. Later investi-
gations, however, have cast increasing doubt on this conclusion, resulting
in the present accepted theory that no simple relationship exists between

smooth-bar ductility and notched-bar failure behavior.®
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Fig. 1. V-groove notched specimen geometry.
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One of the first indications that smooth-bar ductility was not a
reliable index of notch sensitivity is found in the work of Davis and
Manjoine.7 These authors studied the effects of varying the notch geom-
'etry on notched-bar specimens of a number of different high-temperature
alloys. As expected, they discovered that the notch geometry has a pro-
found effect on the failure behavior of the specimen. The geometrical
parameters varied by the investigators were the ratio of the diameter of
the notched section to the unnotched section, d/D (see Fig. 1), and the
notch sharpness r/d. The notch angle ¢ was held constant at 60°. Fig-
ure 2, extracted from this study, shows the effect of varying the notch
sharpness r/d on the failure behavior of four different materials,
labeled AD. 1In general, as the notch becomes sharper (r/d decreasing),
the ratio of notched-to-unnotched rupture strength increases away from
unity, reaches some maximum value, and then decreases. For the sharpest

notch considered (r/d = 0.01), alloys A, B, and C exhibit notch-weakening
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Fig. 2. Effect of notch sharpness r/d on failure behavior of four
alloys. (From Davis and Manjoine, "Effect of Notch Geometry upon Rupture
Strength at Elevated Temperatures,'" ASTM STP No. 128. Reprinted by
permission of the American Society for Testing and Materials, Copyright.)

behavior, but alloy D still shows a considerable degree of notch strength
ening.

55811 pave demonstrated that the notch

Subsequent investigations
sensitivity of a particular alloy may also be affected by specimen size,
prior heat treatment, loading level, and test temperature. In fact, as
pointed out by Voorhees, Freeman, and Herzog,B it appears that, depending
on test conditions, any material may be made to exhibit notch-strengthen-
ing or notch-weakening behavior. Thus, it is not correct to refer to a
material as being notch strengthened or weakened as though notch sensi-
tivity was an intrinsic material property, because a material may exhibit
both behaviors under ditterent conditions.

One further indication of the complexity of the notch-rupture prob-
lem is the particular Z-shaped rupture curve reported by some investiga-
tors.?»12 Figure 3 shows a typical example. We note that two separate
rupture curves apparently exist for the notched specimen, and these are
connected by a transitional branch (the "leg of the Z"). On this transi-

tional branch, raising the nominal uniaxial stress can actually lead to

an increase in time-to-failure. This is surprising behavior, indeed; in
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Fig. 3. Z-shaped failure curve for notched specimens.

fact, the existence of the Z-shaped curves has been tentatively ascribed
by one author® to experimental error.

Although a good many qualitative explanations of notched-bar rupture
behavior at elevated témperatures have been proposed by metallurgists,
little quantitative work has been done. One exception to this statement
is a paper by Taira and Ohtanil? containing the results of an extensive
experimental and numerical (finite-element) study of the behavior of
notched specimes of 1 Cr-1 Mo-1/4 V steel. Specimen dimensions were
r = 0.075 mm (0.00295 in.), d = 6 mm (0.236 in.), and D = 8 mm (3.15 in.),
with the notch angle ¢ = 60°. Experimentally, they observed notch
strengthening at higher nominal stress levels and notch weakening at
lower stress levels. They then employed a finite-element analysis to
predict specimen failure and were able to obtain results that agreed
reasonably well with the observed failure times. The particular form of
the creep damage law employed in these calculations was one in which the

damage was proportional to the effective inelastic strain.



Figures 4 and 5 show the calculated stress distributions along the
minimum cross section at various times for two different values of nominal
uniaxial stress. Figure 4 shows the ratio of the von Mises effective
stress to the nominal uniaxial stress as a function of the distance from
the notch root. Although this ratio initially has a high value at the
notch root, it decreases with time to a value below unity because of re-
laxation and the influence of the triaxial stress field. Figure 5 shows
the ratio of the axial stress component to the nominal uniaxial stress
as a function of the distance from the notch root. Here we see that the

axial stress component initially has its maximum value at the notch root,
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Fig. 4. Ratio of effective stress to nominal stress vs distance
from notch root at minimum cross section. (1 mm = 0.0394 in.) (From
Taira and Ohtani, "Creep Crack Propagation and Creep Rupture of Notched
Specimens," Creep and Fatigue in Elevated Temperature Applications,
Institution of Mechanical Engineers, 1974.)
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notch root at minimum cross section. (1 mm = 0.0394 in.) (From Taira
and Ohtani, '"Creep Crack Propagation and Creep Rupture of Notched Speci-
mens," Creep and Fatigue in Elevated Temperature Applications, Institu-
tion of Mechanical Enginecrs, 1974.)

but this maximum value decreases in magnitude with time and shifts in
position to a location slightly interior to the notch root. Figure 6
shows the effective inelastic (creep) strain as a function of distance
from the notch root along the minimum cross section. This quantity has
its maximum at a point interior to the notch root, but this position
seems to shift to the notch root with increasing time.

