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Abstract--In this paper, the relevance of the parameters ?*, C*, and ?< in characterizing creep 
crack growth is examined. Experimental data on creep crack growth in a 316 stainless steel 
single-edge notch specimen is numerically simulated, and the variations of various parameters 
during crack growth are ascertained. The results, while not being totally conclusive, point to 
the potential of the new parameter ?* in characterizing creep crack growth under nonsteady 
creep (not pure power law creep) as well as in situations wherein time-independent plastic 
strains in addition to creep strains, are significant. 

INTRODUCTION 

CREEP CRACK growth has only been considered as a branch of fracture mechanics over the last 
15 years. It generally becomes a concern when structural components are operated at high 
temperatures, as in a modern power plant. Finding a parameter which correlates with creep 
crack propagation rates has been the focus of numerous experimental investigations in recent 
years. Early studies attempted to correlate creep crack growth rates with the stress intensity 
factor K[ 11, although this correlation was modest at best. Sadananda and Shahinian[2] more 
recently reported rather good correlation between daldt and K. K is expected to characterize 
creep fracture in materials where the creep strains are negligible everywhere except in a small 
core region in the vicinity of the crack tip. This is the creep analogue of the small-scale yielding 
in elastic-plastic fracture. Some studies attempted to correlate creep crack growth rates with 
net section stress[3] in a specimen in which the net ligament is experiencing a widespread creep 
damage. However, since net section stress does not describe crack tip quantities, it should not 
be expected to correlate with crack growth rate, except in special cases. 

Landes and Begley[4] and Goldman and Hutchinson[S] first proposed that a path-inde- 
pendent integral CT, which is the steady-state creep analogue of J, could be useful as a creep 
fracture parameter. Similar to K and J, the stress state in a cracked body experiencing steady- 
state creep can be written as 

where n is the exponent in the Norton steady-state creep law. Hence, CT has the interpretation 
of being the strength of the crack tip singularity in a steady-state creeping solid. 

The original work by Landes and Begley[4] was carried out under constant displacement 
rate conditions on center cracked panels and compact tension specimens of Discalloy. They 
found that a - C*. Since the work in Ref. [4], a large amount of experimental creep crack 
growth data has been produced by a number of researchers in the United States (by the West- 
inghouse group[4, 6, 71, for example), in Japan by a group of researchers led by Ohji[8] and 
Koterazawa[9, 101, and in England[ll-14].$ This data clearly shows that steady-state creep 
crack growth rates can be correlated by C*. 

Unfortunately, there are materials and operating conditions in which the component is 
undergoing non-steady-state creep crack growth. CT, which is a path-independent integral under 

tPh.D Candidate; now graduated and with Battelle Columbus Laboratories, Columbus, Ohio 43201, U.S.A. 
tOhji et u1.[8] apparently proposed the use of C* as a creep crack growth parameter independently of [4]. Much 

of their work is published in the Japan SME Journal, which is published in Japanese. Nikbin ef rrl.[ I I] also lay claim 
to an independent proposal of C: as a creep fracture parameter. This work was published after [4]. 
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steady-state creep conditions, ceases to be path independent under transient creep conditions. 
It, hence, loses its significance as a near-tip characterization parameter. Saxena and Landes[ 151 
have proposed a non-steady-state creep crack growth parameter which they call C,. C, is 
calculated as 

c, = Pi/ f(a, n), (2) 

where f(a, n) is a function of the geometry of the cracked specimen and material properties. 
P and i/ are the far-field load and displacement rate, respectively. In Ref. [15] a correlation 
was found between ic and C, in A470 Class 8 steel. This is somewhat surprising since eqn (2) 
is calculated completely by far-field quantities which are divorced from near-field crack tip 
events. If eqn (2) continues to hold for other materials, it is likely that it is equivalent to a path- 
independent integral, which has a near-field definition in the crack tip singularity region. 

Only a few finite element studies of creep crack growth have appeared. Stonesifer[l6-181 
has carried out a very careful set of numerical experiments in which a path-independent integral 
called T, was examined. T,. has the property that it is nearly equivalent to CT under conditions 
of steady state; and hence, all previous data obtained for CT also applies here to ?, . Since ?,. 
is a near-field parameter, it also should have the ability to characterize non-steady-state creep 
crack growth. Unfortunately, complete experimental data were not avai!able which could enable 
a numerical analysis to be performed. Hence, while the potential of T,. as a non-steady-state 
as well as a steady-state creep crack growth parameter was clearly established in Ref. [16], its 
practicality could not be examined due to lack of experimental data. Stonesifer[16] also dis- 
cusses some other finite element studies of creep crack growth. 

DESCRIPTION OF PROBLEM 

CT is fairly well established as a valid creep crack growth characterization parameter under 
conditions where steady-state creep conditions prevail.? A path-independent integral, referred 
to as ?*, is proposed and critically examined in the contert of Fan-steady-state .creep. This 
parameter has the property that during steady-state creep, T* = T,. = C*, where T,. is a creep 
fracture parameter examined in Ref. [16]; hence, it is already established that b - T* during 
steady-state creep. It can also be argued[l9] that any path-independent integral which can be 
defined to characterize the crack tip field strength is a valid fracture parameter. Therefore, the 
choice of the parameter depends on its practicality and usefulness. The advantages and dis- 
advantages of T, vs T* are discussed herein. Unfortunately, experimental data on non-steady- 
state creep fracture continues to be scarce, and no complete conclusions could be reached 
concerning i;. vs ?*. 

Saxena ef a/.[201 has reported that creep crack growth rates in 316 SS can be correlated 
with J. This is a surprising conclusion. The experiments reported in Ref. 1201 are also numer- 
ically modeled here, and the fracture parameters proposed herein are critically examined on 
the basis of the results. As such, the conclusions of [20] are discussed in detail. The analyses 
performed based on these experiments should be considered as incomplete, and the corre- 
sponding discussion is clearly speculative. However, some very interesting features of these 
experiments are revealed through these analyses. 

The creep crack growth analyses presented in this paper are 
(i) Creep crack growth of an infinite strip. This problem was studied by Stonesifer[16], 

and it was chosen because it gives a comparison between the behavior of two potential creep 
crack parameters, ?<. and ?*. i‘,. was studied in Ref. [ 161, and it is natural to compare its behavior 
to that of ?*. 

