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EFFECTS OF ELEVATED PRESSURE AND TEMPERATURE

ON NOTCHED TENSILE SPECIMENS

H. D. Keith

R. L. Davis

ABSTRACT

The effect of temperature and stress state on the nil
ductility transition (NDT) and fracture strength of A-204,
A-387, and A-515 plate steel has been investigated. Testing
of notched and standard cylindrical tensile specimens at
pressure and temperature extremes of 84,000 psi and 600°F,
respectively, indicates that the stress state is just as
important as temperature in defining the NDT point and the
fracture strength. A finite element program was used to

evaluate the stress state occurring in the notched specimens.




INTRODUCTION

Within the past five years a revolutionary new method
has evolved for performing thermoplastic analyses of complex
structures. The method, which is referred to as the 'finite
element' technique, is completely general with respect to
geometry and material properties, and can treat arbitrary
thermal and mechanical loads. The limiting factor associated
with the 'finite element' technique is the lack of suitable
information on material behavior under triaxial stress condi-
tions, temperature, high ioading rates, et cetera. Complete
materialibehavior data is required not only for input to the
analysis program, but for interpreting the results. Thus,
even if an analysis program, such as the finite element method,
does provide an accurate determination of the stress and strain
state at all points within a structure, the analysis is not
complete until the designer can interpret how the material
will respond (i.e., yield, fracture, et cetera) under these
particular conditions.

The authors of this paper have been analyzing high-pressure
heat exchangers, pressure vessels, skirted process vessels, et
cetera, with finite eiement programs. In each case the analysis
indicated that critical positions in the structure were exposed
to simultaneous conditions of triaxial tensile stress states
and elevated temperature. There are numerous papersl’2’3'4'5*

that provide evidence that a one-dimensional theory of failure

*Superscript numbers correspond to reference numbers.
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is not suitable for predicting the effects of simultaneous
hydrostatic stress states (tensile or compressive) and elevated

temperatures. Although Thielsch6, Lubahn7, Biggss, Spathg,

Goldhofflo, and others have shown definite trends for specific
conditions and maferials, it does not appear that any general
quantitative conclusions on material response can be made at
this time. For this reason, the authors elected to test a
number of typical vessel materials (A-204, A-387, and A-515
plate steel) under known triaxial stress states and elevated
temperatures, and present the results in a form that will

assist in the evaluation of the output from an analysis

program.




SPECIMEN DESCRIPTION AND ANALYSIS

The notched cylindrical tensile specimen shown in Fig. 1
has been selected as the means for generating triaxial tensile
stresses. The symbology defined in Table I describes the
location and orientation of each specimen relative to the

original plate.

TABLE I
Data Symbol Location Orientation
A Outside Direction of Roll
O Outside Long Transverse
Direction
(e Inside Direction of Roll
®) Inside Long Transverse
Direction

Specimen Orientation and Location Relative

to Original Plate
By testing both notched and unnotched tensile specimens in
controlled high pressure and high temperature environments,
the stress state can be varied from triaxial tension to tri-
axial compression, and the resulting material response can be
recorded. Biggs8 has summarized the results of McAdam, Lubahn,
Kuntze, and others regarding the use of notched cylindrical
specimens for determining the effects of triaxial stresses on
flow and fracture. 1In each of the cases cited, the lack of a
suitable method for evaluating the stress state in the vicinity
of the notch root, especially after yielding had occurred,

appeared to be the most limiting factor.




Marcal and Kingll used the finite element method to
establish the spread of the elastic-plastic interface in a
90°-notched (zero notch tip radius) perfectly plastic cylin-
drical tensile specimen. Following the approach of Marcal,
the authors of this paper have utilized a finite element
analysis to determine the stress state in a 60°-notched
specimen having a 0.0085-inch notch tip radius. The finite
element grid used in the analysis contained 445 elements with
an element size of 0.0015-inch by 0.0015-inch in the region
of the notch root. The propagation of the plastic zone is
shown in Fig. 2 for A-387 steel, and the effective stress
(defined in equation 1) distribution corresponding to the
ultimate load (ambient environment) is presented in Fig. 3.
The mean stress (hydrostatic component of stress) distribution
is given in Fig. 4. The stress-strain curves (Fig. 5) which
are used in the finite element program are obtained by per-
forming uniaxial tension tests with unnotched specimens in
controlled hydrostatic pressure environments.

Goldhoff10 has provided visual evidence that crack
initiation usually occurs at subsurface locations in notched
cylindrical tensile specimens. The exception to this rule
occurs when a suitably oriented grain boundary intersects the
notch root. According to Fig. 4, this would suggest that crack
initiation is governed more by the magnitude of the mean stress
(hydrostatic component of the stress state) than by the effec-
tive stress. The data presented later in this paper suggests

that it is a combination of both the mean stress and effective

stress that governs fracture initiation.




The effective stress (ce) is defined as

%
1 2 2 B 2 2
o = 75 [(or 0)° + (o, — o )%+ (o -0 )7 + errz] (1)

where Opr Ogs 0, are the radial, circumferential, and axial
normal stresses, respectively, and Tz is the only non-
vanishing tensorial shear stress. Based on the effective
stress or octahedral shear stress parameter, the finite
element analysis provides an elastic stress concentration
factor of 3.56. The equations developed by Neuber12 predict

a stress concentration factor, based on the maximum shear

stress, of 3.51.




