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Smooth specimens and circumferentially notched bars with a ““Bridgman’’ notch geometry
were tested uniaxially at 700° C in air in the stress range of 340 to 700 MPa. The results
indicated that the material was notch strengthened oii the basis of net section stress, g,.
However, when the fracture lifetimes were plotted as a function of the Bridgman effective
stress, 0., all the data points fell approximately on one line. Cavity nucleation sites
changed systematically from notch throat at the highest stress to notch root at the low
stress. The notch rupture ductility in the notched specimens were found to have a lower

value than in the smooth ones at all stresses.

1. Introduction

A component designed for high temperature units
can be subjected to a complex stress system which
may vary from uniaxial to triaxial stress-state. To
make the most economical use of the component
and to avoid premature failure, it is essential to
study the effects of stress-state on creep defor-
mation and fracture. The majority of the creep
data have been obtained from the smooth speci-
mens which are loaded uniaxially since it is con-
venient to perform the test in the laboratory.
Design engineers being aware of this fact often used
large safety factors in order to be on the conserva-
tive side. This often resulted in consistently larger
section thickness in engineering design. The
importance of this was realized and has been dis-
cussed in one of the papers at the fourth Inter-
national Fracture Conference [1]. Multiaxial stress-
state condition have been achieved using several
techniques: (i) internally pressurized tubes with
and without end loads [2]; (ii) torsional loading
with and without uniaxial tension [3, 4]; (iii)
cruciform type of specimens loaded under biaxial
tenison [5]; and (iv) circumferentially notched bar
with a “Bridgman’ notched geometry loaded
uniaxiaily [6—8].
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A considerable body of creep data for the
notched specimens of low-alloy ferritic steels
[9—12] and austenitic stainless steels [13] do exist
but these investigations were mainly oriented
towards the study of the effect of notch acuity
and metallurgical factors on creep life. In view of
the stress analysis done on the circumferentially
notched bars with the Bridgman geometry [14, 15],
it has now become possible to analyse the creep
data of the specimens having such geometry (loaded
uniaxially) in terms of the stress-state. The stress-
state is found reasonably uniform over a large part
of the notch throat. The present investigation
reports the effect of triaxial stress-state (which is
achieved in the circumferentially notched speci-
mens loaded uniaxially) on cavitation and creep
fracture lifetimes.

2. Experimental procedure

The material investigated is Inconel alloy X-750, a
nickel-base superalloy. The nominal chemical com-
position of the material is as follows: 0.05.C, 6.51
Fe, 14.81 Cr, 2.68 Ti, 0.80 Al, 0.87 (Nb + Ta),
1.0 max Mn, 0.5 max. Si, 0.01 max S and 73.2 Ni.
Rectangular bars of size 12.5 mm x 12.5 mm were
given standard industrial heat-treatment [16]:
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1150° C for 4h, air-cooled; 840° C for 24 h, air-
cooled; and 710° C for 20h, air-cooled. The heat-
treatment resulted in a grain size of 160um,
measured by the linear intercept method. The heat-
treatment bars were then machined to obtain
smooth specimens (gauge diameter 5 mm and gauge
length 25mm) and notched specimens with two
circumferential notches of 5mm diameter each
and 10mm apart. The geometry of the notch is
given in Fig. 1. The reason for using two notches
was that if one notch failed, the other could be
used for the metallographic examination to study
the cavitation behaviour prior to fracture. The
smooth and notched specimens were tested at
700° C in air in the stress range 340 to 700 MPa
at constant load. -The fractured and interrupted
specimens were mid-sectioned and polished by
conventional polishing’ techniques and then
electroetched in a 5% nital solution.

3. Results and discussion
Using Bridgman’s analysis [17], the effective stress,
O, has been calculated as follows:

(2o )]

where o, is the net section stress and is equal to
the load applied in uniaxial tension divided by the
minimum cross-sectional area. o, is equal to 0.72
of the applied stress as calculated for the notch
geometry under investigation. Hoop strain, ey, is
given by the expression:

g = In Do/D,

O —

where Dy and D are the initial and current
diameters of plain bar and minimum notch
sections.