(ii) Experimental data on a single-edge notch specimen of 316 stainless steel was simulated. 
This problem was chosen because the experimental data was found to correlate creep crack 
growth rates with 51201. Since these results were somewhat unexpected, we were interested 
in determining the behavior of T* under these circumstances. A combined creep-plasticity 
analysis was necessary here. 

t”Steady-state creep” here implies pure power law creep as described by the well-known Norton power law 
(E, - u’l). 
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(iii) Several more analyses were performed to study the pure creep behavior of the single- 
edge notch specimen. These analyses were conducted using the same refined mesh used in (ii); 
and hence, the behavior of ?* could be examined in some detail. The behavior of T* during 
small amounts of crack growth during which a (a = crack length) was varied is also discussed. 
Unfortunately, crack growth data under non-steady-state creep conditions were not available. 

All calculations assume infinitesimal strains and small deformations. Crack growth was 
modeled using the node release technique. 

THE A T* FRACTURE PARAMETER 

The use of AT* as a fracture parameter was examined in the context of elastic-plastic 
stable crack growth in Refs. [ 19, 21, 221. If we denote the specific form of AT”, specialized to 
small deformations and strains and applicable to mode I crack problems, as AT*, we may write 
(Fig. 1) 

AT: = 
/ I‘, 

[n,A W - (ti + At;)A~l;,l - Atiui.11 ds 

= I 1‘12345 
]niAW - (ri + Ati)Au;,l - Atiu;,i] ds 

+ 
/ ]A~;.Lei.i,i + 4 Aeij.1) - Aei,j(a;,j,I + i Aai,j,l)] dv. (3) v-v. 

-- 

CRACK-FRONT 

Fig. I. Definition of integral path near a typical crack: (a) 2-D case. (b) 3-D case. 
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In (3) n; is unit normal on the path, W is the increment in stress working density, and ti, ui are 
the tractions and displacements, respectively. ui,I = auJ&, , where the xl direction is parallel 
to the crack, and x2 is perpendicular to the crack plane. Because of its definition, AT* is valid 
for arbitrary constitutive relations, including plasticity and creep. Equation (3) can also be 
written for conditions where inertial effects cannot be neglected. The form of AT* valid for 
large deformations and strains, an arbitrary direction of self-similar crack growth, which permits 
crack face tractions, body forces, and inertial effects, can be found in Ref. [22]. 

A simple functional relationship exists between all path-ipdependent integral: which have 
a definition in the near-tip region. The relationship between T,. of Ref. [16] and T* given here 
can be found, for example, in Ref. [22]. 

C* may be defined as 

[HI W" - tiic;,,] ds = JI_. [nlW* - t;b;.~l ds. 

In (4) the ’ 1’ axis is aligned with the direction of the crack and ‘2’ is perpendicular to the crack, 
ti is the traction on the far-field path integral r, and 

El/ 
w* = umn dL, . (5) 

C* is defined only for mode I stationary crack problems, small strains, and steady-state creep 
conditions. Stonesifer[l7] has given a general form for C*, valid for an arbitrary direction of 
self-similar crack growth, which permits crack face tractions, body forces, and inertia effects. 

Under non-steady-state creep conditions, a rate parametert may be postulated as the char- 
acterizing fracture parameter, and as such the near-field form of eqn (3) may be written 

[?iW - (t; + Ati)lli,,j - i;ui,.il ds* (6) 

In eqn (6) a dot signifies time derivative, and w is the rate of stress working density. 
Under steady-state creep conditions and mode I fracture, eqn (6) reduces to 

(TT)” = lim I_ [/z,(T:~) - n,j(Tji)i(;,l] ds. 
E-+0 1. 

(7) 

This is the same result as that in Ref. [17] for ?<, under steady-state creep conditions; i.e. 

(j-T)= = (j-J= = (jy (8) 

From eqns (4) and (7), it is seen that, for steady-state creep, 

(in:)” = CT + lim 
_f 

n,(l;V - W*) ds. (9) 
E-0 I‘. 

The applicability and use of ?,. in the context of creep crack growth has been studied in detail 
by Stonesifer and Atluri[16-181. For a Norton-type steady-state creep law, it was shown that 
CT,.)“” differed by about lo-15% from C* for plane stress; and there was negligible difference 
for plane strain. In view of eqn (8), the sa.me can be said for ( T*)SS. Hence, while the applicability 
of C* is limited to steady-state creep, T* is applicable to steady-state as well as non-steady- 
state creep conditions. The physical interpretation of T* is presented in the Appendix. 

A T* is defined along the near-field path illustrated in Fig. 2. Here, it is seen that the path 
extends in a straight line a small distance E, above the extending crack, then circles around 
the crack, and returns along the lower flank of the crack. It is seen that the path extends at 

tWe believe that under conditions of low cycle fatigue in a high temper?ure environment that the total para- 
meter, T*, may be the governing fracture parameter. That is, T* (rather than T*) should govern crack initiation after 
a large unloading. 
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(a) 

I.a, -- 

Fig. 2. Shape of paths used for defining the T* integral: (a) initial crack length, (b) crack length 
= u1, 

the same rate as the crack. A discussion of the implications of using a path defined as such is 
given in Refs. 119, 221. 

A finite element model which separated tome-dependent and time-independent inelastic 
strains was used for these analyses. Eight-noded and four-noded isoparametric elements were 
utilized for the analyses. A Von Mises yield condition along with the Prandtl-Reuss flow law 
were used to describe the plastic strain rates, and a Norton steady-state creep law was used 
to describe the creep strain rates. A complete description of the finite element model is given 
in Ref. 1221. 