Some of the aspects of_the finite-element analysis performed by

Taira and Ohtani are open to serious criticism. No consideration of
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Fig. 6. Effective strain vs distance from notch root at minimum
cross section. (1 mm = 0.0394 in.) (From Taira and Ohtani, ''Creep Crack
Propagation and Creep Rupture of Notched Specimens,'" Creep and Fatigue
in Elevated Temperature Applications, Institution of Mechanical Engi-
neers, 1974.)

plasticity effects was taken, although the calculated stress levels make
it clear that those must be significant. Additionally, the analysis
showed strains of around 107%, making the use of the linearized strain-
displacement relations questionable. Finally, it is not apparent how
the location of the maxima of the effective creep strain and the effec-
tive stress could differ from each other, particularly in view of the
fact that the authors employed a steady-state creep law that ignores the

primary creep phase.



A more detailed (but less ambitious) finite-element analysis was

performed by Lawton,lu

who considered the case of a parallel-sided notch
(¢ = 0) with d/D = 0.851 and r/d = 0.0282. A strain-hardening creep law
was employed and the effects of plasticity were taken into account. The
material constants used were appropriate to the ferritic steel 1 Cr-1/2

Mo at 593°C (1100°F).

Lawton's analysis considered both the case of constant-load creep
and constant-displacement stress relaxation. Figures 7 and 8, respec-

tively, show the calculated axial stress and strain distributions across
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Fig. 7. Calculated axial stress distribution across minimum cross
section. (1 MPa = 0.145 ksi.) (From C. W. Lawton, "Strain Concentration
in a Notched Round Bar Subject to Creep,' Second International Conference
on Pressure Vessel Technology, ASME, 1973.)
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section. (From C. W. Lawton, "Strain Concentration in a Notched Round
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Technology, ASME, 1973.)

the minimum cross section for constant-load creep. Ln contrast to laira
and Ohtani's results, the maximum value of the axial stress is always
located at the notch root. A reduction of V25% in axial stress at the
notch root is observed after 1000 sec of creep, but the value in the
central portion of the specimen remains relatively constant.

Consider briefly the results of those analyses in light of several
proposed creep-rupture criteria. The most widely used of such criteria
is the time-fraction approach advocated by the American Society of
Mechanical Engineers (ASME) Code,15 which is based on effective stress.
An alternate criterion, proposed by Manjoinel.6 for application to ductile
materials, makes use of effective creep strain as a measure of damage.
Unfortunately, Lawton presents no results fo; effective stress or creep

strain, so we must rely on the possibly flawed analysis of Taira and
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Ohtani for information about the behavior of those quantities. Consider-
ing first the effective stress, note from Fig. 4 that Taira and Ohtani's
analysis indicates that the ratio of effective stress to nominal stress
at the minimum cross section relaxes to a value below unity for signifi-
cantly long times. Similarly, by using the steady-state creep rates
found by Taira and Ohtani in their smooth-bar specimens, it may be de-
termined that the maximum effective creep strain values shown in Fig. 6
are less than the corresponding smooth-bar values for significantly long

times.

The maximum effective stress and creep strain in a notched specimen
may be in excess of the corresponding smooth—baf values at shorter times
but less than these values at longer times; this fact offers a possible
explanation for the notch-strengthening or notch-weakening phenomenon in
terms of the time~fraction approach taken by the ASME Code or the strain
limit damage criterion proposed by Manjoine. Thus, presumably in the
case of notch strengthening, the maximum equivalent stress or strain
would be less than the smooth-bar Vélues for a sufficient period of time
so that the damage fraction, whether computed by means of strain limits
or time fractions, would still be less than unity at the time of smooth-
bar failure. The converse situation would presumably occur in the case

of notch weakening.