A summary of the creep data of the smooth
and notched specimens is given in Tables I and II.

TABLE I Creep fracture data of the notched specimens tested at 700° C in air

Net Section Bridgman Time-to-fracture Hoop strain to

stress, oy effective stress, oe fracture

(MPa) (MPa) (h) e =1nDy/D

(%)

400 288 4628 0.05
(interrupted)

450 324 1312.5 5.20

500 360 1092 4.82

550 396 472 445

595 428 210 5.80

650 468 82.4 6.65

695 500 51 5.25
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TABLE II Creep fracture data of the smooth speci-
mens tested at 700° C in air

Stress tf Reduction of area €Y

MPa)  (h) (%) eg =1InDy/D
(%)

340 1330.5 17 9.30

400 305 20 11.20

472 60.5 23 13

540 15.5 12.30 6.6

540 12.5 12.02 6.40

Fig. 1 records the plot between net section stress,
g,, and time-to-rupture, ¢, for both types of the
specimens. The notched specimen subjected at
400MPa was interrupted after 4625h. After
extrapolation of the curve, the time-to-rupture
seems to be approximately 63 000h. It can be
noticed that the material is notch strengthened on
the basis of net section stress. However, when the
plot is made between Bridgman effective stress,
Oe, and time-to-rupture, as shown in Fig. 2, the
creep data for both types of specimen geometry
fall on one line (in uniaxial tension, o, = Gg).
Thus, to a first approximation, the Bridgman
effective stress, o, predicts lifetimes reasonably
well. Fig. 3 shows the plot between stress (both g,
and o,) and effective strain-to-fracture for both
notched and smooth specimens. It shows that the
effective strains at fracture in the notched speci-
mens are lower than those in the smooth ones. The
effective strain-to-fracture in the smooth speci-
mens, first increases and then decreases with stress.
In the notched specimens, the strain-to-fracture
increases with stress and then it shows a tendency

to decrease. This becomes ciearer when the frac-
ture strain is compared on the basis of the effective
stress (Fig. 3). The main reason for lower ductility
at the highest stress seems to be environmental
interactions during testing [18]. In a similar study
to this, in Nimonic 80A [7], the effective strain-to-
fracture was found to increase with stress. This
seems to be due to the fine grain size (25 um) and
a different heat-treatment procedure employed for
the Nimonic 80A.

A detailed metallography was performed to
determine whether cavities first nucleated at the
notch centre (r/a= 0} or at the notch root (r/a = 1).
To check this, a notched specimen was tested at
695 MPa. The unfractured notch with hoop strain
of 2.11% was examined for the cavity initiation
site. Fig. 4 shows the size of cracks/cavities in the
notch centre and adjacent to it. At the notch root,
grain-boundary cracks of one grain facet in length
were also observed. However, at 450MPa, the
unfractured notch with hoop strain of 1.12%
revealed that there were no cracks/cavities at the
notch centre, but a crack of one grain facet in
length was observed at the distance of 0.75 mm
from the notch root. The grain-boundary cracks
of two grain facets were also observed at the
notch root. In the interrupted notched specimen,
tested at 400 MPa, only a crack of two grain facets
was observed at the notch root. These findings
clearly demonstrate that at the highest stress, the
grain-boundary cavities nucleated at the notch
centre, but with decrease in the stress, the fracture
initiation site moved towards the notch root. It
can be noticed that cavities/cracks always nucleated

Figure 2 A plot of time-to-rupture against
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104 Bridgman effective stress, o, showing that
oe adequately represents the fracture life-
times in the notched specimens.
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Figure 3 A plot of effective strain-to-

fracture, ef,, (e£ = 25{;) against stress (for
both o, and a,) showing that ef, for notched
specimens is lower than that for uniaxial
ones at all stresses.
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at the notch root at all stresses. This was considered
to be due to the grain-boundary cracks at the
specimen’s surface (Fig. 5). The grain-boundary
cracks were observed in smooth specimens tested
at both constant load and constant cross-head
speed. However, the reason why the grain boun-
daries at the surface of the specimens crack is not
understood, because the cracks were also observed
in the vacuum-tested specimens [18]. It appears
that oxygen diffuses along the cracked grain
boundaries in the air-tested specimens causing a
weakening effect. Fig. 6 depicts cavity/crack dis-
tribution in the specimen shown in Fig. 5. Frac-
ture mode was intergranular at all stresses in both
notched and smooth specimens (Figs. 7a to ¢).
Hayhurst and co-workers [14, 15] have shown
that the maximum principal stress, o,, increases
with increasing creep stress exponent, », and the
stationary state solutions are closely given by the