RESULTS 

Semi-infinite crack in an infinite strip 

This problem is identical to the one studied by Stonesifer[lfi]. It concerns a finite height, 
infinitely wide strip which contains a semi-in~nite crack, as shown in Fig. 3. The loading is 
applied by specifying a constant velocity displacement condition dS/dt = 6 at the top and bottom 
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Prcperties Representative of 

304 Stainless Steel at 650°C 

I E=l.5X105 MPa 
-x 

Y =0.3 

y = 4 X 16’” MPci’l/hr 

n =7 

Fig. 3. Strip geometry. finite element mesh and material properties (contour integral path are 
indicated by dashed lines). 
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of the strip. The finite element mesh used is identical to that used in Ref. [16], where it is seen 
that advantage is taken of the symmetry along the crack plane. The material properties are 
those of 304 stainless steel at 65O”C, as shown in Fig. 3. 

The mesh used here is far too coarse in the vicinity of the crack tip to truly capture the 
effect of any crack tip singularities. This statement is especially true when attempting to model 
crack growth in this specimen. During crack growth, the stress redistributions due to unloading 
at the crack tip cannot be adequately accounted for. For this reason, crack growth is not modeled 
in this specimen. 

The problem was chosen in order to obtain a direct cofnparison of ?,. = A T, /At, which 
was studied in Ref. [ 161, and T* = ATT/At. Both T,. and T* are path-independent integrals 
wherein their near-field definition is specified along a path very near the crack tip. As discussed 
in Ref. [22], both of these are therefore fracture parameters which have the potential to char- 
acterize creep crack growth. Moreover, as seen from eqns (8) and (9), 

i;. = i_* EE CT (10) 

for conditions where steady-state creep conditions prevail. This makes both fracture parameters 
very useful, since they become equal to C* for steady-state creep; and C* has bee! shoyn to 
correlate creep crack growth rates in experiments. Hence, the choice of whether T,. or T* is 
a more practical fracture characterization parameter under conditions of both steady- and non- 
steady-state creeps needs to be determined. This choice must be based on a comparison of 
their performance under conditions of non-steady-state creep. 

Non-steady-state creep conditions were produced by first applying a uniform displacement 
at the edge of the strip [referred to here as 6, for 6 (elastic)] to produce an elastic stress field. 
Then a uniform displacement rate 8 was applied along these same edges until steady-state creep 
conditions developed. In this fashion, T,.. T* and C* were compared during the highly transient 
non-steady conditions which existed from the time immediately after the elastic conditions 
prevail up until steady state. 

The elastic displacement chosen was 6, = .119 mm, and the displacement rate applied 
was $ = .I45 mmihr. This corresponds to the third analysis performed in Ref. [ 161 (see Table 
6.3 of Ref. 16). Plane strain conditions were assumed. 

T,., C* and f* are presented from the initiation of creep deformation (t = 0) up until steady 
state in Fig. 4. The path on which T,. and T* are defined is E = 25 mm (see Fig. 2). This size 

infinite strip 

I I 

0. I 

time, hr 

Fig. 4. fc, C* and ?* behavior vs time in plane strain strip. 
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of E corresponds to a path defined along the boundary of the two elements right at the crack 
tip. In effect, this meant that when calculating T,, or T* along a far-field contour that the volume 
contributions from the two elements right at the crack tip were ignored. 

The same results were obtained here for C” as were obtained in Ref. [16]. C* is path 
dependent during non-steady-state creep conditions, and its value increases as the path ap- 
proaches the crack tip. Tc is rather large after time f = 0, and it steadily decreases until steady- 
state conditions are reached. During the transient period, T* is slightly larger than the steady- 
state_value of C*; and it slowly approaches C* as steady state is achieved. Hence, it is seen 
that T,. varies considerably during the transient period, while ?* does not. As discussed earlier, 
this mesh was not adequately refined near the crack tip in order to truly capture the near tip 
fields. However, these results should be viewed as qualitatively correct. An analysis of a 
comp.act specimen with a stationary crack in Ref. [16], using a very refined mesh, revealed 
that Tc becomes very large during the initial transient creep period. In fact, when the HRR 
singularity is included in the crack tip elements, T,. is more than three orders of magnitude 
higher than C* at steady state (see Fig. 6.11 of Ref. [ 161). This same compact specimen analysis 
showed that C* calculated along a path very close to the crack tip is of the same order of 
magnitude as T,. (see Fig. 6.6 in Ref. [16]). It is worthwhile to investigate why the values of i;. 
and C* are very high (if C* is calculated on a near-field path) as compared to corresponding 
values of T*, during non-steady-state creep. Indeed, these larger values render 7;. less desirable 
than ?* for characterizing non-steady-state creep. The near-field definitions of ?(., CT and ?* 
are 

(11) 

(12) 

where 

(14) 

If we note that the terms 

njA Tiji(i. g (1.9 

should be of second order compared to the other terms in eqns (I I) and (13), we may rewrite 
the definitions of T,. and ?* in the following approximate forms as 

Comparing eqns (12) and (16) reveals that the only difference between ?c and C* calculated 
on a near-field path [herein referred to as (C*)] is the presence of Win eqn (16) and W* in eqn 
(12). While these are different quantities (and W* has no rea! physical inte~retation), it should 
be clear that they do not differ by an order of magnitude. T, and (C*) should be of the same 
order of magnitude. The presence of the last term in eqn (17) apparently is the reason that ?* 
is significantly lower than both Tc and (C*) during non-steady-state creep. It also appears that 
T,. is always larger than (C*). This should be kept in mind as we examine some results which 
will be presented later in this paper since we do not calculate T,, here. 
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Nevertheless, it is difficult to imagine how a creep fracture parameter that attains values 
three orders of magnitude higher than its steady-state value can be practical. Hence, while T,. 
and T* are physically and theoretically valid creep fracture parameters, based on these results, 
it appears that T* may be more useful in practice. From eqns (1 l-17), it should be obvious 
that, if any path-independent fracture parameter proves to be inconvenient, we may easily 
define a new path-independent parameter which may be useful for the particular application 
desired. 