To consider notched-specimen creep-rupture behavior in slightly
greater detail, several investigators7’8 have indicated that experimental
evidence often seems to point to a location just interior to the notch
root as the side where microcracking first begins. Taira and Ohtani's
analysis shows a maximum in the effective creep strain at a point to the
interior of the notch root (Fig. 6). This result, if correct, might
tend to support a creep damage criterion based on effective creep strain
rather than effective stress for the 1 Cr-1 Mo-1/4 V steel considered by
Taira and Ohtani. Such a criterion, in fact, was used by these authors

in making specimen failure predictions.

In light of the possible errors in Taira and Ohtani's analysis, it
is not possible to have a great deal of confidence in their numerical

results. These results do, however, raise some interesting points that
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a more comprehensive finite-element analysis might help to clarify. Such

an analysis is now under way at Oak Ridge National Laboratory (ORNL).

3. NOTCH EFFECTS IN WELDMENTS

Experience with pressure vessel and piping structures has shown that
a significant percentage of the failures in these structures occur in the
neighborhood of weldments. Thus, because flaws can frequently exist in
weldments, we are interested in investigating the effect of flaws in
weldments by means of notched-specimen tests. -

Williéms and Willoughby!” pertformed a series of axisymmetric notched-
bar tests of weldments in type 316 stainless s;eel; as well as weldments
in austenitic steels identified as Esshete 1250, G19, and G68. The weld
metal used in the 316 stainless steel specimens was identified as Armex
GT. The specimens were designed so that half the specimen céntained
essentially weld metal and the other half base metal, and that the notch
was located near the weld fusion line in the heat-affected zone (HAZ).

The tests were carried out at 600°C (1110°F). Figure 9 shows the failure
behavior of the notched 316 stainless steel weldment specimens for three
different postweld heat treatments: (1) none, (2) 3 hr at 850°C (1560°F),
and (3) 1 hr at 1050°C (1920°F). Data for several notched all-base-metal
specimens that were heat-treated to simulate HAZ material are included for
coﬁparison. The weldment specimens that have had a 1-hr, 1050°C (1920°F)
postweld heat treatment do not behave very differently from the all-base-
metal, simulated HAZ material. The as-deposited specimens and those with
a 3-hr, 850°C (1560°F) postweld heat treatment also behave similarly but
exhibit a sharp drop in stress for failure times in excess of about 300
hr. All the curves in Fig. 9 were found to fall above that for an un-
notchedlspecimen of all-base-metal, simulated HAZ material. Thus, at
least for the notch geometry considered, the type 316 stainless steel
simulated HAZ specimens and weldment specimens were found to be notch
strengthened.

A limited number of similar tests have been carried out by Manjoine18
on as-deposited 304 stainless steel base-metal/308 stainless steel weld-

metal specimens at 593°C (1100°F). Two sﬁecimens in which the notch was
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Fig. 9. Tailure behavior of notched weldment specimens of 316
stainless steel. (1 MPa = 0.145 ksi.) (From Williams and Willoughby,
"The Notch Rupture Behavior of some Austenitic Steels,'" Joint Interna-
tional Conference on Creep, Institution of Mechanical Engineers, 1963.)

located in the HAZ failed at about the same nominal stress as an unnotched
all-hase-metal specimen, indicating no marked notch-strengthening or
notch-weakening effect. Three other specimens in which the notch was
located in the weld metal seem to exhibit a mild notch-strengthening

effect with respect to unnotched all-weld metal specimens.

4. CONCLUSIONS

A review of the available literature in the area of notch effects
at high temperatures has indicated that notch strengthening or weakening
is not to be thought of as a property intrinsic to a given material but
instead is a complex phenomenon dependent on stress level, temperature,

notch geometry, specimen size, specimen heat treatment, etc. To date,
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most of the explanations of this phenomenon have been of a qualitative
nature, and little quantitative analysis of the problem has been done.
However, the notch-strengthening phenomenon is clearly related to the

relaxation of the high stresses present near the root of the notch. A
detailed finite-element analysis using realistic material properties

" could do much to provide a more quantitative understanding of notched-
specimen behavior.

Literature reports on the effect of notches in weldments are not
numerous. Two papers in this area were reviewed — one reporting the
effects of notches in type 316 stainless steel wcldmcnts,.and the other
in type 304 stainless steel base-metal/type 308 weld-metal weldments.
For the range of notch gcomctries, specimen loads,'and test temperatures
considered in these papers, the notches were found to have either no

effect or a mild strengthening effect on the failure times.
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