Pl ot e, . s

25 um

Figure 4 Single grain facet crack at the notch centre in the
unfractured notch of the notched specimen tested at
695 MPa (hoop strain 2.1%).
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corresponding perfectly plastic solution for high
values of n. In Inconel alloy X-750, the value of n
is found to vary from 9 at 340MPa to 20 at
600 MPa [20]. Fig. 8 shows the distribution of
stress for n =9 for both the stationary state and
plasticity solutions. It can be seen that g,, deter-
mined from both solutions are approximately the
same, but o, values differ significantly. Previous
results for this alloy [19] had shown that the times-
to-rupture were controlled by both maximum
principal stress and effective stress. Accordingly,
the time-to-rupture in the notched specimens
should have been controlled by both stresses.
Instead, the Bridgman effective stress, 0., is found
to control the rupture life. These results are similar
to those obtained in Nimonic 80A. When uniaxial

Figure 5 Grain-boundary cracks at the notch root of the
interrupted specimen tested at 650 MPa.



Figure 6 Cavity distribution from the notch root to
the notch centre in the interrupted specimen tested at
650 MPa,

tension and torsion (biaxial) specimens were
tested, the time-to-rupture was controlled by both
maximum principal stress and effective stress [4]
whereas in the notched specimens [7] it was con-
trolled by the Bridgman effective stress. The value
of n in Nimonic 80A was found to vary from 3 at
low stress to 9 at high stresses. More creep data in
specimens of different materials with Bridgman
notch geometry are needed to determine the

rupture criterion. However, the results obtained
in Inconel alloy X-750 and Nimonic 80A seem to
indicate that irrespective of the value of n, the
Bridgman effective stress adequately represents the
rupture criterion for the notched specimens.

A study of the circumferentially notched test
specimens has shown that notch-strengthening or
notch weakening occurs depending on the uniaxial
creep ductility and notch geometry [10]. It has
generally been observed that the material with
good uniaxial creep ductility and relatively shallow
notches exhibits a pronounced strengthening
effect. Although a material may show good uni-
axial creep ductility, certain impurities segregated
at the grain boundaries might become very sen-
sitive to the stress-state, thereby causing nucleation
of cavities and thus producing a notch-weakening
effect. Since in the nickel-base alloys, grain-
boundary cracking occurs at the specimen’s sut-
face, the presence of grain boundaries and its
orientation should play a major role in deciding
the fracture criterion and may sometimes lead to a
large scatter in the creep data.

4. Conclusions

The results obtained from the triaxial specimens
with a Bridgman notch geometry loaded in uniaxial
tension are:

1. The material is found to be notch strength-
ened on the basis of the net section stress;

2. Fracture lifetimes of components with a
triaxial stress-state can reasonably be predicted
using a rupture reference stress equal to the Bridg-
man effective stress;

3. The crack initiation site moved systemati-

Figure 7 Scanning electron fractographs of the notched
specimen tested at a net section stress of 650 MPa at three
different magnifications, Fractograph (c) is the enlarged
view of the marked region in (b).



Figure 8 Spatial variation of stationary-state
stresses obtained from finite element
- analysis (solid lines) and plasticity solutions
E (dotted lines), from notch centre (/2 = 0) to
- notch root (#fe = 1) forn =9,
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cally from notch centre at the highest stress
towards the notch root at low stresses;

4. Fracture ductility in the specimens with the
Bridgman notch geometry is lower than in the
smooth specimens;

5. A cautious approach in using the reference
stress concept for fracture criterion must be
exercised since it may be different for the differ-
ent stress-state.
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