Creep crack growth in 316 SS 

This section is devoted to discussing the results of a numerical simulation of experiments 
on creep crack growth in 316 stainless steel (316 SS). There is considerable interest in the high- 
temperature mechanical performance of 316 SS because of its application in several high-tem- 
perature structural components of advanced nuclear reactors[20]. The experiments were per- 
formed by Saxena et a1.[20], and the results of his experiments were unexpected. Saxena 
tested single-edge-notched specimens (Fig. 5) by applying a constant actuator deflection rate 
at the load pin. The results of these experiments indicated that the creep crack growth behavior 
of 316 SS could not be correlated with a rate parameter (e.g. C*) but apparently correlated 
with J. This behavior is unexpected for two reasons: (1) If creep crack growth were truly 
occurring in the specimen, then an appropriate rate parameter should characterize creep crack 
growth rates unless crack growth is quite rapid. (2) Since J is not path independent after the 
onset of crack growth, it is divorced from crack tip events. Hence, if the deformations in the 
specimens were dominated by plastic strains, the results presented in Refs. 1191 and [21] indicate 
that J could not characterize such a fracture. Although some of the puzzles associated with 
these experiments remain unsolved, the numerical simulations performed here have shed some 
light on the problem. The results of these analyses will be discussed in this section. 

Before presenting the numerical results, it is important to discuss the methods available 
to the experimentalist for calculating J and C*. There are some apparent anomalies associated 
with these procedures. 

The currently accepted method for calculating J via the Ernst et a/./23] procedure could 
not be used here. This is because all of the data required is not available from a creep test. 
Hence, the J-estimation procedure associated with the engineering approach to elastic-plastic 
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Fig. 5. Geometry of single-edge notch (SEN) specimen. 
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stable crack growth was utilized. J was estimated from the experimental data using the following 
formula give in Ref. [20]. For the single-edge-notched specimen (SEN), 

J = K”IE + Jp (18) 

and 

Jp = D*(alW)( w - a)h, [P/1.455n (W - a)]‘“+ ‘) (19) 

where K is the elastic stress intensity factor, E is the elastic modulus, a is the current crack 
length, W is the specimen width, and P is the load on the specimen per unit thickness. In eqn 
(19), hi and 3 are functions of a/w, and D and m are the material constants from the uniaxial 
Ramberg-Osgood relationship 

E = D(u)‘“. (20) 

For 316 SS at 594”C, D = 1.48 x 1O-6 and m = 1.88 if u is expressed in MPa. The specimen 
examined here had an initial crack length (ao) equal to 15.3 mm, with W = 50.8 mm. For plane 
strain, hi = 3.9; and for plane stress, hi = 2.1 for a() = 15.3 mm. The factor 1.455 in eqn (19) 
should be replaced by 1.072 for plane stress, and n = .66 for Q/W = .3. 

An elastic-plastic finite element analysis of the SEN was performed here to evaluate the 
accuracy of eqns (18) and (19) under plane stress conditions. The specimen was loaded to 46,670 
N. The path integral value off from the analysis was 21.2 N/mm, and the value calculated via 
the method of Ernst et a/.[231 is 19.6 N/mm. However, J calculated from eqn (18) is about 80 
N/mm. This is 400% in error. Moreover, if one calculates J via eqn (18), assuming a load of 
46,670 N and plane strain, the result is J = 45 N/mm. This is lower than the value for plane 
stress. It is clear that the estimation scheme of Ref. [24] needs revision for the SEN specimen. 
Hence, the J values reported in Ref. [20] must be interpreted accordingly. 

A similar question can be raised when examining the experimental procedure for calculating 
C*. The technique for calculating C* is developed by analogy to*the expressions for calculating 
the plastic contribution to J by subsituting the deflection rate, V, in place of V. the procedure 
is essentially the creep analogue for calculating J via the method of Ernst et al.[23], which has 
been shown to accurately account for crack growth in elastic-plastic specimens. The final form 
of the equation used by Saxena et af.[20] in calculating C* from this experimental data is 

C” = pv n P - 
B(W-u)ni-I “-n ’ c ) (21) 

where o! and l3 are functions of a/w, tabulated in Table II of Ref. [20], B = thickness, and P 
= load. The material constant 12 is the exponent in the Norton steady-state creep law: 

i = ya”. (22) 

For 316 SS at 594X, y = 1.21 x 1O-23 and n = 8.0 for u in MPa. Note the lack of the material 
constant y in eqn (21). 

There are at least two reasons why eqn (21) appears to be in need of revision. First, $’ is 
the loud fine displacement rate, which is evaluated from an experimental specimen at the 
location of the applied displacement clip gage. V is not recorded at the load point. The clip 
gage, defining the location where V is recorded, is placed at a convenient location about 25 
mm or more from the crack line[20]. Hence, C* calculated via eqn (21) depends on where the 
clip gage is positioned. That this is so can be seen by noting that, for an untracked creeping 
uniaxial tension bar subjected to uniform stress, V = ky, where k is some constant and y is 
the coordinate in the direction of load application. For the SEN specimen, V is a more com- 
plicated function of x and y. This has also been verified by a numerical simulation of pure creep 
in a SEN specimen, which will be discussed later. It is clear that a scaling factor must be 
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Fig. 6. Experimental load and crack growth records for SEN 

Fig. 7. Finite element mesh of the SEN specimen. 
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present in eqn (21) to account for the clip gage location. The second observation which indicates 
that eqn (21) is in need of revision is perhaps even more convincing. C* can also be estimated 
by using eqn (19) by replacing D by y and m by n [from eqn (22)]. This is possible due to the 
steady-state creep analogue to deformation theory plasticity, on which C* is based. As discussed 
earlier, eqn (19) needs to be revised, but it appears to overestimate J (and hence C*). By 
substituting the experimental data presented in Ref. [20] into eqns (19) and (21) to evaluate C*, 
one finds that they differ by more than an order of magnitude. 

Hence, while the experimental results presented in Ref. [20] are clearly in need of revision, 
they revealed some very interesting features of the high-temperature behavior of 316 SS. Hence, 
the experimental results should be viewed as being qualitatively correct, but perhaps in need 
of quantitative revision. 

Results 
The experiments were carried out by specifying a constant load line displacement rate 

condition. The correspondingg load and crack length vs time were then recorded. The exper- 
imental specimen chosen for the analysis was labeled l-8 in Ref. [20]. For this specimen, i/ 
= .0423 mm/hr; and the load and crack length vs time records are plotted in Fig. 6. In the 
actual specimen, the crack had grown about 13 mm after 75 hours; but only 2.5 mm of crack 
growth was modeled here to ensure reasonable computational costs. 