EXPERIMENTAL PROCEDURE AND RESULTS

The experimental prbgram involved the testing of notched
and unnotched tensile specimens of A-204, A-387, and A-515
steel in hydrostatic pressure and elevated temperature envir-
onments ranging up to 84,000 psi and GOOOF, respectively. The
triaxial tensile stresses that are present in the notched
specimens are calculated by the finite element method, thus
providing information regarding the stress states that occur
during ambient loading conditions. By testing notched speci-
mens in increasing pressure environments, the effects of
superimposing triaxial compressive stresses can be determined.
Likewise, if the notched specimens are tested in elevated
temperature environments, the effects of temperature and
triaxiality of the stresses can be assessed. Uniaxial testing
of unnotched specimens in similar pressure or temperature
environments provides accepted material response data, at
least up to the ultimate point, and, as will be seen later,
is quite useful in the construction of an effective stress-
mean stress diagram.

The testing facilities are shown schematically in Fig. 6.
Once the desired preséure-temperature conditions are obtained
within the vessel, the compression machine is started and the
ram is forced further into the vessel. The downward force of
the ram is converted into a tensile load on the specimen by
the action of the yoke assembiy shown in Fig. 7. A bleed-

valve is used to maintain a constant environmental pressure




during the loading process. The specimen load-deflection is
monitored continuously on a chart recorder during each test.

The fracture surfaces of both notched and unnotched A-387
steel specimens that were ruptured under increasing pressure
and temperature environments are shown in Figs. 8, 9, 10, and
11, respectively. These sketches, which were drawn at a
magnification of 18X, were used to define the diameter and
the radius of curvature of the contour of the neck. It is
apparent from Figs. 8 through 11 that, for the ranges of
pressure and temperature investigated, pressure contributes
more to the increase in reduction in area than does the'
temperature.

The effects of increasing environmental pressure and
temperature on the yield strength, true strain at fracture,
elongation, ultimate load, and ultimate stress of both notched
and unnotched tensile specimens of A-387 steel are shown in
Figs. 12 through 16. Similar data for A-204 and A-515 steel
is presented in Figs. 17 through 21 and Figs. 22 through 26,
respectively. The isotropy and homogeneity of each plate
material (all materials where supplied in the form of 2-inch
thick plates) was investigated by taking specimens from the
interior and outside surface, and in the direction of roll and
in the long transverse direction. The symbolism describing
the specimen orientation and location relative to the plate
has been given in Table I. While certain deviations have
occurred, there appears to be ample evidence that the plates

tested are essentially isotropic and homogeneous.




The effect of temperature on the yield and ultimate
stress, as shown in Figs. 12, 13, 17, 18, 22, 23, is similar
to that recorded by Clough in Reference 3. The true strain
at fracture (Figs. 14, 19, and 24) decreases with an increase
in temperature for A-387 steel, but reaches a minimum at
approximately 400°F and begins to increase with increasing
temperature for A-204 and A-515 steel.

As shown in Figs. 14, 19, 24, the true strain at fracture
increases with an increase in the environmental pressure. This
phenomenon has also been recognized by Hu2 and Beresnev13 in
their studies on brass. There appears to be only a sliéht
increase in yield strength with increasing pressure (up to
50,000 psi) which is consistent with the findings of Bridgmanl4.

Figs. 15, 16, 20, 21, 25, 26 indicate that the effects of
pressure and temperature on the strength and ductility of
notched specimens is similar to that found for standard tension
specimens. The axial deformation recorded in Figs. 16, 21, and
26 is the total deflection of the specimen.

The data and discussion presented in Reference 4 supports
the idea of using an effective stress (oe)-mean stress (cm)
diagram for displaying fracture data. The stress state occur-
ring in the neck of an unnotched tensile specimen is evaluated
by using the Parker16 correction factor which gives a slightly
higher stress state at the specimen axis than the corresponding
Bridgman14 factor. Since fracture first occurs at the center
of the neck region in a standard cylindrical tension specimen,

the effective stress-mean stress at this point is used in the




construction of Fig. 27. In the notched specimen the point
of fracture initiation is not always at the same subsurface
location. Thus, the effective stress-mean stress values (as
determined by finite element analysis with the specimen sub-
jected to the experimentally obtained fracture load) at each
element in the neighborhood of the notch root is plotted.
Since one or more of these points represents the conditions
‘required for fracture initiation, the fracture envelope will
pass through the points having the extreme values of effective
stress and mean stress. Data taken from both notched and
unnotched specimens tested in increasing pressure environments
can be evaluated in a similar manner and plotted on the same
diagram to give the results shown in Fig. 27.

Thielsch6 has presented a diagram (reproduced in Fig. 28)
of total energy absorbed versus testing temperature to illus-
trate the influence of notch severity on the nil ductility
transition (NDT) temperature. Since the effect of a notch is
to introduce triaxial tensile stresses, it appears logical that
a diagram of energy absorbed-temperature-mean stress would be
quite useful for illustrating the role of pressure (tensile or
compressive) on the NDT temperature. Such a diagram has been

constructed in Fig. 29.
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CONCLUSIONS

The finite element ﬁethod of analysis has provided a
means for evaluating the stress state at fracture in specimens
having complex geometries. As a particular example, the stress
state that occurs in heated and pressurized notched cylindrical
tensile specimens has been investigated and used as a means
for describing the effects of temperature and triaxiality of
the stresses on the ductility and fracture of A-204, A-387,
and A-515 plate steel. Numerous graphs have been used to
illustrate the experimental data acquired in various pressure
and temperature environments. A diagram of effective stress-
mean stress appears to be quite suitable for showing the effect
of stress state on fracture strength. Likewise, there appears
to be some merit in using an energy absorbed-temperature-mean
stress diagram as a model for illustrating the influence of

temperature and stress state on the material ductility.
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BOUNDARIES GIVE THE CORRESPONDING APPLIED LOADS
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