The finite element mesh utilized is shown in Fig. 7. By comparing Figs 5 and 7, it is seen 
that the details of the load pin hole were not modeled in the finite element analysis. The reason 
is because it is clear that plastic deformation occurred at the load pins since, for P > 68400 N 
(Fig. 6), the net-section stress at the load pins exceeded the yield stress of 316 SS at 594°C of 
106 MPa. Due to the stress concentration developed at the load pins, plastic deformation de- 
veloped here at much lower load levels. No attempt was made to account for the plastic and 
creep deformations which occurred at the load pins. Moreover, it would be quite difficult to 
account for these inelastic load pin deformations since the contact area is unknown. 

Note also from Fig. 5 that the specimen thickness was larger at the load pins. This also 
cannot be accounted for in a two-dimensional finite element analysis. To account for the ine- 
lastic deformation occurring at the load pin, and to account for the three-dimensional effects 
due to the thicker material near the load pins, the following procedure was used. The displace- 
ment rate of .0423 mm/hr was enforced while the material properties of the four elements at 

I t 
20 

t tme (hr) 
30 40 50 

Fig. 8. Experimental and analytical / for SEN. 
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Fig. 9. Calculated J and T* for the SEN specimen. 

the top of Fig. 7 were continually altered in such a manner that the specimen was forced to 
follow the load vs time and crack growth vs time curves of Fig. 6. In this fashion, the analysis 
was forced to follow the experimental record of the specimen completely. 

The J-integral vs time record computed from this analysis is illustrated in Fig. 8. Notice 
the rather steep slope in J between the times of 20 and 30 hours. It is seen from Fig. 6 that 
crack growth was initiated at t = 20 hours, and these results reflect the usual situation in 
elastic-plastic stable crack growth wherein J rises steeply near the time of crack initiation. 
The experimental results calculated from eqn (19) using a plane strain assumption are also 
plotted in Fig. 8. There is a steeper rise in the analytical curve near t = 20 hours. This is 
probably due to the fact that, from Fig. 6, crack growth was assumed to begin at t = 20 hours. 
The actual specimen probably began experiencing slow crack growth at earlier times, perhaps 
as early as f = 0, but the precise time could not be determined experimentally. The time of t 
= 20 hours was arbitrarily chosen as the crack growth initiation time for convenience. 

Some interesting observations can be made from Fig. 8. First of all, note that the exper- 
imental J vs time curve is higher than the analytically computed curve for times less than 20 
hours. As discussed earlier, this is to be expected since eqn (19) apparently overestimates J 

when the deformation theory of plasticity is valid. As will be discussed later, plastic strains 
clearly predominate throughout the specimen before crack growth initiation, even in the vicinity 
of the crack tip. Hence, it is likely that the response of the specimen can be approximated by 
the deformation theory plasticity for times less than 20 hours. However, after the initiation of 
crack growth, the analytically computed J vs time curve rises above the experimental curve. 
After crack growth initiation, the creep strains in the vicinity of the crack tip begin to become 
of the same order of magnitude as the plastic strains. Thus, since the experimentally computed 
J values are strictly correct only for a deformation theory of plasticity, this result is not sur- 
prising. More will be said about this effect latter. Also, possible errors introduced into the 
analysis by using an inadequate constitutive model will be discussed later. However, it is 
expected that the analyticai results are at least qualitatively correct. 

The presently computed TT- (for E = .45 mm)? and J-values as a function of time are 
plotted in Fig. 9. Here it is seen that J and T* are nearly identical up until the time crack growth 
commences, at t - 20 hours. Thereafter, .I continues to rise, and Ty eventually levels out to 
a constant value. This suggests that the fracture process was governed by time-independent 
plastic flow since, from Ref. [19], T? levels out to a constant value once steady-state elastic- 

TV = .45 mm (see Fig. 2) was chosen here instead of E = .3 (which was chosen for the plasticity analyses) since 
rather large strains were observed farther from the crack tip here. 
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Fig. IO. T*- and J-resistance curves for the SEN specimen. 

plastic stable crack growth conditions are reached. Hence, although this is a situation where 
creep and environmental effects were clearly present, it appears that the specimen can be 
analyzed as if it were experiencing elastic-plastic stable crack growth conditions. This will be 
further elaborated upon later. 

To further investigate this unexpected behavior, we may now consider the behavior of the 
TT- and CTOA-resistance curves. TT and CTOA are plotted vs a - a0 in Figs 10 and 11, 
respectively. It is seen that both of these quantities level out to a constant value after some 
amount of crack growth, in the same fashion as occurs for elastic-plastic analyses. 

CT&l 
(rod1 

.6” 

.3-- CTOA 

.2-- 

.I -- 

I 1 I 
I I I I 
.5 1.0 o-0JmrrJ I.5 2.0 

Fig. 11. CTOA-resistance curve for the SEN specimen. 
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Fig. 12. Contour plots of ‘i‘ii; for SEN. u - u o = 3. (The arrow denotes the current crack 
tip position.) 

Fig. 13. Contour plots of E,/i;, for SEN. (I - no I- .Y. (The arrow denotes the current crack 
tip position.) 
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Fig. 14. Contour plots of 2,& for SEN. (I - (I ,I = 1.5. (The arrow denotes the current crack 
tip position.) 

565 

Fig. 15. Contour plots of :<I&, for SEN. (I - uo = 2.4. (The arrow denotes the current crack 
tip position.) 
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We may define the equivalent creep strain as 

and the equivalent plastic strain as 

(23) 

The ratio of these two quantities (ii”!%“) is illustrated in the form of contour plots for the 
specimen in Figs 12-15. The rectangle representing the boundary in these figures is the outline 
of the SEN specimen minus the three layers of elements at the top of Fig. 7. The current crack 
tip location is denoted by the position of the arrow. It is seen that the boundary zone contour 
where E”lZp = .Ol steadily increases as the crack propagates through the specimen. These 
figures make it clear that the global response of this specimen is clearly dominated by plastic 
deformation. The contour for E”/Z !’ = 0 I is still very small at a time of 47 hours with CI - a0 . 
= 2.4, as seen in Fig. 15. Blowups of these contour plots very near the crack tip are presented 
in Figs 16(a)-(e). The rectangular boundary region here is precisely the boundary of the near- 
field mesh of Fig. 7. A dimensional orientation for these figures can be obtained by noting that 
the height of the box is I mm. Figure 16(a) reveals that, before the initiation of crack growth, 
plastic strains predominate, even very close to the crack tip. The arrows in these figures rep- 
resent the current position of the crack tip. As the crack grows through the specimen, the 
importance of the creep strains in the vicinity of the crack tip increases. Note also that the 
contours tend to emanate from behind the position of the original crack tip. Since the radius 
of these contours is continually increasing, it appears that creep deformations near the crack 
tip are becoming more and more important as time progresses. However, the distance ahead 
of the crack tip along the crack propagation plane to the contour line of E”i?p = 1.0 is only 
0.3 mm, and the distance to this contour perpendicular to the crack tip is only about .6 mm 
after crack growth of u - u. = 2.1 mm. This. combined with the fact that the global response 
of the specimen is clearly dominated by plastic deformations (Figs 12-15), makes it reasonable 
to expect a TT-resistance approach (in the same sense as in an elastic-plastic analysis) to 
adequately characterize the fracture process during the early stages of crack growth. As the 
crack continues to grow, the creep strains should begin to dominate the crack growth process 
more and more. At this point, one would expect TT to begin to rise from its current constant 
value; and crack growth rates should be proportional to ?T; i.e. U - f( F?). 

Crack growth rates for this analysis ranged from .026 mmihr just after initiation to .I75 
mmihr when the analysis was stopped after 2.45 mm of crack growth.? In the actual experimental 
specimen[20], the total crack growth recorded in the specimen was about 14.6 mm, and the 
crack growth rate ranged from 0.026 mmihr to 0.61 mmihr at failure. If the analysis had been 
carried out further, then T* may have begun to rise slowly as the fracture process becomes 
governed more and more by the creeping process. A thorough discussion of the implications 
of these results is presented later. 

The path independence of Ty and the corresponding path dependence of J are illustrated 
in Fig. 17. TT was found to be path independent with a maximum difference of 1% between 
paths. f is extremely path dependent. The near-field value of Jr is neariy equivalent to TT. 
This is interesting to observe since T? is evaluated along a path which curves directly in front 
of the current crack tip (Fig. 2), while the near field J is calculated on a path that extends far 
in front of the current crack tip. This, of course, implies that the volume contribution to TT in 
the region directly in front of the crack tip is small. However, this volume contribution in front 
of the crack tip is important if global unloading occurs. 

CT, which is the general creep crack growth parameter receiving the most attention today, 
has not even been mentioned here. This is because, as seen from Figs 12-16, creep strains 
are insignificant compared to plastic strains. Hence, since CT is only relevant when steady- 

Krack growth rates can be approximated from the slope of the curve in Fig. 6. 
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Fig. 16. Contour plots of E,& very near the crack tip. (The arrow denotes the current crack 
tip position.) (a) c1 - a0 = 0.0. (b) a - a o = 0.1, (c) (I - a~ = 0.9. (d) a - ~10 = 1.5, (e) a 

- (lo = 2.2. 
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Fig. 17. Path dependence of J. 

state creep conditions prevail throughout the specimen, it is meaningless here. Indeed, it was 
found to be path dependent and much larger than that predicted by eqn (21). 

An observation concerning this particular experiment is in order. From Fig. 6, it is seen 
that at about 47 hours P = 77500 N. At this time, the crack had grown about 2.4 mm; hence, 
a = 17.75 mm. Calculating the net-section stress at the crack plane results in uY = 185 MPa. 
Considering that the yield stress is only 106 MPa, it is clear that this specimen experienced a 
tremendous overload. This analysis should thus be considered as an assessment of an overload 
situation in a flawed component made of 316 SS steel operating at 594°C. Due to this overload, 
the zone of large deformation and strains in the vicinity of the crack extended more than a 
millimeter from the crack tip after crack growth of 2.4 mm. This is a larger zone than that 
experienced in the plastic analysis of Ref. [22]. Finite deformation and finite strain effects were 
not included in the finite element model; hence, the accuracy of this solution near the crack 
tip is unknown. However, it is expected that the solution is qualitatively correct but perhaps 
quantitatively in error. 

The results presented in this section need to be further elaborated upon. Such a discussion 
is delayed until the results of the next section are presented. 

SINGLE-EDGED NOTCH UNDER PURE CREEP 

Several more analyses were performed to augment the results obtained in the first two 
sections of this paper. One is a logical extension of the analysis performed in the last section, 
while the other two are pure creep analyses of the single-edge-notch specimen. 

The fluidity parameter from the Norton steady-state creep law was changed from 1.21 x 
lo-” to I .21 x 10-20, and the analysis of the previous section was repeated up to the initiation 
of crack growth. For this problem, creep strains dominated plastic strains throughout the spec- 
imen; and hence, the creep crack growth rate should be proportional to T* or C*. This analysis 
shows that the unique behavior of 3 16 SS at 594°C is due to its material properties. The specimen 
was still undergoing non-steady-state creep deformations when the analysis was stopped. 

The second problem involved a pure creep analysis of the SEN specimen using the material 
properties of 316 SS at 594°C. The crack remained stationary, and a displacement rate of .015 
mm/hr was applied to the specimen after an initial small elastic displacement of .005 m-m was 
applied. The analysis was terminated when steady-state conditions were achieved. T* and 
CT are plotted as functions of time in Fig. 18. CT is reasonably path independent until about 
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Fig. 18. Pure creep analysis of SEN with applied displacement rate of c = ,015 mmihr. 

two hours after the initiation of creep. It is interesting to note here that non-steady-state creep 
conditions appear to reach their peak at about t = 6 hours, as opposed to the constant load 

test, where. non-steady-state conditions peak shortly after application of the load. 
After T* reaches a peak of I .2 N/mm hr at about six hours, it becomes bounded by the 

near- and far-field path values of Cr. The far-field path of CT is always the lower curve here. 
Note that these curves are plotted on log-log paper; and hence, while the range of CT here 
does not appear great on these plots, the difference in CT between paths is significant. 

When steady-state conditions are approached, ?T and CT appear to approach the value 
.064 N/mm hr. CT computed from eqn (19) gives CT = 0.84 N/mm hr. (for plane strain),? when 
the steady-state load of 58.3 kN is reached. CT computed from eqn (21) gives CT = 2.6 N/mm 
hr if V is defined at the load point (Fig. 6); or CT = .02 N/mm hr if c is defined at the point 
30 mm from the crack plane along the load line. The ambiguity associated with eqn (21) is 
evident. 

The final analysis performed consisted of a constant loadS of P = 20 kN applied to the 
single-edge-notch specimen. T* and the range of CT are plotted versus time on a log-log scale 
in Fig. 19. Note here that, except for very small times, ?* remains between the near- and far- 
field curves of CT. Also, the path dependence of CT is much more evident here with the constant 
applied load compared to the applied displacement rate problem. This can be observed by 
comparing Figs 18 and 19. Keep in mind that T,, should be higher than CT in Fig. 19. As discussed 
earlier, ?c should be of the same order of magnitude as CT evaluated on a near-field contour, 
but larger. Once again, it is remarked that because ?<. becomes quite large during non-steady- 
state creep conditions, it may be a less convenient parameter compared to ?*. 

It is important to observe the behavior of ?* and C? during small times after the application 
of a dead load. This is because many structures have components which are undergoing creep 
crack growth; and then, due to a change in loading conditions, an additional load is applied 
which must be reacted against by immediate elastic deformations. The behavior of the crack 
under these conditions must be considered. This is particularly true of components experiencing 
low-cycle fatigue. 

A very small amount of crack growth (.3 mm) was then simulated in this analysis by defining 
the crack growth rate (a) after steady-state creep conditions were achieved. For ti very small, 
T* was essentially equal to CT during crack growth. For Lz large, ?* became negative during 
crack growth; and for intermediate values of a, ?* was between 0 and CT. This finding is 
somewhat disturbing. If actual experimental specimens experience creep crack growth rates 

tThe plane strain formula is used because it appears to be less in error than the plane stress formula. 
Sy = I .2l x IO- ly for this analysis to ensure rapid approach to creep steady-state conditions. 



570 F. W. BRUST and S. N. ATLURI 

I&- 
N ( > iiimir 

Id-- 

d-- 

Id-- 

, I 

Iti’ lb3 lh2 Id loo lo’ IO2 
time fhrf 

Fig. 19. Pure creep analysis of SEN with constant applied load of p = 20 kN 

that are large enough to cause ?* to decrease below zero, it appears that it could not be useful. 
However, crack growth was initiated here after the specimen had reached steady-state creep. 
If this occurred in an actual specimen, it is likely that crack growth rates wou1.d be low; and 
the creep crack growth process would be governed by CT. The true behavior of T* during non- 
steady-state creep crack growth awaits further study. 

DISCUSSION 

The results obtained in this section deserve further explanation. Much of the following 
discussion is clearly speculative, and if is hoped that some of the questions raised will fuel 
further investigations. The question of T* as a creep fracture parameter is still open. 

Let us begin by discussing the experimentally measured and numerically determined results 
of the SEN specimen. As noted earlier, this experiment was actually a test of an extreme 
overloadt on a specimen made of 316 SS, since the net-section stress across the untracked 
ligament approached f~ice the material yield stress. Thus, one would expect that plastic strains 
should dominate throughout the bulk of the specimen. This is graphically demonstrated in Fig. 
IS, where it is seen that plastic strains dominated everywhere except in the region in the vicinity 
of the crack tip. Based on this observation, one would expect crack growrh rates to correlate 
well with a plastic fracture parameter. 

In Ref. 1203 a correlation between f and & in the form 

cl = K(J)” (25) 

was found by plotting the experimental data on log-log paper. This is su~rising since fi) J is 
evaluated from eqn (19), which appears to be in error; (ii) Fig. 17 reveals that J is extremely 
path dependent, and hence, the far-field J (which is measured in experiments) is divorced from 
crack tip events; (iii) J is defined by assuming deformation theory plasticity, and here not only 
is loading nonproportional since crack growth occurs, but creep and plastic strains also occur. 

?Creep crack growth behavior under ordinary operating conditions was the apparent motivation of the experimental 
investigation. 
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Indeed, this correlation is not particularly good. Based on these objections, it appears that eqn 
(25) should be viewed with skepticism. 

Moreover, a numerical analysis of this specimen indicates that T? apparently does not 
correlate with creep crack growth rates since TT becomes constant after some amount of crack 
growth (while 6 continually increases). TT has been shown[l9, 21, 221 to be a near-field pa- 
rameter which has the ability to characterize plastic fracture. Let us examine the source of this 
apparent contradiction. 

One cause may be that the numerical solution is not quite correct. The constitutive model 
utilized, wherein plastic and creep strains are assumed to be separated, may have introduced 
solution errors. More representative constitutive models are emerging[25, 261, and these de- 
velopments will surely improve the analysis capability of high-temperature inelastic finite ele- 
ment computations. Also, because this specimen was severely overloaded, finite deformation 
and finite strain effects are felt more than a millimeter from the crack tip. Based on this ob- 
servation, one may be tempted to define the size of the path (E) to be greater than I.0 mm. 
From Fig. 17, TT - J, for E = 1.3 mm is seen to slowly rise; i.e. it does not appear to level 
out to a constant. However, based on the discussion presented in Ref. [19], E = 1.3 mm is 
probably outside the zone of dominance of the crack tip singularity. The rise seen in T* for E 
= 1.3 mm is probably due to higher-order terms in the near-tip asymptotic expansion being 
significant. The singularity is no longer dominant this far from the crack tip. 

Another possible cause of TT becoming constant is that TT may not be a useful creep 
characterization parameter. Let us postulate that A T” can be divided into three components: 

AT* = AT,: + AT,* + AT;, 

where AT,*, AT,? and A Tp* are the contributions to AT* from elastic, creep and plastic defor- 
mations, respectively. The results of the pure creep analysis of the SEN specimen with constant 
applied load indicated that ?* < 0 (and hence, A T” < 0) if a was large. Perhaps the contribution 
to AT* from A TF of eqn (26) forces AT * = 0 and, hence, T” = constant. Whether numerical 
solution errors or the inadequacy of AT* as a creep fracture parameter is the cause of these 
results awaits further study. 

However, it is the opinion of the authors that the predicted behavior of TT may be correct. 
One would expect a plasticity parameter to govern crack growth in this specimen if plastic 
strains dominate creep strains everywhere except in a small core region surrounding the prop- 
agation crack tip. Within this core region, creep strains should predominate. As seen in Fig. 
16(e), this is not the case. Creep and plastic strains are actually of the same order of magnitude 
near the crack tip. Therefore, since plastic strains dominate throughout the specimen, and are 
of the same order of magnitude as the creep strains near the crack tip, it may be expected that 
the crack growth can be considered to be characterized by pure plastic behavior. By noting 
the sequence of Figs 16(a)-(e), it is seen that the creep zone size is continually growing; and 
hence, with time, T? may begin to rise as the fracture process becomes dominated by creep. 

Hence, it appears that T* (a plastic fracture parameter) controls the fracture process during 
the early stages of crack growth. Later, as the creep strains begin to dominate plastic strains 
more and more, it is expected that creep crack growth rates should correlate with the rate 
parameter ?*. Verification of this idea awaits further study. 

In Ref. [21] it was shown that the fracture behavior of a specimen in which elastic-plastic 
stable crack growth had occurred followed by a large unloading and continued reloading is 
remarkably different from the monotonically loaded specimen. It is natural to also expect the 
creep crack growth behavior of a specimen in which unloading/reloading has occurred to be 
different from a continuous creeping specimen. This effect has important practical implications. 
One may postulate that continued creep crack growth rates after reloading may depend on both 
T* and T*. In fact the total parameter, T*, may be more important than the rate parameter, 
T*, under these conditions. 
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Landes and Begley[4] first proposed CT as a creep fracture parameter. As suggested in Ref. 151, the HRR fields 
for a cracked solid experiencing Norton-type steady-state creep are 

o,j = (C;/?I[)“‘“+ I) y-1/(11+ I) - 
Udj(e). (A.1) 

With eqn (8), it is a simple matter to show[l6] that the HRR field in terms of ?* is 

(T,; = (i_~/y~*)!l’“+ I) I’- !‘((I+ 1) &J(j), (A.2) 

where I is defined in Ref. 27 and 

1 
I*=I+- I n 

n+l mm 
[o,,(e)]“+’ cos do, (A.3) 

where O,,(O) and c?,~ are given graphically in Ref. [27]. Hence, for steady-state creep, ?T is obviously the strength of 
the HRR singularity and carries with it the appropriate physical interpretation. In the strict sense, the fields in (A.1) 
and (A.2) are only valid for stationary cracks. 

Riedel and Rice[28] generalized this relation with 

o;i = A(t) r-““I+” 6-,i(0). (A.4) 

where 

A (f+ 2) = (i_:/y[*)“‘“+” (AS) 

for steady-state creep. For the small-scale-yielding case (where the creep zone is small as defined in Ref. [28]). 

A(t--,O)= 
Kf (1 _ vz)/El/‘“+ II 

(n + I)-yIt 
(A.6) 

for an initially elastic body in plane strain. Since 

J = T: = WATT = K:(l - v)‘lE (for plane strain), 

one obtains from eqn (A.7) in (A.6) 

(A.7) 

A (I + 0) = [TT/(n + I) yZf]““‘+“. (A.8) 

For an initially plastic body treated in Ref. 29, similar relations exist. From eqns (A.4)-(A.8), the roles of f* and T* 
as the strengths of the singular field is clear. However, the use of these concepts to describe the inifiufion of creep 
crack growth is still unclear. Equation A.8 suggests that the total parameter may describe this process during non- 
steady state creep. 

Hui and Riedel[30] give the asymptotic solution for a crack growing in a creeping solid under conditions of steady- 
and non-steady-state crack growth ast 

of,, = a,, (ti(f)/yEr)““‘m” e-,,(8), (A.9) 

l ,, = (cu,,iE) (ir(f)lE-yr)““‘-‘I i,,(B). (A. IO) 

In these equations, (Y,, is a function of n, and +;j(I3) is given graphically in Ref. 1301. As discussed in Ref. [30] and 
further in Ref. [3l], these solutions have the remarkable property to be independent of the load that is applied to the 
specimen and of the prior growth history. 

Substituting (A.9) and (A. IO) into (I I) in a fashion completely analogous to that in Ref. [27] results in 

b(f) - j‘T (A.II) 

cr,j = .f(FT) F”“‘-” c?,,,(O). (A. 12) 

This algebra has not been carried out, but the role of TT in creep fracture is clear through eqns (A. I I) and (A. l2).$ 
In summary, the role of ATT as a physical parameter characterizing elasto-plastic and creep fracture is made clear 

by considering its relationship to the asymptotic near-tip field variables.0 As mentioned in Ref. [l9], a virtually limitless 

tsteady-state creep crack growth is defined as the state where an observer moving with the crack tip observes 
no change in the field variables (i.e. stresses, strains, etc.). 

#There is some evidence that the region of dominance of eqns (A.9) and (A. IO) may be rather small: and hence, 
there may be another asymptotic field encompassing this field, which is not yet known[32]. 

$Note that all quantities defining a path independent integral must be of order (l/r). 
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number of other path-independent integrals as well as other parameters, such as the critical strain criterion of Mc- 
Clintock[33], are possible fracture criterion. The advantage in using ATT of eqn (3) is due to its relation to J and CT 
under conditions when these parameters are theoretically valid. Hence, a sing/r parameter can be used to characterize 
fracture in solids undergoing time-independent as well as time-dependent deformations (or a combination of the two). 
Moreover, the role of parameters such as COD (crack opening displacement) or, equivalently. CTOA (crack 
tip opening angle) in characterizing fracture when significant reverse inelastic deformation has occurred at the crack 
tip is unclear, as shown in Ref. [l9]. However, the role of AT* in such conditions is completely clear. This obviously 
has strong implications when considering elasto-plastic fatigue or creep fatigue situations. 


